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ABBREVIATIONS

5,5'-Dithiobis-(2-nitrobenzoic acid), Elmann’s

3-BPA 3-Bromopropanamine

AA Amino acid

AAA Amino acid analysis

Ab Antibody

Ac Acetyl

ACN Acetonitrile

ADC Antibody-drug conjugate

APN 3-Arylpropiolonitriles

AU Arbitrary unit

BHQ Black hole quencher®

Bn Benzyl

Boc tert-Butyloxycarbonyl

BODIPY Boron-dipyrromethene

BPTI Bovine pancreatic trypsin inhibitor
BSA Bovine serum albumin

BSOCOES Bis[2-(succinimidooxycarbonyloxy)ethyl]sulfone
Bu Butyl

Bz Benzoyl

CAN Cerium(IV) ammonium nitrate

CBT 2-Cyanobenzothiazole

CDMS Chlorodimethylsulfide

Dabsyl 4-(Dimethylamino)azobenzene-4'-sulfonyl
DBAA o,0' Dibromoadipyl(bis)amide

DCC Dicyclohexylcarbodiimide

DCM Dichloromethane

DIC Diisopropylcarbodiimide

DIPEA N,N-Diisopropylethylamine

DMA Dimethyl adipimidate

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMP Dimethyl pimelimidate

DMPA 2,2-dimethoxy-2-phenylacetophenone
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DNPS-C1 2,4 Dinitrophenylsulfenyl chloride
DNSC Dansyl chloride

DST Disuccinimidyl tartarate

DTBP Dimethyl 3,3"-dithiobispropionimidate

DTNB reagent.

DTT Dithiotreitol

EDC 1-Ethyl-3-(3-dimethyl-aminopropyl)carbodiimide

EDTA Ethylenediaminetetraacetic acid

EGFP Enhanced green fluorescent protein

EGS Ethylene glycol bis[succinimidylsuccinate]

EIC Extracted ion chromatogram

EPL Expressed protein ligation

EPR Electron paramagnetic resonance

ESI Electrospray ionisation

Et Ethyl

FAD Flavin adenine dinucleotide

FDA US Food and Drug Administration

FG Functional group

FITC Fluorescein isothiocyanate

FlAsH 4°,5°-Bis(1,3,2-dithioarsolan-2-yl)fluorescein

Fmoc Fluorenylmethyloxycarbonyl

FRET Forster resonance energy transfer

GABA gamma-Aminobutyric acid

GCMS Gas chromatography—mass spectrometry

GFP Green fluorescent protein

GSH Glutathione reduced

GuHCl Guanidinium chloride
1-[Bis(dimethylamino)methylene]-/H-1,2,3-

HATU triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate

HAZA 2-(2"-Alkoxy-4'-hydroxyphenylazo)benzoic acid

HBTU O-Benzotriazole-N,N,N', N'-tetramethyl-uronium-
hexafluoro-phosphate

HEPES | (ilhnemiionicadd

HL High loading

HMPT Hexamethylphosphoramide

HPLC High-performance liquid chromatography

HRMS High-resolution mass spectrometry

HRP Horseradish peroxidase

HSA Human serum albumin

IAC Iodoacetyl chloride

1C50 Half maximal inhibitory concentration

IFN Interferon
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IgG Immunoglobulin G RNA Ribonucleic acid
IMAC Immobilised-metal affinity chromatography RNase Ribonuclease
IPA Isopropyl alcohol RT Retention time
KCL Kinetically controlled ligation SAM Bis(2-sulfanylethyl)amide
LC Liquid chromatography sCT Salmon calcitonin
mAb Monoclonal antibody SEA N-sulfanylethylamilide
MALDI Matrix-assisted laser desorption/ionisation SPPS Solid-phase peptide synthesis
MDA Malondialdehyde Su Succinimide
MMPP Monoperoxyphthalate TAMRA Tetramethyl-rhodamine
MNBS Methyl 4-nitrobenzenesulfonate TBAB Tetra-n-butylammoniumbromide
MPA 3-Mercaptopropionic acid TBAF Tetra-n-butylammoniumbromide
MPAA 4-(Carboxymethyl)thiophenol TCEP tris(2-carboxyethyl)phosphine
MS Mass spectrometry TEA Triethylamine
MS/MS Tandem mass spectrometry TEC Thiol-ene coupling
Ms Mesyl Tf Triflyl
MSH o-Mesitylenesulfonylhydroxylamine TFA Trifluoroacetic acid
MTS Methylthiosulfonate TFE 2,2,2-Trifluoroethanol
NADP Nicotinamide adenine dinucleotide phosphate THF Tetrahydrofuran
nanoLC Nanoscale liquid chromatography TIPS Triisopropylsilane
NBD-F 4-fluoro-7-nitro-2,1,3-benzoxadiazole TLC Thin layer chromatography
NBS N-Bromosuccinimide TMPP Tris(2,4,6-trimethoxyphenyl)phosphonium
NCL Native chemical ligation ™S Trimethylsilyl
NCS N-Chlorosuccinimide TMTH Tetramethylthiacycloheptyne
NHS N-hydroxysuccinimide TMTI Tetramethylthiacycloheptynium
NMR Nuclear magnetic resonance TNB 5-thio-2-nitrobenzoic acid
NOESY Nuclear Overhauser effect spectroscopy TNM Tetranitromethane
NTA Nitrilotriacetic acid TOF Time of flight
OEGMA Oligo(ethylene glycol) methyl ether methacrylate TRIS Tris(hydroxymethyl)aminomethane
OND Oxanorbornadienedicarboxylate Trx Thioredoxine
PB Phosphate buffered TrxR Thioredoxine reductase
PBS Phosphate buffered saline Ts Tosyl
PEG Polyethyleneglycol TYC Thiol-yne coupling
PLP Pyridoxal-5-phosphate uv Ultraviolet
PR T o | B
PTAD 4-Phenyl-3H-1,2 4-triazoline-3,5(4H)-dione Vs Vinyl sulfone
Pybop Eenzf(l)triazoil— 1 -y}ll-otxytripyrrolidinophosphonium
exafluorophosphate
PyS Pyridine-2(/ H)-thione
QD Quantum dot
RG Reactive group
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TWENTY-ONE AMINO ACIDS

A. Amino Acids with Electrically Charged Side Chains (charge at physiological pH 7.4)
Positive Negative
r A TN r A N\
Arginine Histidine Lysine Aspartic Acid Glutamic Acid
(Arg) e (His) m (Lys) G (Asp) @ (Glu) G
pKa 1.70 pKa2.15 pKa 1.95 pKa 2.16
OH OH OH OH OH
O pKa2.03 O O O O
NH2 NH2 N H2 N H2 NH2
pKa 9.00 PKa 9.09 pKa 9.16 PKa 9.66 PKa 958
0.165 0028 e 0043
@ ©
0.000 0283
HN\S NH ' pKL|30.7| O @
B NH pKa 6.04 0
pKa 12.1 pKa 10.67 Ca 415
HZN H3N @ pKa 4.1
® NH,
B. Amino Acids with Polar Uncharged Side Chains C. Special Cases
Serine Threonine Asparagine Glutamine Cysteine  Selenocysteine Glycine Proline
(Ser) e (Thr) 0 (Asn) m (GIn) @ (Cys) G (Sec) 0 (Gly) @ (Pro)e
pKa2.13 pl\ ' 2 20 pK|2 16 pKa2.18 pKa 1.91 pKa 1.90 pKa 2.34 pKa 1.90
OH OH OH OH OH OH
0 0 0 0 :<‘ 0
pKa 1047
NHZ NH2 NH, NH, NH, —NH, NH
pKa 9.05 pKa 8. % pKa 8.76 PKa 9.00 pKa 1028 pKa 10.01 0301 pKa 9.58
0.359 0.680
OH 0.450 0.236 SeH -
pKa 8.14 pKa 5.20 .
0.251
NH,
D. Amino Acids with Hydrophobic Side Chain
Alanine Valine Isoleucine Leucine Methionine Phenylalanine  Tyrosine Tryptophane
(Ala) e (Val) 0 (Ile) 0 (Leu) G (Met) @ (Phe) e (Tyr) 0 (Trp) @
pKa 224 pKa 238
pKl"]( pl\m]x OH OH
pKa 2.26 ])k 1232
o pKa 227 OH . (@) pKa 934
pKa 233 pKa 9.04
OH OH 0 pKa 9.08 pKa 9.09 NH2 NH2
O pKzl96() pKa 9.58 NH N
O pKa9.71 plk\;i_sf NH2 NH2 :
NH2 2 e
0.616 NH
0.825
0943 0943 pKa 10.10
0738 1.000 OH
0.880 0.878

pK, Data: Lundblad, R. L.. Application of
Solution Protein Chemistry to Biotechnology.
(CRC Pressl Llc, 2009).

Hydrophobicity Data: Black S.D., Mould D .R.

Anal. Biochem. 193:72-82(1991).

Adapted from Dan Cojocari’s
“21 Amino Acids” poster
(University of Toronto)
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FOREWORD

Chemistry is based on evidence and experiment. Its beginnings have arisen from the very emer-
gence of a human being. People always somehow had to deal with chemicals, whether it was first fire ex-
periment, tanning hides or cooking. Every living organism is, after all, a complex chemical assembly.
Ceaseless accumulation of knowledge about composition, properties and behavior of matter has finally re-
sulted in what we call today chemical science. This tremendous amount of information has transformed
chemistry into a complex, but elegant and omnipresent scientific discipline with numerous independent
subdisciplines.

Organic chemistry deals with organic compounds and organic materials, i.e., various forms of mat-
ter that contain carbon atoms. The number of described reactions in organic chemistry is striking: only two
databases of transformations in organic chemistry - SciFinder® and Reaxys® - contain 53.5 and 31 million
of reactions respectively. Even though this amount of information seems exhaustive for any imaginable
transformation, none the less, sometimes chemists run short of them. Especially this becomes the case
when the reaction is required to take place under physiological conditions, i.e. in water within a relatively
narrow reaction range of temperature, concentration, and pH. And it’s when the discovery of new chemical
reactions becomes crucial.

This work was devoted to a discovery and further development of new chemical transformations
for a specific field of modern chemistry — bioconjugation. Generally speaking, it consists in the coupling
two biomolecules together in covalent manner to form a novel complex having the combined properties of
its individual components. Thus, natural or synthetic compounds with their individual activities can be
chemically combined to create unique substances possessing carefully engineered characteristics. For in-
stance, an antibody able to target exclusively cancer cells can be crosslinked with a cytotoxic payload to
give a highly potent cancer treatment, or a traceable molecule can be attached to a biomolecule of interest
making the latter detectable.

The necessity to preserve the intact biological activity of a biomolecule results in numerous severe
requirements for a reaction to serve as appropriate bioconjugation methodology. The process should be
selective towards given target, give stable conjugation products in high yields at reasonable time scale. It is
to an overview of already known and to a discovery of new approaches that we turn in the chapters to fol-

low.
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A. INTRODUCTION

In this introduction the current developments in various techniques of bioconjugation on proteins
and peptides were highlighted. The utility of each conjugation methodology in the area of biologics
and protein science has been surveyed with emphasis on most relevant among reported transfor-
mations. Merits and demerits of these methods with reference to selectivity and practical use have

been discussed.

Bioconjugation is a set of techniques allowing instalment of
moieties into the native structure of biomolecules that endow
them with desirable properties. This novel complex having the
combined properties of its individual components can serve, for
instance, as more stable and efficient therapeutics,l'4 assemblies
for studying proteins in their biological context,”"'
based materials,'>!’ microarrays,lg’19 biologics,
immobilisation,” elucidation of the structure’®?’ of proteins.
Large number of reactions exist to modify proteins,”® however,
site-specific conjugation still presents a considerable challenge,
considering that the reaction must proceed in aqueous solution
within a relatively narrow pH and temperature range in order to
preserve protein’s tertiary structure. For the purposes of this
overview, the focus will remain on selective conjugation of the
innate protein residues. Recent developments in the field of
protein modifications will be thus highlighted with emphasis on
the transformations most relevant to bioconjugation.

Despite the uniquely diverse functions and structures of pro-
teins, only about 20 different amino acids are involved into
their composition. Even a smaller number of amino acid func-
tional groups comprise appropriate targets for practical biocon-
jugation methods. In fact, only one third of all amino acid resi-
dues represent chemical targets account for the vast majority of
crosslinking.

The reactivity of a specific residue in the protein structure is

new protein-
2024 tools for

mainly determined by three parameters: its accessibility, acidi-
ty/basicity, and electrophilicity/nucleophilicity. While accessi-
bility of the residue is generally structure-specific, two other
parameters are less structure-independent and thus can be used
to rationalise the tremendous amount of reactions used for pro-
tein conjugation. It is through the prism of these two parameters
that bioconjugation techniques are regarded in this manuscript
being ranged in a descending order of frequency they are re-
ported in literature.

1 IN-CHAIN CONJUGATION

1.1 LYSINE

The use of chemical groups that react with primary amines is
one of the oldest and most versatile techniques for protein con-
jugation. Virtually all proteins contain primary amino groups in
their structure. They can be divided into two groups: a-amino
group situated on the N-terminus of most polypeptide chains
and g-amino groups of lysine residue (Lys, K). Because these
amino groups possess pK, values of about 8 and 10 (for a- and
g-amines respectively), in a vast majority of cases they are pro-

tonated at physiologic pH and, therefore, occur predominantly
on the solvent-exposed outside surfaces of protein tertiary
structures. As a result, they become easily accessible to conju-
gation reagents introduced into the aqueous media.
Unprotonated primary amines are among the most nucleophilic
from the available functional groups present in a typical pro-
tein. However, the protonation drastically decreases their reac-
tivity. As a consequence, despite generally higher intrinsic nu-
cleophilicity of Lys g-amino groups, it requires higher pH val-
ues to be uncovered by unprotonation, which allows distin-
guishing a- and g-amino groups by adjusting the pH. That is to
say, at the higher pH level, when both types of primary amines
are deprotonated, Lys side chain amino groups are generally
more reactive towards electrophiles, while at the lower pH it is
the opposite because of their prior protonation (Fig. 1). At the
acidic pH all amines are protonated and possess no significant
nucleophilicity compared to other side chains presented in pro-
teins. In particular, free (non-disulfide-bonded) Cys residues
are much stronger nucleophiles and, if accessible, will readily
be modified by most amine-reactive reagents.

It is also to be mentioned that like any other parameters, nucle-
ophilicity and basicity, as well as solvent exposure and accessi-
bility of a particular amino group, are influenced by the micro-
environment and can vary substantially, regarding the substrate.
For instance, Westheimer and Schmidt have found the actual
pK, of the amino group situated in the active site of acetoace-
tate decarboxylase to be 5.9, which is 4 pK, units less than that
of an “ordinary” g-amino group of lysine.”

é 8 1b p|:|
Fig. 1. Unprotonation of different types of amino groups present in protein struc-
ture (more nucleophilic amine is encircled in red). Lysine e-amino groups are
more nucleophilic, but also more difficult to unprotonate. Generally, a pH of 8.5-
9.5 is optimal for modifying lysine residues, while near neutral pH favours selec-
tive modification of N-termini.

Depending on reaction conditions, selective modification of
either N-termini (see Section A 2, page 29) or Lys g-amino
groups can be achieved by using various chemical reagents.
They generally belong to one of the following classes (in order

of relevancy): activated esters (fluorophenyl esters, NHS

A. Introduction | 3



0O.Koniev

(N-hydroxysuccinimides),* sulfo-NHS, acyl azides), isothiocy-
anates, isocyanates,31 aldehydes, anhydrides, sulfonyl chlorides,
carbonates, fluorobenzenes, epoxides and imidoesters. Among
this vast variety of reactive functions, NHS esters (and their
more soluble sulfo-NHS analogues) and imidoesters represent
the most popular amine-specific functional groups that are in-
corporated into commercially available reagents for protein
conjugation and labelling.”®

Despite their name, amine-reactive reagents are not always
entirely selective for amines. Firstly, as it was already men-
tioned before, they will react with any other stronger nucleo-
phile, if the latter is present and accessible on a protein surface.
Particularly, it concerns cysteine, tyrosine, serine and threonine
side chains. Secondly, a depletion of these highly activated
reagents by hydrolysis is inevitable in aqueous solution. The
rate of both side-reactions depends on the particular substrate,
conjugation partner, pH, temperature, and buffer composition.
Evidently, buffers that contain free amines, such as TRIS
(tris(hydroxymethyl)aminomethane), must be avoided when
using any amine-reactive probes, since the rate of the reaction
with buffer would greatly exceed that with protein amino
groups.

1.1.1 Isocyanates and Isothiocyanates

Amines undergo a reaction with isocyanates to readily form
stable ureas. However, because of their susceptibility to deterio-
ration during storage,’ isocyanates are much more difficult to
manipulate with and thus are not as well commercially accessi-
ble as corresponding isothiocyanates. They can though be easi-
ly prepared prior to use from more stable acyl azides by Curtius
rearrangement. Using this approach, for instance, Palumbo and
colleagues have elaborated a synthesis of a heterobifunctional
amine-thiol crosslinker containing an isocyanate group on one
end and a thiol reactive maleimide group on the other end

(Fig. 2).?
(o]
¢
N
N ° toluene N ? °

Fig. 2. Synthesis of p-maleimidophenyl isocyanate crosslinker via Curtius rear-
rangement proposed by Palumbo and associates.*

DPPA, TEA A

_— - N —

toluene
[e]

Several early studies were devoted to the elaboration of isocya-
nates conjugation methodology,**** but proven to be especially
laborious and complicated. Therefore they are of deferred inter-
est today, being completely displaced by isothiocyanate- and
NHS-mediated approaches.

Isothiocyanate-based selective amino group modification was
first reported in 1937 by Todrick and Walker,* who found that
the reaction of allyl isothiocyanate with cysteine in alkaline
medium results selectively in obtaining of the thiourea — the
product of the amine addition to isothiocyanate. In 1950, ex-
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ploiting the selectivity of amino-terminal labelling of the pep-
tide with phenylisothiocyanate, Edman has developed a method
for peptide sequencing that has changed cardinally the protein
science and is known today as Edman degradation.’” Only
30 years later, Podhradsky et al. have examined the reaction of
isothiocyanates on complex substrates and demonstrated that
the addition of the thiol and phenolate functions of cysteine and
tyrosine residues is always prevalent, and that only at pH > 5
amino groups start to manifest themselves in the reaction.®®
While thiol and alcohol additions result in reversible reactions
to give dithiocarbamates and O-thiocarbamates respectively,
amines add themselves irreversibly, thus shifting the reaction
equilibrium towards thioureas (Fig. 3). One should however
keep in mind that, despite the reversibility of the addition of
thiols and alcohols to isocyanates, they can enhance the kinetics
of their hydrolysis to unreactive amines or ureas and therefore
significantly decrease the yield of the conjugation. Moderately
reactive but quite stable in water and most solvents, isothiocya-
nates represent thus an appropriate alternative to the unstable
isocyanates. As a consequence, they are much more popular in
bioconjugation.

S
— Quber
H

ONH2 u Cys ? .
e ¢ N
ONH . . ON*C s O T
Hg ” Ser, Thr, Tyr
s
L OH/H\O/R-

Semi-stable bonds

Hydrolysed product Stable amide bond

Fig. 3. Reaction of isothiocyanates with nucleophilic amino acid residues present
in proteins. Only the reaction of lysine and N-terminal residues (considerable at
pH > 5) results irreversibly in obtaining the thiourea. Although the reactions of
thiol and alcohol groups with isothiocyanates are reversible, they can largely
accelerate the rate of isothiocyanate hydrolysis.

Ever since the introduction of fluorescent isothiocyanate dyes
as more stable analogues of corresponding isocyanates for fluo-
rescent labelling of antibodies by Riggs et al.*’ in 1958, they
have found widespread in research laboratories and proved to
be an effective means for tagging proteins at specific sites.*’

Fluorescein isothiocyanate (FITC) is arguably one of the most
commonly used fluorescent derivatisation reagents for proteins.
For instance, it was reported by Tuls et al.,*' that cytochrome
P-450 can be selectively labelled by FITC with 75% yield of
single-labelled LYS-338 conjugate in TRIS (particularly inap-
propriate buffer for amine-reactive reagents though) at pH 8.0
and 0 °C. Burtnick® has described selective labelling of one out
of 34 lysine residues of actin (Fig. 4) in borate buffer with 35-
fold excess of the reagent at pH 8.5. Following reports of Miki
and collaborators®* further confirmed the selectivity of this
labelling, yet without any explanation of such specificity.
Bellelli ez al.* were able to covalently label ricin (pH 8.1, 6°C



for 4 h). In fact, the targets of the isothiocyanate-mediated la-
belling of proteins elaborated over last 60 years are even diffi-
cult to enumerate. It was proven to be effective in such diverse
applications as tagging of antibodies (usually in carbonate-
bicarbonate buffer, pH 9),**? bleaching-based measurement of
membrane protein diffusion of FITC-labelled cells (pH 9.5,
24 °C),” surface topography of the Escherichia coli ribosomal
subunit,”* o-actinin distribution in living and fixed fibroblasts,>
characterisation of a proton pump on lysosomes,’® and hemato-
poietic stem cells.”’

The most stunning examples include '*I labelling by means of
isothiocyanates, elaborated by Shapiro and colleagues™ for
regional differentiation of the sperm surface (TRIS, pH 7.7,
12 °C for 30 min), and the application of similar methodology
by Schirrmacher et al.”® for '°F radioactive labelling of RSA,
apotransferrin and bovine IgG (pH 9.0, room temperature for
10-20 min). Conjugation of antibodies with chelating agents for
further radiometal labelling of antibodies have been described
by several groups®®
ocyanate-containing probes. Brechbiel et a

and are based on the use of phenylisothi-
1.5 went even further
by combining the chelating functionality with biotin fragment
in a scaffold of trifunctional conjugation reagents. The prepara-
tion of silica nanoparticles coated with isothiocyanate groups
and used them for apoptosis detection has recently been elabo-

rated.®

Fig. 4. Selective fluorescent labelling of LYS-61 residue (shown in magenta) of
rabbit skeletal muscle G-actin (pdb: 2VYP) reported by Butnick.*> Such a high
level of selectivity towards LYS-61 residue over other 33 lysine residues present
in proteins (shown in red) remains unclear, but is hypothesised to be due to anom-
alously low pK, value thereof.

labelling was found to be faster, to give more stable conjugates
for both model amino acids and proteins and to proceed readily
at lower pH, compared to isothiocyanate. Consequently, NHS
esters are preferable over isothiocyanates in many respects for
synthesizing bioconjugates.

1.1.2 Activated esters

Because of the poor leaving ability of the alkoxy groups, alkyl
esters of carboxylic acids are inert to amines in aqueous me-
dia.” However, their substitution by good leaving groups acti-
vates the carbonyl and renders it susceptible to nucleophilic
attack. It is worth remarking, that not only does such activation
increase the reactivity of these reagents towards free amino
groups, but also often augment their tendency to degrade in the
presence of water.”' Although many activating moieties have
appeared over years, only a limited number of them are of sig-
nificant importance in bioconjugation today. For instance, for-
merly of a significant importance, especially in the field of pep-
tide synthesis, activated phenyl esters are almost of no use to-
day in bioconjugation because of their lower kinetics and lower
stability compared to succimidyl esters.”>”*"* However, they
continue to reappear in certain studies.”

N-hydroxysuccinimide (NHS) activated esters were introduced
in 1963 by Anderson et al. as a better alternative for phenyl
esters in forming the peptide bond.**’>’® Possessing high selec-
tivity towards aliphatic amines, NHS esters are today consid-
ered among the most powerful protein-modification reagents.
Although several studies drew attention to a certain reactivity
of NHS-activated esters with tyrosine,”*' serine and threonine
(especially when situated in certain locations, see Section
A 1.2, page 11),**% these side reactions possess largely de-
creased rates compared to the reaction with free amines and do
not generally hinder the amine-selective derivatisation. High
concentrations of nucleophilic thiols should however be avoid-
ed because, similarly to isothiocyanates, they may increase the
rate of the probe degradation by forming easier hydrolysable
intermediates (Fig. 5).

The classical protocol of isothiocyanate labelling involves the
use of 5-10 equivalents at slightly basic pH from the range of
9.0-9.5.55% Resulting thioureas are reasonably stable in aqueous
medium and provide suitable degree of conjugation.’” For ex-
ample, Sandmaier and colleagues® have recently demonstrated
that radiolabelling of anticanine CD45 antibody using isocya-
nate and isothiocyanate provides a more specific delivery to the
targeted CD45-expressing cells than a method exploiting thiol-
maleimide conjugation (see Section A 1.3.3, page 13). Howev-
er, it has been shown by Banks and Paquette® that, compared to
NHS ester based methodology, antibody conjugates prepared
with isothiocyanates are less hydrolytically stable and deterio-
rate over time. Moreover, the reaction of NHS ester for amine

NHS,

(¢} N
coupling agent
==
Qo

t

Hydrolysis (accelerated by Cys, Thr and His)

Fig. 5. Preparation of activated NHS-esters and their reaction with nucleophilic
amino acid residues present in proteins. Similarly to isothiocyanates, the reversi-
ble reactions of thiol and alcohol groups with NHS-esters largely increase the rate
of hydrolysis thereof.

The optimum pH for NHS-mediated labelling in aqueous sys-
tems was found to be lower than for other amine-selective rea-
gents and is ranging from 7 to 8 units (compare with 9-9.5 for
isothiocyanates), which enlarges the prospect of its suitability
for modifying alkaline-sensitive proteins. Several elaborated
studies of the kinetics”' and the stoichiometry®” of the protein
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tagging with NHS-containing probes have been recently report-
ed.

Depending on the pH of the reaction solution and temperature,
NHS esters are hydrolysed by water (possessing a half-life of
4-5 hours at pH 7, 1 hour at pH 8 and 10 minutes at pH 8.6),%%
but are stable to storage if kept well desiccated. Virtually any
molecule containing an acid functionality, or a moiety which
can give an acid, can be transformed to its N-
hydroxysuccinimide ester. While the activation with NHS gen-
erally decreases water-solubility of the carboxylate molecule,
the utilisation of Sulfo-NHS” preserves or even increases wa-
ter-solubility of the modified molecule by virtue of the charged
sulfonate group. The development of new reagents based on
NHS chemistry can be sometimes challenging,” but the deriva-
tives are frequently of a very important usefulness.””® Many
NHS derivatives for the preparation of affinity reagents, fluo-
rescent probes and cross-coupling reagents are now commer-
cially available, enabling wide access to investigations.

The formed conjugates are linked by means of a very stable
aliphatic amide bond with half-lives in the range of 7 years in
water.”” This excellent stability and biocompatibility of the ob-
tained bonds have provided an exceptional importance of NHS
esters in the field of bioconjugation.

NHS ester-mediated covalent conjugation for protein modifica-
tion has been first accomplished by Becker et al., who studied
biotin transport first in yeast”> and then applied this technique to
a covalent attaching of biotin to bacteriophage T4.”® Since then,
the field of NHS-mediated conjugation of proteins has been
unceasingly expanding its employability in countless applica-
tions.

Cross-linking of proteins often implies using of NHS-

containing homobifunctional or heterobifunctional cross-

linking reagents. These were used for elucidation of protein-

919 and protein-drug interactions,'™ protein structural

26,105 106

protein

and subunit analysis, create protein complex models,  and

preparation of protein conjugates with enzymes, drugs or other
macromolecules.'?”'%

Homobifunctional NHS cross-linkers are generally used in re-
action procedures to randomly "fix" or polymerize peptides or
proteins through their amino groups. Adding such crosslinker to
a cell lysate will result in random conjugation of interacting
proteins, protein subunits, and any other polypeptides whose
Lys side chains happen to be in the near proximity to each oth-
er. This represents a methodology for capturing a "snapshot" of
all protein interactions at a certain instant of time. Using this
approach, for instance, Sinz and collaborators were able to elu-
cidate binding of calmodulin to mettilin, a polypeptide and
principal component of honeybee venom, without chromato-
graphic separation techniques.'"’ Cross-linking of the proteins
with a number of different length NHS-homobifunctional cross-
linkers, and following digestion of obtained products with tryp-
sin and analysing by HPLC enabled the possibility of three-
dimensional structure modelling of the calmodulin-mettilin
complex (Fig. 6).
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Several applications however require the precision of crosslink-
ing which cannot be provided by homobifunctional crosslink-
ers. For example, the preparation of an antibody-drug conjugate
(ADC) implies selective linking of a cytotoxic payload to each
molecule of antibody without causing any antibody-to-antibody
linkages to form. For such application the combination of dif-
ferent selective approaches in one linker is needed.

Fig. 6. Mode of binding of melittin in the calmodulin-melittin complex (pdb:

2MLT and 1CDL) calculated from ambiguous distance restraints derived from the

cross-linking data by Sinz and associates.''

Therefore, heterobifunctional crosslinkers are designed to pos-
sess different reactive groups at either end. These reagents al-
low for sequential conjugations that diminish undesirable self-
conjugation and polymerisation. Sequential procedures involve
two-step processes, where heterobifunctional reagents (often in
excess to ensure high conversion levels) are reacted with one
protein using the most labile group of the crosslinker first. After
eliminating the excess of nonreacted crosslinker, the second
protein is added to a solution containing modified first protein
and another reaction occurs with a second reactive group of the
crosslinker. According to Pierce website (Rockford, IL, USA),
the most popular heterobifunctional crosslinkers are those hav-
ing amine-reactive NHS esters at one end and thiol-reactive
maleimides (see Section A 1.3.3, page 13) on the other end.
Because of its less stability in aqueous solution compared to
maleimide, NHS-ester group should usually be reacted first.
Takeda and co-workers''" used a bifunctional reagent that con-
tained a NHS function and a benzylthioester function to prepare
a DNA-—protein hybrid. One of the fastest growing fields requir-
ing heterobifunctional crosslinkers today is targeted drug deliv-
ery therapies - ADCs.**!"?!16 They are constituted of three main
components: one monoclonal antibody (mAb), targeting specif-
ic signs or markers of cancer cells, one cytotoxic agent, and one
linker molecule that allows covalent drug binding to the mAb.
The composition of trastuzumab emtansine (Kadcyla®, Genen-



tech) - an in clinic ADC for treatment of HER2-positive meta-
static breast cancer is depicted in the Fig. 7.

Fig. 7. Structure of an antibody drug conjugate (ADC) Kadcyla®. SMCC linker
(shown in blue) serves for conjugation of the antibody and cytotoxic payload
(Mertansine, shown in red).

The first example of “cleavable” NHS cross-linking reagent,
DSP was reported by Lomant and Fairbanks® and allowed ef-
fecting reversal of the previously conjugated fragments under
mild conditions of disulfide bond reduction. Further advances
in the field have resulted in various types of linkers, cleavable
under mild nucleophilic conditions (EGS),'"” at basic pH
(BSOCOES),'® in the presence of periodate (DST),"" or enzy-
matically.®® These found their applicability for studies in basic
and applied research. The reader is directed to a recent review
by Leriche et al.'* that provide an overview of chemical func-
tions that can be used as cleavable and to a publication by Jin
Lee'? for an overview of commercially available cross-linking
reagents.

Other combinations of functionalities have been studied over
last 20 years and resulted in elaboration of heterotrifunctional'?*
linkers usually combining two bioselective reactive groups and
a functionality for anchoring of obtained conjugate (e.g. biotin
moiety).

Many chemical probes widely used in bioconjugation contain
NHS-fragment in their structure and are designed to react with
free amino groups of proteins. For example, biotinylation,'?*2¢
as well as PEGylation? of proteins are most commonly achieved
using NHS-activated probes today. It was recently reported by
Anderson and collaborators, that biotinylation of antibodies
with NHS-biotin and their following adsorption on the surface
of nanocrystal quantum-dots (QD) results in obtaining of highly
efficient QD-Antibody conjugates for the detection of protein
toxins.'”’ Other types of protein immobilisation on matrices
have also been reported.®®'*!* The Bolton—Hunter reagent
(SHPP)," allowing conjugation of tyrosine-like residues for
increasing the yield of subsequent (radio)iodination is also
based on N-hydroxysuccinimide chemistry.'>!"!*® Elaborated in
1982 by Jiet al."®’ synthesis of structurally similar to SHPP
photoactivable heterobifunctional probes for cross-linking ex-
periments have been used in more than 100 studies ever since.
NHS ester-based strategy for isobaric, stable isotope labelling

of peptides'*'*® has recently found more widespread applica-
tions in proteomic studies with a simultaneous developments of
enhancing peptide detection by electrospray ionisation mass
spectrometry.”™*! This list can be continued and arguably utili-
sation of NHS-mediated techniques can be found in all major
fields of protein conjugation and represents a gold standard in
bioconjugation.

1.1.3 Reductive Amination of Aldehydes

Aliphatic and aromatic amines react under mild aqueous condi-
tions with aldehyde groups to form an imine (known as a Schiff
base). This intermediate can then be selectively reduced by a
mild reducing agents, such as sodium cyanoborohydride,'* to
give a stable alkylamine bond. Although this approach for
amine modification is not used in protein conjugations as fre-
quently as the activated ester or isothiocyanate method, it is to
be considered as preferable when the molecule to be attached
has an aldehyde group (or can be easily converted to an alde-
hyde) because of its simplicity and mild reaction conditions.
Historically the conjugation of oligosaccharides to proteins has
become the first target for this approach. In 1974, relying on the
described three years earlier by Borch'* exceptional ability of
cyanoborohydride anion to reduce selectively Schiff bases gen-
erated in situ from an amine and an aldehyde, Gray has illus-
trated the possibility of mild synthesis of carbohydrate coated
bovine serum albumin (BSA) and P150 protein (Fig. 8).'*

oH OH

OH : OH

v~ TOH OH >~""oH
OH
HO' o o7 HO OH

NaBH3(CN)
PB, pH 7.0

Fig. 8. First example of reductive amination of lactose by bovine serum albumin
(BSA, pdb: 3V03) described by Gray.'*® Only about 4 of the 59 lysine residues
theoretically available (shown in magenta) were derivatised in 2 weeks.

Reductive amination on proteins proceeds most readily at
pH 6.5-8.5 where the reduction of aldehydes and ketones is
negligible, and, if feasible, in an alcoholic solution under dehy-
drating conditions where the rate-limiting formation of the
imine is favoured. According to Allred and colleagues,144 the
addition of sodium sulfate (500 mM) may largely improve the
coupling efficiency in aqueous media.
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To date, reductive amination still plays a central role in the syn-
thesis of carbohydrate-protein conjugates,”*'*"'*” that have been
used for years to study molecular recognition of carbohy-
drates."® Among these conjugates are FDA approved and used
routinely for the prevention of invasive bacterial infections po-
lysaccharide-protein conjugate vaccines such as Menactra,
HIBTiter, and Prevnar (Fig. 9),”>'* potential anti-infective and
anti-cancer agents, currently in clinical trials.>!*715*151 The
reader is directed to a recent comprehensive review of Adamo
et al** covering current status and future perspectives of carbo-

hydrate-protein conjugates.

Fig. 9. Structure of Prevnar 13 vaccine. The bacterial capsule sugars, a character-
istic of the pathogens, are linked to CRM 197, a nontoxic recombinant variant of
diphtheria toxin (pdb: 4AEO0), by reductive amination at lysine residues and N-
terminus (shown in magenta).

Another reported applications of reductive amination include
the preparation of an organic trialdehyde to be used as a tem-
plate for the synthesis of three-helix bundle proteins,'*? protein

PEGylation'**!** and immobilisation."*®

OM:‘ *
]
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)J\ OMe
H R .

Lysines and
N-terminus

Fig. 10. Modification of lysozyme (pdb: 2LYZ) using reductive alkylation with
water-stable iridium catalyst developed by McFarland and Francis.'>’

Development of new bioselective ligation reactions

um catalyst (Fig. 10). However, the efficiency of the method is
lower than of the classical reduction with cyanoborohydride.

1.1.4 Sulfonyl Halides and Sulfonates

Introduced in 1952 by Weber'*® for fluorescent labelling of
macromolecules, dansyl chloride (DNSC) was the first widely
used sulfonyl chloride for the modification of proteins. It has
gained incontestable popularity for the study of proteins after
Hartley and Massey have successfully used it for the determina-
tion of the active centre of chymotrypsin.'* DNSC-Edman deg-

160

radation was proposed by Gray ~ to improve the ease and re-

producibility of a classical isothiocyanate-based Edman degra-
dation.”’

Sulfonyl halides are highly reactive but also very unstable, es-
pecially in aqueous media at the pH required for reaction with
aliphatic amines. For example, Haugland and collaborators''
have demonstrated that the rate of hydrolysis of Texas Red (one
of the most widely used long-wavelength fluorescent probes)'®
and Lissamine rhodamine B sulfonyl chloride was much higher
(complete hydrolysis within 5 minutes in pH 8.3 aqueous solu-
tion), than this of corresponding NHS esters (both retained most
of their reactivity for more than an hour under the same condi-
tions). Yet, the formed sulfonamide bonds are extremely stable

160163 which makes

and even survive amino acid hydrolysis,
sulfonamide conjugates useful for the applications where the
stability of the conjugation bond is a crucial feature.

Optimal conditions of proteins modification by sulfonyl chlo-
rides are those under which free amino groups most effectively
compete with water for the limited amount of the reagent. It is
thus best done at low temperature at pH 8.5-9.5.'%* At lower pH
values, the unreactive protonated form of amines slows the la-
belling reaction compared to the hydrolysis by water, above this
range the reagent is hydrolysed too rapidly.'®>'*® In practical
experiments, a several-fold excess of reagent is usually added,
providing the unused probe is hydrolysed to the corresponding
unreactive sulfonic acid after the labelling. It must be borne in
mind, that unlike other amine-selective reagents, sulfonyl chlo-
rides are unstable in dimethylsulfoxide, classically used for the
preparation of stock solutions, and should never be used in this
solvent (Fig. 11).'"

Reductive amination however possesses several drawbacks
preventing it from being generally applicable to protein conju-
gation.® The most important is the necessity to use water-
sensitive sodium cyanoborohydride, which has a potential for
reducing disulfide bonds within proteins. As an alternative,
McFarland and Francis'’ have elaborated a water-stable iridi-
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Fig. 11. Reaction of sulfonyl chlorides with amino groups present in proteins.
Hydrolysis of the starting material by water or dimethylsulfoxide'®’ (chlorodime-
thylsulfide, CDMS, is a leaving group) results in obtaining unreactive sulfonic
acid.

Apart from being reported for fluorescent labelling of pro-
teins,'® sulfonyl chlorides were used to incorporate chelate
moiety into proteins,'® to study hydrodynamic properties or



introduce long-lived fluorescence labels to macromolecules

using tagging with pyrene derivatives'’*'"!

reagents.172

or as cross-linking

Because of their very high reactivity towards nucleophiles, sul-
fonyl halides also form conjugates with tyrosine, cysteine, ser-
ine, threonine, and imidazole residues of proteins;173 therefore,
they are less selective than either NHS esters or isothiocya-
nates. These conjugates are however unstable and can be com-
pletely hydrolysed under basic conditions.

Covalent immobilisation of proteins on hydroxyl group con-
taining carrying supports (such as agarose, cellulose, diol-silica,
or polylactic acid films) is often accomplished by transforming
the latter to corresponding sulfonates: tosylate, mesylate, or

tresylate,174’175 176-178

serving as good leaving groups (Fig. 12).
Albumin, cytokines and other therapeutic proteins and peptides
were reported to undergo mild PEGylation by means of PEG
tresylates.'”'®! Although rather specific to amino groups, the
chemistry of tresylate-mediated conjugation is not unique and
well defined. For instance, Gais et al. have shown that PEG-
tresylate conjugation can produce a product that contains a de-
gradable sulfamate linkage resulting in heterodispersity of the
reaction.'®

An elegant approach for improving protein crystallizability, still
remaining a major challenge in protein structure research,'”®
! and consists in

the introduction of a charged ammonium residue. It exploits the

was elaborated by Sutton and collaborators

amine-selective derivatisation of protein by 1-fluoro-2-nitro-4-
trimethylammoniobenzene iodide (Fig. 13) and results in in-
creasing of the hydrophilicity thereof. Using their approach, the

authors were able to study the binding site'*

and to obtain crys-
talline derivatives of modified bovine insulin,'”® which is espe-
cially hard to crystallize without inducing a structural chang-
es.'”* Similar protocol was used by Ladd ez al.'”® for chromo-
phorical PEGylation of proteins with polyethylene glycol fluo-

ronitrobenzene derivatives.
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Fig. 12. Schematic representation of the reaction protocol for immobilisation of
protein of PLLA film surfaces describe by Ma ez al.'”’

Fig. 13.

with
trimethylammoniobenzene iodide described by Sutton er al'®' Only amine-
containing residues of Al and Bl chains are shown. Two of the four tyrosine
residues present in chains Al and B1 (not shown) also react with the probe under
described conditions.

bovine insulin 1-fluoro-2-nitro-4-

Derivatisation  of

1.1.5
Despite their utmost importance for protein modification and
amino group quantifying since Sanger and Tuppy’s work on the
structure of insulin,'®® derivatives of fluoronitrobenzene are of

Fluorobenzenes

limited usefulness for bioconjugation.

Compared to other aryl halides, fluoro-substituted nitroben-
zenes were found to be the most reactive in bimolecular nucle-
ophilic substitution reaction.'™ They are usually regarded as
amino-selective reagents, despite their known reactivity to-
wards thiolates, phenolates and imidazoles, for the products
obtained in these reactions are either unstable at alkaline pH
required for the reaction (Tyr and His), or can be thiolysed by
excess B-mercaptoethanol (Cys).'®
4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), which has
been introduces as a fluorogenic reagent for more than 30 years
ago by Imai and Watanabe,'® still remains important for sever-
al applications, mainly pre-column derivatisation and enrich-
ment of peptides. The reader referred to a recent review by El-
bashir er al."¥" providing an excellent overview of the NBD-F
applicability to the analysis of peptides and to a complete over-
view of NBD-mediated methodologies for the fluorescent label-

ling of amino acid residues by Imai and associates.'**'¥

1.1.6
First investigated by Hunter and Ludwig in 1962," the reaction
of imidoesters with peptides reached its climax for protein
modification ten years after, when Traut ef al. have introduced
2-iminothiolane reagent (today carrying Traut’s name) for
cross-linking."”’ It allowed for producing disulfide-linked di-
mers of neighbouring proteins on the intact 30s ribosome from
E. coli using two-step procedure: the reaction of ribosomal
amino groups with the imidoester function followed by the mild
oxidation of the obtained thiolate-charged ribosomes (Fig. 14).
An excellent review of the cross-linking studies for the deter-
mination of ribosomal structure was published by Nomura.'*®

Imidoesters react with primary amines to form amidine bonds.
However, sufficient levels of specificity towards amines may
only be achieved when alkaline conditions (pH 10) and amine-
free media, such as borate buffer, are used. Because resulting
amidine bonds are protonated at physiological pH, positive
charges near modified sites are preserved during the conjuga-

Imidoesters

tion with lysines and N-termini. Consequently, as it was first
demonstrated by Wofsy et al."® such modifications produce
little or no significant changes in the conformational properties
and biological activities of proteins.

A. Introduction | 9
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Fig. 14. Procedure of the cleavable crosslinking of the intact 30s ribosomes (pdb:
1J5E) described by Traut e al.'”’ Lysine residues (LYS-72 and LYS-156) were
chosen randomly for simplicity purposes. (TEA'SH stands for triethanolamine
buffer adjusted to 3% 3-mercaptoethanol)
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aration of poly(glycerol)-protein*'? and glycol-protein conju-
gates’® in aqueous media (Fig. 15).

1) N eq. glucosamine,
o o pho;;lhate buffer
H 7. HN
i o HO N
(0]

n /{ v%\o o%\/ol\ 2) 1neq. BSA

3 3 borate buffer
pH 8.5 H

Fig. 15. One-pot, two-step squaric acid diester mediated glycosylation of BSA
(pdb: 3V03) described by Wurm et al.*®* Up to 22 lysine residues of the 59 pre-
sent in BSA (30-35 are available for post-modification) could be glycosylated
with 25-fold excess of squaric diester and glucosamine in 12 hours.

Thiolates obtained after the ring opening of Traut’s reagent by
free amines enable a plentiful thiol-selective chemistry on mod-
ified o- or g-amino groups of proteins (see Section A 1.3,
page 11). Although, many imidoesters other than Traut’s rea-
gent are today commercially available (for example, see DMA
DMP, or DTBP), the amount of described labelling imidoester
probes is rather scarce.

Schramm et al.*® have described the synthesis of fluorescent
imidoester dyes from corresponding nitriles; the approach was
later used by Bozler er al.*' for the preparation of dansyl con-
taining imidoester and selective modification of lysine residues
in the active site of glucose dehydrogenase. New readily avail-
able reagents for the attaching of sugars to proteins via im-
idoester linkage,”” hydrophilic spin probes for determining of
membrane protein interaction using EPR,”® immunoreactive
probes,”™ tyrosine-like probes for radioactive labelling with

1257 205 2% the immobilisation of

protein PEGylation reagents,
trypsin, yeast alcohol dehydrogenase, and E. coli asparaginase
onto several types of organic polymer beads*” were achieved
via imidoester conjugation and proven to have several ad-
vantages compared to other existing methodologies: namely,
deprivation from solubility issues and retention of positive

charge at the reaction site.

1.1.7 Miscellaneous amine-selective reagents

Several methods of amine-selective modification of proteins
were not included in the main chapter, either because of scanty
information available or when their applicability is reduced to a
specific substrate types and is not general.

Azetidinone chemistry has recently been demonstrated by Bar-

bas and collaborators?*®2%

to have potential for selective lysine
labelling of a particular IgG framework, containing a very reac-
tive lysine residue with unusually low pK, of about 6. Some
detailed procedures are described for a smooth opening of a
B-lactam moiety resulting in a B-alanine peptide bond.*”

Discovered by Tietze et al. as two-step sequential procedures

for coupling of amines,*'**"!

squaric acid diester amine-amine
conjugation is now actively developing by Wurm et al., who

have recently reported their successful use for the one-pot prep-
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Dichlorotriazine derivatives were described for amine-selective
conjugation mainly as fluorescent dyes*'**'* and PEGylation
probes.?'®*8 They were shown to possess high reactivity to-
wards protein amines. However, as it was demonstrated by
Abuchowski ez al.,*'® because the hydrolysis of the diclorotria-
zine occurs readily under slightly basic conditions (pH 9.2)
needed for reaction to pass with sufficient selectivity towards
amines, a considerable excess of the probe must be used in the
coupling reaction. Banks and Paquette® have conducted a com-
parative study of three fluorescent probes, differing only by the
moiety responsible for the reactivity with amines: CFSE (NHS
ester), DTAF (dichlorotriazine) and FITC (isothiocyanate). It
was found, that the rate of conjugation is significantly faster for
the NHS ester compared to the diclorotriazine probe, which, in
turn, reacts faster than isothiocyanate derivative. Each conju-
gate provided a satisfactory level of stability in solution over
the period of 1 week at 25 °C, although the hydrolysis of the
remaining, relatively inert, chloro group of DTAF was ob-
served.

Arpicco et al*”® have prepared thioimidoester activated PEG-
containing derivatives and shown their superiority over NHS-
activated analogue for gelonin modification (the reaction was
conducted in PBS at pH 7.4). In this particular case, PEGyla-
tion with less active, compared to NHS ester, thioimidoester
derivative resulted in gelonin conjugate with higher inhibiting
activity. Tkeda and associates??® have recently described a pro-
tocol for the preparation of glutalaldehyde-functionalised PEG
reagent, allowing for proteins PEGylation under mild reaction
conditions. Similarly, the modified protein exhibited higher
biological activity than when reacted with a corresponding
NHS-activated PEGylation reagent.

\fo/\kso\ﬁ N/\\,N(m

]
PEGgg0-'4C-DT

Fig. 16. Modification of BSA (pdb: 3V03) by PEG-['*C]diclorotriazine probe
reported by Abuchowski et al.*'®




o-Halocarbonyls such as iodoacetamides, can modify lysine
residues at pH > 7.0,2! but the reaction rate is much slower
than the reaction with cysteine residues. Another class of rea-
gents usually used in cysteine-selective conjugation — vinyl-

222

sulfones”™ (see Section A 1.3.4, page 14) — was recently report-

ed to be applicable for lysine labelling at slightly basic pH.**?**
Modification of Lys residues with acid anhydrides, including
succinic, citraconic, maleic, trimellitic, cis-aconitic, and various
phthalic anhydride derivatives belongs to a pool of classically
used protein modification methodologies® and provides for
transforming of nucleophilic amines to acids and, as a result,
enables carboxylate-selective chemistry thereof.

For more details on the practical aspects of using the above-
described methodologies, the reader is referred to a recent re-
view by Brun and Gaury-Lazo***

body-drug conjugates by lysine conjugation.

on the preparation of anti-

1.2 SERINE AND THREONINE

With pK, values > 13, the hydroxyl groups of serine (Ser, S)
and threonine (Thr, T) are rather poor nucleophiles close to
physiological pH. No examples of direct conjugation of in-
chain serine and threonine have been therefore reported to date.
However, highly amine selective N-hydroxysuccinimide (NHS)
esters have been documented to give occasional side reactions
with hydroxyl side chains.”?’** In a series of experiments, Mil-
ler et al. have demonstrated that the presence of histidine in
sequences of the type His-AA-Ser/Thr or His-AA-AA -Ser/Thr
(where AA, AA’ stand for any amino acid) can significantly
increase the reactivity of hydroxyl groups toward classical

amine labelling agents (Fig. 17).%83:85:23!
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Fig. 17. Nucleophilic attack of serine on the NHS-activated ester gives the stable
O-acylated derivative. In addition to His-AA-Ser, this stable intermediate can be
formed in the presence of linear sequences of His-AA-Thr and His-AA-Tyr,
where AA refers to any amino acid.

Similarly, Médler and Zenobi have reported that the guanidini-
um group of arginine can contribute to the reactivity of hydrox-
yl groups toward NHS esters and to catalyse the nucleophilic
substitution.”*? In both cases, it is hypothesised that the imidaz-
olyl and guanidine moieties of histidine and arginine respec-
tively catalyse the reaction by stabilizing the transition state by
means of hydrogen bonds and electrostatic interactions. This

promoting effect is thought to be responsible for side reactions
on several substrates while using cross-linking reagents.?****

Despite the fact that methodologies of selective in-chain serine
and threonine labelling are rather scarce, these residues repre-
sent especial interest for bioconjugation when located on the N-

terminus (see Section A 2.1, page 29).

1.3 CYSTEINE

Cysteine (Cys, C) is perhaps the most convenient target for
bioconjugation owing to the exceptionally high nucleophilicity
of its sulthydryl (-SH) side chain which, and particularly in its
deprotonated thiolate form (-S7), largely exceeds the reactivity
of any other nucleophilic function in proteins.”** Furthermore,
its relative rarity in proteins composing living organisms (1-
2%)***23 and the ease of its introduction into a specific site by
site-directed mutagenesis allows access to protein assemblies
with a single cysteine at a predetermined position.”** Even in
proteins with multiple cysteines, the multiplicity is usually
much smaller compared to lysines, which makes thiol-reactive
labelling the preferred approach over amine-reactive methodol-
ogies.

In proteins, thiols can also be generated by selectively reducing
cystine disulfides with reagents such as dithiothreitol (DTT,
D1532),?" 2-mercaptoethanol (B-mercaptoethanol), or tris[2-
carboxyethyl]phosphine (TCEP).>**** Generally, all these rea-
gents must be removed before conducting thiol-selective conju-
gation, for they will compete with target thiols in proteins oth-

240 Unfortunately, removal of reducing agents is some-

erwise.
times accompanied by air oxidation of the thiols back to the
disulfides. Although, in contrary to the majority of thiol-
reducing agents, TCEP does not contain thiolate group, there
have been several reports that it can react with a-halocarbonyls
or maleimides and that labelling is inhibited when TCEP is
present in the reaction medium.**'?*

Direct labelling of thiolate group is usually achieved by either a
nucleophilic addition or displacement reaction with thiolate
anion as the nucleophile. The substantially lesser dissociation
energy of sulfhydryl groups compared to the corresponding
alcohols provides much higher acidity of the former and, as a
consequence, a wider availability of it slightly nucleophilic

anionic form at physiological pH.

1.3.1 a-Halocarbonyls

First reports on the use of a-halocarbonyl electrophiles, namely
iodoacetamide, go back to 1935, when Goddard and Michae-
lis** have first reported its application for modifying and study-
ing keratin. Even today, almost 80 years later, these electro-
philes are still among the most widely used for the modification
of cysteine, especially in mass spectral analysis and peptide

2 Use of iodo com-

mapping of cysteine containing proteins.
pounds is typical because, as iodide is a better leaving group
among other halogens, these render higher reaction rates for
conjugation (the relative reactivity is I > Br > Cl > F). Iodoace-
tyl-containing crosslinkers, biotinylation reagents, immobilisa-

tion kits, and mass spectrometry tags are now commercially

A. Introduction | 11



0O.Koniev

available (e.g. BIAM, SIAB, UltraLink™ Jodoacetyl Resin and
Gel, iodoTMT™). Although corresponding maleimide reagents
are more popular because of their even higher reaction rates,
the haloacetyl-mediated conjugations are usually preferred for
the applications where the elevated stability and compact size
of the generated linkage (compared to maleimide) are crucial.
Indeed, such bioconjugates degrade to S-alkyl cysteine deriva-
tives only during amino acid hydrolysis.

Typically, the reaction of sulfhydryl groups with haloacetam-
ides is conducted at physiologic to alkaline conditions
(pH 7.2-9.0). When iodoacetamides are used, the reaction is
preferably carried out under subdued light in order to limit free
iodine generation, which has the potential to react with Tyr, His
and Trp residues. The reaction is most specific for sulthydryl
groups at pH 8.3. The iodoacetyl group is known to react with
other amino acid side chains, especially when there are no cys-
teine present or if a gross excess of iodoacetyl is used. For in-
stance, free amino groups, the thioester of methionine, and both
imidazolyl side chain nitrogens will react with iodoacetyl
groups above pH 7 and pH 5, although with much slower kinet-
ics.* This, however, can be resolved by the use of less reactive
chloroacetamides®® or cautious control of pH and incubation
time.

It is to be noted that local environment has a profound effect on
the reactivity of cysteine residues in proteins. If moderately
reactive reagents such as iodoacetamide are used for bioconju-
gation, this difference in reactivities makes it possible to dis-
cern different types of Cys moieties present in the protein. Al-

most half a century ago, Gerwin®*

reported dramatic differ-
ences in the reactivities of chloroacetic acid and chloroacetam-
ide in the modification of the active-site cysteine of streptococ-
cal proteinase, which was found to be due to the influence of
the neighbouring histidine residue. As a general trend, cysteine
residues possessing lower pK, values are more reactive when
reaction is conducted under neutral or slightly acidic condi-
tions, owing to their greater degree of dissociation and, as a
consequence, higher concentration of the corresponding thiolate
anions in the medium. For instance, Kim et al.**® have de-
scribed a method for selective biotinylation of low-pK, cysteine
residues in proteins simply by conducting the reaction at slight-
ly acidic pH (Fig. 18).

Davis and Flitsch®* described a procedure for the selective
glycosylation of proteins at one or several sites by reacting the
with

chains, which allowed for preparing of homogeneously glyco-
251

carbohydrate-tethered iodoacetamides cysteine side

sylated human erythropoietin®’ and dihydrofolate reductase.
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Fig. 18. Biotinylation of low-pK, cysteine residue of rabbit muscle creatine kinase
(CK, pdb: 2CRK) by BIAM.?*® The charge interaction between the negatively
charged thiolate and the positively charged amino acid residues nearby results in
significantly lower pK, value of the CYS-283 residue (6.5). Consequently, selec-
tive alkylation thereof becomes possible in the presence of three other cysteine
residues with higher pK, values (8.0-9.0).

1.3.2 o-Haloacetophenones

In 1948, Mackworth®? has published his study upon the reac-
tivity of the biochemical mechanism of the lachrymatory effect
of certain war gases and first reported the reactivity of structur-
ally relevant a-bromoacetophenones for the inhibition of sever-
al classes of thiol enzymes.
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Fig. 19. Photolysis of CYS-25 residue located in papain’s active site after its
labelling with 2-bromo-2’,4‘-dimethoxyacetophenone results in the formation of
the unstable thioaldehyde, which readily hydrolyses to give the corresponding
aldehyde. >

Despite advances made in the investigation of o-
haloacetophenones and related ketoximes for the modification
of the active sites of enzymes,””*® their utility for the conjuga-
tion is very limited because of various side reactions.

An interesting approach that allows photochemical conversion
of the cysteine into corresponding thioaldehyde and then to
aldehyde thought Norrish type II cleavage was reported by
Clark and Lowe.”*?* Photolysis of the enzyme, alkylated by a

bromoacetophenone derivative, results in spontaneous loss of



hydrogen sulfide from the generated thioaldehyde to give the
corresponding aldehyde (Fig. 19), which can either be utilised
as a locus for aldehyde-selective conjugation, or be transformed
into corresponding serine or glycine residue by reduction or
transamination respectively

1.3.3 Maleimides

As early as 1949, maleic acid imides (maleimides), products of
the reaction of maleic anhydride and amine derivatives, were
introduced by Friedmann as cysteine-specific reagents.>**®
Ever since, persistently gaining in popularity maleimide-
mediated methodologies represent today perhaps the most often
used functional groups for bioconjugation. This is mainly due
to their exceptionally fast kinetics and significantly high selec-
tivity toward cysteine moiety in proteins.

The reason for such remarkable reactivity of maleimide towards
thiolates is worth being discussed. In general, the electrophilici-
ty of alkenes is defined by its ability to serve as an acceptor of
nucleophile’s electron density, and thus interrelated with the
energy of electrophile’s ©* orbital (its lowest unoccupied mo-
lecular orbital, LUMO). Generally speaking, the rule is simple:
the lower the energy of the alkene’s w* orbital — the faster its
reaction with nucleophiles. There exist two main approaches
for decreasing alkene’s LUMO energy: the direct attaching of
an electron-withdrawing group (EWGQG) and the straining of the
double bond. Although proceeding via two different mecha-
nisms: by decreasing the energy of both orbitals or by diminish-
ing the energetic gap between them, either approach results in
the lowering the LUMO energy of the alkene and, as a result, in
the increase of its reactivity (Fig. 20). The unique reactivity of
maleimide moiety owes to the fact that it exploits these two
mechanisms together.?6!22

To date, a large variety of maleimide-based modifying reagents
are available from a number of leading biochemical companies
with even more being synthesised in laboratories around the
world for specific applications. The applications of these rea-
gents strongly overlap those of iodoacetamides, although ma-
leimides apparently do not react with methionine, histidine or
tyrosine 263264

The optimum reaction conditions for maleimide-mediated con-
jugation, namely conducting the reaction at near neutral condi-
tions (pH 6.5-7.5), allow the reaction of maleimide with amines
being avoided, because the latter requires a higher pH to occur.
At pH above 8 the hydrolysis of maleimide itself results in ob-
taining the mixture of isomeric non-strained maleamic acids
unreactive toward sulfhydryls and can thus compete with thiol
modification.”®?®* Similarly, maleimide-thiol adducts hydrolyse,
which either results in complete deconjugation or cause a sig-
nificant change in the properties of the conjugate.’®® Further-
more, especially at pH above 9, ring-opening by nucleophilic
reaction with an adjacent amine may yield crosslinked prod-

ucts.?6¢
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Fig. 20. Influence of an electron-withdrawing group (EWG) and cycle strain on
the frontier orbitals of alkenes, c-orbitals omitted (the form of the orbital is pre-
sented approximately, based on the publication of Merchan et a’®’). Decreasing
the energy of LUMO (lowest unoccupied molecular orbital) results in higher
reactivity of the electrophile towards nucleophiles. Although via different mecha-
nisms, both EWG and strain of the cycle activate alkene for the attack by nucleo-
philes.

Schuber and co-workers®® have found that important kinetic
discrimination can be achieved between the maleimide and
bromoacetyl functions when the reactions with thiols is con-
ducted at pH 6.5 and 9.0, respectively.

Maleimide-NHS heterobifunctional reagents are especially im-
portant for the formation of conjugates. Hydrolysis of both ma-
leimide moiety and generated thioester linkage is considerably
dependant on the type of chemical group adjacent to the malei-
mide. Interestingly, the cyclohexane ring was found to provide
increased maleimide stability to hydrolysis due to its steric ef-
fects and its lack of aromatic character. For this reason, succin-
imidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) and its water-soluble analogue (sulfo-SMCC) are to-
day among the most popular crosslinkers in bioconjugation.
They are often used in the synthesis of the protein-protein or
protein-probe assemblies such as antibody-enzyme or antibody-
drug conjugates respectively. These include the enzyme immu-
noassays,”*?” carrier-protein conjugates,”**® albumin-binding
prodrugs, and even approved therapies.''*!'>279:280

Short homobifunctional maleimide are commonly used to ex-
plore and characterize protein structure (i.e., oligomerisation) or
protein interactions.”®'**” Maleimide-mediated immobilisation
of biomolecules is often achieved either by direct conjuga-
tion'*?%%2% or by prior biotinylation of the molecule of inter-
est.”® The latter approach has been used for protein enrich-
ment,”! capture,zgz’293 and immobilisation on modified sup-
ports. 2427

Most of the optical thiol-selective fluorescent probes often used
as sensors for monitoring of biological processes are represent-
ed by maleimide-containing reagents.?**>* Another testament
to maleimide utility is their use for glycosylation,**' radiolabel-
ling, ***% studying of protein interactions,’®?"" and quantita-
tion of cysteine residues.**=%

277,278
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Br
0,

Fig. 21. Conjugation of maleimide-functional poly(PEGMA) to the only free
CYS-34 residue of BSA (pdb: 3V03).31°

Despite of its successful application as a reagent for the chemi-
cal modification of proteins, the irreversibility of maleimide’s
addition makes it impossible to regenerate the unmodified pro-
tein by controlled disassembly of the conjugate. Such necessity
is however often desirable for in vitro or in vivo applications.
Several studies were devoted to a mild and specific hydrolysis
of imido group in maleimide conjugates.’''*'? These approaches
turned the originally irreversible maleimide-mediated thiol con-
jugation into the cleavable methodology. However, the harsh
reaction conditions of this cleavage (strong basic conditions or
presence of high amount of imidazole) make them incompatible
with many fragile protein substrates.

Monobromomaleimide derivatives, introduced by Baker et
al*™ in 2009 have expanded the class of reagents for the selec-
tive and reversible modification of cysteine (Fig. 22). In con-
trast to methanethiosulfonates (see below),*'* monobromoma-
leimides allow much more stable conjugation of thiolates,
which are easily cleavable upon reaction with TCEP by addi-
tion-elimination sequence (Fig. 22).

H
excess thiol
— > NO REACTION

Hydrolysis
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e 4
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¥

Fig. 23. “Switching off” the linker’s reactivity for second thiol addition achieved
by hydrolysis of the thiomaleimide linkage.>'®

TCEP

PBS (pH 8.0)

Fig. 22. Conjugate addition of L111C mutant of SH2 domain of Grb2 (wild-type
pdb: 1JYU) to bromomaleimide followed by second addition of glutathione re-
sulting in generation of the vicinal bis-cysteine adduct.®'

1.3.4 Vinyl sulfones

The Michael-type addition of vinyl sulfones (VS) is an attrac-
tive strategy for protein conjugation, because of the elevated
water stability of VS function and almost quantitative yields of
their reaction with thiolates.’'®3?? The reaction of vinyl sulfones
with lysine residues has been reported,:‘lg’:‘21 however, occurring
only at high pH values (pH > 9.3).

Initially, VS-mediated approaches have been used almost ex-
clusively for PEGylation of proteins with end-functionalised
PEG derivatives.>'**® Several studies on the immobilisation of
macromolecules on solid supports using vinyl sulfones were
reported, owing to the elaboration of new methods for the prep-
aration of VS-modified surfaces’'8*1%32432 versatile VS-

223,327

containing probes, namely

329,330

carbohydrates, chelating

agent,*”® fluorescent tags, 330

and biotinylation reagents
were recently developed and applied in bioconjugation of pro-
teins. Ovaa and co-workers®! used vinyl sulfone handle to con-
jugate enzymes to a ubiquitin-like protein. The applications of
VS-tags in proteomics have recently gained popularity and been

reviewed by Lopez-Jaramillo ez al.**°

=4 &
. = TAMRA, Dansyl ‘ = Biotin
Fig. 24. Bifunctional labelling of horseradish peroxidase (HRP, pdb: 2ATJ) with
vinyl sulfone-functionalised tags described by Morales-Sanfrutos et al.**

Moreover, the initial modification of a protein resulted in ob-
taining a thiol-maleimide moiety, which was shown to be prone
to a second thiol addition and resolved another recognised
drawback of maleimide-based methodologies, namely the pres-
ence of only two points of attachment.*”® Similarly to a non-
substituted maleimide, the hydrolysis of thiol-maleimide link-
age results in dramatic decrease in its reactivity towards thio-
lates, which can be used for “switching off” the linker after the
first thiol addition (Fig. 23).31¢3"
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Vinyl sulfones react with thiols to form a stable thioether link-
age to the protein at slightly basic conditions (pH 7-8).2* The
reaction may proceed faster if the pH is increased, but this usu-
ally also increases the amount of side-products. The main ad-
vantage of VS-tags is their elevated stability in aqueous solu-
tions, compared to more reactive towards thiols maleimides,
which can be subjected to ring opening or addition of water
across the double bond. '*!

1.3.5 Thiol-ene coupling
Discovered at the beginning of the last century by Posner,**
free-radical-based hydrothiolation of terminal alkenes, also

called the thiol-ene coupling reaction (TEC), has emerged as a



powerful approach for the chemoselective modification of both
peptides and proteins.***** The initial step of the reaction is
light- and/or initiator-induced generation of thiyl radical. This
adds to alkene in an anti-Markovnikov fashion to yield thioal-
kyl radical. This leads to the propagation of the radical chain by
abstraction of hydrogen from the other thiolate (Fig. 25).
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Fig. 25. Mechanism of photoinduced free-radical thiol-ene coupling (TEC).

The TEC conjugations (usually conducted in PBS-DMSO buff-
er at pH 7.0-7.5) are compatible with oxygen and aqueous me-
dia and are usually carried out upon irradiation at A,,,, 365 nm
in the presence of Vazo44 (2,2’-azobis[2-(2-imidazolin-2-
yDpropane]dihydrochloride) as an initiator. The resulting thi-
oether linkage is biologically stable and robust.

The first approach to protein conjugation namely glycosylation
via TEC was reported by Davis et al. in 2009.**® However, it
consisted in photoinduced coupling of various glycosyl thiols
with site-specifically introduced unnatural L-homoallylglycine.
A complementary approach to peptide and protein glycoconju-
gaiton by photoinduced coupling on cysteines was first intro-
duced almost at the same time by Dondoni and co-workers.**
The 66 kDa globular bovine serum albumin (BSA) possessing
one free CYS-34 residue was selected as a model protein. Sur-
prisingly, it revealed that not only the one CYS-34 SH group,
as expected, but also two more SH groups arising from 75591
disulfide bond were modified. It was suggested that such hy-
perglycosylation was due to well-documented disulfide bond
degradation by UV-irradiation,**” namely to an electron transfer
process from photoexcited tryptophan residues. Furthermore,
prolonged irradiation of the reaction mixture up to 2 hours in-
duced the introduction of seven glycoside residues into BSA.
Despite the necessity for UV-irradiation and ensuing side-
reactions result troublesome in some instances, the fact that, in
contrast to the majority of thiol-selective methodologies, TEC
does not exploits elevated nucleophilicity of the thiolate but its
readiness for the generation of radicals, makes it especially
tolerant to a wide range of functional groups. For instance,
Garber and Carlson®*® have used this feature of TEC for selec-
tive capping of thiols in presence of thiophosphorylated groups,
free alcohols and amines.

Several approaches involving the combination of cysteine-
selective methodologies have been recently reported. Stolz and
Northrop® studied the reactivity of N-allyl maleimides and
found this scaffold to be appropriate for consecutive two-step
conjugation of thiols: via first base-initiated Michael-addition
to maleimide moiety and second radical-mediated TEC of allyl-

fragment. Scanlan and associates®® developed the sequential
NCL-TEC approach (for more details on NCL, see Section
A 2.3.1, page 33) for the functionalisation of the cysteine thio-
late generated at the ligation site during native chemical liga-
tion.

1.3.6 Thiol-yne coupling

After the rise of TEC for bioconjugation, its sister reaction of
the hydrothiolation of alkynes, also referred to as thiol-yne
coupling (TYC), began to receive increased attention.*' Dis-
covered in 1949 by Jones and collaborators,** TYC allows
introduction of two thiol fragments across a carbon—carbon
triple bond via a free-radical mechanism similar to TEC. The
first step of the anti-Markovnikov addition of a thiyl radical to
the triple bond yields an intermediate vinyl thioether capable of
undergoing a second addition of thiyl radical through the same
mechanism, leading to the 1,2-dithioether (Fig. 26).
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Fig. 26. Mechanism of photoinduced free-radical thiol-yne coupling (TYC).

TYC occurs under the same reaction conditions as TEC and
smoothly proceeds at 25 °C in aqueous solutions. First trials on
the applicability of TYC on peptides were reported by Dondoni
and collaborators in 2010.** The authors have demonstrated the
possibility of dual glycosylation of a series of peptides (up to 8
residues). Later on, Davis and Dondoni have expanded dual
conjugation strategy for achieving sequential glycosylation and
fluorescent labelling of BSA (Fig. 27).** Just as with TEC, the
reaction also occurs at cysteine residues of the 75<-91 disul-
fide bridge.
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Fig. 27. Glycosylation and fluorescent labelling of bovine serum albumin (BSA,

pdb: 3V03) by TYC (first step) followed by TEC (second step) with 2,2-
dimethoxy-2-phenylacetophenone (DMPA) as photoiniciator.***
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The necessity of using a photo- or a chemical iniciator in both
TEC and TYC conjugations represent the main drawback of
these methodologies, for the presence of free radicals results in
a series of side reactions, namely oxidation and crosslinking of
proteins.

1.3.7 Disulfide reaction

Simple air oxidation of two thiolates to form a disulfide bond is
probably the most straightforward among cysteine-selective
conjugation techniques. Very simplistically, it consists in open
to air stirring of a protein possessing a free cysteine residue
with a thiol-containing probe for several days under basic con-
ditions.** Apparently, a large excess of the thiolate-probe is
required in order to reduce the likelihood of the protein dimeri-
sation. Treatment with iodine®*® was reported for the activation
of cysteine formation of mixed disulfides. However, restricted
control of product distribution and long reaction times largely limits
the applicability of these methods for bioconjugation.

Diverse disulfides have been extensively used in the past dec-
ade for the modification of cysteine by disulfide exchange. This
reversible reaction involves attack of cysteine thiolate at the
disulfide, breaking the S-S bond, and subsequent formation of a
new mixed disulfide. A well-known example of such reaction is
colorimetric quantitation of free sulfhydryls with Ellman’s Re-
agent.’¥ Several symmetric disulfide-containing fluorescent
probes such as BODIPY L-cystine and Fluorescein L-cystine
are commercially available. However, because there is no ther-
modynamic preference for this disulfide exchange to pass one
way or another, the labelling with non-activated disulfides gen-
erally requires use of a large excess of the probe to achieve
sufficient levels of tagging.’*® In contrast, related activated thi-
ols, namely thiosulfates (R-S-S0Oy), thiosulfonates
(R-S-SO,-R’, MTS), sulfenyl halides (R-S-X),**’ pyridyl disul-
fides,”****" and TNB-thiols (derivatives of 5-thio-2-nitrobenzoic
acid) contain good leaving groups in their structures and thus
no excess of the reagent is required to drive the equilibrium
(Fig. 28).

PEGylation, fluorescent and biotinylation probes containing a
thiosulfate (commercialised as TS-link reagents) and pyridyl
disulfides motifs are today widely commercially available. Thi-
osulfonates were the first introduced for bioconjugation by Da-

vis and co-workers®>>*%

354

in their work on the controlled glyco-
and further elaborated by Zhao et al*> for site-
selective PEGylation of proteins. Recent advances resulted in

sylation

further development of thiol activated methodologies towards

336357 and even methanedithiosulfonates, al-

selenenylsulfides
lowing for synthesizing of trisulfide conjugates.’>® Disulfide-
based conjugation was recently reported for the preparation of
antibody-drug conjugates and studying the influence of spacer
length on their stability.” Diselene analogues of disulfide

PEGylation reagents were proposed by Jevsévar et al.*®

as se-
lective and fast alternative for coupling. Although, high conver-

sion yield required the use of a large molar excess of the probe,
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this elegant approach represents an interesting technology
which deserves further investigation.

L —SH R_sy

e .

b) R NO
Tow Fow L) T T
L
~SO4H “SOR' S5 5N SeTNR
Thiosulphate ~ Thiosulphonate ~ 2-pyridyl disulfide  4-pyridyl disulfide TNB-like disulfides

Fig. 28. a) General scheme of protein labelling via the formation of disulfide
bond. b) Most relevant examples of activated thiols: thiosulfate, thiosulfonate, 2-
pyridyl disulfide, 4-pyridyl disulfide, TNB-like thiol.

The main factor that has gained popularity to methodologies
yielding disulfide and selenol-sulfide linkage is the reversibility
they afford. Treatment of obtained conjugates with classical
reducing agents such as DTT, B-mercaptoethanol or TCEP gen-
erally results in their complete cleavage. Yet, in the case of
disulfides, the modified protein can be turned to a more stable
and resistant to reduction corresponding thioether-linked conju-
gate by means of HMPT-mediated desulfurisation elaborated

by Davis and associates (Fig. 29).%"
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Fig. 29. Two-step protocol for the preparation of thioether linkage via disulfide
exchange reaction followed by HMPT-mediated desulfurisation (P(NMe,);, hex-
amethylphospotriamide) of glycosylated mutant S156C SBL (wild-type pdb:
1GCI1).3%!

1.3.8 Disulfide re-bridging

Use of thiol reactive reagents often requires the necessity for
recombinant introduction of a free cysteine into the protein®®
because most proteins do not have a free cysteine.**** This
new free unpaired cysteine may cause disulfide scrambling,
complicate protein refolding,*** or lead to aggregation of the
protein.’®® In contrast, most of biologically relevant proteins pos-
sess at least one disulfide bond in their structure.’*® The direct reduc-
tion of disulfide bonds followed by conjugation with thiol-selective
reagents is, however, usually inadmissible, since these are responsi-
ble for its structure, stability, or function®*’*%® and must thus remain
bridged after the modification in order not to alter protein tertiary
structure.

In an attempt to resolve this problematic, Brocchini et al*®
developed a clever methodology for the PEGylation of protein
disulfide bonds with o,B-unsaturated bis-thiol alkylating rea-
gents. Covalent re-bridging of the two thiols derived from the
disulfide after its mild reduction allowed obtaining the modified
proteins with retained tertiary structure and biological activity.
Interferon a-2b (IFN) was used in the initial studies, because it



is representative of four-helical-bundle proteins with accessible
disulfide bonds. Following reduction of the disulfide in IFN’s,
the two free cysteines were re-joined using a three-carbon
linked functional PEG.*%*% The methodology was further ex-
panded towards PEGylation of therapeutic proteins®®®*7037!
fragment antigen-binding fragments of Immunoglobulin G,*’?
and poly phosphocholine labelling of IFN.*”® Simultaneously
with the introduction of previously mentioned monobromoma-
leimides, Baker and co-workers have introduced a relevant
class of reagents containing highly reactive dibromomaleimide
or dibromopyridazonedione scaffold, allowing rapid and effi-
cient disulfide re-bridging by installing a rigid two-carbon link-
er. 31537 This approach was first applied for equimolar PEGyla-
375 and

very recently for the preparation of homogeneous antibody con-

tion of 32-amino acid salmon calcitonin (sCT, Fig. 30)

moiety (Dha, Fig. 32) representing an electrophilic centre for
reactions with nucleophiles. Such “umpolung” in terms of nucle-
ophilicity-electrophilicity opens an extremely interesting pro-
spect for the transformations, which applicability is generally
largely restricted due to a general nucleophilic nature of amino
acid side chains present in proteins. Among them such method-

ologies as Pd and Rh catalysed reactions,**3% 384,385

386

alkylation,
hydroboration,”™” and perhaps the most useful serving as a Mi-

chael acceptor for thiol nucleophiles.
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Fig. 30. One-pot reduction-PEGylation of the disulfide bridge of sCT (pdb:
2GLH) followed by rebridging using dibromomaleimide.*”
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Fig. 32. Utilisation of Cys-Dha transformation for bioconjugation. a) General
mechanism of the transformation. b) Representative methods for the generation of
dehydroalanine.®’

Although being very rapid (full conversion is achieved in less
than 5 minutes), dibromomaleimide-based conjugation resulted
in obtaining of a small amount of the multimers while modify-
ing complex polypeptides.”’® Developed by Baker er al.’”® and
Haddleton et al*”® more stable and less reactive dithiophe-
nolmaleimides allowed avoiding this apparent drawback of
dibromomaleimide probes. In combination with benzene-
selenols known for their efficiency in catalysis of disulfide
cleavage, dithiophenolmaleimide approach allowed selective
antibody fragment conjugation with no detectable formation of
multimers and conserving high reaction rate (Fig. 31).>°

Fig. 31. Dithiophenolmaleimide approach for in situ disulfide bridging of anti-
body fragments.>®

1.3.9 Transforming to dehydroalanine
B-Elimination of thiolate from cysteine moiety turns this one of
the strongest nucleophilic side chain into a dehydroalanine

Site-selective incorporation of Dha into proteins may be
achieved by a considerable number of chemical transfor-
mations. Historically, the first example of such reaction was
reported by Koshland and collaborators 50 years ago and con-
sisted in transformation of nucleophilic serine of chymotrypsin
to dehydroalanine via selective sulfonylation followed by base-
mediated elimination.*®3*° The method, however, exploited the
particularly high nucleophilicity of SER-195 residue located in
the active site of chymotrypsin. Logically, more general meth-
ods based on the exceptional nucleophilic properties of cysteine
received increased attention in the years to follow. These are
represented in the Fig. 32 and include: reduction-elimination,
representing an often observed undesired side-reaction during
reduction of disulfides; base-mediated elimination of activated
thiolate, typically requiring temperatures incompatible with
protein substrates and thus not being of synthetic interest; oxi-
dative elimination, and bis-alkylation-elimination.®®” Two last
approaches seems to us the most promising among available
Cys—Dha transformations and it is to these methodologies that
we now turn.

1.3.9.1
Oxidative elimination of thiolates is readily achievable, but

Oxidative elimination

often required high temperatures and severe reaction conditions
yielded the methodology incompatible with fragile protein sub-
stances.”' However, recent efforts focused on finding milder
conditions to carry out these desulfurisations, have resulted in
developing two promising classes of chemical reagents:

384392 and bromo-

o-mesitylenesulfonylhydroxylamine (MSH),
maleimides (above-mentioned for the generation of bis-cysteine

adducts).>”?
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Basic conditions are generally required for the reaction to
achieve high conversion yields. Other amino acid residues may
also react with MSH and bromomaleimide, but the reaction
rates are largely inferior to those of thiolates and resulting
products are generally unstable in basic conditions and decom-
pose back to their starting unmodified forms.

NH,
0=$=0

MSH

R = phosphate
carbohydrate
peptide
polyprene

S$156C-SBL

S$156Dha-SBL

Fig. 33. Conjugation of mutant S156C SBL (wild-type pdb: 1GCI) containing a

single, surface-exposed cysteine residue CYS-156 by oxidative elimination fol-

lowed by conjugation with thiol probes.>®*

1.3.9.2
Conversion of cysteine to dehydroalanine by means of bis-

Bis-alkylation-elimination

alkylation-elimination approach was first introduced by Holmes
and Lawton.** Initially this transformation implied quite stren-
uous reaction conditions and was only compatible with a re-
stricted number of protein substrates. Only recently have Davis
and collaborators®®’ reported a more general method for
Cys—Dha transformation by means of water-soluble
o,a'-dibromoadipyl(bis)amide (DBAA) allowing generation of
Dha moiety under mild conditions (37 °C, pH 7.0-8.0) at suffi-
ciently high yields. This approach was evaluated on several
model proteins, including SBL (see above)’ the single-
domain antibody cAb-Lys3 A104C mutant,®® histone H3
(Fig. 34),385 AurA kinase domain,** and GFP mutant.**
< sH Br

Z &
Br HS
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Fig. 34. Dehydroalanine-mediated conjugation on histone 3 mutant H3.3

CONH
cvso 2 DHA-9

1.3.9.3 Other approaches

Despite recent advances in dehydroalanine-mediated conjuga-
tion methodologies, the inherent limitations of these methods
preclude their general use for peptide and protein modification.
None of these approaches enable general, chemo- and site-
selective incorporation of dehydroalanine into proteins without
the need for prior incorporation of an accessible Cys residue.
Several other approaches continue to appear and are designed
to overpass this problematic. These are oxidative elimination of
aryl-selenocysteine,”' % utilising of lacticin synthetase,*”'
transformation to selenocysteine thioethers.*”
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1.3.10 Miscellaneous thiol-selective reagents
An example of a simple alkylation reaction that still remains
relevant in bioconjugation is aminoethylation. Known for more

than half a century,*®4%*

it allows transforming cysteine thio-
lates into lysine mimicking thialysine residues by means of
bromoethylamines or aziridines. Obtained thialysines were val-
idated as appropriate synthetic substrates for further amine-
selective transformations (see Section A 1.1, page 3). Further-
more, the method was recently demonstrated appropriate for
providing the access to more peculiar methylated lysine ana-
logues.*” The reaction is typically conducted at pH> 8.5 to
ensure a high level of cysteine deprotonation.

SNAr substitution chemistry approaches for cysteine modifica-
reported by
groups. 8447 Davis e al** utilised Mukaiyama’s reagent (2-

tion in proteins were several research
chloro-1-methylpyridinium iodide) to generate an arylated cys-
teine as an intermediate for conversion thereof to dehydroa-
lanine. Pentelute and co-workers have expanded the approach
towards perfluoroaryls for protein stapling and conjuga-
tion.***4"” Finally, Barbas and associates*® have developed a
class of Julia—Kocienski-like methylsulfonyl-functionalised
reagents, that reacts rapidly and specifically with thiols under

biologically relevant pH (5.8-8.0).

HEPES (pH 7.4)

Fig. 35. Labelling of the free cysteine residue of BSA (pdb: 3V03) with Julia—
Kocienski-like reagents.*”

Notably, the resulting conjugates possess superior stability
compared to cysteine—maleimide conjugates in human plasma,
which makes this methodology appropriate for the preparation
of stable protein conjugates and PEGylated proteins (Fig. 35).
An efficient gold-catalysed allene-mediated coupling reaction
has been recently developed by Che and colleagues.*'® The
method allowed direct thiol-selective functionalisation of model
peptides and reduced RNase A (Fig. 36).

1. DTT
70°C
SH — >
2. Ph
—c—/
PH
AuCl/ AgOTF
ACN/H,0
25 °C, 1 hour

Fig. 36. Cysteine modification of RNase A (pdb: 7RSA) via gold-mediated cou-
pling with allenes.*"°

Reactions of thiols with electron deficient acetylenes have been
known for decades, being, however, mostly conducted in or-



ganic solvents.*!'*15 Several examples of reactions in aqueous
media have been recently reported.*”*'*!®#!7 Che and cowork-
rs*” have elaborated a versatile method for the selective cyste-
ine labelling of unprotected peptides and proteins in aqueous
media with arylalkynone reagents. Notably, modified peptides
could be converted back into the unmodified peptides by treat-
ment with thiols under mild reaction conditions (Fig. 37).
(OND strained
adducts of furans and electron-deficient alkynes, were found to

Oxanorbornadienedicarboxylates reagents),

provide better water stability while retaining selective, rapid,
and fluorogenic reactivity towards cysteine compared to corre-

sponding alkynes.*'®

leagues™ 40 years earlier, Foettinger er al.** have reported
selective reaction of substituted malondialdehydes (MDAs)
with the indole nitrogen of the Trp side chain of 8-mer peptide
PTHIKWGD under acidic conditions (Fig. 38). Obtained sub-
stituted acrolein moiety with a remaining reactive aldehyde
group, can be further converted to a hydrazone using hydrazide
compounds, or using other methodologies for aldehyde conju-
gations. Hydrazine, phenylhydrazine and secondary amines
such as pyrrolidine were reported to act as cleavage reagents
and allow releasing of the free tryptophane after conjugation.

Tris (pH 7.0-9.0)

PhS__—

X y
Phs ( ‘@\“\”‘

Fig. 37. Cleavable labelling of BSA (pdb: 3V03) with arylalkynone reagents
elaborated by Che and associates.*”

Y

o,B-Unsaturated ketones and amides (typically acrylamides) can
undergo Michael-addition.*'**** However, the rate of addition is
not generally high enough to provide it with competitive ad-
vantages compared with other approaches. Internal Cys resi-
dues were reported to accelerate native chemical ligation (see
Section A 2.3.1, page 33), an especially selective approach for

N-terminal transition
421-426

cysteine conjugation, via cyclic

states.

1.4 TRYPTOPHAN

Tryptophan (Trp, W) is the second (after cysteine) low abun-
dance amino acid with about 1% frequency (depending on the
living organism),”* but approximately 90% of proteins contain
at least one Trp residue in their sequence.*”” The specific reac-
tivity of tryptophan in proteins is one of the most challenging
problems in bioconjugation. In spite of the variety of reagents
introduced over the years for selective modification of trypto-
phan, only a few can be used for conjugation. For instance,
such classically used species as Koshland’s reagent (2-hydroxy-
5-nitrobenzylbromide)*®® or chlorosulfonium ions*’ present a
high degree of cross reactivity with nucleophilic side chains,
nonetheless still being used in numerous studies. These are, for
example, investigation of the role of tryptophan in active sites
of enzymes,** estimation of its content in proteins®', or deter-
mination of the surface accessibility of Trp residues in pro-
teins.*

1.4.1 Malondialdehydes
In 2007, further exploring the reactivity of dicarbonyl com-
pounds towards tryptophan described by Teuber and col-

o
-\ o
80% TFA R)@r—/
H,NHN
H 5-7 j@\
P ON NO,
50-100 eq
NO,
N,H,*2HCI - HN
N
AcOH (pH 3) Vs

Fig. 38. Selective labelling of Trp side-chain in a 8-mer peptide PTHIKWGD
with malondialdehyde described by Foettinger et al.*** The peptide structure was
simulated using RaptorX web server.*

To overpass selectivity issues, namely a known side reaction
with Arg side chains,*® the conditions for the reactions with
MDA, the hydrazone formation and the cleavage of the MDA
derivative, had to be optimised concerning pH, buffer, tempera-
ture, and reagent. No side reactions of MDAs were observed
only under strongly acidic conditions, such as aqueous TFA
(80%). The following hydrazone formation requires approxi-
mately 50-100 fold molar reagent excess at a pH of 5—7 and
sometimes increasing the temperature to 50 °C. Although un-
stable at acidic conditions and when the reagent excess is re-
moved, the hydrazone bond remains firm in alkaline medium
(pH > 9). The optimal conditions for the cleavage were found
using hydrazine (applied as the dihydrochloride salt) in ammo-
nium acetate solution at a pH ~ 3. Demonstrably, these rather
rough reaction conditions prevent this methodology from find-
ing widespread use for sensitive protein targets, yet allowing its

application in proteomics on peptide digests.*’

14.2 Metallocarbenoids

The same drawback is shared by another approach involving
vinyl metallocarbenoids described in 2004 by Francis and col-
laborators.**® The authors have shown, that two Trp residues of
horse heart myoglobin can be selectively tagged by a stabilised
vinyl diazo compound in the presence of Rh,(OAc), (Fig. 39).
Difficulties reminiscent to the known instability of the rhodium
carbenoid intermediate in aqueous media**® were overcome by

using an unusual additive - hydroxylamine hydrochloride — that
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was found to facilitate the reaction and enhance efficiency of
the tryptophan modification pathway relative to hydrolysis of

Development of new bioselective ligation reactions

metallocarbene.
Ph COR %
TRP-14 %ﬂ/ =\, COR
2
l Rhy(0Ac)s 4
h
Ph_~_COR -and-
o Rl RO,C Ph
N/
HONH,+HCI %
H,0-Ethylene Glycol - H

TRP-7

Fig. 39. Modification of horse heart myoglobin (pdb: 1YMB) with rhodium car-
benoids described by Francis ef al.**® A 100 pM solution of myoglobin was ex-
posed to stabilised vinyl diazo precursor (10 mM) and Rhy(OAc)s (100 pM) for
7 h. N- and C-derivatisation of indole rings of both Trp residues - TRP-14 and
TRP-7 - were identified by the mass reconstruction. An excess of hydroxylamine
hydrochloride (75 mM) is crucial for the efficiency of the conjugation, although
its mode of action was not elucidated.

The initially reported reaction conditions tolerated several
aqueous solvent systems and proceeded at 25 °C. Yet, acidic
conditions (pH 1.5—3.5) were still necessary for efficient pro-
tein labelling and stood out as the main drawback preventing
this approach from being generally applicable. For instance, in
the same work, authors have stated that myoglobin was dena-
tured and the heme dissociated from the protein due to the high
acidity of the medium.

To address these limitations, following efforts of the same
group were to improve the pH range of the tryptophan modifi-
cation methodology.*® For hydroxylamine was found to be
ineffective at generating rhodium carbenoids at pH > 6, a wide
screening of commonly used buffers, as well as additives struc-
turally similar to H,NOH, was conducted in order to identify
appropriate conditions. From these studies, /BuNHOH was
found to be highly effective at promoting carbenoid addition.
Despite the precise mode of action for f-BuNHOH remains un-
clear, the authors attributed the substantial increase in catalytic
activity to a specific interaction between this additive and
Rh,(OAc),. They speculated that, in contrast to hydroxylamine,
BuNHOH binds to Rh,(OAc), through the oxygen, rather than
the nitrogen, the latter being disfavoured by the bulky ferz-butyl
substituent (Fig. 40a), and increases both the stability and the
reactivity of the complex at neutral and slightly basic pH.
Interestingly, in the same work, the authors have demonstrated
the key role of solvent accessibility of residues in determining
the outcome of conjugation on tyrosine using rhodium metallo-
carbenes. Human FK506 binding protein (FKBP) was identified
as a suitable substrate for the study. The only Trp residue (TRP-
59) of a wild type FDBP (containing an additional C-terminal
threonine residue) is located at the base of the binding pocket,
and therefore is unavailable for modification under nondenatur-
ing conditions (Fig. 40b).
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Fig. 40. Optimised metallocarbenoids-based approach, described by Francis and
collaborators.**’ a) Proposed binding of ‘BuNHOH with Rh,(OAc), at pH 6.0.
O-coordination is favoured due to a lowed sterical hindrance of fert-butyl groups
with acetate ligands. b) Crystal structure of wild type FKBP (pdb: 1A7X), con-
taining a single, buried tryptophan residue TRP-59 (shown in magenta), which is
unavailable for modification under nondenaturating conditions. ¢) A peptide tag
(IQKQGQGQWG) incorporated into fusion FKBP protein expressed in E. coli as
C-terminal intein fusion. The total level of modification was estimated to be in
excess of 40%.

To overcome these difficulties, a labelling strategy based on
tryptophan mutagenesis followed by chemoselective modifica-
tion with rhodium carbenoids was utilised. Tryptophan-
containing FKBP proteins were expressed in E. coli with C-
terminal intein fusions containing a chitin binding domain for
affinity purification and short tryptophan-containing peptides
(Fig. 40c). Indeed, these newly obtained mutants with solvent
accessible Trp residues showed significant level of conjugation
(more than 40%) under optimised non-denaturating conditions
at 25 °C.

In 2010, further developing the rhodium-carbenoids methodol-
ogy for selective tryptophan labelling described 6 years before
by Francis et al.,*® Popp and Ball have reported structure-
selective modification of aromatic side chains (expanding its
scope to include Tyr and Phe residues) using proximity-driven
approach (see Section A 5, page 42 for details).**! Structurally
similar to Rh,(OAc),, metallopeptide complexes with a dirho-
dium center bounded with two glutamate residues were envi-
sioned to provide delivering of the catalyst to a close proximity
of the reactive side chains by exploiting the coiled coil matched
peptides,*? for molecular peptide-peptide recognition.(Fig. 41)
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Fig. 41. Selective covalent labelling of TRP-9 residue of the peptide QEI-
SALEKWISALEQEISALEK with its complementary dirhodium metallopeptide
KISALQKQKESALEQKISALKQ described by Popp and Ball.*' Rhodium
cluster, chelated with two glutamate residues, is brought to a proximity of the
reactive Trp residue by peptides coils self-assembling, resulting in selective pep-
tide modification on TRP-9. Peptide structures were simulated using RaptorX
web server.**

By combining residue-selective chemistry with secondary-
structure recognition, the authors have provided a strategy for
selective covalent modification of biomolecules. However, only
simple diazo reagents without functional handles were used in
controlled environments on model peptide substrates.

In the following year, the same group has extended their initial
studies to examine the reactivity of whole proteins in a com-
plex, cell-like environment.**® For this, the proximity-driven
catalysis approach was applied to a recombinant maltose bind-
ing protein (MBP), fused with the 21-amino-acid tryptophan-
containing coil (almost identical to one used in the initial publi-
cation, Fig. 41). Directly after the expression, the lysate was
subjected to metallopeptide-catalysed biotinylation. A single
band in Western blot analysis indicated highly selective modifi-
cation of the modified MBP protein with no nonselective modi-
fication to be observed.

1.5 HISTIDINE

Histidine (His, H) is the only amino acid with a pK, in the
physiological range, hence often found in active sites of many
enzymes and is of crucial importance in mechanisms where
abstraction or donation of a proton is needed. Because of its
pK, value, both the acid and base forms are present at physio-
logical pH (Fig. 42). Most of the studies on catalytic activity of
enzymes and protein-protein interactions involving histidine-
containing active centres were done by measuring the influence
of site-specific modifications of His residues on the activity of
the macromolecule. Main factors influencing histidine reactivi-
ty are (1) the pK, of the individual His residue, (2) solvent ex-
posure of the residue, and (3) hydrogen bonding of the imidazo-
lium ring. A vast number of studies have been conducted to
date, nonetheless, exploiting a small number of chemical func-
tions.
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Fig. 42. Tautomerisation equilibrium of the neutral imidazole side chain (base
forms A and C) occurring through the acid form B.*** Form A is somewhat fa-
voured over C at neutral and acidic pH, while at basic pH the form C is pre-
ferred.*

1.5.1 Epoxides

In 2004, Li et al. described two epoxide-containing fluorescent
probes*®*7 for selective labelling of histidine. A high selectivi-
ty of probes towards free histidine in the presence of a 1000-
fold excess of other nucleophilic amino acids*® and in human
serum*’ (Fig. 43) was achieved after 2 to 3 hours of incubation
at 80 °C in NaOH solution (pH 11-12).
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Fig. 43. Fluorescent probes, described by Li et al. for selective ligation of histi-

dine 46447

The authors suggest that these probes can be used for specific
labelling of His residues in proteins if a mild reaction condition
(lower reaction temperature but longer reaction time) was used,
but any example of such application is absent.

An affinity-based labelling approach (see Section A 4, page 42)
based on the epoxide opening was used by Hamachi and col-
laborators for selective histidine labelling of bovine carbonic
anhydrase IL.**** Labelling reagents investigated by the au-
thors must consist of at least three major fragments: (1) a ben-
zenesulfonamide ligand directing specifically to bCA, (2) a
reactive electrophilic epoxide for protein labelling, and (3) an
exchangeable hydrazone bond between the ligand and the epox-
ide group for removing the ligand by hydrazone/oxime-
exchange and restoring the enzymatic activity (Fig. 44a). Fur-
ther developing their approach,* the authors added an iodo-
phenyl or acetylene handle on the epoxide-containing fragment
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to enable the possibility of further derivatisation of the obtained
conjugate by Suzuki coupling®® or Huisgen cycloaddition®
either after or before removing the ligand from the active site of

the enzyme (Fig. 44b).

b)
Labeling,
Suzuki coupling,

ﬁ hydrazone-oxime
NH exhange
_—

Fig. 44. Affinity labelling, hydrazone-oxime-exchange reaction, and Suzuki cou-
pling reaction on the surface of bCA (pdb: 1V9E) described by Hamachi and
collaborators.**’ a) Principal structural fragments of the probe: a benzenesulfona-
mide ligand responsible for targeting bCA; an electrophilic epoxide responsible
for reactivity towards vicinal His residues HIS-2 and HIS-3 (shown in magenta),
cleavable hydrazone bond, responsible for the recovering of the enzymatic activi-
ty; an iodoaryl moiety, utilised for the further bioorthogonal transformation via
Suzuki coupling. b) Dual labelling of bCA in situ: fluorescent labelling of the
HIS-2 or HIS-3 alkylated intermediate by Suzuki coupling with a coumarine
derivative, followed by biotinylation by hydrazone/oxime-exchange.

1.5.2
The affinity of transition metal ions to histidine in aqueous so-

Complexes with transition metals

lutions was known for decades.** Copper and nickel ions have
the greatest affinity for histidine and this property is the most
often used for protein purification by immobilised-metal affini-
ty chromatography (IMAC), exploiting the synergetic coordina-
tion effect of oligo-histidine tags (see Section A 4, page 42).
Meanwhile, recently reported by Wang ef al, histidine-specific
iridium(IIT)-probe for peptide labelling demonstrates an excel-
lent example of selectivity based on exceptional coordination
properties of only one or two His residues (Fig. 45).** Further
exploring the advantage of the previously described iridi-
um(IIl)-complex, used by Wong and colleagues for luminescent
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labelling of histidine-rich proteins***, authors showed its ap-
plicability for histidine labelling in cell-imaging studies.
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Fig. 45. Luminescent histidine selective peptide tagging.*® a) Labelling of a
N-terminal histidine-containing HTat peptide (HRKKRRQRRR). b) Labelling of
a dihistidine motif placed in the middle P450dHTat peptide
(MLAKGLPPKSVLVKGGHHGRKKRRQRRR).

of a

Although, reckoning obtaining of the coordination complexes
to conjugation techniques would be stretching a point, they are
however included in this survey because of histidine liability to
complexation and increased stability of obtained complexes to
decomposition.

1.5.3 Michael addition

Several examples of histidine-selective Michael addition to
carbon double bond of conjugated aldehydes — 2-alkenals —
were found during studies of oxidative modification of pro-
teins.*>*** Even though alkenals are known for the modifica-
tion of the other basic amino acid residues in the protein,*”’
Zamora et al succeeded in achieving high selectivity level on
histidine ligation in bovine albumin by incubation in PBS buff-
er (pH 7.4) at 37 °C (Fig. 46).**® Using similar conditions — the
incubation in phosphate buffer (pH 7.2) at 37 °C - Uchida and
Stadtman®® were able to tag selectively insulin (which contains
no sulthydryl groups) with 4-hydroxynon-2-enal. In both stud-
ies, the authors suggest only His residues are modified, but
definitive evidence on this point is absent. Obtained conjugates
contain active aldehyde residues and represent examples of
protein carbonylation, allowing their derivatisation with alde-

hyde-selective reagents.*”

o
\

Fig. 46. Michael addition of His residues of bovine albumin (pdb: 3V03) to 4,5-
epoxy-2-alkenal described by Zamora et al.**® Only one HYS-536 residue is
shown for the purpose of simplicity.



1.5.4 Miscellaneous histidine-selective reagents

Some examples of the selective histidine tagging by reagents
that, in general, react more avidly with other nucleophilic resi-
dues were reported to date. For instance, Pramatik and col-
leagues achieved dominant PEGylation rh-IFN-a2B on histi-
dine at mildly acidic levels of pH with a classic amine PEGyla-
tion succinimidyl carbonyl precursor.*®® Another group reported
selective reaction of His residues of D-amino acid oxidase with
dansyl chloride in 0.05 M phosphate buffer at pH 6.6.*' These
reaction conditions resulted in virtually complete inactivation
of the enzyme after the reaction and its complete reactivation
after the reaction with 0.5 M hydroxylamine (NH,OH). Such
reactivation excludes reaction of primary amino groups, and
amino acid analysis suggested that the reaction had not oc-
curred with an oxygen nucleophile such as serine or tyrosine.
Even a-halo carbonyl compounds - phenacyl bromides, a-halo
carboxylic acids and amides - classically known for their selec-
tivity towards thiols electrophiles as were found to be histidine
selective on several substrates and in carefully tuned condi-

tions .462—466

Described by Pauly in the beginning of the 20™ century,*”46
the reaction with diazonium salts has been only used for color-
imetric determining of histidine and was not futher elaborated
for bioconjugation. Other classical examples of chemical modi-
fication of histidine are mainly reactions with pyrocarbonate,
sulfonyl chlorides, sulfonic esters, phenacyl- and acylbromides
and activated esters.””> These electrophiles react readily with
other nucleophilic groups presented in proteins (thiols, amines,
alcohols, or guanido groups) and require a careful tuning of the
reaction conditions to achieve sufficient selectivity. For in-
stance, at low pH (generally < 6.0) these reactions are quite
selective for histidine, as the main side reaction with the -
amino group of lysine proceeds very slowly.*®

Reader should, nonetheless, be aware, that these examples do
not represent a general rule, but an exception from it. To avoid
the reactions of more nucleophilic functions, the His residue
must have been located in a unique microenvironment****** or
have an enhanced nucleophilic character,*®® but even in this
case, prior modifications of highly reactive Cys residues are

often inevitable.*®®

1.6 TYROSINE

Tyrosine (Tyr, Y) is one of the important amino acid residues
which is known to be the active centre in many enzymes (nota-
bly tyrosine-specific protein kinases) and is used in signal
transduction and cell signalling.*”**"' Occurring with intermedi-
ate to low frequency in native proteins, tyrosine is often consid-
ered as an attractive target in bioconjugation, despite being of-
ten partially or completely buried due to the amphiphilic nature
of the phenolic group.

The reactivity of tyrosyl moiety is easily influenced by its
deprotonation, which is a function of the microenvironment
inside the protein. All described methodologies take advantage
of either the peculiar chemical properties of the electron-rich

aromatic ring, or the easiness of the tyrosine hydroxyl group to
be transformed into highly reactive phenolate.

1.6.1 O-Derivatisation
Although O-acetylation of tyrosyl residue with acetic anhydride
and N-acetylimidazole is arguably the most widely used tech-

nique for tyrosine modification,??’

its application for conjuga-
tion is rather limited. Mainly, these limitations are due to low
selectivity of the acylation in the presence of other nucleophilic
amino acid residues and modest stability of obtained conju-
gates.

An elegant approach — the affinity labelling — allows surpassing
the selectivity issues of tyrosine acylation by ligand-tethered
directing of the reaction. In the case of tyrosine-selective modi-
fication, an acyl transfer catalyst is connected to a ligand with a
high affinity to the target protein.***** The acyl group activated
by the anchored catalyst is brought to the binging pocket of the
protein and transfers an acyl moiety on the nucleophilic Tyr
residue in close proximity. Utilizing this methodology,
Hamachi e al.*’* demonstrated selective tagging of Y51 residue
of Congerin II (Fig. 47) using a suitable saccharide as a ligand
to the target lectin (carbohydrate-binding protein) and DMAP
(4-dimethylaminopyridine) as an acyl-transfer catalyst. In a
similar way, Broo and collaborators*’® have demonstrated the
possibility of a site-specific acylation of a tyrosine residue situ-
ated in an active site of human glutathione transferase (hGST).
Miller and collaborators have shown that biotinylation with
NHS esters (see Section A 1.1.2, page 5) may result in prefer-
ential O-acylation of hydroxyl-containing residues — serine,
threonine and tyrosine (though to a greater extent of the first
two) — when they are located two positions next to histidine
(i.e. in sequences His-AA-Tyr, where AA refers to any amino
acid).?*®%

Several approaches for labelling involve the initial modification
of tyrosine and successive conjugation of an obtained interme-
diate.
tetranitromethane (TNM)*™* or peroxynitrite

For instance, an ortho-nitration of tyrosine with

473 results in obtain-
ing of o-nitrotyrosine that can be then reduced by sodium dithi-
onite (Na,S,0,) to form an o-aminotyrosine.

Although much less reactive than aliphatic amines at neutral
pH, the aromatic amine of o-aminotyrosine can selectively react
with amine-reactive reagents at lower pH.*”*”® Namely, Nikov
et al.”® have demonstrated that selective labelling of amino-
tyrosines is achievable in the presence N-terminal and g-amino
groups of lysines by using NHS-activated ester at particular
reaction conditions (acetate buffer, pH 5.0, 2 hours). Exploita-
tion of the pK, difference between aminotyrosyl residues and
other reactive groups in proteins (4.75 for aminotyrosine, whilst
much higher values for N-terminal and side-chain amino
groups, see Section A 1.1, page 3) allows selective labelling
thereof. The method was validated on model peptides and then
applied to a human serum albumin modification (Fig. 49).
Despite the reaction of TNM and peroxynitrite with proteins
being reasonably specific for tyrosine, side reactions with histi-
dine, methionine and tryptophan have been reported, as has
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oxidation of sulthydryl groups. The latter would seem to be the
most common side reaction, as it can result in disulfide bond
formation and the formation of oxidation products such as sul-
fone and sulfenic acid derivatives. As a general rule, it is nor-
mally assumed that the reaction of nitration reagents with Cys
residues proceeds equally well at pH 6 and pH 8, while the re-
action with tyrosine occurs at pH 8 and not at pH 6.

Development of new bioselective ligation reactions

Fig. 47. Sugar-DMAP (4-dimethylaminopyridine) assisted Y51-specific acylation
of Congerin II described by Hamachi et al** Schematic representation is made
using Lactose-ligated Congerin II crystal structure published by Muramoto et
al 7’ (pdb: 11S4).

In a like manner, the phenol group in Tyr residues can be ini-
tially ortho-formylated with chloroform in an alkaline medium
to a salicylaldehyde derivative, and then undergo a reaction
with ortho-phenylenediamine derivatives to form fluorescent
benzimidazoles as conjugation products (Fig. 48).47#5¢

Further exploiting the methodology developed by Trost and
Toste for selective O- and C-alkylation of phenols with
n-allylpalladium complexes,*®'*¥ Francis er al., have demon-
strated the possibility of selective allylic alkylation of surface-
exposed tyrosines of several full-size proteins.*®

CHCI3

R
OH S OH R
o N_ ¢
/ _ S
)
Z
NH, H
3 M KOH H 3-4
e DR TR
Fig. 48. Two-step tyrosine modification by selective formylation of tyrosyl resi-
due at the ortho position of its phenolic moiety (reaction with chloroform in po-
tassium hydroxide solution) and further derivatisation of the resulting aldehyde
described by Kai et al. and Ishida et al *"*°
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Fig. 49. Two-step biotinylation of HSA (pdb: 1A06) described by Nikov er al.*’®
a) Preferential nitration of TYR-138 (shown in magenta) and TYR-411 residues
of HSA with peroxynitrite was achieved using protocol described by Jiao and
colleagues.*’”” b) Aminotyrosine of the peptide **YTYEIARK'*, obtained after the
step of reduction with sodium dithionite and following digestion of nitrated HSA
with trypsin, were selectively modified with a cleavable biotin-containing reactant
at pH 5.0.




1.6.2 Oxidative coupling

In 1995, Kodadek and co-workers*™* reported that Ni(IT) com-
plexed with a Gly—Gly—His (GGH) was chemically activated by
oxone (KHSOs) or magnesium monoperoxyphthalate (MMPP).
Ni(IIl) oxo intermediate is hypothesised to promote protein
cross-linking.**® Other peptides, notably Hiss*****" or the entire
ribonuclease A protein,”® which can be incorporated into pro-
teins of interests at the genetic level, have been shown to be
effective ligands for nickel catalysed oxidative cross coupling.
The photoactivable metal-catalysed version of tyrosine oxida-
tion chemistry is significantly faster than the one achieved by
Ni(II)-peptide complexes. It has been largely exploited by Ko-
dadek and co-workers for cross-linking of closely associated

proteins. #9491

Radical
Intermediate
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Protein-protein
Proteins

Interaction

e
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ammonium persulfate (APS) O Co(ll1)(NHz)sCI**
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(MMPP) OF OX0On€ (KHSOs)

Fig. 50. Transition metal catalysed oxidative cross-linking. (a) Schematic repre-
sentation of the protein-protein cross-linking, described by Burlingame e al.**
The tyrosyl radical generated from ecotin (pdb: 1ECZ) D137H mutant after the
abstraction of an electron with Ni(II)-GGH complex reacts with additional tyro-
sine residue on nearby protein that are in close proximity due to a significant
protein—protein interaction to give a dimer. (b) Chemically activated by MMPP or
oxone as stoichiometric oxidants, Ni(IT)—peptide complexes can be used as effi-
cient catalysts of cross-linking. (¢) Photochemically activated by visible light in
the presence of (NH,4),S,05 or Co(III)(NH;)sCl," as electron acceptors, transition
metal complexes are used as catalysts of cross-linking.

both native and introduced residues on proteins with polyeth-
ylene glycol (PEG) and small peptides, although dealing with
the concurrent reaction of Trp residues.*”

Notwithstanding the issue of specificity, photo-oxidation and
oxidation of techniques of tyrosine ligation continue to be of
considerable interest for the study of protein-protein interac-
tions,*® mapping multi-protein complexes,*’ or assembling of

macromolecules.**®

“PEG

(NH4)2Ce(NOs)s

- .
50 mM pis(TRIS) buffer
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PEG
5

minor product

Fig. 51. PEGylation of native tyrosine residues on chymotrypsinogen (pdb: 1EX3)
reported by Francis ez al.** (only one Y171 out of four solvent-accessible tyrosine
residues is shown). Intermediate tyrosyl radical, generated in the presence of
cerium(I'V) ammonium nitrate (CAN), gives two addition products with electron-
rich aniline derivative (O- is preferred over C-arylation).

These coupling reactions are hypothesised to occur through the
addition of tyrosyl radicals to adjacent Tyr residues (Fig. 50). It
is worth mentioning, that in some cases nearby tryptophan and
other nucleophilic side chains can also participate in oxida-
tion.*® For more details, the reader is directed to a review by
Bonnafous and a publication of Francis that provide an excel-
lent overview of oxidative cross-linking techniques.**#%*

The use of cerium(IV) ammonium nitrate (CAN) — a classical
one-electron oxidant — for chemoselective ligation on tyrosine
was demonstrated by Francis e al.**® After the optimisation of
reaction conditions, the authors could achieve modification of
tyrosine-containing proteins with high yields at neutral pH and
low substrate concentration and applied this strategy to modify

1.6.3 Diazonium reagents
Diazonium reaction of tyrosine has been of special interest ever
since its introduction by Pauly in 1915.%® In 1959, inspired by

these pioneering efforts, Higgins and Harrington*”’

advanced
the use of this methodology and tried applied it to complex
proteins. The authors concluded that the reaction was not con-
fined to the tyrosine and emphasised its competitive nature and
strong dependence on the relative concentration of protein and
diazonium salt. Moreover, strongly acidic conditions generally
required for the preparation of diazonium salts from anilines,’®
are not compatible with pH-sensitive proteins. Together with a
relative instability of diazonium salts and the prerequisite of
their preparation just prior to use, these drawbacks prevented
this methodology from the widespread use.

The optimised conditions have nonetheless allowed its applica-
tion for selective modification of tyrosines on the surface of
bacteriophage MS2,%*"*? the modification of the tobacco mosa-
ic virus,’® and the direct conjugation on proteins.’® Recently
described by Barbas et al., formylbenzene diazonium hex-
afluorophosphate reagent’ represents an elegant example of a
stable ready-to-use reagent for tyrosine labelling and introduc-
tion of an aldehyde bioorthogonal tag, capable for future
bioorthogonal modifications (Fig. 52).
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Tyrosine-selective introduction
of aldehyde tag
Fig. 52. Selective tyrosine labelling of BSA (pdb: 3V03) by 4-formylbenzene
diazonium hexafluorophosphate (FBDP) described by Barbas er al’” for in-
stalling a bioorthogonal aldehyde functionality.

1.6.4 Mannich-type reaction

Albeit with no control of selectivity, tyrosine conjugation via
Mannich-type cross-linking reaction have been first reported by
Fraenkel-Conrat and Olcott™ and proceeded through the con-
jugation of tyrosines with imines formed in situ by condensa-
tion of lysine amino groups and formaldehyde. The reaction
conditions, namely the necessity of using high concentrations
of formaldehyde and significant heating, limit the utility of this
approach for the vast majority of biological applications.

Fig. 53. Three-component Mannich-type selective modification of Y154 Tyr
residue of a-chymotrypsinogen A (pdb: 1EX3) by a rhodamine dye, described by
Francis et al.*”’

The three-component Mannich-type methodology — involving
the in situ reaction between a Tyr residue, an amine and for-
maldehyde — was reincarnated more than 50 years later by
Francis et al® The authors demonstrated the possibility of
selective modification of  tyrosine residues of
a-chymotrypsinogen A under mild conditions (pH 6.5, 25-37
°C) and at low concentration of the protein (20-200 uM). How-
ever, 18 hours of incubation were needed to reach a reasonable
level of tagging (66% in the case of a fluorescent labelling,
Fig. 53). The same group then used this to incorporate synthetic
peptides into full-sized proteins.’%

Despite recognised selectivity issues of a three-component
Mannich-type approach for tyrosine labelling,’® its main ad-
vantage is the possibility to easily vary the participating part-
ners: an aldehyde (Fig. 53, shown in blue) and an aniline resi-
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dues (Fig. 53, shown in violet). In the following publication on
the subject, Francis et al. have demonstrated the viability of
NMR-based characterisation of the conjugate isotopically en-
riched by incorporation of '*C-formaldehyde into the coupling
reaction.’®” Interestingly, while a reaction by-product arising
from tryptophan indole ring was revealed, Cys moiety was
found to not participate in the reaction, except in the case of a
reduced disulfide, which formed a dithioacetal.

Using similar precursors — electron-rich aniline derivatives —
Tanaka er al.’"® could demonstrate the potential of in situ ob-
tained imines as fluorogenic probes for tyrosine labelling.
While the educts, as well as the imine derivatives, exhibited
weak or no fluorescence, the addition products had a signifi-
cantly higher (more than 100-fold) level of fluorescence.

In the successive study, the same group has expanded this ap-
proach to presynthesised cyclic imines completely excluding
the need for using an excess of highly reactive formaldehyde.>!!
Although, the authors have clearly demonstrated the applicabil-
ity of their methodology in water at 25 °C over a wide pH range
(pH 2 — 10) on a set of model phenols, no example of peptide or
protein conjugation has been given.

1.6.5 Dicarboxylates and dicarboxamides

As early as 1969, the reaction of electron-rich arenes with acy-
clic diazodicarboxylates was reported by Schroeter.’'? Numer-
ous examples of electron-deficient diazodicarboxylates were
established in further studies being mainly focused on their
synthetic usefulness for electrophilic amination in organic sol-
vents in the presence of activating protic or Lewis acid addi-
tives, 313520

However, these highly reactive reagents decompose rapidly in
aqueous media, which makes them not suitable for bioconjuga-

tion.>?!

On the other hand, corresponding diazodicarboxyamide
reagents are too stabilised and do not react with phenols in
aqueous media.”?! Cyclic diazodicarboxyamides like 4-phenyl-
3H-1,2,4-triazoline-3,5(4H)-dione (PTAD) were recently re-
ported by Barbas and collaborators and represent a good com-
promise between reactivity and stability of diazodicarboxyl-
containing reagents.”*>*** A versatile class of stable PTAD pre-
cursors, possessing different functional groups, was developed
and applied for a selective tyrosine conjugation (Fig. 54). Their
utilisation implies prior to use oxidation with 1,3-dibromo-5,5-
dimethylhydantoin and the addition of a small amount of TRIS
(2-amino-2-hydroxymethyl-propane-1,3-diol) during the step of
conjugation. The latter is of crucial importance for the coupling
selectivity, for it is hypothesised to serve as a scavenger of a
putative isocyanate by-product of the PTAD decomposition,
which is promiscuous in labelling.



Fig. 54. Reaction of electron-rich arenes with azodicarboxyl compounds (shown
in green). a) First example described by Schroeter in 1969. b) Conjugation of an
HIV entry inhibitor aplaviroc (APL) with cyclic diazodicarboxamide derivative -
4-phenyl-3H-1,2,4-triazoline-3,5(4H)-dione  (PTAD) — on the antibody
trastuzumab demonstrated by Barbas.’*
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Fig. 55. Protonation of arginine side chain at neutral pH.

Most of the described approaches for arginine labelling and
modification exploit the chemistry of a-dicarbonyl compounds.

For instance, introduced by Takahashi®*!

as an arginyl reagent,
phenylglyoxal has since been applied for the study of complex
systems in the past decade.’*3® The reaction occurs under mild
conditions and consists of two steps: first addition of phenyl-
glyoxal resulting in the formation of hydrolytically instable
imidazolidine diol, and the second step results in a relatively

stable addition product (Fig. 56).

The non-selective labelling of other aromatic side chains of
proteins is the Achilles' heel of the vast majority of approaches
described for tyrosine labelling. Careful tuning of reaction con-
ditions is important for achieving appropriate levels of selec-
tivity. In some cases where purely chemical distinction of reac-
tivity of amino acid moieties is not feasible, catalysis on the
basis of molecular shape rather than local environment can be
used to induce selectivity. This concept is routinely exploited
by enzymes and allows enabling reactivity that would otherwise
be kinetically impossible. In 2010, Popp and Ball used dirhodi-
um metallopeptide catalysts for selective conjugation on tyro-
sine and tryptophan using the concept of the proximity-driven
mechanism (see Section A 5, page 42).**! In the following year,
Silverman et al. have demonstrated a DNA-catalysed approach
for selective labelling of tyrosine, although only on small pep-
tide substrates.’**

1.7 ARGININE

With a pK, value above 12, arginine (Arg, R) is mainly pre-
sented in its protonated form in acidic, neutral, and even most
basic environments. Effective delocalisation of a positive
charge between nitrogen lone pairs and the double bond favours
the formation of hydrogen bonds***** and makes the guanidini-
um side chain of arginine the least acidic cationic group among
all 20 natural amino acids (Fig. 55).°*

However, the pK, value of arginine was found to vary signifi-
cantly in the microenvironments within certain proteins,*>*>*
allowing, in terms of Leitner and Lindner,”® the grouping of
arginines in “exposed” or “partially buried” residues, basing on
the difference of their reactivities.
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Fig. 56. Reaction of phenylglyoxal with arginine moiety.

Substituted phenylglioxal analogs, such as p-
hydroxyphenylglyoxal, p-nitrophenylglyoxal and 4-hydroxy-3-
nitrophenylglyoxal, were reported for spectrophotometric rea-
gents for the study of the modification of arginine in pro-
teins.”*”** Because phenylglyoxal, like glyoxal, reacts with
g-amino groups at a significant rate,*' many efforts were made
to increase its selectivity towards guanidinium residue. Cheung
and Fonda have studied the effect of buffers and pH on the re-
action rate®*' and found that the reaction of arginine is greatly
accelerated in bicarbonate-carbonate buffer systems, possibly
due to the stabilisation of the obtained diol.

Geminal diones - namely 2,3-butanedione (introduced by Yan-
keelov)**** and 1,2-cyclohexanedione (introduced by Itano)**
- are another well-characterised reagents for the modification of
Arg residues. The reaction progresses through the pathway
which is similar to the phenylglyoxal addition. However, it was
not until the observation that borate had a significant effect on
the selectivity of the reaction that the use of this reagents be-
came practical.>*>* The presence of borate in the solution al-
lows shifting of the equilibrium during the addition to a guani-
dine moiety through the stabilisation of reversibly obtained diol
(Fig. 57).

In 2005, using this approach, Lindler and colleagues have de-
scribed a method for the selection of arginine-containing pep-
tides from a tryptic digest of the model proteins (BSA, lyso-
zyme, ovalbumin) by a solid phase capture and release.’®’ First,
arginine containing peptides presented in the digest were cova-
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lently modified on the guanidine moiety with 2,3-butanedione
and phenylboronic acid under alkaline conditions.

NH Ry 0O B il oH
rad M N N
H, 2 N OH Borate o OH
P — H R, —_— H R,
pH>8
% H 0O } H } H

Fig. 57. Reaction of 2,3-butanedione with arginine residues of Carboxypeptidaze
A (pdb: 1HDU) in the presence of borate described by Riodan.’*

Polymeric materials allowing the immobilisation of phenyl-
boronic acid were then used to capture the arginine-peptides on
a solid support while washing away all not covalently bonded
arginine-free peptides. Finally, the arginine-peptides were
cleaved again from the boronic acid beads due to the reversibil-
ity of the reaction. Photoactivable bifunctional reagents for
cross-linking of arginine moieties have been elaborated by Ngo
et al. and Politz et al. to study enzymes with an arginine at their

active sites. 3%

—_—
borate buffer
pH 9.0, 18 hours

Fig. 58. Selective PEGylation of lysozyme’s arginine side chains (pdb: 2LYZ)
described by Gauthier and Klok.™

Development of new bioselective ligation reactions

gents of choice in coupling reactions with activated carboxylic
acids.®® Although water-insoluble carbodiimides (DCC, DIC)
still continue to be useful for acid-selective protein conjuga-

tion,™”**® most current reports exploit water-soluble car-
1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimide (EDC). Developed by Stehan and

bodiimides such as
Hlayka®*% these carbodiimides first proved their especial use-
fulness as zero-length cross-linking reagents to study pro-
teins.>® Subsequent studies were devoted for the application of
carbodiimides for quantitation of accessible carboxyl groups in

333554361 preparation of antigenic conjugates,’® and

563

proteins,
protein immobilisation.
As mentioned previously, the upper limit for the optimal pH of
carboxylate conjugation is defined by the reactivity of free
amino groups present in protein. The lower limit is mainly de-
termined by aqueous stability of the activating reagent. Border
and co-workers>* studied the stability of EDC in aqueous solu-
tion. It was found that EDC has a T, of 37 hours (pH 7.0),
20 hours (pH 6.0), and 3.9 hours (pH 5.0) in 50mM MES buffer
at 25°C; in the presence of 100 mM glycine, the T, values
were 15.8 hours, 6.7 hours, and 0.73 hours respectively. This
supports the optimal pH for acid-selective conjugation to be in
a range from 6.0 to 7.0. NHS (or its water-soluble analogue
sulfo-NHS) is often included in coupling protocols to improve
efficiency or to create a more stable intermediate. Possible side-
reactions involving activating reagents were recently reviewed

by Valeur and Brandley.’®

Arginine-specific PEGylation of lysozyme using polyethylene
glycols containing an a-oxo-aldehyde motif in borate buffer
was recently reported by Gauthier and Klok™” and represents
mild and selective method for protein modification.

Other methods described to date™'**

which are not sufficient (especially in the presence of Lys

possess selectivities,

moieties) to consider them as suitable for bioconjugation.

1.8 ASPARTIC AND GLUTAMIC ACIDS

Carboxylic acid groups can be found in protein structure either
on its C-terminus, or as side chains of Asp and Glu. Due to the
low reactivity of carboxylate in water, it is usually difficult to
selectively conjugate proteins at these moieties. Carboxylic acid
should thus generally be converted to a more reactive ester by
means of so called activating reagents.

For more than a half century, carbodiimide-mediated activation
is the most extensively used methodology for the modification
of free-acids in protein.’***** The reaction of carbodiimides
with protonated carboxyl groups yields activated acylisoureas,
which then react smoothly with a variety of nucleophiles,
namely amines (Fig. 59).”> It is important to utilise weakly
basic amines, that remain unprotonated and thus reactive at pH
below 8.0, to avoid protein cross-linking occurring at higher pH
values. For this reason, weakly basic hydrazides are often rea-
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Fig. 59. a) Carbodiimide-mediated activation of carboxylic acid side chain of
glutamate. b) Relevant examples of activating reagents.

Woodward’s reagent K (N-ethyl-5-phenylisoxazolium-3'-
sulfonate)*®® and analogous substrates were used as activating
reagents of carboxyl groups for synthetic purposes. Bodlaender
et al’® used N-ethyl-5-phenylisoxazolium-3-sulfonate, the N-
alkyl derivatives of 5-phenylisoxazolium fluoroborate, to acti-
vate carboxyl groups on trypsin for subsequent modification
with methylamine or ethylamine.

Lastly, several studies revealed unexpected examples of car-
boxyl group modification with reagents usually reacting far
more effectively with other nucleophiles. For instance,
p-bromophenacyls and iodoacetamides have been found to se-
lectively alkylate carboxylic acid moieties of pepsin and ribo-



nuclease T1 respectively.’®®’° However, the applicability of
these reagents is not general and is appropriate on specific sub-
strates only.

1.9 METHIONINE

In spite being often considered a rather simple target for chemi-
cal modification (mainly through the oxidation and the reaction

with o-halo acetic acids and their derivatives),”’'*"

only a
handful of conjugation methodologies involving methionine
(Met, M) were described up to the present.

All approaches described in literature exploit alkylation of Met
residues in acidic media. Although many nucleophilic function-
al groups present in proteins can react with alkylating reagents,
at low pH all of them except methionine exist in protonated
forms, which greatly decreases their reactivity.’” Consequently,
alkylations of other nucleophilic functional groups, such as
thiols, are commonly conducted at high pH,** while methio-
nine is the only functional group in proteins able to react with
alkylating reagents at low pH.
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Fig. 60. Selective reversible modification of a 6-amino-acid peptide (PHCRKM)
via methionine alkylation reported by Kramer and Deming.”’* No reaction with
other amino acids were detected.

Basing their research on pioneering studies being done by
Toennies in the 1940s,”>*"® Kramer and Deming have recently
reported a reversible chemoselective labelling of methionine in
peptides and polypeptides.’”™ Treatment of the model peptide
(PHCRKM) with alkylating reagents of different structures in
0.2 M aqueous formic acid (pH 2.4) gave a single product,
where only the Met residue was alkylated. This resulting sul-
fonium salts can readily be dealkylated by addition of pyridine-
2(1H)-thione (PyS) to give the starting peptide as the sole prod-
uct along with the alkylated PyS byproduct. The removal reac-
tion was found to be selective and allows selective dealkylating
using concentrations of PyS that do not react with the disulfide
bond in cystine under identical conditions (Fig. 60).

2 N-TERMINAL CONJUGATION

2.1 A-AMINO GROUPS

The most important thing to note about N-terminal amino
groups is that these are the only primary amines present in the
protein structure that possess an adjacent amide bond in
a-position, which slightly influences their reactivity. Conse-
quently, the majority of classical methodologies exploit this
peculiarity of the N-terminus.

2.1.1 Classical approaches

As rather unpolarizable nucleophiles, amines react preferential-
ly with hard electrophiles like acid anhydrides and acyl
halogenides.’”” The anchimeric influence of the adjacent amide
bond consists in the lowering the pK value of the amine by
electron withdrawal. Consequently, this makes the discerning
of N-terminal amino groups from the g-amino groups of Lys
residues achievable by working at a pH close to their pK val-
ues, i.e. under slightly acidic conditions. That is, virtually all
methodologies described in the Section A 1.1 (page 3) of this
manuscript are, to some extent, applicable for selective label-
ling of N-terminal amino groups of the proteins.

In the classical work on acetylation of the growth hormone,
Reid®” has for the first time demonstrated the possibility of
selective modification of N-termini, if acetylation is performed
with a relatively small amount of acetic anhydride. Further de-
velopment of this approach has in several protocols for selec-
tive labelling of a-amino groups of proteins,>” peptides,’**"!
and proteomes.***>* Under optimal reaction conditions, the use
of a 5-fold excess of amine-reactive reagent in PBS (pH 6.5) at
4 °C, high levels of selectivity can be achieve after 2-24 hours
of reaction. However, the preference for terminal amino groups
achieved by control of pH is rather limited, mainly owing to the
fickleness of the pK, of the amino group depending on the mi-
croenvironment and reaction conditions. Consequently, more
proficient methods that rely upon direct participation of the
adjacent side chains or peptide bond were developed and repre-
sent to date preferential approaches for bioconjugation.

2.1.2 Ketene-mediated conjugation
A method for selective N-terminal modification of proteins by

85 and consisted

ketenes was introduces by Che and co-workers
in N-terminal ligation of peptides through oxidative amide bond
formation using the “[Mn(2,6-CL,TPP)Cl]/alkyne/H,0,” sys-
tems. Initially, the method was tested on a set of six peptides
and demonstrated its applicability. However, inevitable oxida-
tion at Cys and Met residues hindered the application of the
protocol in the field of bioconjugation. Only after having con-
ducted the mechanistic studies of this approach, the authors
have realised that ketenes generated in situ were the key inter-
mediates accounting for the reactivity; therefore prior prepara-
tion thereof would allow for refraining from the need to use an

58 has introduced a

oxidant. In the publication to follow, Che
general approach for the modification of N-terminal o-amino

groups of a series of proteins and peptides using an isolated
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alkyne-functionalised ketene (Fig. 61). Interestingly, in contrast
to classical approaches, increasing the pH of the reaction mix-
ture did not significantly affect N-terminal selectivity of conju-
gation. For comparison, the ketene reagent was side-by-side
benchmarked with a corresponding NHS-ester. Remarkably,
much poorer N-terminal selectivity was obtained for all studied
peptide substrates when the NHS ester was used. The reason for
this impressive specificity of ketenes, however, remains une-
lucidated.

Development of new bioselective ligation reactions

o o o o
o4 o
d N\ Vo TN - W
a /. H c 2
M2+ wee b M2+ I\/\ M2

o NH, g S
Wt y g

Fig. 62. General scheme of the transamination reaction activated by metal ions
(typically Cu®" and Ni*").* Principal steps of the reaction mechanism: a) genera-
tion of the imine; b) isomerisation of the obtained imine by proton removal; c)
hydrolysis of isomeric imine to generate transaminated reaction partners.

Fig. 61. Selective labelling of lysozyme (pdb: 2LYZ) described by Che.**® Moder-
ate-to-high level of selectivity towards N-terminal residue (K1) was achieved in
the presence of 5 other in-chain lysines (LYS-13, LYS-33, LYS-96, LYS-97 and
LYS-116). The ketene was synthesised from the corresponding acid by a two-step
protocol: transformation into a mixed anhydride (oxalyl chloride, DCM) followed
by the transformation thereof into ketene upon the reaction with a base (TEA,
THF).

Only recently Francis and co-workers™® have re-examined
Cennamo’s approach®' of amino acid transamination in the
presence of pyridoxal-5-phosphate (PLP, vitamin Bg) at 100 °C
and found much milder the reaction conditions when modifying
the N-terminal residues of peptides (65 °C for reaction to be
over in 2 hours; 25 °C to achieve a complete conversion in 24
hours). Screening experiments on different N-terminal amino
acids of the peptides indicated that the aldehyde structure
strongly influenced the reaction efficiency. Amusingly, known
for more than 50 years PLP emerged as the most effective alde-
hyde among dozens being screened, affording the highest yields
at milder reaction conditions.

2.1.3
It was after the success of the conversion of glyoxyloyl groups
into glycyl groups (see Fig. 69, page 32)*" that Dixon and
co-workers realised that if a terminal Gly residue can be made

Transamination

by transamination then a terminal residue of any kind might be
transformed into a corresponding carbonyl-containing residue
by transamination. These introduced carbonyl groups are not
naturally occurring functionalities in proteins and can therefore
be used as unique loci of attachment for synthetic groups
through the formation of hydrazone or stable oxime bonds.*®%
Inspired by the pioneering works of Metzler and Snell, ** and

91392 on the transamination of sim-

Cennamo and collaborators
ple amino acids and peptides under harsh conditions (heating at
100°C and pH 5.0), Dixon and Moret***** developed a method
for mild transamination in the presence of copper(Il) salts,
which allowed the reaction to pass at 25 °C (Fig. 62). The
isomerisation of the imine generated in situ by catalysed
1,3-proton shift transfer is the key step of the transformation
which defines both its direction and the reaction rate. It is clear-
ly the activation of a-protons of N-terminus by the adjacent
peptide bond and the metal ions that makes this reaction specif-
ic to a-amino groups. Interestingly, Dixon reports that no traces
of the reaction of lysine side chains were ever observed.””

Quite a wide range of reaction conditions has been tested ever
since. The discovery that pyridine®®® and acetate™’ greatly ac-
celerated the transamination of amino acids led to a slightly
milder reaction conditions, which however were still too harsh
to maintain the folded structure of most proteins, and were
therefore more appropriate for sequence-analysis applica-

tions.>*®
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Fig. 63. Structure of PLP and mechanism of PLP-mediated transamination. Reac-
tion pathway consists of (a) condensation reaction between pyridoxal and the
amine; (b-c¢) tautomerisation of the obtained aldimine being favourable because of
a much lower intrinsic pKa values of a-proton (shown in blue); (d) hydrolysis of
the resulting ketimine, accompanied by decarboxylation in the case of aspartic
acid (R = -CH,COOH).>”

The mechanism of PLP-catalysed transamination is depicted in
Fig. 63. The reaction of PLP and N-terminal amine results in
forming of a Schiff base aldimine (a). Then the a-proton the
amino acid transferred to the 4' position of the pyridoxal unit
(b-c). Finally, hydrolysis of the obtained ketimine leads to the
desired a-ketoacid and pyridoxamine phosphate (d). Quinoid is
an important intermediate for the transformation of aldimine to
ketimine and can be found in all transamination reagents de-
scribed to date.

Under optimal reaction conditions: 10-50 uM protein and 10-
50 mM PLP at 37 °C in PB (pH 6-7), a complete conversion is
generally achieved after 2-24 hours.®”® An example of transam-
ination-conjugation methodology was demonstrated by Francis



in the initial publication on selective labelling of an N-terminal
glycine residue of horse heart myoglobin and enhanced green
fluorescent protein (EGFP, Fig. 64).>

1. Transamination
(PLP, pH 6.5, 1 hour)

2 HZ,\(O @

(pH 5.5, 12-24 hours)

Fig. 64. Site-specific N-terminal labelling of EGFP (pdb: 2YO0G). Proteins pos-
sessing N-terminal carbonyl groups obtained by in the first step PLP-mediated
transamination were labelled with hydroxylamine probes in the second step.*”

substrate (N-terminal Asp). To ensure these results an IgG1l
mutant possessing Asp-Asp-Ser sequence on both chains was
prepared. Indeed, this underwent the modification of both sites
when exposed to RS. Facing another recognised drawback of
Francis methodology, namely low efficiency for bulky amino
acid termini (Leu, Ile, Val), Zhang et al.°” have elaborated an
efficient PLP analogue, FHMDP (Fig. 65), that demonstrated
much higher efficiency in transamination thereof.

Although the side chain of the N-terminus does not participate
directly in the transamination mechanism, the reaction rates
were found to vary significantly depending on the amino acid in
the N-terminal position.”! Generally, the majority N-terminal
amino acids provide high yields of the desired transaminated
products; however, some residues (His, Trp, Lys, and Pro) gen-
erate adducts with PLP itself, while other are incompatible with
the technique because of known side reactions (Ser, Thr, Cys
and Trp) or complete inertness (Pro).

In the attempts for the investigation of transamination reaction
scope and limitations, Francis and collaborators have prepared
an 8000-member one-bead-one-sequence combinatorial peptide
library in which the three N-terminal residues were varied.®”
Interestingly, Ala-Lys (AK) motif was found especially favour-
ing the transamination yields (Lys residue is hypothesised to
accelerate the isomerisation step of 1,3-proton shift acting as a
general base). To demonstrate this, labelling of the Type III
“Antifreeze” Protein and its mutant presenting the AKT se-
quence on the N-terminus were side-by-side benchmarked. At
every time point analysed, AKT terminus outperformed the
wild-type one (GNQ) at different concentrations of PLP.
Although mild reaction conditions of PLP-mediated transami-
nation render it amenable for the modification of intact pro-

teins,®®

the yields are generally not high and elevated tempera-
tures are usually required, which largely limits the practical
applicability of the approach. Given this situation, Francis and
co-workers® have utilised above-described combinatorial ap-
proach to identify another transaminative agents. As a result, N-
methylpyridinium-4-carboxaldehyde  benzenesulfonate  salt
(Rapoport’s salt, RS, Fig. 65) was identified as a highly effec-
tive alternative to PLP. Furthermore, this was found to be par-
ticularly efficient for glutamate-rich sequences. The fact that
several antibody isotypes dispose at least one glutamate-
terminal chain makes RS particularly amenable for their selec-
tive conjugation. Remarkably, the difference of transamination
reaction rates on Glu- and non-Glu polypeptides was significant
enough for selective labelling of only the heavy chain of Im-
munoglobulin G1 (containing the N-terminal Glu residue),
while leaving unmodified the light chain. This was assigned to

be due to the higher steric hindrance of the already less-reactive

(o]
N

=

\
N phso,

Rapoport's salt (RS)

t604

Fig. 65. PLP-analogues used as transamination agents: Rapoport’s sal and

FHMDP.%®

Above-mentioned transformations provide just a few examples
of the rapidly growing field of transaminative modification of
proteins. Recent advances have also resulted in elaboration of
general approaches for protein immobilisation (Fig. 66),'>%
dual fluorescent modification of periplasmic solute binding
proteins,®’” protein PEGylation and PEG-like conjugation (e.g.
OEGMAtion),*® preparation of phage conjugates,®®'® N-

OIL612 - enabling  Wittigh?  and  Pictet-
614,615

terminus proteomics,
Spengler ligation on transaminated proteins.

Fig. 66. Patterning of PLP-transaminated streptavidin (pdb: 4BX5) on aminooxy
terminated polymer films."

2.2 SERINE AND THREONINE

In 1960 Waller and Dixon have described one the first proce-
dure for selective N-terminal modification of peptides. It con-
sisted of preparation of corticotrophin selectively acetylated on
its terminal serine.®'® Although being possible only under high-
ly denaturing conditions of alkali exposure, the approach al-
lowed for a spontaneous intramolecular O — N acyl transfer®'”
on the N-terminal Ser residues, while O-acetyl groups of in-
chain Ser, Thr and Tyr residues were hydrolysed. The general
idea of overcoming the entropy barrier of an otherwise slow
intermolecular process by bringing two reacting partners to-
gether through a covalent linkage to initialize an intramolecular
reaction has been later transformed into a large variety of selec-
tive modification reactions.
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2.2.1 O — N shift of oxazolidines

35 years after the early publication of Waller and Dixon,*'® Liu
and Tam®®% have extended the applicability of O — N acyl
transfer mediated methodologies by developing an approach to
the chemical ligation of N-terminal serine, threonine, and cyste-
ine unprotected peptide segments with no need of using protect-
ing groups. The key step of the process is the formation of the
peptide bond through an intramolecular rearrangement between
the two closely neighbouring carboxyl and secondary amino
groups of formed of oxazolidine (in the case when Ser and Thr
residues are involved) or thiazolidine (in the case of cysteine,
see Section A 2.3.2, page 38) (Fig. 67). When conducted at the
optimal pH of 4-5 for the condensation step and slightly higher
for the rearrangement, the reaction was found to be very clean,
and no side products were observed.®"’

Development of new bioselective ligation reactions
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NalO, \{ \gA\O Lucifer yellow
sodium phosphate sodium acetate
pH 7.0 pH4.5 °
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Fig. 68. N-terminal serine labelling of recombinant murine interleukin-1a (pdb:
2KKI) with Lucifer yellow dye described by Georghegan and Stroh.®** The meth-
od is also applicable if N-terminal threonine is present.

H,0/ACN H,0/ACN
jaind jaiiod
pH 45 O n56

Fig. 67. General scheme of the ligation strategy proposed by Liu and Tam.®'®
Conjugation with N-terminal Thr is depicted; analogous transformation occurs
with Cys and Ser, but not with His, Tyr and Trp.

Although this methodology have demonstrated its high poten-
tial for the ligation of unprotected peptides,®'®62%? the generat-
ing of a “non-native” heterocyclic fragment at the site of ligat-
ing the two peptides made it extruded almost completely by
other “native ligation” approaches; notably, by a similar mech-
anistically native chemical ligation (NCL) (see Section A 2.3.1,
page 33).

2.2.2
A mild version of serine and threonine modification implies
their prior conversion into glyoxyloyl derivatives via periodate
oxidation first described by Fields and Dixon®® and later trans-
formed into a general method for site-directed modification of
proteins with N-terminal Ser or Thr by Geoghegan and Stroh.®**
Based on the periodic acid mediated oxidation,®” the reaction
occurs only when there exists the target site for the periodate to
form a cyclic intermediate, that is to say, when N-terminal resi-
due is represented by a serine or a threonine, or when hydrox-
ylysine is present (rarely occurring in proteins). Possible side
reactions include oxidation of the side chains of Met, Trp, and
His. However, the potential for side reactions can be dimin-

Periodate oxidation

ished by using very low periodate-to-protein molar ratios, as it
was demonstrated by Geoghegan and Stroh in their experiments
on two model peptides, SIGSLAK and SYSMEHFRWG, and
with recombinant murine interleukin-lo (an 18-kDa cytokine
with N-terminal Ser, Fig. 68),°* or by conducting the oxidation
at neutral pH.%*

32 | A. Introduction

As in the initial publication of Geoghegan and Stroh, obtained
glyoxyloyl can serve as the locus for further chemical modifica-
tion involving aldehyde-selective reactions (e.g. through the
formation of stable oxime, hydrazone or previously described
oxazolidine moieties).”** Robin and colleagues have demon-
strated the possibility of using this two-step methodology for
assembling two unprotected protein fragments: oxidised to gly-
oxyloyl-containing and hydrazide peptide derivatives.®”” Rose
and co-workers®®® exploited the reactivity of generated glyoxy-
loyls towards O-alkyl hydroxylamine derivatives to synthesize
a pentameric form of the cholera toxin subunit B.

Further investigation of periodate oxidation allowed its promot-
ing for site-selective tagging, PEGylation, preparation of pro-
tein conjugates, protein capture and synthesis of large protein
dendrimers®%%-% Tt is worth mentioning that periodate oxida-
tion is incompatible with a number of protein classes. For in-
stance, glycoproteins will undergo periodate-based cleavage of

polysaccharide chains as a side reaction pathway.®*

1. Transamination

—
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NH, NH,
p SER-1 y GLY-1
CRH
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Fig. 69. Preparation of S1G mutant of corticotropin-releasing hormone (GRH) by
regioselective transformation of N-terminal serine to glycine.”” Reaction steps:
(a) selective serine oxidation by periodate; (b) formation of imine with amino
group of glutamic acid precomplexated with Cu?* (Cu-Glu); (c) base-assisted
isomerisation of imine; (d) hydrolysis of imine, completed when aspartate and
copper ions are removed.

Lastly, glyoxyloyles can easily be transformed into correspond-
ing amines via transamination reaction in the presence of cop-
per(I) or nickel(Il) salts.”®"*%% The reaction mechanism as
well as need for both essential components of the system: the
acceptor of the glyoxyloyl (usually aspartic acid or glycine) and



the cation of a heavy metal are explained in Fig. 69. Despite
being of moderate interest for bioconjugation by itself, this ap-
proach has initiated the development of a more general meth-
odology for selective N-terminus modification — transaminative
conjugation (Section A 2.1, page 29). The reader is directed to a
recent review by El-Mahdi and Melnyk®”’ for a complete over-
view of the glyoxyloyl transformations in bioconjugation.

2.2.3 Phosphate-assisted ligation

Conceptually catching phosphate-assisted ligation at serine and
threonine was recently reported by Payne and Thomas.**®

The inherent reactivity of an N-terminal phosphorylated Ser or
Thr residues was demonstrated to significantly facilitate the
amide bond formation with a range of C-terminal peptide thioe-
sters. Although it is not yet clear what exact intermediate is
formed during ligation, the authors have hypothesised that rapid
acyl migration to the N-terminal amine of a peptide occurs

through the formation of unstable acyl phosphate (Fig. 70).

o)
HN§\/ .0 OH
o
NH 0" \ou N
Hy H o

LYRANCCOS,, (HPO3)SSPGYS

LYRAN(HPO3)SSPGYS

Fig. 70. Hypothesised mechanism of the phosphate-assisted ligation reported by

Thomas et al.**®

2.2.4 Indirect approaches

Ligation at Ser/Thr can also be achieved considering two dis-
tinct indirect approaches. Firstly, as it was demonstrated by
Danishefsky and co-workers,”® NCL-desulfurisation methodol-
ogy can be used to access threonine at ligation sites (see Sec-
tion A 2.3.1.4, page 37). Secondly, as an alternative to the
NCL-desulfurisation sequence, cysteine obtained during NCL
can be chemically transformed into serine by methylation fol-
lowed by activation of the obtained S-methylcysteine by cyan-
ogen bromide (BrCN, Fig. 71).5

SH é
o < SCN
20 eq MNBS 100 eq BrCN
N —_—
H Trls (pH 8. 5) 80% HCOOH
6 M GndCl

Fig. 71. Conversion of a Cys into a Ser residue by transforming the former into a
corresponding methyl cysteine and following thereof by CNBr.**’ Methionine
must be protected by transforming into corresponding sulfoxide form, because

this is inactive for the CNBr reaction.*!

2.3 CYSTEINE

Generation of N-terminal Cys residue for native chemical liga-
tion can be accomplished using solid-phase peptide synthesis,’*
proteolytic processing,®®

intein fusion protein.®*

or by the spontancous hydrolysis of
Moreover, genetically directed, site-
specific incorporation of 1,2-aminothiols handle into proteins
has been recently reported by Chin and associates.**

2.3.1 Native Chemical Ligation

The very principle of “chemical ligation” was coined by Kent
in the early 1990s and consisted in an approach for covalent
condensation of unprotected peptide segments by the means of
“unique, mutually reactive functionalities designed to react only
with each other and not with any of the functional groups found
in peptides”.®*® That is, a general method that would enable the
application of chemical tools to the world of the proteins. How-
ever, the original ligation chemistries exploited the reciprocal
reactivity of chemical functions which are not present in native
proteins and thus their prior introducing onto reacting partners
is require and often associated with synthetic difficulties.
Moreover, a non-native linkage is generated at the ligation site;
therefore, many scientists remained sceptical about the validity
of using such “analogous” proteins as tools for understanding
the molecular basis of protein function.

In 1994, confronted with this criticism, Kent and co-workers®’
introduced a versatile approach to the linkage of peptide frag-
ments using a native peptide bond — native chemical ligation
(NCL). Based on the original principles of the chemical ligation
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methodology®® and the ability of thioesters to undergo S — N
acyl shift discovered by Wieland er a/.**®, NCL allowed to
achieve chemoselective formation of the amide bond in the
presence of unprotected nucleophilic amino acid side chains as
alcohols (Ser/Thr), phenolates (Tyr), free amines (Lys), car-
boxylates (Glu/Asp), or other thiolates (Cys) presented in the
macromolecule.

Of@
OH

HIS-330c0sr

HS

OH}/\SH
| | G /\©\
/IUHf oH

NH,*

IL-8 (1-33 His-%COSR)

ex. RSH H pH 7.0

o
G/b/»(:
H,l

H IS-33(S)CYS-34

o
YT
HI o
¥
HIS-33(SJCYS-5 HIS-33(S'CYS-50
THIOESTER-LINKED INTERMEDIATES
S—>N
Acyl shift

SH

o
HN/[(

o= NH

NATIVE POLYPEPTIDE (IL-8)

Fig. 72. Synthesis of the human interleukin 8 by native chemical ligation elabo-
rated by Kent e al.*” The ligation reaction occurs between an unprotected peptide
thioester fragment — IL-8(1-33 His-aCOSR), and a second unprotected peptide
possessing a N-terminal cysteine — IL-8 (34-72). First step of thioester exchange
results in different thioester-linked intermediates, among which only the peptide
obtained from the corresponding N-terminal cysteine can undergo following
irreversible step of an S—N acyl shift resulting in obtaining of a native amide bond
at the linkage site.

By analogy with previously developed O — N acyl shift (see
Section A 2.1, page 29), the reversibility of the thioester-thiol
exchange in the presence of an exogenous thiol additive cou-
pled with the capture of the acyl segment by S — N acyl shift,
being possible only in the case when the latter is brought in the
close proximity to an amine in a N-terminal cysteine thioester
intermediate, result in an exquisite regioselectivity of this
methodology. The product resulting from this S — N acyl shift
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represents a peptide, consisting of two fragments linked by a
native peptide bond through a cysteine residue (Fig. 72).
Typically, the reaction performed in PS or PBS buffer (pH 7.0-
8.5) at 37°C is complete in less than an hour and with high
yields.®**%* Solubilizing agents such as guanidine hydrochlo-
ride or urea do not interfere with the ligation and are usually
used to enhance the concentration of peptide segments, and thus
increase reaction rate. It is important to prevent the thiolate of
N-terminal cysteine from the oxidation resulting in a disulfide-
linked dimer, which is unreactive in the ligation. A reductant
(e.g. TCEP) or an excess of thiol corresponding to the thioester
leaving group (4-5%, vol/vol) is generally added to keep the
Cys residues in reduced form. Moreover, the latter largely in-
creases the overall rate of NCL by reversing the first step of
transesterification for in-chain intermediate adducts deprived
from the possibility to undergo S — N acyl shift and to gener-
ate a stable amide bond.

The first step in synthesizing a protein by NCL generally con-
sists in defining the fragments to be used in the ligation reac-
tions. Preferentially, naturally occurring AA-Cys motifs in the
native sequence should be chosen as the ligation sites (AA
stands for any amino acid). Val, Ile, Asp, Asn, Glu, Gln and Pro
represent less favourable choices, because of lower ligation
rates and possible side reactions,’*
accelerated either by transformation of the corresponding thioe-

which, however, can be

sters into selenoesters,! or by tuning the reaction pH.*?

Higher reaction rates were reported to be achievable while us-
ing good thiol-containing living groups, i.e. mildly acidic thiols
such as thiophenol, 4-(carboxymethyl)thiophenol (MPAA), or
5-thio-2-nitrobenzoic acid (TNB, the reduced form of Elman’s
reagent). These are generally generated in situ by thiol-thioester
exchange from the relatively unreactive  peptide-
(“COSCH,CH,CO)-Leu alkylthioester by adding an excess
thereof (1-5%, vol/vol).**

2.3.1.1 Sequential NCL

The complexity of proteins that can be obtained by NCL tech-
nique is limited by the maximum size of the accessible synthet-
ic peptide segments. Two main approaches used today for the
preparation thereof are: solid phase peptide synthesis pioneered
by Merrifield (allowing the synthesis of proteins containing up
to 50 residues),** and recombinant DNA expression elaborated
by Lobban et al.%* and Jackson et al.** These allow for the
preparation of peptide fragments containing up to 50, and up to
150 amino acid residues respectively.

Sequential native chemical ligation allows further extending of
this limit by means of N-terminal cysteine protected peptides.
Three polypeptide fragments: a peptide;-COSR,, (N-terminal
fragment), a protected PG-Cys-peptide,-COSR,, (middle frag-
ment), and a Cys-peptide; (C-terminal fragment), are thus as-
sembled in a one-pot three step synthesis. Firstly, the middle
fragment and the C-terminal fragment are ligated under the
classical reaction conditions of NCL. Then protecting group is
removed, uncovering N-terminal cysteine of the obtained poly-



peptide (central plus C-terminal fragment), which undergoes
the second NCL with the N-terminal fragment to give the target
protein (Fig. 73).
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Fig. 73. Synthesis of insulin-like growth factor 1 (IGF-1) via sequential native
chemical ligation described by Sohma er al.**® The reversible protection of the a-
amino group of the central peptide fragment IGF(18-47) prevents its self-reaction
with the a-thioester moiety present in the same molecule. Thiazolidine protecting
group can be easily removed by brief treatment with NH,OMe' HCI at pH 4. NCL
reaction condition used: PB (pH 6.7), 6M GndCl, 10 mM MPPA, 20 mM TCEP.

Since its introduction, sequential native chemical ligation has
demonstrated its general applicability to the preparation of var-
ious complex assemblies. Consequently, several methodologies
compatible with NCL for the protection of N-terminal Cys resi-
dues were elaborated. The most relevant among them are de-
picted in the Table 1.

Table 1. Chemical functions generally utilised for the protection of N-
terminal cysteine during sequential native chemical ligation.

Protecting group Delt)ir(;);ec— Examples
IGF 655
s HIV-1 Tat,*’
1 Th Q_§ NH,OMe Crambin &%
H pH 4 EPO. 560
PYP.*!
Hs 663
o o }—{ SOD
662 1 5
2 Msc ,if 27 4 pH 12 AbL-SH3 5
o

. s % s AgOAc,  Crambin,*
3 A H ‘/m DTT DAGK.*
2
{ ~A
- S
4 Mapoc®® o/l%o NH, hv;ﬁOO hBNP-32°%

* Require a preparative-HPLC step before removal, gives lower overall
yield compared with Thz.%%

The reader is referred to a recent review by Melnyk and collab-
orators®®® for a more complete overview of the sequential liga-
tion strategies on proteins.

2.3.1.2 Kinetically controlled ligation

The simple observation that the reaction rate of NCL largely
depends on the thioester nature was exploited by Bang et al.**®
to introduce a convergent strategy for the synthesis of native
peptides — kinetically controlled ligation (KCL).

The fact that the kinetics of NCL with alkylthioesters is signifi-
cantly inferior of those with arylthioester makes it possible to
control the intrinsic dual reactivity of a bifunctional
Cys-peptide,-COSR 4y, so that it would selectively react with a
peptide;-COSR,, and then undergo a classical NCL (i.e. in the
presence of exogenous aryl thiol) with a third Cys-peptide; to
yield an assembled peptidel-Cys-peptide,-Cys-peptide; with no
need to use protecting groups. Bang and collaborators have
applied this methodology to assemble a 46-residue protein
crambin from six peptide fragments (Fig. 74).

5 6

H

TTC(®COSPh) CPSIVARSNFNACRLPGTPEAL(2COSAIk) CATYTGCIIIPGATCPGDYAN
os PB, pH 6.8
PB, pH 6. 6M GndCl
6M GndCl KCL 1% PhSH NCL

TTCCPSIVARSNFNACRLPGTPEALCATYTGCIIPGATCPGDYAN

V15A Crambin

Fig. 74. Two final steps of the synthesis of V15A crambin (pdb: 3NIR) described
by Bang and associated®®. The mutation was introduced for simplifying the prior
KCL step of assembling the second peptide. Kinetically controlled ligation of Sx,
thioester spontaneously occurs in aqueous media in the absence of exogenous
thiophenol, while native chemical ligation of Sy thioester must be accelerated by
the addition of 1% PhSH.

Further advancing pioneering works done by Botti et al.®® on in
situ acyl migration, KCL methodology has been recently ex-
tended from alkylthioesters to a full class of O-esters undergo-
ing a spontaneous transformation to produce a thioester when
exposed to a reducing agent through disulfide bond reduction
followed by O — S acyl shift (Fig. 75).5™

Through a thorough investigation Zheng et al.*’”® have defined
that structures of the O-esters have an important effect on their
reactivity. The authors have side-by-side benchmarked their
methodology with previously described KCL by synthesizing
the same V15A crambin (Fig. 74) by a one-pot one-step con-

densation of peptide segments and found its applicability to this
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system. Readily available by Fmoc solid-phase synthesis, these
O-ester scaffolds can expand the applicability of NCL to sub-
strates with hardly accessible thioester peptide fragments.

30 mM TCEP

- -

PBS (pH 6.5)

BuStS o oS o o
0 4 \)k
o .
ﬁm \)kaj\f S%NHZ
NH, H

O-ester S-ester

Fig. 75. Schematic representation of the O — S acyl shift of O-esters containing a
disulfide bond described by Zheng ez al.”

2.3.1.3 Access to C-terminal peptide thioesters

Classical approaches

The preparation of C-terminal a-thioesters involved in native
chemical ligation is often associated with synthetic difficulties.
Being especially reactive species, they either have to be intro-
duced at the end of the synthetic pathway or be kept in a hidden
form of thioester surrogates possessing higher stability.

Despite its recognised drawbacks due to hazardous acid treat-
ment often leading to undesired side-reactions, the protocol of
in situ neutralisation for Boc-based solid-phase peptide synthe-
sis represents the most effective approach for the preparation of
peptidyl thioesters.®*>¢7” Alternatively, the Fmoc synthesis
approach was investigated®*5"
synthesizing phospho- and glycopeptides.

Expressed protein ligation (EPL)

Introduced by Muir ef al. in 1998,°”" EPL represents another
approach for the preparation of a-thioesters. It allows for ob-
taining the recombinant protein thioester by thiolysis of an in-
tein fusion protein and thus enables a large pool of elaborated
recombinant protein techniques for NCL. The reader is directed

to several recent reviews of this area on chemical research for
678,679

and found to be favoured when

more details.
X — S acyl-transfer

An elegant approach for keeping thioester in a relatively inert “hid-
den” form ready to be uncovered when required was first intro-
duced by Danishefsky and colleagues in 2004 (Fig. 76).°® Several
years later, the name “crypted thioesters” was coined by Otaka®' as
a general term for such compounds. This approach is of especial
interest, because it enables the assembly of peptide segments in
N-to-C direction, which is rather rare and often difficult to
achieve.®® Indeed, all above-described methodologies rely on
the assembling of polypeptide chain in C-to-N direction: for
instance, the sequential native chemical ligation per se consists
of iterated cycle of ligation-deprotection-ligation..., i.e. adding
new peptide fragments onto N-termini after deprotection there-
of (see Section A 2.3.1.1, page 35).

Synthesis of thioesters in situ from stable amides via N — S
acyl-transfer was demonstrated by Ohta et al.**> who studied
acylated oxazolidinones derived from S-protected cysteine.
These possess a distorted amide planarity provoking so called
ground-state destabilisation® and, as a consequence, favour the
acyl migration to a deprotected thiolate. Nakahara and collabo-
rators have studied and elaborated two classes of secondary
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amides amenable to the N — S acyl shift at low pH values:
and N-alkyl
(Fig. 772).%5 Oxazolidinones® and N-sulfanylethylamilides
(SEAlides)®® described by Otaka and collaborators were found
to possess similar aptitude towards N — S acyl-transfer shift at

5-mercaptomethyl  prolines® cysteamides

low pH (for a complete overview of N — S acyl-transfer sys-
tems described before 2010 see review by Kang and Macmil-
1an).%7 Erlich et al%® have recently applied N-alkyl cys-
teamide-based approach for the synthesis of 76-residue ubiqui-
tin thioester, while Otaka and collaborators have demonstrated
high potential of SEAlides by conducting the chemical synthe-
sis of 162-redue active glycosylated GM2-activator protein.*®’

SEt
$ s
° ]@ 1. Cleave S-S /QH/ ]@
-
\)ko 2.0-s HO
"crypted form" "uncrypted form"

Fig. 76. Principle of “crypted thioesters” demonstrated by Danishefsky and
co-workers.* Intramolecular O — S migration of acyl residue resulting in gener-
ation of highly active thioester (its “uncrypted form”) occurs only upon reductive
cleavage of disulfide bond of reasonably stable “crypted form”.

Almost simultaneously have two research groups reported a
general  approach, based on the application of
bis(2-sulfanylethyl)amides (SAM) as precursors for NCL.%%6%
An interesting extension of the methodology enabling the pos-
sibility of triggering the reactivity of SAM — so called SEA°Y°f
system — has been further elaborated by Melnyk and collabora-
tors.®” The transition between reactive (SEA") and unreactive
(SEA°ff) states is simply triggered by mild oxidation/reduction
procedures (Fig. 77b). SEA°T can be easily switched on via
TCEP reduction, while the reverse switching off is achieved by
mild oxidation with iodine. After few seconds, the excess of
iodine is decomposed by the addition of dithiothreitol (DTT).

v o HS

oo h \)}N\

Y o IC-I)S)\)
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S
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TCEP pH 4-6
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HS)\) \)ks\h/g;
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Fig. 77. N — S migration of acyl residue. The thioester-amide equilibrium is
shifted towards the thioester form at low pH due to the protonation of the second-
ary amides. In the presence of 3-mercaptopropionic acid (MPA) all intermediates
produce MPA-thioester. a) From left to right: reduced form of Danishefsky’s
ester,®® 5-mercaptomethyl prolines®*, N-alkyl cysteamides,®® oxazolidinones,**
and N-sulfanylethylamilides.®*® b) SAM®™°T approach by Melnyk and collabora-
tors.®

Other amino acid residues susceptible to oxidation such as me-
thionine or tryptophan are not affected because of this very



short exposure to oxidant. However, cysteine residues must be
protected with fert-butylsulfenyl groups to remain unaffected.
At low pH values these are not reducible by DTT, allowing thus
reliable protection of cysteines during the cycles of oxidative-
reductive SAM triggering.

To demonstrate the potential of this newly established and op-
timised SAM®"° system, Melnyk and collaborators have syn-
thesised 85-residue domain of the hepotocyte growth factor
(HGF 125-209).%

2.3.1.4
In 2001, Yan and Dawson®” have introduced an approach that,

Indirect ligation on other amino acid using NCL

for the first time, allowed virtually conducting NCL at alanine.
While the ligation still occurred at N-terminal cysteine, its sub-
sequent desulfurisation with freshly prepared Raney nickel pro-
duced the native target sequence containing alanine residue at
the ligation site (Fig. 78). This strategy has inspired the devel-
opment of a large pool of various ligation junctions that in-

696,697 657,701

cludes phenylalanine, glycine,®® valine,>"® leucine,

threonine,*® serine,** proline,mz'704 aspar'[a'[e,705 glutamine,m(’
homocysteine,”””"® methionine (by subsequent S-methylation
of the ligated homocysteinyl product by

p-nitrobenzenesulfonate)’”’ arginine,”” and lysine (o- or

g-selective) ligations.”'*""!

1. Cyclization (NCL)
2. Desulphurization
(CYS-1 = ALA-1)

Fig. 78. Synthesis of 21-residue cyclic antibiotic peptide Microcin J25 via NCL-
desulfurisation strategy resulting in alanyl-linked polypeptide chain developed by
Yan and Dawson.®”® Reaction conditions: cyclisation — Tris-HCI, 6 M GndCl;
desulfurisation — NaOAc, pH 4.5, 6 M GndCl, H, (Pd/Al,03).

Desulfurisation-based methodology of the NCL expanding to-
wards other amino acid junctions have contributed in many
ways to prepare proteins and posttranslationally modified ana-
logues for biochemical and structural analyses ever since its
introduction. However, despite this broad utility, carrying out
desulfurisation of the linkage site in the presence of other Cys
residues in the protein sequence usually requires using of pro-
tecting groups.”'*”'7 Not only does this necessity represent an
undesirable step to protein synthesis, but it also implies some
limitations on the applicability of the approach, mainly due to
the solubility issues.

Developed by Dawson and collaborators’'®

the protocol for
selective reduction of selenocysteines (Sec, U) in the presence
of cysteine allowed overpassing the need for protection of thio-
the established field of
Sec-mediated native chemical ligations (see Section A 2.6,
page 41).71972

The sensitivity of Sec peptides to reduction was noted in sever-
al works on selenocysteine ligations,””*"*'> During their pre-

lates and expanded already

ceding work on the synthesis of seleno-glutaredoxin 3 ana-
logues (Se-Grx3), Dawson and associates’* have observed this
incompatibility of Sec-containing proteins and peptides with
TCEP-assisted native chemical ligation due to the generation of
significant levels of a deselenised side product. In the publica-
tion to follow, the authors have successively applied the liga-
tion-deselenisation strategy on a model peptide system. Accord-
ingly, N-terminal Sec-peptide; (UGLEFRSI-amide) prepared in
the form of a diselenide dimer was ligated to the thioester pep-
tide, (Ac-LYRAG-SR) (Fig. 79) to produce the deselenised
alanyl-peptide (Ac-LYRAGAGLEFRSI-amide) after the treat-
ment with 50-fold excess TCEP at pH 5.5. Importantly, an ex-
cess of 200 mM 4-mercaptophenylacetic acid (MPAA) was
needed for the ligation step. MPAA is both served as a catalyst
to activate the alkyl thioester and as mild reducing agent to
generate a small pool of free selenol to facilitate the ligation
reaction.

In order to extend native chemical ligation-desulfurisation ap-
proach to these amino acids, a SH-group should be attached to
the carbon atom situated in the B-position to amino group (in
some cases in the y-position). The new building block contain-
ing a B-mercapto-a-amino or y-mercapto-a-amino fragment is
then introduced at the N-terminal position during solid-phase
peptide synthesis or by means of DNA-recombinant technolo-
gies.®” Following ligation is conducted under classic NCL con-
ditions: at pH 7.5-8.0 in the presence of TCEP as reducing
agent and 1% of exogenous thiol additive. Finally, the desulfu-
risation of cysteine gives a nascent residue of interest (Table 2).
Besides aforementioned reduction on Raney nickel, various
milder conditions such as nickel boride,*”® Pd/A1,05,”*? or met-
al-free conditions”'*""* were developed to achieve efficient
desulfurisation. More recently, in situ ligation-desulfurisation
approach was also reported.”’>7'¢

0 %ise HNJ\T¢O

LYRAG(@COSAlk) (UGLEFRSI)2 LYRAGAGLEFRSI
pH7.5
3 mM [peptide] H,O/DTT
200 mM MPAA
o] 0] o [o]
w L l w A,
Y TCEP/DTT H TCEP H Y
: — . o — = —> .CH
SseH se \~>Se 2
<_'L
RI/HQ\RI

Fig. 79. Traceless ligation of peptides using selective deselenisation described by

Dawson and collaborators.”'®
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Table 2. Desulfurisation-based NCL methodologies.

Entry AA
1 Ala
2 Phe
3 Leu
4 Thr
5 Val
6 Pro
7 Lys:
8 Lysq
9 Asp
10 Gln
11 Arg
12 Gly

Intermediate

H,N
OH
§/ ~
s 0
o]
H,N
O._ _NH,
s
~
H,N
H,N_ _NH

Product

el
e

(o)
N
H
OH
(0]
o
N
(o]

OH
o o
o
i
0. _NH,
o
%N
H
HN.__NH,

NH
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This selectivity of reduction with TCEP is hypothesised to be
due to the weaker Se — C bond compared with the S — C bond
coupled with higher propensity of selenols to form radicals.”® Tt
should be mention, however, that albeit upon heating, cysteine
can be desulfurised in the absence of a radical initiator when
treated with excess phosphine.”?

Selenocysteine-mediated NCL deselenisation procedure have
been recently exploited for selective ligation of selenolphenyl-

alanine,’”’ 703

and y-selenolproline,”” easily transformable into
peptides phenylalanine and proline respectively at the ligation
site by treating Se-containing intermediates with TCEP or DTT.
Analogously to N — S acyl transfer (Section A 2.3.1.3,
page 36), N — Se acyl shift was recently observed by Adams
and Macmillan and allowed NCL to take place at lower temper-
atures and on shorter time scales.”™ Corresponding selenoesters
can be readily accessible by direct solid phase synthesis.”’

NCL principles of S — N acyl transfer found their application
in ligation assisted by proximity effect (see Section A5,
page 42),”°

other that cysteine by auxiliary-mediated acyl transfer. Fur-

allowing for conjugation of N-terminal residues

thermore, the Cys side chain thiolate introduced during NCL
can also provide a synthetic handle for further functionalisation
using cysteine-selective methodologies (see Section A 1.2, page
11). It was recently demonstrated by Fang and co-workers that
more accessible than thioesters simple phenyl esters could un-
dergo native chemical ligation smoothly under the promotion of
imidazole.”' Lastly, recently reviewed by Monbaliu and Kat-

32 Kemp’s template-mediated thiol ligation,”*"*' Tam's

742-744

rizky

ligation by thiol/disulfide exchange, and other auxiliary-

driven extensions of native chemical ligation,”*7*

represent
significant importance in the field of protein synthesis and can

be considered as appropriate for bioconjugation.

2.3.2 Thiazolidine formation

Further expanding the applicability of the reaction of cysteine
with formaldehyde described by Ratner and Clarke,’*” Tam and
collaborators have elaborated a method for the selective conju-
gation of N-terminal cysteines with aldehydes, resulting in ob-
taining of stable thiazolidines.®'*®**™7% The reaction of
1,2-aminothiols readily occurs at slightly acidic pH of 4-5,
while the concurrent reaction of free amines with aldehydes
results in obtaining Schiff bases reversibly under the same con-
ditions.

The thiazolidine-mediated ligation was first applied by Tam
and associates to the preparation of peptide dendrimers™*” by
attaching unprotected peptide dendrones containing Cys resi-
dues at their N-termini to a branched core matrix with aldehyde
functions. Botti er al.’* have transformed this approach to a
general method for the preparation of cyclic peptides. Villain et
al. have demonstrated that obtained thiazolidines (sometimes

referred to as pseudo-prolines)”’

can be selectively cleaved by
adding hydroxylamine derivatives, which react with aldehyde
functions protected under the form of thiazolidine to form ox-

imes. The authors applied this methodology for the covalent



capture of proteins possessing N-terminal Cys or Thr residues
(Fig. 80).”* Interestingly, under the same conditions N-terminal
Ser residues reacted only poorly.

H Mixture of peptides 3 HO,

N
W i HO
r] HO NH" SH

- Qe g
: Hs” NH' SH
| SH | HS X
M | | HyN :
o ! j HO N : o’
HgN Q H 3

Washing

-

*HsN—OMe

-—

« HS H «
H o~ H SH
(A st k{]
"Hy H HO

Fig. 80. General scheme of covalent capture purification of N-terminal cysteine

containing proteins developed by Villain et al.’
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Fig. 81. Synthesis of lucifering by the reaction between cyanobenzothiazole
(CBT) and D-cysteine.”’

Because of the recent advances in the semisynthesis of proteins
and the encoding of 1,2-aminothiols into recombinant pro-
teins,*>7>** thiazolidine-mediated conjugation is now experi-
encing a reappraisal of its potential for bioconjugation.”>*® For
instance, Casi et al.” have exploited thiazolidine formation for
the preparation of antibody-drug conjugates by site-specific
incorporation of a potent drug, containing an aldehyde moiety,
to engineered recombinant antibodies displaying a Cys residue
at their N-terminus, or a 1,2-aminothiol at their C-terminus.””
Lastly, thiazolidines represent one of the most often used N-
terminal cysteine protecting groups for sequential NCL (see
Table 1, Section A 2.3.1.1, page 34).

233 2-Cyanobenzothiazoles (CBT)

The reaction of 2-cyanobenzothiazole (CBT) with D-cysteine
was first conducted by Field and collaborators™’ for the prepa-
ration of synthetic luciferin: a compound found in various liv-
ing organisms and responsible for emitting light after being
oxidised by a specific enzyme luciferase. Ever since its isola-
tion (9 mg from 15000 firefly lanterns!),”® luciferin enzymatic
oxidation has been studied for the last 50 years.”

The regeneration pathway of luciferin in firefly was found to be
consisted of the condensation of CBT with D-cysteine
(Fig. 81).” The reaction mechanism underlying this addition
include first attack of cyano group of CBT by cysteine thiolate.
This results in the formation of the electrophilic imidothiolate,
subjected to the second attack by cysteine amino group to form
thiazole structure after the yielding of ammonia gas.

Inspired by these early works, Rao and co-workers’® have fur-
ther investigated the reaction of cyano-substituted aromatic
compounds with amino-thiol substrates. They have demonstrat-
ed that benzotriazole motif plays an important role for the acti-
vation of the cysteine addition to a nitrile group. For instance,
under optimal reaction conditions (PBS, pH 7.0-7.5) its re-
placement by other aromatic fragment such as picolinonitrile or
benzonitrile largely decreases the reaction yield. All naturally
occurring amino acids are unreactive towards CBT, except for
cysteine owing the highest second-order rate constant among
six other tested amino-thiol substrates (9.19 M's!, which is
significantly higher than these of the majority of biocompatible
click reactions).”' Finally, the efficiency and specificity of
CBT-based labelling of terminal cysteine residues was demon-
strated on proteins in vitro (Fig. 82) as well as on cell surfaces.

TAG = biotin,

FITC,
rhodamine

Fig. 82. Labelling of Renilla luciferase (pdb: 2PSD) by CBT-based probes.”®
N-terminal cysteine was generated by protease processing of the fusion protein.

In the publications to follow, Rao and colleagues have extended
the applicability of CBT towards biocompatible condensations
to create polymer assemblies in vitro and in living cells under
the control of either pH, disulfide reduction or enzymatic cleav-
age.”>7% Yuan et al. have taken advantage of this approach and
developed a method for the determination of glutathione (GSH)
concentration in vitro and in HepG2 human liver cancer cells.”**
Jeon et al’® have elaborated a CBT-based '®F-probe radio-
labelling of N-terminal cysteine-bearing peptides and proteins.
Two labelled substrates: a dimeric RGD-peptide -
["*F]CBTRGD,, and Renilla lucifierase bearing a cysteine at N-
terminus, have been synthesised with excellent radiochemical
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yields and shown good in vivo molecular PET imaging effi-
ciency. Proceeding efficiently at physiological conditions,
CBT-mediated N-terminal Cys conjugation represents a useful

alternative to existing approaches for protein labelling.”*

2.4 TRYPTOPHAN

24.1 Sulfenylation-coupling

Encouraged by early reports from Scoffone and colleagues,
who examined the site-selective modification of the nucleo-
philic 2-position of the tryptophan indole ring through electro-
philic sulfenylation with various sulfenyl chlorides,”®"’*® Payne
and collaborators have recently brought back into life a classi-
cal reagent for  Trp selective ~ modification -
2,4-dinitrophenylsulfenyl chloride (DNPS-CI).”® The authors
have demonstrated that, in acidic conditions, all nucleophilic
amino acid side-chains except tryptophane either remained un-
modified, as in the case of serine, threonine and the g-amino
groups of lysine, or were reversibly modified in the case of
cysteine, which forms an easily reducible asymmetric disulfide.
Further thiolytic cleavage of the resulting 2-Trp thioether deriv-
atives with an external thiol nucleophile gives the correspond-
ing 2-thiol Trp derivatives (2SH-Trp, Fig. 83a). Interestingly,
being placed on the N-term of the peptides, 2SH-Trp scaffolds
were found to enhance the kinetics of the native ligation with
peptide thioesters, and could thus serve as Na acyl transfer aux-

iliaries (see Section A 2.3.1, page 33).”"°
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Fig. 83. Ligation—desulfurisation at tryptophan, reported by Payne and collabora-
% a) Electrophilic sulfenylation of Trp in acidic conditions with DNPS-CI
and the obtention of the corresponding 2SH-Trp derivative. b) Auxiliary-assisted
native ligation of N-terminal 2SH-Trp peptide (2SH-WSPGY S-NH,) with a thioe-
ster of the peptide Ac-LYRANG-SPh resulting in 12-mer peptide Ac-
LYRANGWSPGYS after the desulfurisation step.

tors.

The proposed mechanism for this approach is mechanistically
similar to NCL. It was hypothesised that the reaction would
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proceed via an initial step of the peptide thioester trans-
thioesterification with an indole 2-thiol functionality followed
by an S- to N-acyl shift through a 7-membered ring transition
state to generate a native amide bond. The last step of 2-thiol
Trp desulfurisation results in obtention of a ligated product with
only naturally occurring amino acid residues (Fig. 83b). Alt-
hough this methodology represents a clever chemoselective
approach for the ligation of completely unprotected peptide
fragments through Trp moiety, the harshness of the reaction
conditions of sulfenylation and desulfurisation limit it only to
peptide substrated and don’t allow its application on complex
biomolecules.

24.2 Pictet-Spengler reaction
Another approach for the ligation of unprotected peptides was

proposed by Li e al.””

and exploited the Pictet-Spengler reac-
tion: an acid-catalysed intramolecular condensation between an
iminium ion and an aromatic C-nucleophile described in
1911.7% This non-natural ligation (peptides are linked by non-
natural bonds) involves reaction of two peptide partners in ace-
tic acid: one containing a Trp residue at its N-term and another
with a C-terminal aldehyde function. The latter should general-
ly be introduced by means of solid-phase peptide synthesis on
acetal resin (described by the same authors).

243 N-Acyl tryptophan isopeptides

Lastly, an interesting example of native N-terminal Trp ligation,
mechanistically very similar to NCL (see Section A 2.3.1, page
33), was recently reported by Popov et al.”” The key interme-
diates of this methodology — N-acyl tryptophan isopeptides —
undergo selective acyl transfer to yield natural peptides. These
are, however, not accessible directly by methods reported so
far, which substantially restricts the applicability of the meth-
odology.

2.5 HISTIDINE

Despite being known for its particular importance for the acyl
transfer in many enzymatic processes,**® histidine has been
rarely used for bioconjugation. The only study describing the
ligation of N-terminal His peptides with activated thioester was
reported by Zhang and Tam.”
Ellman's regent*’’ was used to activate the C-terminal peptide
thiocarboxylic acid by forming acyldisulfide derivative, which
is then nucleophilically attacked by N-terminal histidine. Cap-
tured by the imidazole of the N-terminal histidine, the obtained
Nip-acyl intermediate is hypothesised to undergo N, — N,
shift to form histidine at the ligation site (Fig. 84). However,
the Nj,-acyl intermediate has not been isolated and it is quite
possible that regioselectivity is obtained simply because of an-
chimeric assistance of the proximal imidazole moiety at the
ligation site.

Interestingly, no sign of coupling reaction has occurred when a
corresponding non-activated C-terminal thiocarboxylic acid is
participating in the reaction instead of the acyldisulfide. The

reaction pH plays an important role on the effectiveness of the



reaction. Only when maintained at slightly acidic values
(pH 5-6) and in the absence of the thiol nucleophiles, would the
imidazolyl moiety of histidine be the sole nucleophile present
in the polypeptide. This methodology has been applied to gen-
erate histidine-containing peptides with yields up to 75 %.

a) R/S\S/R R R =
HS~ i
o ) o o :
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SKALHLSSMERVEWLRKKLQDVHNF
SKAL-HF(14-34)

Fig. 84. N-terminal histidine labelling described by Zhang and Tam.”* a) Mecha-
nism of thiocarboxylic acid activation by Ellman’s reagent.b) Labelling of bovine
parathyroid hormone fragment (14-34, pdb: 1ZWC) with activated tetrapeptide
thioacid.

formations and demonstrated similar inhibiting affinity of tryp-
sin and chymotrypsin.”*' Raines er al. selected 124-residue ri-
bonuclease A (RNase A) as a model protein for the investiga-
tions.”"” DNA recombinant technology was utilised to prepare a
C-terminal thioester fragment corresponding to residues 1-109,
while standard solid phase peptide synthesis methodology was
used to obtain a N-terminal Cys and Sec peptides corresponding
to residues 110-124 (Fig. 85). Just as in the case of BPTI, the
semisynthetic wild-type RNase A and C110U RNase A pre-
sented equivalent ribonucleolytic activities. Further advances in
the field of Sec-NCL have resulted in synthesis and investiga-

tions of other different proteins such as seleno-glutaredoxin,””

780,781

azurin, and thioredoxine reductase

2.6 SELENOCYSTEINE

Selenium and sulphur belong to the same main group of ele-
ments; therefore, 21st proteinogenic amino selenocysteine and
Cys residue exhibit rather similar properties in terms of reactiv-

721 and

ity for bioconjugation.”””””” For instance, both Hivert’s
Raines’s group’’ demonstrated that C-terminal peptide thioe-
sters react smoothly with peptide fragments containing a N-
terminal selenocysteine in exactly the same manner as with
corresponding cysteine analogues. Presumably proceeding
through the same mechanism as NCL (Section A 2.3.1,
page 33), the first step of the ligation process consists in the
nucleophilic attack on the thioester by selenolate to give a se-
lenoester intermediate that subsequently rearranges to give a
native chemical bond.

Sec ligation can be chemoselective when conducted at slightly
acidic pH. Low intrinsic pK, values of selenocysteine (5.2)"
and consequently its higher dissociation level at low pH, en-
dows this amino acid with unique biochemical properties, al-
lowing regiospecific covalent conjugation with electrophilic
compounds in the presence of the side chains of all other natu-
ral amino acids including the thiol group of Cys (pK, 8.3). For
instance, the reaction rate with selenocysteine was found to be
1000 fold faster than with cysteine at pH 5.0.”"” Moreover, the
lower pH generally suppresses [-elimination of the selenol
group from selenocysteine resulting in the obtaining of unreac-
tive dehydroalanine.”®

Initially, considerable efforts were made to show the applicabil-
ity of selenocysteine NCL for the preparation of selenium-
containing derivatives of enzymes and benchmarking activities
thereof. Hilvert and associates synthesised a C38U analogue of
bovine pancreatic trypsin inhibitor (BPTI). Amusingly, the

wild-type BPTI and its artificial analogue folded into alike con-
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C110U RNase A

RNase A (1-109)

Fig. 85. Selenocysteine native chemical ligation applied for the preparation of
C110U mutant of RNase A (wild-type - pdb: 7RSA).”"”

Ease of the post-ligation transformation of selenocysteine to
alanine (by deselenisation), dehydroalanine (by p-elimination)
or non-natural amino acids (by addition reaction to dehydroa-
lanine, see Section A 1.3.9, page 17) became a spur to a further
propagation of Sec-mediated methodologies as very effective
tools in rational design of peptides and proteins. Quaderer and Hil-

782

vert'™” exploited such transmutations of selenocysteine to access

a series 16-residue cyclic peptides (Fig. 86).

Fig. 86. Synthesis of cyclic 16-resiudes selenopeptides by native chemical ligation
and following transformation thereof to a) alanine (Raney Ni, H,, TCEP,
20% AcOH); b) dehydroalanines (H>O,, 10% ACN).

In this initial report, the deselenisation step was conducted ra-
ther harshly (Raney Ni, H,), implying that all Cys residues (if
there were any) would have been reduced as well. Recently,
however, Dawson and collaborators’'® have demonstrated that
selenocysteine can be chemoselectively deselenated with TCEP
in the presence of cysteines. This allowed overpassing the main
limitation of the NCL-desulfurisation strategy (see Section
A 2.3.1.4, page 37), namely the inability to control regioselec-
tivity of desulfurisations if several cysteines are present in the
peptide or protein, and yielded in a pool of NCL-deselenisation
strategies for mild incorporation of alanine, phenylalanine and
proline into the ligation site by classic NCL approaches (see
Table 2, page 38). Finally, selenocysteine peptides were found
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to efficiently undergo reverse NCL at acidic pH and thus to be
of particular interest for the generation of thioesters by sequen-
tial N — Se acyl-transfer and substitution of the obtained se-
lenoester by thiol (see Section A 2.3.1.3,
page 36).”%

Because the incorporations of selenocysteine by the cell transla-
783784 selenopep-

€xogenous

tional machinery are generally very laborious,

tides are largely obtained by SPPS.”!%720.777

3 C-TERMINAL CONJUGATION

Chemical methods for C-termini conjugation are rather scarce.
Definitely, previously mentioned approaches for the conjuga-
tion of side-chain carboxylates (see Section A 1.5, page 21) can
also be applied effectively to modify the terminal carboxylates.
The selectivity, however, would be the main issue, for up to
date there is no described method for somewhat selective acti-
vation of N-terminal carboxylates by any activating reagent.

Because of the impetuous development of NCL (see Section
A 2.3.1, page 33), requiring C-terminal thiolates as reacting
partners for N-terminal Cys proteins, those became widely ac-
cessible, namely by means of SPPS. A perspective approach,
5 and col-
laborators, who developed a protocol for selective transfor-

exploiting these advances was proposed by Goody

mation of C-terminal thioesters to corresponding hydroxyla-
mines, enabling thus the application of aldehyde- and ketone-
selective methodologies on the C-terminus.

On the other hand, the unique position of protein C-termini has
stimulated numerous efforts to target this location, which re-
sulted in numerous enzymatic and intein-based approaches for
C-terminal-selective protein modification.”* "' These method-
ologies are, however, not covered by this review devoted to
chemical methods of bioconjugation.

4 SEQUENCE-SELECTIVE APPROACHES

Several especially useful methodologies in bioconjugation ex-
ploit not a specific property of the residue, or its peculiar posi-
tion in protein, but rather the synergetic effect of a batch of
neighbouring amino acid residues. For instance, an example of
such selectivity is aforementioned selective modification of
His-AA-Ser and His-AA-Thr peptide motifs (see Section
A 1.2, page 11) by usually promiscuous activated esters. In this
case, the His imidazolyl side chain located in close proximity to
Ser/Thr side chains increased the reactivity thereof towards
electrophiles.

Metal-chelation methodologies are perhaps the most elaborated
among sequence-selective approaches (Fig. 87).”> Oligo-
histidine sequence (usually Hg), called His-tag is known to in-
teract robustly with transition-metal complexes, including ni-
trilotriacetic acid (NTA) complex of Ni**, thereby the sequence
is widely used for protein purification by affinity chromatog-
raphy. Similarly, oligo-aspartates (most often (Dy),, n=1-3)
were developed for selective labelling with multinuclear Zn?*
complexes.””* Tetracysteine motif (CCPGCC) was reported
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to especially effectively chelate biarsenical dyes such as 4°,5°-
bis(1,3,2-dithioarsolan-2-yl)fluorescein (FIAsH),>”” while sim-
ilar structurally tetraserine sequence (SSPGSS) was found to be
selective for diborate-scaffolds.

IaG
\ o._O / o
>§/ a¢’ QT:\N?,O
o OH N ;/&o
o

COOH

O NH

e
Hexahistidine tag (He)

Tetracysteine tag

Tetraserine tag Tetraaspartate tag (D4)

Fig. 87. Strategies for the selective conjugation of proteins based on metal-
chelation: tetracysteine/biarsenical system, oligohistidine/nickel-complex system,
tetraserine-borate system, oligo-aspartate/zinc-complex system.?’

5 PROXIMITY-DRIVEN MODIFICATIONS

All
specific. That is to say, they exploit specific reactivity of the

above-mentioned methodologies are mainly residue-

functional group of interest or of an assembly of residues. As a
result, bioconjugations of highly nucleophilic Cys, Lys, and Tyr
residues with electrophilic reagents are definitely prevalent
among described methodologies.

The inherent reactivity is rare to be overcome, which largely
limits of the scope of known methods for bioconjugation of the
amino acids possessing low nucleophilicity. However, bringing
the reaction partners into a close proximity can accelerate a
reaction thereof, which would not otherwise be possible be-
cause of the presence of other more reactive species. Routinely
exploited by enzymes, this approach enables selectivity on the
basis of molecular shape rather than reactivity or local envi-
ronment (Fig. 88).

Developed by Hamachi and collaborators in 200
affinity-labelling approach can be used for the selective tether-

6,*® the post-

ing a functional molecule at the proximity of the active site of
enzymes. This method was then used on numerous substrates
and enlarged the scope of selective conjugation especially on
histidine and tyrosine (see Section A 1.5.1, page 21), 484494727

Despite these successes, a prevalent limitation of the applicabil-



ity of the method due to the possible modification of the resi-
dues situated only in the vicinity of ligand-binding pocket of
the target protein prevents this methodology from becoming a
general approach for protein labelling.

Fig. 88. Schematic representation of the proximity-driven approach for selective
modification of macromolecules. Combining of promiscuous reactivity of the
reactive group (RG, shown in red) with specific molecular recognition results in
specific modification of the functional group of interest (FG, shown in blue).

1*! envisioned

In 2010, exploiting similar idea, Popp and Bal
the combination of two previously described techniques: the
coiled-coil based molecular recognition of complementary pep-
tides*2797-199

on carbene C—H insertion, previously reported by Francis and

and high catalytic activity of dirhodium complexes

collaborators* for the selective modification of tryptophan (see
Section A 1.4.2, page 19). Two complementary peptides: one,
containing a dirhodium catalytic centre (precomplexated
through two glutamate side chains), and another, containing a
side chain to be modified are thus involved in this methodology
(Fig. 89a). Because of the compelled proximity of the side
chain of interest and the active catalytic centre in the obtained
supramolecular assembly, the reaction of rhodium-catalysed
C—H insertion is largely accelerated (more than 10° times).5”

As a result, the conjugation of amino acid residues with lower
reactivities becomes possible. This allowed to expand the scope
of originally tryptophan-selective dirhodium carbene method-
ology first to the other aromatic residues, phenylalanine and

*! and then to over half of the naturally occurring ami-

tyrosine,
no acid residues (Fig. 89b).** To date, dirhodium metallopep-
tide represent the only reported method for selective modifica-
tion of Gln, Asn, and Phe side chains. The authors have also
demonstrated the possibility to apply their methodology on
chimeric proteins, containing fused coils,** as well as on full-
sised natural proteins possessing coiled-coils in their struc-

tures.5
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Fig. 89. a) Modification of c-Fos (shown in red) catalysed by Max(Rh,) (shown in
blue) metallopeptide described by Popp and Ball.*® Two possible coiled-coil
alignments result in modification of GLU-14 and GLU-21 residues, located in
close vicinity to dirhodium catalytic center. b) Proposed product bond connectivi-
ty and
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Despite its important potential, the metallopeptides methodolo-
gy is however not devoid of drawbacks. Because binding to
dirhodium is nonselective and thus cannot be performed in the
presence of other carboxylate-containing peptides, rhodium-
peptide complexes must be synthesised beforehand, which is
often challenging mainly due to their poor solubility.*' Moreo-
ver, the method is restricted to proteins containing coiled coil
fragments in their structures, which in case of the vast majority
of targets would mean the need for resource- and time-
consuming expression of fused proteins.

Another approach, developed by Silverman and colleagues,
exploits self-assembling of complementary DNA to bring into
proximity two reacting fragments and allowed, although only
on simple substrates, selective phosphorylation of tyrosine and
serine, otherwise not feasible.>?*

Beyond coiled coils and DNA-based preorganisation, the prin-
ciples of proximity-driven selectivity should be extended to
other helix-binding protein domains and to biological molecular
recognition generally. A significant broadening of the applica-
bility of this elegant approach for protein modification, bio-
chemistry and biomaterials engineering is anticipated in the
nearest future.

6 CONCLUSIONS

The field of bioconjugation has expanded in the last 100 years
and passed from a blind-eye modification of proteins one could
found in nature to a well-established independent domain full
of approaches allowing precise and reliable introduction of var-
ious tags into proteins’ structure.

Many, if not most of these methods, however, often possess
drawbacks limiting their general applicability. This fact has
become of especial consideration with a rise of novel exigent
applications for bioconjugation, namely the preparation of new
therapeutic conjugates, vaccines, and biomaterials.

Several parameters of the mode of conjugation, previously
completely neglected, were recently revealed to be of para-
mount importance. For instance, the stability of the generated
linkage and the distribution of products generated upon conju-
gation can be determining for the overall efficiency of the con-
jugate.

Considering the state of the art in bioconjugation, we decided to
start a project which aimed at the development of general ap-
proaches allowing discovery of new bioselective chemical
functionalities (both residue-selective and sequence selective).
After having defined the main requirements of these screening
systems to be simple, reproducible, and effective, and conduct-
ed a thorough literature survey we could finally get a clear pro-
ject in hand and this is to its first part that we now turn.

44 | A. Introduction



B. DISCOVERY OF RESIDUE-SELECTIVE REACTIONS

This chapter is devoted to the design and applications of the screening system for the discovery of
new residue-selective ligation reactions. The approach was envisioned to make the screening more

efficient and less laborious. First, reactive probes of interest, which were selected based on litera-
ture survey, are tested on a series of UV-detectable amino acid derivatives using simple HPLC
technique. The most promising among tested reagents are then subjected to structure-reactivity

study in order to ameliorate their properties and to define the appropriate anchor points for further
insertion of the functional tags. The tagged reactive probes are then benchmarked on a model pep-
tide mixtures obtained by trypsin digestion of lysozyme.

As it was previously mentioned, the screening for new bioselec-

tive reactions is an important challenge in modern chemistry.

The complexity arises from the fact that, in order to be appro-

priate for bioconjugation, the reactive probe of interest must

meet several severe requirements; namely it should possess:

> High selectivity towards given target: a specific amino acid
residue, a sequence of amino acids, or a position in a protein
(N-terminus, C-terminus, in-chain).

> Applicability at physiologic conditions (aqueous media,
4 - 37 °C, physiological pH).

> High conjugation efficacy: the reaction should be fast and
exquisite.

> Biocompatibility and high enough stability of the starting
material as well as the obtained conjugates.

In order to be able to easily assign tested chemical probes with

relative ranks according to these requirements, we decided to

start with elaborating a general screening system.

1 DESIGN OF THE SCREENING SYSTEM

The three main steps of the screening were envisioned in order
to minimise time and work expenditures, which include (1) a
simple HPLC-based screening for the profiling of the stability
and reactivity of a reactive probe in the reaction with a series of
representative UV-detectable amino acid derivatives; (2) struc-
ture-reactivity study of the most promising among tested
probes; (3) validation of the probes’ selectivity in close to bio-
logical conditions on model peptide mixtures. The current sec-
tion is devoted only to the theoretical basis for each step includ-
ing design, optimisation and probable difficulties one can en-
counter during the screening. The practical application on a set
of selected reactive probes is given in the section to follow
(Section B 3, page 50).

1.1 UV-TRACEABLE AMINO ACID DERIVATIVES

After having defined the criteria that any new selective ligation
reaction would have to fulfil in order to be appropriate for bio-
conjugation, we decided to start with an establishment of a
simple HPLC setting allowing determination of the potential of
a testing reactive group. In order to achieve the objective, a
pool of UV-detectable amino acid derivatives, namely their
benzylamides (Fig. 90), was prepared.
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Fig. 90. Series of UV-traceable amino acid derivatives used in the HPLC-
screening.

This series was composed from the reagents 1-16 representing
all reactive functionalities which can be found in essential ami-
no acid side chains. The presence of the UV-traceable benzyl
moiety made it possible to easily evaluate the reactions’ ad-
vancement by measuring the conversion either of starting mate-
rials or yielding products using simple quantitative HPLC tech-
nique. Because of anticipated solubility issues, the majority of
the model compounds (1-14) corresponded to N-terminal amino
acid derivatives, which generally possess better solubilities due
to the presence of protonatable amino groups in their structures.
For some tested reactive probes possessing ambiguous reactivi-
ty profiles, in-chain model derivatives (15-16) were used to test
possible discrepancy in reactivity (Section B 3, page 50).
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The reagents of interest are then subjected to the reaction with
each among model amino acid derivative (1-14), as well as to
the study of their hydrolytical stability in aqueous media. Ob-
tained results being characteristic for the reactive probe repre-
sent its reactivity profile (see below). For the purpose of simpli-
fying the representation and making it more illustrative, the
results are represented in colour-coded form in this manuscript.

Unless otherwise specified, the reaction advancement is moni-

tored by HPLC using the conversion of UV-traceable reactive

probe and the appearance of UV-traceable reaction product as a

reference.

Several types of reactivity profiles were expected to be ob-

served during the screening. The reactive probe was anticipated

to fall into one of five possible cases (Fig. 91). It could thus be:

» Unreactive (the probe is hydrolytically stable, but no reac-
tion is observed with any amino acid derivative).

»> Unstable (the probe hydrolyses too fast and gives no cou-
pling product with any of amino acid residues).

» Selective (the probe is stable enough and reacts preferential-
ly with a specific amino acid derivative without producing
any by-products).

» Promiscuous (the probe is reactive towards all amino acid
derivatives).

» Intermediate (the probe represents some degree of selectivi-
ty; can be regarded as a combination of previously men-
tioned cases).

Development of new bioselective ligation reactions

tion conditions, in order to better apprehend merits and possible
drawbacks of such a well-established conjugation methodology
as NCL. After having tested several buffer systems, tempera-
tures and solubilisation additives, we were able to define opti-
mal conditions for conducting the screening. PBS (1x, pH 7.5)
was found to be the most appropriate buffer for the reaction to
occur at 100 uM — 1 mM concentrations at reasonable timescale
(monitoring of the reaction advancement with HPLC for
5 hours). A very low solubility of the resulting dipeptide al-
lowed us to test various solubilisation additives in order to es-
tablish general reaction conditions appropriate even for such
poorly soluble reacting partners. Among them, dimethylsulph-
oxide (DMSO, up to 50% depending on the solubility of rea-
gents) has represented the technique of choice.

Conversion, % >80

41-60 )

Fig. 91. Possible reactivity profiles expected to be obtained during the screening.
Field stability corresponds to the percentage of the non-hydrolysed probe in aque-
ous media (100% - % of hydrolysis).
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Conditions: Buffers: PB, PBS, HEPES, TRIS, NH;HCO,.

Temperature: 4-40 °C;
Concentrations: 100 uM - 10 mM;
Solubilisation agents: 6 M GuHCI, DMSO, ACN, TFE.

MPAA:  4-mercaptophenylacetic acid.

Scheme 1. Reference reaction used to define the optimal reaction conditions for
the screening.

Before starting the design and synthesis of the reactive probes
of interest we first decided to choose the reference technique to
provide a threshold in terms of the reactivity appropriate for
bioconjugation. Native chemical ligation (NCL, see Sec-
tion A 2.3.1, page 33), one the most popular conjugation meth-
odologies used for the preparation of native proteins and pep-
tides, was chosen as a reference reaction on which we defined
standard conditions such as concentrations of reacting partners,
buffers that can be used as reaction media, the necessity of us-
ing the internal standard, and the timespan at which the screen-
ing should be conducted.

Thioester alanine derivative 17 and cysteine model probe 4
were used in the first trials to evaluate practically various reac-
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Furthermore, during these first trials we have realised that in
order to reliably estimate the conversion level of the reagents
by integrating the areas of their peaks in chromatogram traces,
the use of internal standard was crucial. Benzamide was chosen
as the most appropriate substrate for this role because of its
high visibility in UV, water solubility, and low reactivity with
both nucleophiles and electrophiles. The mitigation of the dis-
crepancy in the injection volume during HPLC analyses as well
as other technical issues were thus resolved by simply normal-
izing the areas of the peaks of reacting partners on the peak of
benzamide.

Lastly, we decided to study possible selectivity profiles by
comparing previously mentioned NCL model reaction with a
similar transformation supposedly being much less selective.
The tested reaction involved two benzoylalanine derivatives:
the previously mentioned thioester 17 and the corresponding
phenolate 18 (Fig. 92). Indeed, the difference in the reaction
selectivities of the two model cases was salient even when con-
ducted under rough reaction conditions with high concentra-
tions of reagents and absence of exogenous thiol additive.
These first results on model reactions were especially important
for assessing (and thus being prepared) for the majority of pos-
sible difficulties which one can encounter while conducting the
screening. As such, occurring simultaneously with the studied
reaction, the hydrolysis of both starting materials and resulting
products, or their degradation (e.g. by oxidation) may strongly
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affect, or even completely flaw the obtained results, and there-
fore should be addressed attentively in every case.

: HN
[0
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1 ot

HAla (2) 50%
Heys (4 s
HVal (13) 44%
HHis (14) 50%

41-60

Conversion (5h), %

Fig. 92. Comparison of the reaction profiles of the two model reactions: native
chemical ligation involving thioester-activated alanine derivative 17 and the
reaction with a phenolate-activated analogue 18. Reaction conditions: PBS (pH
7.5), TCEP (10 mM), 1 mM concentrations of reaction partners. Stability corre-
sponds to the percentage of the non-hydrolysed probe (100% - % of hydrolysis).

1.2 STRUCTURE-REACTIVITY STUDY

While non-substituted reactive probes can be used for rough
selection of potentially promising among them, further investi-
gations are usually required for improvement of their character-
istics and defining the appropriate anchor points for the intro-
duction of other functional entities (so called tags). Very often,
even a slight change of the scaffold substituents may result in
large modification of its reactivity. Therefore, a structure-
reactivity study should first be conducted for defining general
trends in the influence of substituents on the reactivity profile
of the reactive probe.

HPLC-based screening approach represents an appropriate sys-
tem for assigning the reagent’s reactivity profile towards vari-
ous amino acid side chains. However, it gives no information
about the selectivity of the probe in complex media where vari-
ous functional groups are present together. Obviously, a simple
study can be made by testing the reaction on mixtures of amino
acid models. However, there would be a big gap between the
results for selectivity, obtained on a mixture of simple amino
acid derivatives, and any real biological system. In order to
expand the applicability of the results obtained in the first step
of the screening, the elaboration of a cheap and an easily pro-
ducible complex model system to test the reactivity of the se-
lected probes in close to biological conditions was important.

1.3 TRYPTIC DIGEST OF LYSOZYME

We decided to use tryptic digest (peptide mixtures obtained
after the digestion of a protein by trypsin) of a hen egg white
lysozyme — an average-length protein consisting of 124 amino
acid residues — as such a model system. Lysozyme and trypsin
were chosen because of their high accessibility, fineness and
availability from various commercial sources at affordable
prices. Trypsin’s high substrate specificity and good reproduci-
bility of digestion have already made it one the most commonly
used enzyme in mass spectrometry. As a result, many automat-
ed algorithms are present today and are used for the identifica-
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tion of peptides present in complex mixtures. Tryptic digests
are generated by following “Keil rule”. ** Generally speaking,
it says, that during trypsin digestion of a protein, cuttings exclu-
sively occur after arginine and lysine. The rule is almost absolute
and is not applicable only if proline is situated next to arginine or
lysine in the sequence.

In the case of a hen egg white lysozyme, such a digestion re-
sults in obtaining a mixture of 59 detectable peptides with an
average size of 20 amino acid residues (Fig. 93, see Annex 1
for a full list of peptides generated by in silico digestion). The
majority of these peptides are detectable by nanoHPLC coupled
to a Q-TOF mass spectrometer (Section B 4.5, page 57). Fur-
ther MS/MS analysis of tagged peptides can provide data al-
lowing, for each peptide to determine the exact number and
type of side chains which participated in the reaction, as well as
the efficacy of the tagging (comparing the intensity of the target
peptide before and after the labelling).

a)

1 KVFGRCELAA AMERHGLDNY RGYSLGNWVC
51 TDYGILQINS RWWCNDGRTP GSRNLCNIPC
101 DGNGMNAWVA WRNRCEGTDV QAWIRGCRL

AAKFESNFNT QATNRENTDGS
SALLSSDITA  SVNCAKEKIVS
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/
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7
{
N
4
GYSLGNWVCAAK  IVSDGNGMNAWVAWR FESNFNTQATNR GTDVQAWIR

Fig. 93. Schematic representation of the procedure used for generating of the
model tryptic digest of a hen egg white lysozyme (pdb: ILYS). (a) Structure and
amino acid sequence of the protein with loci of trypsin digestion shown in green.
(b) Selected examples of the peptides generated during the digestion. The eight
most abundant peptides in mass spectra out of 59 predicted by in silico digestion
(see Annex 1) are depicted.
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A rather complex peptide mixture could thus be easily and re-
producibly prepared from a non-expensive protein source with
no need for specific equipment or expertise. It is noteworthy
that the complexity and the constitution of the generated pep-
tide mixtures can be modified by changing the protein substrate
used for digestion.

In order to increase the sensitivity of the approach the TMPP-
tagging methodology — an approach previously described by

Watson and collaborators®®>8%

as a highly-sensitive picomole-
scale method for charge derivatisation of peptides — was used.
For this purpose, a tris(2,4,6-TriMethoxyPhenyl)Phosphonium
(TMPP) probe containing a functional group of interest should
be synthesised. The permanent charge of TMPP results in in-
creasing of the ion abundance of the peptides to which it is at-
tached during the reaction and, as a result, allows enhancing the
sensitivity of the HPLC detection of low abundant side reac-
tions.

Moreover, heighten hydrophobicity of TMPP results in increas-
ing the retention time of modified peptides in reverse-phase
HPLC and shifting the peaks thereof to a less encumbered zone,
further increasing the sensitivity of the approach (Fig. 94).
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nucleophiles were published, we decided to synthesise a pool of
different scaffolds and test them in our screening system
(Fig. 95).

Cl Ph Cl Cl Ph NO,
i \ g \
N N N
HO™ HO~ HO~ HO~
19 20 21 22

Fig. 95. Hydroxyimidoyl halides and analogous structures used in the screening.

We selected the four structures 19-22 that we decided to test for
their reactivities towards amino acid derivatives 1-14. These
scaffolds were of especial interest, because another project de-
voted to bioorthogonal methodologies was ongoing in our re-
search group. We expected nucleophilic amino acid side chains
to react either by attacking the electrophilic hydroxyimidoyl
moiety directly (Scheme 2, pathway a) or by reacting with ni-
triloxides generated in situ (Scheme 2, pathway b). Importantly,
the electrophiles that would be found unreactive towards tested
amino acid side chains could be further tested for their reactivi-
ty as possible bioorthogonal reagents.

- Linker ~N TMPP tagging offers:

~0 P* Functional - hydrophobic shifted elution;
Group - increased ionization efficiency Of

O\ labelled peptides;
- interpretable CID MS/MS spectra.

Fig. 94. Structure of TMPP-probe: tris(2,4,6-trimethoxyphenyl)phosphonium
fragment (shown in blue) responsible for the improvement of the sensitivity of the
detection by increasing the ion abundance and hydrophobic shifting of the modi-
fied peptides; functional group of interest (shown in green); and linker connecting
the two previously mentioned fragments together.
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Scheme 2. Two possible pathways for hydroxyimidoyl halides’ and analogues’
reactivity. a) Direct reaction with nucleophiles (HNu). b) In situ generation of
highly reactive nitriloxides.

Probably one of the most reactive among hydroxyimidoyl hal-
ides, the probe 19 was synthesised from acetophenone via di-
rect oxidative chlorination with the aqueous HCI/HNO; mixture

(aqua regia) using procedure developed by Hamersak et al. *

2 DESIGN AND SYNTHESIS OF THE PROBES

At the time the project started, we decided to define appropriate
candidates for bioconjugation by first conducting an extensive
survey of literature. As a result, three classes of reagents of
interest were identified: imidoyl halides and analogues, which
we expected to generate active reactive species in situ; a series
of activated Michael acceptors envisioned for amino-selective
modifications; and a set of electrophiles presumably possessing
selectivity towards nucleophilic amino acid side chains. Syn-
thetic approaches used for the preparation of each reagent will
be discussed below.

2.1 HYDROXYIMIDOYL HALIDES AND ANALOGUES

The class of hydroxyimidoyl halide and analogues with general
structure -C(X)=N-OH (Fig. 95) was envisioned because these
were known to possess unfamiliar reactivities, namely resulting
from the tendency of the electrophilic centre to generating high-
ly reactive nitriloxides in situ.3® Because at the time the project
was initiated, no reports on nitrile oxides’ reactivity towards
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Scheme 3. Synthesis of N-hydroxybenzimidoyl chloride (19).
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Both phenyl- and corresponding benzyl-substituted hydroxy-
imidoyl chlorides (20-21) were synthesised accordingly to a
classic protocol having the chlorination of the corresponding
oximes with N-chlorosuccinimide in the presence of catalytic
amount of pyridine as the key step of the synthesis.

NHOHHCI,
o K,COy
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20 -R=Ph (48%)

21 -R=Bn(27%)
Scheme 4. Synthesis of N-hydroxybenzimidoyl (20) and N-hydroxy-2-
phenylacetimidoyl (21) chlorides. The overall yield is presented in the parenthe-
ses.
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Nitro(phenyl)methanone oximes (also referred to as nitrolic
acids) attracted our attention because they were reported in
early publication of Kornblum and Weaver®” to possess peculi-
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ar reactivity towards nucleophiles. Because arylnitrolic acids
were reported to be easily hydrolysable, we decided to devote
our efforts for synthesising the corresponding alkyl-substituted
analogue which we expected to be more stable. The probe 22
was synthesised using a slightly modified classical procedure of

897 which consists in an unfamiliar

Komblum and co-workers,
one-step transformation from (2-bromoethyl)benzene with 18%
yield. The reaction and the hypothesised mechanism of this

transformation are depicted in Fig. 96.
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Fig. 96. a) Synthesis of nitrolic acid 22. b) Mechanism of the reaction proposed
by Kornblum and Weaver. 8’
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Alkyl-imidates — the class of compounds to which the probe 25
belongs — are closely related to imidoesters known for their
exceptional reactivity in bioconjugation (see Section A 1.3.10,
page 18). We therefore expected 25 to possess interesting reac-
tivity profile, because of the presence of a moderately activated
electrophilic centre and a very good leaving group (isoindoline-
1,3-dione). The probe was synthesised using a procedure devel-
oped by Matoba et al.*” for the preparation of O-alkylated iso-
indoline-1,3-diones. Preferential O-alkylation is achieved by
using oxophilic base — silver carbonate.

BnBr,
NH Ag2CO3 AgNO3
—

/
9%

EtOH
25

Scheme 6. Synthesis of 3-(benzyloxy)-/H-isoindol-1-one (25).

2.2 ACTIVATED MICHAEL ACCEPTORS

Another class of reagents which was chosen for screening is a
series of electrophiles which were expected to possess peculiar
reactivities, especially towards specific N-terminal amino acid
residues (Fig. 97). All of these probes contain electrophilic cen-
tres of different reactivity including stabilised enolate ana-
logues (23-25) and activated carbonyls (26-27).

2-formylbenzoic acid 26, which under physiological conditions

exists nearly exclusively in its tautomeric
3-hydroxyisobenzofuran-1(3H)-one form (Fig. 98), was select-
ed for the screening because it was hypothesised to possess
slightly reduced electrophilicity compared to arylaldehydes,
which are known to react with the free amines present in pro-
teins. We anticipated the formation of the cyclic form to be
beneficial for the selectivity of otherwise promiscuous arylal-
dehydes. Moreover, the presence of the neighbouring carbox-
ylic acid functionality would result in the theoretical possibility
of modifying the reactivity of the probe in its reaction with nu-

cleophilic amino acid side chains.

o
(0] Ph [¢]
o N ) N
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Fig. 97. Activated Michael acceptors selected for the screening.

o OH
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Fig. 98. Equilibrium between cyclic and open forms of 2-formylbenzoic acid (26).

The two structurally similar probes 23 and 24 were synthesised
from hippuric acid (Scheme 5) and isochromane-1,3-dione re-
spectively by their reaction with triethyl orthoformate in acetic
anhydride
dimethylaminopyridine (DMAP).

in the presence of catalytic amount of 4-
808

DMAP
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Scheme 5. Synthesis of 4-(ethoxymethylene)-2-phenyloxazol-5(4H)-one (23) and
4-(ethoxymethylene)isochromane-1,3-dione (24).

Probe 27 represents an example of a well-documented class of
compounds — oxazol-5-ones — which represent by-products
often obtained during peptide synthesis.®’® These are obtained
by intramolecular attack of the carbonyl group of the adjacent
amide bond if no nucleophile is present in the reaction media.
The reaction is accelerated when benzoic acid amide is used.
We anticipated oxazol-5-one 27 to be subjected to a ring open-
ing with nucleophilic amino acid side-chains.

16 W
[0} o]

)§N -DCU <
F TEA, DCM HN f

27 (95%)

Scheme 7. Synthesis of 4-isobutyl-2-phenyloxazol-5-one (27) from benzoyl-L-
leucin.
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2.3 VARIOUS CHEMICAL FUNCTIONS

Finally, the last group of reagents 28-32 designed for screening
involved chemical functionalities which were chosen because
of their reported peculiar reactivity towards specific chemical
groups, although most often in organic solvents (Fig. 99).

Development of new bioselective ligation reactions

wards cysteine or hydrolytic stability have been conducted to
date. The probe is obtained during sulfuryl chloride-mediated
oxidation of an easily obtainable precursor 30a (Scheme 10).

Cl Ph Ph

[e]
e U S|
O‘ ol O%\Nko 07w ;
Ph) — u
28 29 30 31 32

Fig. 99. Structures of chemical probes used in the screening.

Cl

e g

25%
0a 30

Scheme 10. Synthesis of 2-benzyl-5-chloroisothiazol-3(2H)-one.

The probe 28 represents an example of an activated analogue of
a class of substituted 1,4-naphtaquinones. These compounds
were recently reported as irreversible protease inhibitors, 5!
which supposedly act by reacting with nucleophilic amino acid
residues of the enzymes’ active sites. The target reagent was
synthesised by biphasic chlorination of non-substituted 1,4-
naphtaquinone by sodium perchlorate in the presence of tetra-
N-butylammonium bromide (TBAB) as a phase transfer cata-

lyst using a procedure described by Cheng et al.®"?

o o
10M HCI, NaCIO3, Cl
TBAB
B
EtOAc, 50 °C

O LI
I 45% I

O O
28

Scheme 8. Synthesis of 2,3-dichloronaphthalene-1,4-dione (28).

1,2,4-triazole-3,5-diones, a class of activated electrophiles to
which probe 29 belongs, are known for decades, especially for
their reactivity as dienophiles in the Diels-Alder reaction and
with strong nucleophiles.’”® As the phenyl-substituted 1,2,4-
triazole-3,5-diones were reported to possess higher stability
than corresponding alkyl-substituted derivatives, 29 was select-
ed as a probe most appropriate for conducting the screening.
Moreover, its synthesis was easily achievable by one-step oxi-
dation of the commercially available phenyl urazole. Unfortu-
nately for us, right at the time we had finished the screening,
Barbas and co-workers have reported®** and further expanded®”
the application of the scaffold for selective tyrosine labeling.

The interest in the preparation of 31 aroused from the effective-
ness mentioned by Kozhushkov et al."®of thiol addition to the
double bond of bicyclopropylidene in organic solvents. The
synthesis of a key intermediate — non-substituted bicyclopropy-
lidene — was accomplished following the protocol reported by
the same research group.®® It begins with a Kulinkovich reac-
tion between methyl cyclopropanecarboxylate 31e and ethyl
magnesium bromide to form the second cyclopropyl moiety of
the 1-cyclopropylcyclopropanol 31d with excellent yields. The
next step is the alcohol substitution with bromine by means of
Appel reaction to yield 31c. The following reaction with potas-
sium fert-butoxide results in obtaining the strained bicyclo-
propylidene 31b — the key intermediate of the synthesis. This
could easily be transformed into the corresponding acid 31a by
quenching the carbanion generated with n-butyl lithium with
carbon dioxide. Remarkably, the obtained acid was stable
enough to be introduced into peptide coupling under classical
conditions with no specific precautions to be met.

[o}
EtMgBr PPh, Br,
>—< T|(| PrO)4 _ Pyridine rldlne
— r
31e Et20 DCM 31c
98% 60%
+BuOK l DMSO
BnHN
" BnNH,  HO,C 1. Buli 5%
DIPEA HBTU 2.CO,
DCM THF
38% 31a 93% 31b

Scheme 11. Synthesis of 2,3-dichloronaphthalene-1,4-dione (31).

HN—NH

o o oo

>

29

Pb(OAc)s
- -
DCM, r.t.
quant.

Scheme 9. Synthesis of 2,3-dichloronaphthalene-1,4-dione (29).

5-Chloroisothiozolones, represented in our screening by the
reactive probe 30, were reported to possess inhibitory activity
towards thiol-dependent cysteine protease cathepsin B,*'* pre-
sumably by their reaction with cysteine residues in the active
site of the enzyme. However, no studies of their selectivity to-
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Lastly, conjugated alkynenitriles have been the subject of vari-
ous studies devoted to the development of new synthetic ap-
proaches to new carbocyclic and heterocyclic compounds under
nucleophilic addition and cycloaddition reaction condi-
tions H1681781% A recent publication of Trofimov
co-workers*'® has attracted our attention because it described
the synthesis of new functionalised cysteine and methionine
derivatives by reaction between these amino acids and

and

3-phenylpropiolonitrile (32). Interestingly, the reaction was
found to occur at fast rate in water/acetone mixtures (50:50),
which gave a hint onto possible sufficient enough stability of
3-arylpropiolonitriles.
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3 SCREENING

After having synthesised the reacting probes 19-32 and opti-
mised the screening conditions, we could turn to the screening
of their reciprocal reactivity with amino acid derivatives 1-16.
The reactions were conducted directly in HPLC vials at 1 mM
concentrations of the reacting partners (see Section D 2.2, for
practical details). The reaction mixtures, which contained ben-
zamide as internal control in order to mitigate the uncertainties

Development of new bioselective ligation reactions

related to variations of injection volume, were analysed by
comparing the HPLC traces at T, of about 1 minute (first injec-
tion after the mixing) and T.,q of 5 hours. The obtained results
are depicted in Fig. 100.

For the reagents which possessed significant level of hydroly-
sis, the level of the probe’s conversion was regarded as partially
due to hydrolysis (calculated from the area of the peak of the
hydrolysed product) and to the reaction with amino acid deriva-
tive (calculated from the area of the product’s peak).

Ph o

EtO EtO

Stability

HGly (1)
HAla (2)
HSer (3)
HCys (4)
HTyr (5)
HMet (6)
HLys (7)
HPro (8)
HGIn (9)
HTrp (10)
HArg (11)
HAsp (12)
HVal (13)
HHis (14)
AcLys (15)

AcCys (16)

Ph O/&N o
¢l Ph__cl cl Ph__NO,
o Ph/\( o
] T ] \( o)’ \,> | H
N 0N oN oN SN

9% ‘SINOY G UT UOISISAUO))

Fig. 100. Results of the screening. Reaction conditions: PBS (1x, pH 7.5), 25 °C, | mM concentrations of the reagent partners, 5 mM concentration of benzamide. Sta-

bility corresponds to the percentage of the non-hydrolysed probe.

The majority of the selected probes turned out to be either un-
stable in aqueous media (19-21, 24), or too unreactive towards
any of amino acid derivatives (22-23, 25, 27). Some represent-
ed several degrees of selectivity (24, 26), but the reactivity was
not high enough and only modest yields were observed after 5
hours of reaction at 1 mM concentrations of the reagents, which
automatically makes these reactions unsuitable for bioconjuga-
tion. Finally, probes 28-32 demonstrated high selectivity to-
wards specific nucleophilic amino acid side chains. As it was

previously noted, by the time the screening was over, the dehy-
drourazole 29, which was found to possess interesting selectivi-
ty profile towards tyrosine, the very same scaffold was reported
by Barbas group.’” Although being selective towards cysteine,
the probe 31 represented only moderate reactivity and thus was
not further investigated.

Our focus was therefore set on the three most promising cyste-
ine-selective scaffolds: 2,3-Dichloronaphthalene-1,4-dione
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(2 8)5 and 3-

phenylpropiolonitrile (32).

2-benzyl-5-chloroisothiazol-3(2H)-one  (30),
2,3-Dichloronaphthalene-1,4-dione (28) possessed an important
drawback we became aware of while conducting first trials.
Namely, an important level of cysteine oxidation was observed
along with the conjugation, which would eventually result in
low over-all efficiency of the conjugation.

Despite its high level of conversion and exceptional reaction
rates (complete conversion in 20 minutes) towards both
N-terminal and in-chain model cysteine derivatives (4 and 16
respectively), 2-benzyl-5-chloroisothiazol-3(2H)-one (30) was
rather unstable in aqueous solutions and upon storage, thus
requiring the preparation of its fresh solutions for each screen-
ing essay. Moreover, both the starting products and the ob-
tained reaction products were highly reactive towards TCEP - a
classical reducing agent used in bioconjugation. Because the
use of thiol-containing reducing agent such as DTT or
B-mercaptoethanol is not compatible with any among thiol-
selective methodologies, this reactivity towards TCEP would
largely limit the applicability of the scaffold 30 for the majority
of the applications in bioconjugation on cysteine, for they gen-
erally imply prior reduction of disulphide bonds to uncover the
reactive thiolate side chains thereof.

3-Phenylpropiolonitrile (32) — an example of a larger family of
3-arylpropiolonitriles (APN) — undoubtedly came forth in terms
of results obtained during the first step of the screening and
thus was decided to be elaborated further in more details.

4 3-ARYLPROPIOLONITIRILES (APN)

4.1 ANALYSIS OF ADDITION PRODUCTS

First, the reaction of cysteine derivatives 4 and 16 with 32 was
analysed by scaling it up and isolating the obtained addition
products. In accordance with the results obtained by Trofimov

416 these were

and co-workers for non-substituted cysteine,
found to be a mixture of (E)- and (Z)-isomers of the corre-

sponding vinylthioethers 33 and 34 (Scheme 12).

N N
A}
N M. Il
‘ ‘ HSH@ Pz = 7H
N .
Il R—NH H ‘_\\H>
sRIH R o) R ) o
16 (R = Ac) ~N . “N
I H H
PBS, pH 7.5 HN HN
quant.
32 [¢2] (E)

33(zE = 86:14) R=H
34(zE=95:5) R=Ac

Scheme 12. Model reactions of cysteine derivatives 4 and 16 with 4-
phenylpropiolonitrile 32.

4.1.1 Stereoselectivity study

The ratio between isomers could be defined either by HPLC or
by NMR. The exact constitution of two geometric isomers can
be easily attributed using 2D-NOESY spectrometry. While both
isomers possess a very characteristic signal in '"H NMR at 5.0-
5.5 ppm, which corresponds to the vinylic proton of the adduct
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(Scheme 12, shown in red), the correlation of this signal varies
depending on the isomer. Accordingly, the (Z)-isomers of 33
and 34 represent a well distinguished correlation signal between
the vinylic proton and two aromatic protons of the neighbour-
ing phenyl ring, while for the (E)-isomers a correlation between
this proton and the neighbouring CH, group was observed (see
Annex 2 for an example of NOESY spectra of the addition
products).

As one could already assume from the above-depicted results,
the ratio between two geometric isomers appeared to be de-
pendent on the structure of the thiol participating in the reac-
tion. In order to test this assumption, a study involving differ-
ently substituted thiols was conducted. We found that, in all
tested cases, the main product was the (Z)-isomer of the vinyl-
thioethers. The ratio is slightly shifted towards the (E)-isomer
(with the (Z)-isomer still being major) when highly encumbered
thiols or those possessing positively charged functional groups
situated in a close proximity to their sulthydryl groups are used
(Table 3). While the first observation could be logically attend-
ed (basing on the relative size of the hydrogen atom and the
cyanogroup), the influence of the neighbouring positive charge
on (Z):(E) ratio is unclear and requires deeper study of the reac-
tion mechanism.

Table 3. Influence of the thiol structure on (Z):(E) ratio of the addition
products obtained in the reaction with 32°.

Thiol 4 16
(Z):(E)  86:14  95:5

* Reaction conditions: PBS:DMSO (80:20, pH 7.5), 25 °C, 1 mM con-
centrations of both reaction partners.

BnSH
93:7

PhSH
97:3

EtSH
96:4

t-BuSH
90:10

Lastly, the reaction of in-chain cysteine model 16 with 32 was
conducted at different temperatures, keeping all other reaction
conditions unchanged. Interestingly, we have found that there
was no or a very slight influence of the temperature on the ste-
reoselectivity of the addition (Table 4).

Table 4. Influence of the temperature on (Z):(E) ratio of the addition
products obtained in the reaction of 16 with 32°.

Thiol
(2):(E)

* Reaction conditions: PBS:DMSO (80:20, pH 7.5), 1 mM concentra-
tions of both reaction partners.

16 (4 °C)
95:5

16 (25 °C)
95:5

16 (37 °C)
96:4

4.2 BENCHMARKING WITH OTHER METHODS

After having explored the reaction of 32 with various thiol-
containing probes, we decided to compare the reactivity profile
of 32 with other well-established methods used for cysteine
modification. For this, a series of chemical scaffolds including
maleimide (35), iodoacetamide (36), 4-vinylpyridine (37), al-
kynoic amide (38), and alkynone (39) derivatives was prepared
(Fig. 101). Some of these probes (35-37) belong to already es-

28

tablished methodologies for cysteine modification, while

other scaffolds (38-39) represent two classes of activated al-
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kynes recently described by Che and collaborators*” as promis-

ing reagents for the modification of cysteine-containing pep-

é éé@é

Fig. 101. Set of cysteine reactive probes investigated during the benchmarking.

In spite of being widely used for modification of cysteine in
peptides and proteins, all the approaches available to date pos-
sess drawbacks limiting their general applicability, which are
mainly evoked by the presence of undesired side reactions dur-
ing conjugation (in case of iodoacetamides and malei-
mides),”%%%! and the relative instability of resulting conju-
gates in aqueous media.”>%*

4.2.1 Hydrolytic stability and reactivity

We thus decided to proceed by conducting a side-by-side com-
parative study of the aqueous stability and reactivity of probe
32, 35-39. All tests were done in standard conditions (PBS
buffer, pH 7.6, 25 °C). The reactivity of the probes was studied
on their reaction with Cys derivatives 4 and 16 at 1 mM con-
centration of both reacting partners. The obtained results are
summed up in Table 5.

Table 5. Hydrolytic stability and reactivity of reactive probes 32, 35-39
with a UV-traceable cysteine derivative.

32 35 36 37 38 39

Degradation®, % 0 25 0 0 0 0.9
Kobs, 8™ - 7x107 - - - 2x10°
Yield®, % 94 99 81 60 74 99
ky, M's™! 3.1 >50 1.2 0.4 0.8 >50

Development of new bioselective ligation reactions

higher than that exhibited by iodoacetamide (36, k, =1.2 M™'s
"), about 4 times higher, compared to alkynoic amide (38,
k,=0.8 M's") and exceeds that of 4-vinylpyridine (37,
k, = 0.4 M's™) by the factor of 8.

The presence of an activated ketone group in the structure of
alkynone 39 resulted in obtaining complex mixtures of the ad-
dition products when N-terminal cysteine derivative 4 was
used, which is why we had to in-chain cysteine probe 16, which
do not possess a free amino group, to study the reactivity of
alkynone 39 (see Annex 5 for HPLC traces).

Even though, the kinetics of the reaction of 32 was slower than
that of maleimide 35 and alkynone 39, where complete conver-
sion was achieved in less than 30 minutes of reaction (k, was
estimated to be higher than 50 M''s™"), the chromatographic
traces corresponding to APN 32 were mostly much neater and
generally better reproducible. This observation gave us a hint
on possible higher selectivity of APN and prompted us to fur-
ther investigate it in details.

4.2.2 Selectivity

Having these first promising results in hand, we thus decided to
broaden the study and search for possible side reactivities with
other nucleophilic amino acids. For this purpose the reactivity
of the probes 32 and 35 was tested on a full series of amino acid
derivatives 1-14 used in the first step of the screening (see Sec-
tion B 1.1, page 45). As previously, all reactions were analysed
by HPLC after 5 hours of reaction. We found that both studied
electrophiles appeared quite chemoselective for cysteine. How-
ever, in our rather stringent conditions (1 mM concentration of
reagents) maleimide 35 showed a significant conversion level
in the presence of such amino acids as glycine, serine and histi-
dine derivatives (Table 6).

Table 6. Conversion of UV-traceable amino acid derivatives 1-14 in the
presence of 32 and 35.

* Conversion of electrophile in 1 hour; measured by calibrated UV-
HPLC traces, using benzamide as an internal standard at 1 mM concen-
trations of reagents in PBS:DMSO (4:1) at pH 7.6 at 25 °C (see Annex
3 and Annex 4 for corresponding HPLC traces).

Concerning aqueous stability of reactive probes, we found that
maleimide 35 underwent 25% of hydrolysis after 1 hour in PBS
at 1 mM concentration (ky,s = 7x107s™), while very little (for
alkynone 39) or no degradation (probes 32, 36-38) could be
detected for the other tested electrophiles (see Annex 3). Inter-
estingly, even after a month in PBS at 25 °C no traces of degra-
dation could be detected for 32. Noteworthy, maleimides’ sen-
sitivity to hydrolysis may explain in part the need to add an
excess of maleimide-containing probe when performing label-
ling of complex biological mixtures.

Concerning the reactivity, it was found that all reagents 32,
35-39 gave from moderate (36-38) to very good yields (32, 35
and 39). APN 32 reacted with cysteine derivative with a sec-

1

ond-order rate constant of k, =3.1 M's”!, which is 2.6 times

32 35 32 35
HGly (1)  0.2% 3.3% HGIn(9) 0.1% 1.7%
HAla(2)  0.1% 0.2% HTrp (10)  1.3% 1.0%
HSer(3)  0.3% 2.8% HArg (11)  0.4% 2.9%
HCys (4)  98% 100%  HAsp(12)  0.6% 1.3%
HTyr (5)  1.6% 2.4% HVal (13)  0.7% 0.9%
HMet (6)  0.1% 1.9% HHis (14)  0.6% 8.5%

Conversion of amino acid derivatives in 1 hour; measured by calibrated
UV-HPLC traces, using benzamide as an internal standard at 1 mM
concentrations of reagents in PBS:DMSO (80:20) at pH 7.6 at 25 °C. In
cases shown in bold masses of corresponding adducts were detected by
ESI-LCMS.

After having compared 32 with other known methodologies and
defined its highly promising potential for cysteine conjugation,
we decided to test APN in the second step of the screening: on
the tryptic digest of lysozyme. However, before being able to
conduct the study, we had to investigate the influence of the
substituent introduction on the reactivity and stability of APN.
The section to follow is thus devoted to the synthesis of substi-
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tuted APNs and the study of their reactivity towards Cys moie-
ty.

4.3 SYNTHESIS OF SUBSTITUTED APN

The synthesis of 4-arylpropiolonitriles has been the subject of
several studies. The three most elaborated approaches allowing
for synthesising APN are: MnO,-mediated free radical oxida-
tion of the corresponding propargylic alcohols in the presence
of ammonia, cyanation of the corresponding arylalkynes, and
transformation of arylaldehydes to chlorovinyl nitriles followed
by the elimination reaction in the presence of very strong bases
(Scheme 13).

OH
I
‘ ‘ Tandem oxidation
———— ‘ AN
) -
\ \ ) P
/\R

Scheme 13. Known synthetic approaches to APN. a) MnO,-mediated tandem
oxidation of 4-arylpropargylic alcohols. ¥** b) Cyanation of arylalkynes. 5282 ¢)
Elimination of HCI from the o-chlorovinyl nitrile obtained in situ via Wittig
reaction. ¥’
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Overall three different synthetic approaches were used for So-
nogashira coupling depending on solubility and reactivity of the
starting haloarene and were mainly introduced in response to
emerging issues encountered during the synthesis (Scheme 15).
During the first trials, the oxidation of arylpropargylic alcohols
to corresponding APN presented several difficulties. These
were found to be mainly due to the low activity of MnO, avail-
able in the laboratory at that time. To overcome the issue, high-
ly active form of MnO, was prepared using classical approach
consisting in the reaction of equimolar quantities of MnCl, and
KMnOy, in water with a careful control of the reaction tempera-
ture in order to obtain highly dispersed form of the oxidant. The
reaction with this newly obtained oxidising agent was smooth
for the vast majority of APN. However, the necessity of con-
ducting the oxidation in the presence of ammonia (see mecha-
nism, Scheme 14) results in several limitations of the approach.

R propargylic alcohol R OH
LN, Properole TR RN
— Conditions —
Conditions:  A. DIPEA (10 eq), PdCly(PPha),, Cul, DMF.

B. PdCly(PPhs)2, Cul, TEATHF (50:50).
C. Pyrrolydine (or propylamine), Pd(PPha)a-

Scheme 15. Sonogashira coupling used for the synthesis of arylpropargylic alco-
hols (see Section D 2.9, page 77)

After having conducted first trials on simple non-substituted
substrates, we chose only two methodologies (Scheme 13, a
and b) for further applications, for the procedure of the last
approach (Scheme 13, ¢) was considerably more laborious.

4.3.1 Tandem oxidation of 4-arylpropargylic alcohols
The approach described by McAllister and co-workers®* has
attracted our attention because of its ease and general applica-
bility for substrates containing various substituents. The key
step of the transformation consists in an in situ oxidation-
imination-oxidation sequence of the propargylic alcohols,
which can be prepared from corresponding haloarenes via well-
elaborated Sonogashira coupling reaction.

Firstly, the obtained 3-arylpropiolonitriles can hydrolyse in
presence of ammonia to the corresponding 3-arylpropiolamides
(Scheme 16), which were found to be almost completely unre-
active towards cysteine. Consequently, the passing of every
reaction should be carefully controlled by TLC in order to
quench it at the proper time, which may vary largely depending
on the temperature, the activity of MnO,, and the substitution of
the APN core. Generally, the reaction time lay in the range of
1-24 hours.

NH;, R\i _
— N/ —

NH
H0 Ri—= 0
HZ

H,

Scheme 16. Hydrolysis of APN in the presence of ammonia.

N
_— OH . Z
R R R
S >(Sonogashira coupling XX = MnO,, NH; (1PA) NG =
DN RN

X=Br,| Mno2

Scheme 14. Synthesis of APN from haloarene via Sonogashira coupling with
propargyl alcohol followed by tandem oxidation with MnO, in the presence of
ammonia solution.

MnOz

Present ammonia can also act as a base when activated APN are
generated during oxidation. This was the case, for instance,
during our tries to synthesise (2-pyridyl)-substituted APN de-
rivative, where the reaction quantitatively yielded to the corre-
sponding APN-NH, adduct 40 (Scheme 17).

= ‘ = =
Ns Na ‘ N
MnO, NH3(ipA) NH,
- = . -
Il MgS0,, THF I HNT
HO \’J ‘N‘
40a 40 (77%)

Scheme 17. Addition of ammonia to activated APN (see Annex 6 for NMR spec-
tra of the starting material and the product).
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Secondly, because the reaction is conducted under highly basic
conditions, all acidic functional groups will be deprotonated.
This, in its turn, may result in lowering the solubility of the
starting material. For instance, because of the solubility issues,
p-COOH substituted APN 42 could not be synthesised in a
straightforward way from the corresponding propargylic alco-
hol, but instead a 4-step synthetic pathway including protec-
tion-deprotection steps was used (Scheme 18).

(o) O,
a b
; ¢ 1 — —x >—< :)77 =N
H 45% 0% H
42

0195%

O
>T

fTES%

)v

42c 42b 42a

98% 47%

o} OH
. >—< :)—/i
M
o} OH
;; < :: — / e
Scheme 18. Synthesis of APN-p-COOH using a 4-step pathway including protec-
tion and deprotection of the carboxylate. Reaction conditions: a) and d)

PdCl,(PPhs)s, Cul, propargylic alcohol, DIPEA, DMF; b) and ¢) THF-IPA(NH3),
MgSO4, MnOs; ¢) Boc,0, Et,0; f) TFA, ACN.
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synthesis of the 0o-OH substituted APN analogue, where instead
of the target compound its cyclised isomer 43 was obtained.

OH OH

OH MnO, NHj NHj
— . /Ny = =N | —
= MnSO,, IPA, THF —

43a 43 (77%)

Scheme 20. Cyclisation APN-0-OH under basic conditions.

4.3.2 Cyanation of alkynes

Mainly because of the limitations of McAllister’s approach we
were continuously developing alternative methodologies for
APN synthesis. Out of many transformations described in liter-
ature, cyanation of alkynes has drawn our attention, because it
allowed to broaden the list of propiolonitriles towards several
scaffolds not accessible by McAllister’s approach, namely al-
kyl-substituted propiolonitriles. We started with testing two
main protocols of cyanation described in literature: by means of
electrophilic cyanates and utilising oxidative cyanation with
copper (I) cyanide (Scheme 21).

It is noteworthy that the last step of ters-butyl deprotection
(Scheme 18f) must not be conducted in dichloromethane (under
classical conditions), lest Ritter reaction takes place and the
corresponding N-fert-butyl amides are obtained as by-products
(Scheme 19).

a) J< +H* H*
RO -ROH

CH
c) 3
)@ 0:&
HiC—=N HsC :N*% H —é

Scheme 19. Ritter reaction observed during zert-butyl deprotonation. (a) Genera-
tion of the carbocation upon deprotection. (b) Ritter reaction on APN resulting in
obtaining the corresponding fert-butyl amide. (¢) Scavenging of the generated
carbocation by acetonitrile.

1. BuLi, THF, -78 °C
2. PhOCN (44)

a)

R— CUCN, Nalgy R——=N
DMSO/ACN/H,0

TMSCI, 50 °C, 24-72 hours

b)

Scheme 21. Two main approaches used for arylalkynes cyanation: a) with phe-
nylcyanate (44); b) by means of oxidative cyanation in the presence of CuCN.

As a result of this model study, the cyanation of the carbanions
generated from arylalkynes with phenyl cyanate described by
Murray and Zweifel (Scheme 21a)*?® became our procedure of
choice, because the oxidative cyanation with copper (I) cyanide
(Scheme 21b) was less smooth, required longer reaction times,
and implied the utilisation of more complex isolation proce-
dure.

The chosen approach was especially helpful for the preparation
of two 3-alkylpropiolonitriles: 3-cyclopropylpropiolonitrile (45)
and 3-cyclohexylpropiolonitrile (46) (Scheme 22) which were
useful during the study of APN reactivity (see Section 4.4)

Instead, the reactions should be done in solvents (or with addi-
tives) which can trap generated fert-butyl cation and prevent the
formation of the nitrilium ion. As such, acetonitrile, dioxane,
and THF were used. While no reaction occurred in dioxane and
THF (even after 24 hours of stirring at 25 °C), the deprotection
of 42a in acetonitrile passed smoothly and gave no by-products.
Finally, because of the increase basicity of the media, some
functional groups may increase their reactivity because of
deprotonation. This was the issue we encountered during the

BuLi PhOCN (44
R——=—Li

[— —N
— Et0,-78°C Et,0, 0°C -

R: Cyclopropyl, 45 (52%)
Cyclohexyl, 46 (75%)

Scheme 22. Direct alkynes cyanation with phenyl cyanate.

Cyanation using phenylcyanate was found to be very effective
for the preparation of non-activated APN; however, all our ef-
forts to synthesise the activated (pyridyl)-substituted APN
probes failed. Even at low temperature the reaction of the less
reactive 3-pyridyl-substituted isomer resulted exclusively in
obtaining the addition product 47 between APN and phenolate
leaving group (Scheme 23).
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Scheme 23. Addition of phenolate to activated APN.
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decrease of the reaction constant, while the introduction of cy-
clohexyl entails even more drastic 10-fold slump.

Table 7. Reaction 4-phenyl-, 4-cyclopropyl-, and 4-cyclohexyl-
substituted propiolonitriles with phenylethylenemercaptane.

4.3.3 Direct arylation of propynenitrile

Finally, we decided to try to develop a methodology which
would allow us to introduce propiolonitrile functionality in one
step on late stages of synthesis. We thus tried to elaborate an
approach for the preparation of APN from the corresponding
arylhalides by Sonogashira coupling with propynenitrile (48).
The synthesis of 48 is well described and consists in dehydrata-
tion of the commercially available propynamide with phospho-
rus pentoxide (Scheme 24a).

N
/\/@ \\ R
HS —

= =~ .
PBS:DMSO = 80:20
pH 7.4,25°C

Y,

. Ve > (-
32 45 46
Yield®, % 77 43 25
ko, M's™! 0.944 0.216 0.096

P4O1o, 180 °C

N — CN
///L NH, 23% 48
b) R 48, Pd®, cu(l) R
/\/ \ | # \ — —N

—
— DIPEA, THF —
0%
Scheme 24. Direct approach towards APN. a) Preparation of propynenitrile (48)
from propynamide. *** b) Sonogashira coupling of 48 with arylhalides. No product
was obtained due to a fast degradation of 48.

* Measured by calibrated UV-HPLC traces basing on the signal of phe-
nylethylenemercaptane, using benzamide as an internal standard at
1 mM concentrations of reagents in PBS:DMSO (4:1) at pH 7.6 at
25 °C (see Annex 8 for corresponding HPLC traces).

Unfortunately, propynenitrile was found to be especially unsta-
ble in basic media and in presence of Palladium complexes
required for conducting the Sonogashira coupling. Complete
degradation of propynenitrile resulted in yielding no target
product at any of the tested reaction conditions including using
of various bases (TEA, DIPEA, and propylamine), different
(Pd(PPhs);  Pd(PPhs),Cly),

catalysts and

(0 - 60 °C).

temperatures

4.4 STRUCTURE-REACTIVITY STUDY

The developed synthetic approaches opened for us the possibil-
ity to prepare differently substituted APN derivatives, as well as
corresponding alkyl analogues, which we have chosen to begin
our structure-reactivity study with.

The influence of the aryl moiety on the reactivity of propioloni-
triles was thus analysed by conducting a comparative study
involving a non-substituted APN 32, its cyclopropyl- (45), and
(46) alkyl-
substituted propiolonitriles are not UV-visible, we decided to

cyclohexyl-substituted analogues. Because
use phenylethylenemercaptane as a reacting partner in order to
make the reaction followable by HPLC.

As it clearly follows from the obtained results (Table 7), the
presence of an aryl moiety is of crucial importance for the reac-
tivity of substituted propiolonitriles towards thiols. A simple

substitution of phenyl residue by cyclopropyl results in 4.4-fold
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We thus decided to continue our investigation on 4-aryl-
substituted propiolonitriles exclusively and synthesised a series
of differently substituted APN. All of these substrates were
tested for reciprocal reactivity with the model in-chain cysteine
derivative 16. In order to be able to easily compare the reactivi-
ty of differently substituted APN without need to conduct ex-
haustive kinetic measurements, all reactions were decided to be
tested in the same reaction conditions. Following comparison of
the APN conversions would in this case correlate with their
relative reactivity towards thiols.

The concentrations were selected at such a level as to provide
about 50%
30 minutes of the reaction (time of one HPLC run). This con-

conversion of a non-substituted APN 32 after
centration was experimentally defined to be 50 pM in PBS at
pH 7.5. The measured conversions of APN 32, 49-60 are
summed up in Table 8.

Interestingly, the reaction was found to be extremely sensitive
to steric hindrances induced by substituents in ortho-position to
propiolonitrile group (compounds 52, 57) as well as to the elec-
tronic effect of the substituent. Concerning the effect of substit-
uent in the para-position, we noted that electron-donating
groups decreased the yield, while the electron-withdrawing had
the opposite effect. For instance, APN-p-NH, (55) gave an 7%
yield of cysteine adduct, while APN-p-NHAc (59) afforded
52% yield that is comparable to an nonsubstituted APN 32, and
APN-p-CONHMe (60) yielded 86%. The fact that the reactivity
of APN can be easily modulated either by changing the nature
of the substituent or its position on the aromatic ring, represent-
ed an important advantage compared to other methodologies.
According to obtained results, we defined the para-position of
the APN phenyl ring as the most appropriate locus for the at-
tachment of functional tags required for further steps of the
screening, namely, the subject of the next section — screening of
the APN selectivity on the tryptic digest of lysozyme. XXX
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Table 8. Reaction of substituted APN with 16.

AcHNj\f

NHBn
NHAc
PBS DMSO = 80:20

(¢} NHBn
32, 49-60
APN R, R, R; Ry Conversion”

32 - H H H H 56.1%
49 0-OMe OMe H H H 10.1%
50 m-OMe H OMe H H 46.8%
51 p-OMe H H OMe H 14.6%
52 0,0-di-OMe OMe H H OMe 4.8%"
53 0-NH, NH, H H H 10.8%
54 m-NH, H  NH, H H 42.0%
55 p-NH, H H NH, H 7.4%

56 0-Me Me H H H 10.3%
57 o0,0-di-Me  Me H H Me 2.3%"
58 0-NO, NO, H H H 70.4%°
59  p-NHAc H H NHAc H 52.3%
60 p-CONHMe H H CONHMe H 85.5%
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pling reaction of an activated ester (TMPP-Ac-OSu) with free
amine (Scheme 25), however, represented several unexpected
issues. Namely, long reaction times were found to be detri-
mental for the preparation of the target product, mainly due to
reaction of the generated APN with NHS leaving group present
in the media. Fortunately, the problem could simply be avoided
by shortening the reaction time to 15 minutes.

* Reaction conditions: PBS:DMSO (80:20, pH 7.5), 25 °C, 50 uM con-
centrations of both reaction partners. > Conversion in 60 minutes. ¢ By-
products were observed.

4.5 SELECTIVITY OF APN

In order to test the selectivity of APN in the labelling of com-
plex peptide mixtures generated using trypsin digestion of lyso-
zyme, a set of probes containing the APN electrophilic tag at-
tached to TMPP, a highly responsive MS tag (see Sec-
tion B 1.3, page 47) should have been synthesised. As previous-
ly discussed, once conjugated to a native peptide, TMPP modi-
fies its chromatographic behaviour by delaying retention time
in reverse phase LC and strongly enhances its signal detection.
As a consequence, we expected to detect any non-specific reac-
tion of APN with a very high sensitivity.

The synthesis of APN-TMPP probes was first envisioned start-
ing from the commercially available TMPP precursor: TMPP-

Ac-OSu (Fig. 102).
it

Fig. 102. Structure of the commcr01ally available TMPP-Ac-OSu reagent.

First, a probe based on APN-p-NHAc scaffold was synthesised
with sufficiently high overall yield. The last step being the cou-

NH, o

Y\/\NHBOC
Boc-GABA

propargylic
alcohol,
Pd(PPhs)2Clz
- -

o
WNHBOC
HN

EDC, EDC, DIPEA DIPEA
DCM, 0°C THF, 25°C R
64% 79%
6 61c H
_o b
}J MnO,
7 NH; (IPA) 85%
P’; o— MgSO

O

TMPP-Ac-OSu
-—

DCM
42%

-
DCM
ﬁ) 99%
l
|

1a 61b

Scheme 25. Synthesis of APN-TMPP probe 61.

In contrary, the synthesis of TMPP probe containing more reac-
tive p-CONH scaffold in its structure could not be accom-
plished, because the corresponding APN-NHS addition product
62 was the only compound we isolated after the coupling
(Scheme 26).

ZT

o]

0 _NH NH, (V
4 © 0. _NH
TMPP
Br o
'rMPP* o
Il TMPP-Ac-Su
- - i
TEA, DCM o

N

62a 62 (75%)

Scheme 26. Addition of NHS on the APN during the synthesis of APN-TMPP
probe.

Because of these synthetic issues we decided to design a strate-
gy for the synthesis of APN-TMPP probes which would not
include NHS-mediated coupling. Instead, a new alternative
approach, which included the direct alkylation of TMPP by the
corresponding alkyl bromide, was envisioned. Following it, two
APN-containing scaffolds possessing different reactivity —
p-NHACc and p-CONH - could be introduced into the structures
of probes APN-TMPP probes 63 and 64 without any difficulties
(Scheme 27).
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Scheme 27. Synthesis of APN-TMPP probe 63 and 64.

Fig. 103. Hypothesised structure of APN-TCEP adducts. See Annex 9 for the
corresponding analytical data.

Evaluation of the chemoselectivity was carried out by studying
the reaction of probes 61 and 64 with the model digest at a
200:1 molar ratio of APN-TMPP (1 uM) to protein (around
10:1 to cysteine moieties) at 25°C for 1 hour. Peptide mixtures
obtained with and without chemical derivatisation were ana-
lysed by LC-MS/MS.

As we expected, all detectable cysteine-containing peptides
reacted with both probes and were delayed while cysteine-free
peptides were unaffected (Table 3). The labelling efficiency
was estimated based on the ratio between intensities of labelled
and non-labelled peptides by LC-MS.

Toluene 60 C

All synthesised TMPP-containing probes were first tested for
their stability in aqueous media. For this purpose, aliquots of
their solutions in PBS (pH 7.4) were analysed using HPLC for
24 hours. No detectable degradation product was observed in
any of the studied cases; however, the scaffold 63 gave some-
what less neat stability profile (the peak became wider over
time) in HPLC and was eliminated from further tests on APN
selectivity.

The labelling effectiveness of the probes 61 and 64 was tested
on a model peptide mixture generated from lysozyme, which
was reduced by TCEP and submitted to trypsin digestion (see
Section B 1.3, page 47). The obtained peptide mixtures were
analysed using NanoLC-MS/MS. The digestion was conducted
with a lower than classical amount of TCEP (1 mM instead of
usually used 10-100 mM concentration), for as we have found
that APN underwent the reversible addition of TCEP when high
concentration (100 mM) of the reductant was used (Fig. 103).
While the corresponding APN-TCEP adducts could be detected
by MS (see Annex 9), none of our efforts to isolate them were
successful.
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Fig. 104. Comparison of extracted ion chromatograms (EIC) from nanoLC-
MS/MS of lysozyme digest. a) Without cysteine derivatisation. b) Derivatisation
with APN-TMPP probe 61.

More than 98% of the detected peptides were completely
tagged. Labelled cysteine-containing peptides had an increased
retention time due to the addition of the hydrophobic TMPP
group, whereas the retention time of all other peptides remained
unchanged (Fig. 104). Due to the introduction of a permanent
positive charge given by the tag, ionisation efficiency of modi-
fied peptides in ESI-MS was increased. Enhancement of the
peptide signal ranged from 2-fold to roughly 8-fold for the both
tested APN-TMPP probes 61 and 64. The chromatograms of
peptide mixtures before and after the labelling were carefully
analysed (Fig. 104) and the obtained results for the probe 61 are
shown in Table 9. We estimated the labeling efficiency based
on the ratio between intensities of labelled and nonlabelled pep-
tides by LC-MS. More than 98% of the detected peptides were
found completely tagged.
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Table 9. LC-MS analyses of tryptic digest of lysozyme before and after reaction with 61.

Before tagging

After tagging

Peptide sequence® m/z (charge state) RT (min) m/z (charge state) RT (min)  ART (min) Number of tags
HCELAAAMK®! 418.70 (+2) 13.9 545.89 (+3) 242 10.3 1
“CELAAAM,,K?' 426.70 (+2) 12.6 551.23 (+3) 23.7 11.1 1
“GYSLGNWVCAAK?®' 634.81 (+2) 19.8 689.96 (+3) 25.3 5.5 1
SOWWCNDGR® 468.69 (+2) 16.5 579.22 (+3) 25.7 9.2 1
“NLCNIPCSALLSSDITASVNCAK ' 779.71 (+2) 23.7 949.20 (+5) 30.3 6.6 3
S2FESNFNTQATNR® 714.83 (+2) 13.5 714.83 (+2) 13.5 0 0
GTDVQAWIR'® 523.27 (+2) 17.3 523.27 (+2) 17.3 0 0
“NTDGSTDYGILQINSR” 585.28 (+2) 18.2 585.28 (+2) 18.2 0 0
"ITVSDGNGMNAWVAWR'* 559.27 (+2) 20.9 559.27 (+2) 20.9 0 0
 Cysteine residues are in bold red.

4.6 STABILITY OF APN-THIOL CONJUGATES Table 10. Tests on 33 stability in various media.®

As maleimide-mediated conjugation on cysteine was to date the

most often used methodology in bioconjugation (see Sec- //YQ

tion A 1.3.3, page 13),® we decided to conduct a comparative " Working M2 o) & Analvsi
side-by-side study of two types of conjugates: containing thiol- HZNj\fO revse
maleimide linkage and their APN analogues. HN v@

Because of the gain in popularity of the preparation of the bio- 33

logical agents (biologics),*®’ some previously neglected features  # Working media Degradation®
of the conjugation methodologies were found to be responsible | 100 mM PhSH in PBS:DMSO (80:20), pH 7.4 0.7%
for the majority of observable detrimental effects on new prom- , 1M H,0, (pH 7.0) 1.8%
inent therapeutic agents.®” These are, namely, the biostability 3 IM HCI (pH 0) 0.1%
of the linkage used for the preparation of the conjugate, the 4 IM NaOH (pH 14) 349
distribution of the products obtained during bioconjugation, and . .

their exact constitution. 5 IM Reduced glutathione (GSH) in PBS, pH 7.4 0.4%
The study of APN-thiol conjugates’ stability was first conduct- ¢ IM Imidazole in PBS, pH 7.4 0-5%
ed on the model conjugate 33. Unexpectedly, this was found to 7 50 mM PhSH in TRIS:DMSO (80:20), pH 9.5 0.3%
be remarkably stable in a wide range of pH (from 0 to 14), in 8 IM cysteine in PBS, pH 7.4 0.3%
the presence of an excess of such nucleophiles as thiophenol, 9 100 mM BME in TRIS:DMSO (80:20), pH 9.5 0.0%
cysteine, thioethanol, glutathione (100-1000 equivalents, 10- 10 100 mM TCEP in PBS, pH 7.4 0.0%
100 mM), as well as reducing agents such as TCEP or DTT 11 IM DTT in PBS, pH 7.4 0.5%

(0.1-1 M) at pH 7.4 (see Annex 10 for HPLC traces). Thiol
exchange, the process hypothesised to be the main reason re-
sponsible for the in vivo instability of maleimide-thiol conju-
gates, was then studied by incubation 33 with 100 equivalents
of thiophenol at slightly basic conditions (TRIS buffer, pH 9.5).
HPLC monitoring showed no significant exchange even after
2 hours of incubation. In comparison, the two other activated
alkynes 38 and 39 described by Che and collaborators,*” un-
derwent complete cleavage after only 30 minutes under the
same conditions.

® See Annex 10 for HPLC traces. ® Conversion of 33 in 1 hour; meas-
ured by calibrated UV-HPLC traces, using benzamide as an internal
standard in working media at 25 °C. °Reported conditions for the
cleavage of maleimide-thiol conjugates.’'? ¢ 2-Mercaptoethanol.

In order to evaluate the biostability of the APN-thiol linkage, a
side-by-side stability comparison of APN- and maleimide-
conjugates was conducted. To monitor bond breakage at low
concentrations in biological environments we synthesised two
FRET-based probes 65 and 66, containing APN- and malei-
mide-thioether scaffold respectively (Fig. 105a).
probes, the cleavage of any bond between fluorescent dye (5°-
TAMRA) and quencher (BHQ-2) will result in the appearance
of the fluorescence signal. Since these two probes differ only
by their core APN- or maleimide-thiol linkage, we assume that
appearance of fluorescence will account for instability of the

In these
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scaffold. Moreover, because of the very similar structure of the
two probes, we expected their cellular uptake to be comparable.
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Fig. 105. a) Structures of FRET-probes 65 and 66 used in the study. APN- and
maleimide-thiol linkages are shown in red. b) Absorption (dashed) and emission
(solid) spectra of BHQ-2 (blue) and TAMRA (magenta).
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Fig. 106. Side-by-side comparison of the instability of probes 65 and 66 (1 uM) in
human plasma at 37 °C. Higher fluorescence level corresponds to higher level of
degradation.

The biolabilities of the probes were then studied in living cells
(BNL CL.2). To provide quantitative and spatial information
about probe hydrolysis, fluorescence activated-cells were im-
aged by flow cytometry and confocal microscopy. First, cells
were loaded with the FRET-based probes (1 pM, 2 hours) and
the fluorescence activation was recorded over time by flow
cytometry (Fig. 106). As in human plasma, the obtained results
indicated higher stability of APN probe 65 vs. maleimide probe
66 over the given time. For instance, after one day of incuba-
tion, maleimide probe exhibited a 4-fold higher level of fluo-
rescence than the APN probe.

To test the stability in human plasma, both probes (1 pM) were
incubated at 37°C, while monitoring the appearance of fluores-
cence at 580 nm over 15 hours (Fig. 106). We detected that
incubation of 65 showed only 1.5 times increase of fluores-
cence, while 66 gave a much stronger increase (4-fold) due to
degradation in biological medium. This was in a good accord-
ance with previously described plasma-instability of maleimide

conjugates.®*
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Fig. 107. Side-by-side comparison of the instability of probes 65 and 66 (1 uM) in
in BNL CL.2 cells. Blue dashed line corresponds to the fluorescence level on
untreated cells. Higher fluorescence level corresponds to higher level of degrada-
tion.

For confocal imaging, cells were loaded with both probes (5
1M, 90 minutes) and nuclei were stained with Hoechst 33258
(5 pg/ml, 30 minutes). Resulting images are shown in Fig. 108
(probe 65 — image A; probe 66 - image B). Compared to 65,
maleimide-thiol conjugate 66 exhibited higher fluorescent sig-
nal with a vesicular distribution, probably corresponding to
endosomal uptake of the probe. The results are congruent with
flow cytometry measurements and confirmed higher stability of
APN- than maleimide-thiol conjugates.
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Fig. 108. In vitro imaging of BNL CL.2 cells with probe 65 (A) and probe 66 (B).
Viable cell imaging was carried out by first staining with the different probes
(5 uM, 90 min) followed by staining with Hoechst 33258 (5 pg/ml, 30 min).
Confocal fluorescence microscopy imaging of viable cells was performed at a
magnification of x630.

In regard with above-described studies, we have shown that
APN scaffold can serve as a powerful chemical tool for cou-
pling purposes because of its good reactivity and excellent se-
lectivity with thiol moieties, and remarkable stability in physio-
logical media. Therefore, we were fully convinced that APN-
mediated conjugation may open an interesting prospect for the
preparation of new biologics.

4.7 FUNCTIONALISED APN

In order to further expend this new class of coupling reagents,
we have started to explore the possibility of synthesising rele-
vant functionalised APN derivatives representing the major
classes of probes and reagents used in bioconjugation.

4.7.1 Thiol-thiol reactive linkers

Three isomeric homobifunctional APN linkers 67-69 were syn-
thesised from the corresponding aryl-propargylic alcohols using
MnO,-mediated oxidation in the presence of ammonia (see
Section B 4.3.1, page 54). This last oxidation step posed several
difficulties mainly due to a big amount of partially hydrolysed
products containing propiolonitrile and propiolamide reactive
functions; as a result rather low yields were obtained (Fig. 109).
The distance between reacting moieties varies depending on the
isomer, therefore allowing the use of the probes as thiol-thiol

Development of new bioselective ligation reactions

“tweezers” for either connecting two reacting partners or

rebridging of reduced disulfide bonds present in the molecule.

N 0.461nm _N 0.549 nm
AN =
N 7=\
== )=
67 (17%) 68 (19%) 69 (7%)

Fig. 109. Structure of homobifunctional APN. The distance between reacting
centres is indicated.

The reactivity of probes 67-69 was first tested on the reaction
with benzylmercaptane. All reactions were smooth and total
conversion of probes was achieved in 30 minutes at 100 uM
and 250 uM concentration of the probes and the thiol respec-
tively. However, in the case of the ortho-substituted probe 67,
various products were obtained, supposedly due to polymerisa-
tion and cyclisation. While probes 68 and 69 were completely
stable in aqueous media, the probe 67 turned black even upon
storage in dry DMSO at -20 °C. Because the two reacting func-
tionalities possess similar reactivity towards sulthydryls, ho-
mobifunctional APN reagents should be regarded as effective
dimerisation and rebridging thiol selective reagents.

N
7
/ H
= 200 uM

S~ - .
R PBS, pH 74 ‘
25°C

&

100 uM

Scheme 28. Model study of APN-tweezers reactivity.

Another type of probes we have developed allow for successive
linking of two different thiol molecules. These APN-containing
chemical linkers possess chemical functions which reactivity
towards thiols differs largely enough, which makes the kinetic
resolution of two addition steps possible.

o o
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HN \f\|
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- .
DIPEA, DCM
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NH,
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Scheme 29. Synthesis of heterobifunctional thiol reactive APN probes.
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As such, probes combining APN and iodoacetamide, or APN
and maleimide moieties were synthesised (Scheme 29). Both
probes contained the same core APN-p-NH, scaffold in their
structures, and were obtained via simple synthetic pathways by
acetylation (probe 70), or maleination followed by cyclisation
in the presence of triflate anhydride (probe 71).

Looking more interesting for bioconjugation APN-maleimide
probe 71 was decided to be studied in more details. First, its
stability to hydrolysis was found sufficiently high to conduct a
model study on its applications for the coupling of two thiol-
containing fragments - glutathione and free cysteine. The effi-
ciency of the linker was found substantially high when the con-
jugation was carried in PBS at pH 7.4 (Scheme 29, see Annex
11 for HPLC traces).
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Scheme 31. Addition of NHS to the APN moiety during the synthesis of APN-
NHS probe (observed by LCMS).
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Scheme 30. Kinetically resolved thiol-thiol coupling using the probe 71.
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4.7.2
A class of reagents allowing for linking thiols and amines is to
date one of the most often used family of linkers for bioconju-
gation. Indeed, the majority of approaches for the preparation
of conjugates consist first in the introduction of thiol-reactive
moieties onto the surface of a biomolecule by means of the
modification of its free amino groups. Following reaction of the
newly introduced thiol-reactive group allow introducing of vir-

Thiol-amine reactive linkers

tually any functional entity.

The previously synthesised APN-p-COOH probe 42 containing
free acid group could, to some extent, already be regarded as
such an amine-thiol conjugative linker, but its application
would require the utilisation of coupling reagents. This is often
not acceptable in bioconjugation, which is why our main efforts
were dedicated to the preparation of APN-containing probes
possessing activated ester moieties in their structure in order to
be utilisable as ready-to-use linkers for bioconjugation.

We first started with the straightforward preparation of the cor-
responding NHS-ester of the acid 42, being aware of the possi-
ble reaction between the APN moiety in its structure and
N-hydroxysuccinimide. Indeed, none of reaction conditions
were successful for the preparation of the target compound, but
exclusively resulted in the isolation of the corresponding APN-
NHS addition product (Scheme 30).

The reason for such an elevated kinetics of NHS addition to 42
and impossibility of isolation of the targeted NHS-activated
ester of APN was clear. Possessing a good electron-
withdrawing carboxylate group in para-position, the APN-p-
COOH scaffold clearly belonged to a class of activated APN.
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The first alternative strategy we started to explore implied thus
the preparation of a probe containing less reactive core scaffold.
Exploiting the results obtained during the synthesis of APN-
TMPP probe 61, we assumed that the presence of p-NHAc
fragment may be helpful for the preparation of the target NHS-
esters.

The synthesis of the corresponding acids were started from
APN-p-NH; key-intermediate 53 and was similar to the already
elaborated for the preparation of the APN-maleimide reactive
probe 71 reaction with cyclic anhydrides. As a result, two APN-
containing acids 72a and 73a could be obtained smoothly with
very high yields. While no difficulties were encountered during
the last step of the preparation of the probe 73, the main prod-
uct obtained from the acid 72a was not the target NHS-ester,
but a product of a two-step transformation involving cyclisation
to APN-succinimide derivative followed by the addition of

DCC, NHS

E——

TEA, DCM
80%

NHS to its propiolonitrile moiety (72).
oﬁQ%o
N<> _ o
oﬁ/’b&o
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—_—
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Scheme 32. Alternative strategy used for the synthesis of APN-NHS probes.

In parallel, realising a very important disadvantage of the pres-
ence of N-hydroxysuccinimide as leaving group in APN-NHS
probes, we started to develop alternative activated ester scaf-
folds that would be deprived from any possible side-reactions.
We have conducted a comparative study on APN reactivity
towards leaving groups most often used for the preparation of
activated esters: N-hydroxysuccinimide, N-hydroxybenzo-
triazole, N-hydroxytriazolopyridine, perfluorophenol, and per-

fluoro-4-hydroxybenzenesulfonic acid (Fig. 110).
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Fig. 110. Leaving groups tested for their reactivity towards APN (from left to
right): N-hydroxysuccinimide, N-hydroxybenzotriazole, N-hydroxytriazolopy-
ridine, perfluorophenol, perfluoro-4-hydroxybenzenesulfonic acid. Reaction
conditions: 10 mM concentration of the reaction partners (APN 32 and the leaving
group), controlled by HPLC after 1 hour of incubation.

As a result of the screening, we could identify perfluorated
phenols to be absolutely appropriate for our purposes, because
no addition product between them and a non-substituted APN
32 could be detected neither in aqueous (PBS, pH 7.4), nor in
organic solvents (DCM, THF).

Two probes containing perfluorophenol leaving groups (74-75)
were synthesised using a DCC-mediated coupling in DCM with
moderate yields and no corresponding addition products be-
tween APN moiety and leaving groups.

Development of new bioselective ligation reactions

us to expand our series of APN-containing linkers towards this
class of reagents.

First, the synthesis of APN-azide linker 76 was carried starting
from a usual key-intermediate — APN-p-NH, (53). The trans-
formation was unexpectedly smooth and did not require any
optimisations of reaction conditions, and gave quantitative yield
of the target compound.

Isoamy! nitrite,
. TMSN, _

H,N. N /I\l
KOy DCM N
quant. N

53 76

Scheme 34. Synthesis of APN-azide probe 76.

e i

74 (66%) 75 (54%)

Fig. 111. Structures of APN-containing activated perfluorophenolates probes.

Both probes were then tested for their efficiency for the conju-
gation of a model amine to glutathione (GSH, Scheme 33). This
was found to be remarkably high (no traces of by-products in
HPLC), especially when conducted in PBS (pH 7.4) and borate
buffer (pH 8.6). To further test the applicability of the linker 75
for conjugation, we conducted the same reaction, but using an
excess of the amine (5 eq.) on the first step. After 5 minutes of
the reaction, GSH (1.1 eq.) was thus added to the reaction mix-
ture containing the excess of the amine. The efficiency of the
conjugation remained unaffected.

Because of known instability, or even explosibility, of non-
stabilised arylazides, we first conducted a stability study of the
probe 76 in aqueous media as well as upon heating. Interesting-
ly, this was found to be absolutely stable in both cases. While
heating to 100 °C undoubtedly provoked some degradation (the
compound turned black and clammy upon melting), no traces of
any degradation products could be detected by HPLC even after
48 hours of incubation in PBS at pH ranging from 5.5 to 10.5 at
25 °C. The model study of the applicability of 76 as a conjuga-
tion linker was carried out by conducting the linking of a strain-
promoted alkyne (TMTH) with free thiolate group of a cysteine
model in-chain model 16 (Scheme 35, see Annex 12 for HPLC
traces).

SO Na
F F

h@E

F F

1. 3,4-Dimethoxyphenylethylamine (1.1 eq.)
2. 1eq.)

Scheme 33. Conjugation of 3,4-dimethoxyphenylethylamine with glutathione
(GSH) using probe 75.

1. TMTH (1.1 eq)
‘ ‘ 2. Cysteine (1.1 eq.)
[t Attt b

76

Scheme 35. Conjugation of phenylethylamine with cysteine using APN-azide
linker 76.

A more classical alkylazide-containing APN probe was also
synthesised starting from the same key-intermediate in one step
by acylation with chloroanhydride of azidopentanoic acid in
high yield and was used in copper-catalysed click reaction with
terminal alkyne fragment for the preparation of APN-HAZA-
biotin probe 82 (see Section B 4.7.4, page 65).

4.7.3 Bioorthogonal APN linkers
Bioorthogonal linkers are currently gaining popularity in many
domains of modern chemical biology. This fact has prompted

Na

TEA, DCM
89%

Scheme 36. Preparation of APN-alkylazide probe 77.
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Because the development of new linkers for strain-promoted
alkyne-azide click reaction was one of the central subjects in
our research group, we decided to focus on the development of
a TMTH probe containing APN functionality in order to be
functionalisable by a large variety of already developed thiol-
containing probes.

The results obtained in the laboratory suggested that the only
feasible way for functionalisation of TMTH was its alkylation
by benzylhalides in the presence of lithium or argentum triflate
to generate the corresponding TMTI derivative.®' The reaction
was rather slow and thus required reaction times of 24-96 hours
of stirring at 25 °C in two-phase water-DCM system. Before the
APN stability was discovered, the major efforts in the laborato-
ry were consecrated to the synthesis maleimide-based TMTH
probe which was supposed to become a key intermediate for the
synthesise a wide variety of TMTI-containing functionalised
reagents. These efforts however were unsuccessful because of
complete hydrolysis of maleimide at required reaction condi-
tions already after less than 30 minutes of the reaction (Scheme
37).

Development of new bioselective ligation reactions
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Scheme 38. First unsuccessful trials on the preparation of APN-TMTI probe
starting from iodoacetamide 70. Only starting materials could be isolated.
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Scheme 37. Tested synthetic approaches towards maleimide-TMTI probe. None
of the tested conditions gave the target compound.

Another way involving more stable iodoacetamide fragment
was not feasible because iodoacetamide itself was reactive
(even though much less than benzylbromide) towards TMTH
which resulted in obtaining non-separable mixtures.

By the time APN was engaged into the reaction pathway, many
reaction conditions were tested, and none of them was found
working for the preparation of the targeted TMTI derivative.
Because our studies on the stability of APN in various reactive
media have demonstrated an unexpectedly elevated stability of
the propiolonitrile moiety, we started considering synthetic
approaches towards APN-TMTI probe.

First trials were started on a previously synthesised probe 70
containing iodoacetamide and APN moieties in its structure.
Unfortunately, 70 was found to be completely unreactive with
TMTH and only the starting materials could be isolated even
after several days of reaction.
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Even though we were unable to get the targeted compound,
obtained results were extremely valuable, for they have con-
firmed the stability of APN in the rather stringent conditions
required for the reaction to occur.

Another APN building block containing benzylbromide moiety
in its structure was envisaged for the synthesis. For this pur-
pose, APN-p-Me probe 79b was first monobrominated, which
turned out to be rather non-trivial task. Only radical NBS-
mediated brominating under pW-irradiation (heating was found
completely ineffective and resulted in inseparable complex
mixtures of starting materials, monobrominated, dibrominated,
and many other by-products). Pure monobrominated APN 79a
could, however, be obtained in modest yields when short-time
intensive W irradiation was used instead of plain heating. The
obtained APN-benzyl bromide 79a was then engaged into the
reaction with TMTH under above-described conditions. The
products could be obtained with high yields after 120 hours of
reaction (the starting material could completely be recovered
giving the virtual quantitative recovered yield).

Br.

ot
(-
NBS TMTH
Il W, CCl, Il LiOTf, DCMIH,0
40% 59% (98%)
! ! \
N\
79b (59%) 79a 79

Scheme 39. Synthesis of APN-TMTI probe 79.

Linker 79 represents an extremely valuable intermediate for the
synthesis of various TMTI-containing probes not accessible
otherwise. As before, we first started with the tests on stability
of 79 and its reactivity towards thiol-containing reagents. It was
found to be completely stable in aqueous buffers at neutral pH
and reacted neatly with thiol-containing compounds to give
targeted addition products. The applicability of the probe 79 for
conjugation was then tested on its reaction with benzyl azide
and in-chain cysteine model 16. The conjugate was obtained
quantitatively in less than 30 minutes of reaction at 100 uM
concentrations of the reacting partners (controlled by LCMS).
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Scheme 40. Conjugation of benzylazide (BnN3) with cysteine derivative 16 using
APN-TMTI linker 79.
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Scheme 42. Synthetic pathway for the preparation of APN-TAMRA 65a.

Two TMTI-containing probes, one containing a fluorescent dye
(80), and another possessing a quencher (81), were synthesised
using APN as an anchor point for the reaction with correspond-
ing thiol-containing intermediates (Scheme 41). In both cases,
the reactions were found to give the targeted products quantita-
tively after 5 minutes of reaction if conducted in acetonitrile
containing an excess of triethylamine or DIPEA. The synthe-
sised probes are currently further elaborated in the laboratory.
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Scheme 41. Synthesis of TAMRA- and Dabsyl-containing TMTI probes using
APN-TMTI linker 79.

Another compound that was synthesised, in this case for prote-
omics applications, is the probe 82 containing an APN moiety
connected to a biotin residue by means of a cleavable HAZA
linker, previously developed in our laboratory.®** The probe
was obtained by assembling two fragments by means of cop-
per-catalysed azide-alkyne click reaction: APN-alkylazide 77
and alkyne-HAZA-biotin probe 82a. The application of this
probe is envisaged in the near close future in the laboratory for
substracting cysteine-containing subproteome via streptavidin-
biotin-based extraction approach involving first immobilisation
of all cysteine-containing peptides on streptavidin-coated mag-
netic beads followed by specific cleavage of HAZA-linker with
dithionite.

82a, CuSO,5H,0
sodium ascorbate

_—
DMSO:H,0

(50:50)
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Fig. 112. Structure of the probe 82 consisting of an APN fragment (shown in red),
a HAZA cleavable linker (shown in blue), and a biotin moiety (shown in green).

4.7.4 Various APN probes

Several APN compounds were synthesised for other specific
applications. First, APN-TAMRA fluorescent probe 65a was
obtained for the preparation of FRET-based probe 65 used to
study the stability of APN-thiol linkage (see Section 4.6,
page 59). The probe was also used for the labeling of BSA
(possesses one exposed free Cys residue on its surface) as a
proof-of-concept of APN applicability for the labelling of full-
size proteins. The obtained results showed high efficiency of
APN-mediated labeling at low concentration of the probe

(1 uM).

4.8 CYSTEINE VS SELENOCYSTEINE LABELING

One of the directions we started to elaborate after having ob-
tained substituted APN derivatives and defined their reactivity
profiles was the development and optimisation of an approach
allowing selective labelling of selenocysteine in the present
cysteine. These two amino acids possess similar, but differing
reactivity, namely evoked by higher acidity and lower oxidation
potential of selenols compared to thiols (see Section A 2.6,
page 41). Moreover, because it is well-established that selenols

are better nucleophiles than thiols,?*%3

we suggested that fine
tuning of APN reactivity might be helpful for achieving some
level of selectivity towards selenocysteine.

Such selectivity would represent a huge advantage for numer-

ous applications, namely in the field of proteomics, where sele-
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nocysteine is often difficult to detect because of its low abun-
dance and propensity to oxidative degradation.

First, the reaction of non-substituted APN 32 with a mixture of
cysteine and selenocysteine (generated in situ from selenocys-
tine) was studied. Interestingly enough, already under non-
optimised conditions (PBS, pH 7.4) the reaction mainly oc-
curred on selenocysteine (ratio between addition products of
cysteine versus selenocysteine was 1:99, Scheme 43).

N
KH/OH Il \\“.S(OH
\ ge O
‘ N
R//
S:Se (product)

Scheme 43. Scheme of the comparative study for S vs Se selectivity.
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selenol group compared to a free thiol resulting in its preferen-
tial occurrence in more reactive deprotonated form at neutral
pH, or longer C-Se bond length compared to C-S bond, which
would explain slightly better selectivities obtained for the or-
tho-substituted APN. In order to test our assumptions, two APN
— nonsubstituted 32 and APN-0-MeO 49 that demonstrated the
highest level of selectivity in the above-described study — were
side-by-side compared at varying pH. The reaction was decided
to conduct at even higher 1000:1 initial ratio of cysteine vs.
selenocysteine. The obtained results are shown in Table 12.

Table 12. Influence of the pH on S:Se ratio in the reaction of probes 32
and 49 with cysteine:selenocysteine (1000:1) mixture.”

The influence of the APN structure on its selectivity towards
selenocysteine was then studied. The ratio between the initial
concentrations of cysteine and selenocysteine was increased (to
100:1) in order to obtain S:Se ratio of the addition products in
an easily measurable range.

o—
= =N — =N
32 49

# APN pH S:Se (product)

1 32 5.5 31:69

2 32 7.4 34:66

3 32 9.6 94:6

4 49 5.5 24:76

5 49 7.4 25:75

6 49 9.6 78:22

* Reaction were carried in PBS at following concentrations of reagents:
APN (0.5 mM, 0.5 eq.), selenocysteine (1 mM, 1 eq.), cysteine (1 M,
1000 eq.), TCEP (5 mM, 10 eq.).

Table 11. S:Se ratio in the addition products of the reaction between a
substituted APN and cysteine:selenocysteine (100:1) mixture.

# APN S:Se (product)
1 32 - 10:90

2 49 0-MeO 8:92

3 50 m-MeO 11:89

4 51 p-MeO 12:88

5 53 o-NH, 10:90

6 55 p-NH, 12:88

7 57 0,0’-Me 9:91

8 58 0-NO; 23:77

? Reaction conditions: PBS (pH 7.4), 25 °C, concentrations of reagents:
APN (0.5 mM, 0.5 eq.), selenocysteine (1 mM, 1 eq.), cysteine
(100 mM, 100 eq.), TCEP (5§ mM, 5 eq.).

Apparently, the decreasing of APN reactivity by introduction
an electron-donating group only slightly influenced its selec-
tivity towards selenocysteine vs. cysteine (Table 12, entries 2-
7), while the introducing of an electron-withdrawing nitro
group decreased the selectivity more noticeably. Conversely,
the introduction of neutral substituents into the ortho-position
of APN aryl moiety (Table 12, entries 2, 7) appeared as slightly
favourable for the selectivity.

Therefore, we inferred that the selectivity towards selenocyste-
ine may be induced by two main factors — lower pK, of the
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Indeed, the pH was found to have the most significant influence
on the S:Se ratio. Evidently, the deprotonation of cysteine’s
thiol group (pK, = 8.33) at pH 9.6 largely increases the reactivi-
ty thereof and therefore the S:Se ratio. As a result of these first
trials, high level of selectivity towards selenocysteine (1:3300)
was achieved for the probe 49 when the reaction was conducted
at neutral and slightly acidic pH levels. Further optimisations
are, however, still required in order to make APN applicable for
real application in proteomics.

After having discovered the reactivity of APN towards seleno-
cysteine, we decided to identify a biological target where such
reactivity might represent an important advantage.

4.9 THIOREDOXIN REDUCTASE INHIBITION

Thioredoxin reductases (TrxR) belong to a class of ubiquitous
selenocysteine containing oxidoreductases, the only known
enzymes to reduce Thioredoxin (Trx). Two families of TrxR
have been identified to date: one in animals and another in pro-
karyotes and some eukaryotes.

Selenocysteine plays an important role in the reaction mecha-
nism of TrxR by participating in two key thiol-disulfide ex-
change reactions. In one of them, Sec participates as the donor
of electrons to the Trx, while in the other it acts by accepting
electrons from the N-terminal redox centre of TrxR to seleno-
sulfide bond placed in the C-terminus of the enzyme (Fig. 113).
Curiously, one of the first reports on selenocysteine itself were
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published on TrxR, and further experimental evidence of its
importance was mainly obtained as the result of an observation
that its replacement by cysteine markedly reduced catalytic
activity of the enzyme.

Development of new bioselective ligation reactions
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Fig. 113. a) Structure of the human thioredoxin reductase (TrxR, shown in green)
complex with thioredoxin (Trx, shown in red); pdb: 3QFB b) Proposed mecha-

nism of TrxR 1-mediated reduction of Trx. %3
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Fig. 114. APN probes tested for their TrxR inhibitory activity.

An increasing number of compounds acting on TrxR have been
reported over the last years, namely due to their promising po-
tential for application in cancer therapy.®® To date, these are
represented by nitrosureas (IC50 ~430 uM), Au- and Pt-
phospoles  (IC50: 2-50 uM), quinoid compounds (IC50:
0.2-4 uM) and para-quinones (IC50: 1-5 uM), generally acting
as irreversible inhibitors of TrxR or Trx.®*

After having discovered the exceptional reactivity and selectivi-
ty of APN in the reaction with Cys and Sec residues, we decid-
ed to measure the inhibitory activity of differently substituted
APN (Fig. 114) on human TrxR1. This study was accomplished
using Thioredoxin Reductase Assay Kit (Sigma Aldrich), which
exploits TrxR-mediated reduction reaction of 5,5’-dithiobis(2-
nitrobenzoic) acid (DTNB) to 5-thio-2-nitrobenzoic acid (TNB)
with NADPH (produces a strong yellow colour that is measured
at 412 nm). This colorimetric assay was used for a direct meas-
urement of the inhibitory activity of some of the previously
obtained substituted APN.

APN-tweezers (67-69) were chosen for this study because we
expected them to be reactive either with two-thiolate or thiol-
selenolate active centre of TrxR or Trx. The other probes were
selected basing on the results obtained in the study on APN
reactivity (Section B 4.4, page 56), and selenocysteine vs. cys-
teine selectivity (Section B 4.8, page 65) in such a way to cover
APN presumably possessing substantially different reactivities.
First, the inhibitory activity of the non-substituted APN 32 was
evaluated by conducting the measurement at concentrations
varying in a wide range of 1 puM — 1 mM. The probe was found
to possess rather low inhibitory activity for TrxR with IC50 of
35.7+ 0.1 uM. All measurements to follow were thus decided
to conduct at 1 pM — 100 uM concentrations. The most active
among tested APN were then remeasured at lower concentra-
tions in order determine their exact IC50 value. The obtained
results are summed in Table 13

Table 13. TrxR inhibitory activity of APN probes.

# APN 1C50, pM*
1 32 - 35.7+0.1
2 49 0-OMe > 100

3 50 m-OMe 22.0+0.4
4 51 p-OMe > 100

5 53 0-NH, > 100

6 55 p-NH, 95.1+0.8
7 56 0-Me > 100

8 57 0,0’-diMe > 100

9 58 0-NO, 15.0+0.1
10 67 0-di-APN 29+02
11 68 m-di-APN 4.1+0.1
12 69 p-di-APN 8.9+0.1

* Working buffer: 100 mM potassium phosphate with 10 mM EDTA
and 0.24 mM NADPH. See Annex 13 for the corresponding plots.
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According to the obtained results, o-substituted APNs demon-
strated low inhibitory activity, while all APN tweezers 67-69
possessed IC50 in micromolar range. Generally speaking, the
profile of APN inhibitory activity corresponded to the general
reactivity of APN: activated APN, containing electron with-
drawing group were generally much more active as TrxR inhib-
itors, while APN containing electron-donating groups or or-
tho-substituents in their structure demonstrated rather low ac-
tivities.

Surprisingly, the probe 49, which was previously found to pos-
sess increased selectivity towards selenocysteine, showed very
low inhibitory activity. We hypothesise it to be due either to its
low overall reactivity towards cysteine/selenocysteine, or to the
inaccessibility of the active centre. Further study is still re-
quired in order to determine both the target (ThrR or Trx) and
the exact site of APN reactivity on TrxR and therefore to opti-
mise the structure of the scaffold in order to further increase the
inhibitory activity and ThrR selectivity of substituted APN.

5 CONCLUSIONS

To summarise this chapter, we have presented the development
and application of a general approach aimed at the discovery of
new chemical functionalities possessing selectivity towards
specific amino acid side chains found in native proteins.

The first step of the screening consisted in testing the reciprocal
reactivity of selected reactive functional groups and a series of
UV-detectable amino acid derivatives allowing their fast and
easy benchmarking for the applicability and appropriateness for
bioconjugation.

A lead the
3-arylpropiolonitrile (APN) — was then further investigated in

structure came out of screening —
details for its reactivity towards Cys moiety. Furthermore, we
have conducted a structure-reactivity study which allowed us to
optimise the reactivity of APN and to define the most appropri-
ate position for an anchor point introduction. This could only be
done by further exploring and enhancing the available synthetic
approaches. As a result, a series of ready-to-use APN-
containing probes was synthesised, as well as a set of APN
probes possessing a highly responsible TMPP MS-tag in their
structures.

The latter were used in the second step of the screening repre-
senting the utilisation of the model peptide mixtures, which
opened the possibility to test APN selectivity and reactivity in
close-to-real reaction conditions involving the presence of dif-
ferent peptides at high dilution. This screening methology is
easy to accomplish, for it consist in a simple and reproducible
generation of a rather complex peptide mixtures via tryptic di-
gestion of a non-expensive peptide source (e.g. lysozyme).

All in all, APN-based methodology allowed us to surpass the
main drawbacks of existing strategies, notably side reactions
with other nucleophilic amino acid residues and instability of
educt and addition products. These results open an interesting
prospect in the field of antibody-drug conjugates and biologics,
where high selectivity and biostability are key features.
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Following the intriguing results on the discrepancy between
APNSs’ reactivity towards cysteine vs. selenocysteine and utilis-
ing previously obtained data on APN reactivity, we were able
to achieve prominent preliminary results (3300-to-1 selectivity
for selenocysteine) which are currently further investigating in
the laboratory.

Finally, we conducted a study of APN utilisation as Thioredox-
in reductase inhibitors and achieved interesting results in terms
of activities (although still rather modest). Nonetheless of the
found structure-reactivity pattern, the mechanism of APN ac-
tion and real potential of APN as Thioredoxin reductase inhibi-
tors are still to be determined.



C. DISCOVERY OF SEQUENCE-SELECTIVE REACTIONS

This chapter is devoted to the development and applications of a novel on-beads screening system

allowing fast discovery of sequences possessing elevated reactivity towards residue-selective

chemical functionalities. The proof-of-concept study was conducted on a library of hexapeptides

with two cysteine-selective probes: one — containing the newly discovered APN group, and another

— possessing a maleimide residue. Difference in the reactivity of the probes towards cysteine de-

pending on the neighbouring amino acid side chains was determined and is currently under further

investigation in the laboratory.

The previously described screening methodology (Section B,
page 45) was designed to address three main properties of a
bioselective reaction: the reactivity profile, the selectivity to-
wards specific amino acid residue, and the efficacy at high dilu-
tion in complex media.

It is, however, a well-established fact that in the majority of
cases, the reactivity and the selectivity of a functional group
can be largely influenced by neighbouring amino acid residues.
For example, Francis and collaborators®” have demonstrated
that otherwise promiscuous to any N-terminal residue PLP-
mediated transamination reaction (see Section A 2.1.3) was
very sensitive to the presence of Lys residues which, when situ-
ated in close proximity to the reaction centre, largely increased
the reaction rate of transamination.

1 DESIGN OF THE SCREENING SYSTEM

Inspired by Francis’ approach, we decided to envision a simple
assay in which the reagent of choice would be tested on the
combinatorial library of peptides synthesised using split-and-
mix methodology. However, in order to make the sequencing of
the on-beads peptide less laborious, an elegant algorithm devel-
oped by Reymond and collaborators®>’**® for designing combi-
natorial peptide libraries has been utilised.

This so-called “unique pair” approach consists in assigning to
each Amino Acid (AA) two variable positions in the sequence.
This arrangement limits sequence design and maximum number
of different AA per variable position and is therefore perfectly
suitable for focused libraries. A great advantage of this ap-
proach is the an easy to accomplish decoding by simple Amino
Acid Analysis (AAA) of the beads.

AAA is a standard service analysis available in most biochemi-
cal laboratories, and it allows one to control the quality of the
peptide on each bead as well as to decode the peptide sequence
with no need for specific equipment. Indeed, in contrast to most
library decoding protocols, a simple HPLC setting without
mass-detector is the only piece of equipment required for these
operation to be conducted. This is an important advantage of
AAA compared to other known techniques such as, for in-
stance, utilisation of a truncation ladder in addition to the full-
length peptide on the beads, which only allows carrying out the
sequencing using elaborated MALDI-TOF MS.%*

Several limitations however have to be met when utilising
AAA for peptide sequencing. Because the detection of amino

acids constituting the analysed peptide is achieved after its
complete hydrolysis (refluxing of beads for 1 hour in concen-
trated HCl), the combinatorial library cannot contain intercon-
vertible pairs of amino acids (notably Asn-Asp and Gln-Glu
pairs, which both amino acid residues in a pair would yield the
same aspartic and glutamic acid respectively upon hydrolysis),
as well as Trp residues, which simply do not survive harsh hy-
drolysis conditions.

Schematic representation of the on-beads screening approach is
depicted on the Fig. 115. It starts with a classical Split&Mix
solid-phase peptide synthesis, in which, however, the positions
of each amino acid in the sequence are predefined. TAGSFREE
software developed by Reymond’s group is used to design the
library. Each step of the library preparation consists of 5 splits
followed by coupling with a corresponding amino acid fol-
lowed by a mix step. For our first trials (see Section C 3,
page 71) two focused libraries for cysteine selective reagents
have been synthesises. As a result of such 5 sequential splits
and mixings, 5°= 15625 different peptides per library can be
synthesised in less than 15 hours of work.

a) AA,

5 monopeptides 25 dipeptides 15625 hexapeptides

XXX XX X;

1
t 1

QQ'::)'O 'Vcﬂ':>

1. Cleavage from beads.
2. Sequencing by
amino acid analysis.

Fig. 115.Schematic representation of on-beads screening. a) Preparation of on-
beads combinatorial libraries by Split&Mix synthesis of pentapeptides on
TentaGel™ beads. b) Reaction of the on-beads combinatorial library with a probe
containing a functional group (FG) of interest. Peptides sequences disposed to the
reaction with the probe can be colorimetrically distinguished from the unreactive
ones.

Incubation of the reactive probe of interest (ideally possessing a
moiety simplifying the detection) with these combinatorial li-
braries of peptides can serve for fast detection of the sequences
especially reactive towards studied functional group. If a col-
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oured probe is used in this on-beads screening, simple colori-
metrical distinction of different beads under microscope is
enough for selecting the sequences disposing the highest reac-
tivities towards the probe.

In order to overcome the main difficulty known for on-beads
screening systems, which consists in non-covalent interactions
between the probe and polymeric bead, we first decided to con-
duct a model study with two probes: 83, containing a non-
reactive acid functionality (negative control), and 84, disposing
a reactive activated ester moiety (positive control; Fig. 116). In
both cases, 5-TAMRA (5-carboxytetramethyl-rhodamine) scaf-
fold has been used as the moiety responsible for fluorescence.
Different reaction conditions as well as rinsing and swelling
systems were tested in order to develop a general protocol ap-
propriate for further tests.

These first trials were conducted on two simple monopeptide-
covered TentaGel® beads: 85, containing a free amino group of
alanine, and 86 where the amino group was acetylated by acetic
anhydride in order to make beads completely unreactive to-
wards NHS-activated ester 84.

Fig. 116. Two TAMRA-containing probes used for establishing the reaction
conditions of on-beads screening. Reaction conditions: 5 mg of TentaG-
el® HL NH, beads per 1 ml of TRIS:DMSO = 80:20 (pH 7.5), 100 uM concentra-
tion of fluorescent probes; 30 minutes of incubation, rinsing with methanol
(2 times) and DMSO (2 times).

Development of new bioselective ligation reactions

and methanol until the staining completely disappears in the
negative control

2 PREPARATION OF ON-BEADS LIBRARIES
PEPTIDED AND REACTING PROBES

OF

As it was discussed before, the peptide libraries were decided to
be synthesised using the approach of “unique pairs”. The posi-
tions for 15 different amino acids (2 positions per amino acid)
were selected in such a way that would cover peptides pos-
sessing cysteine residues neighbouring with the reactive amino
acid side-chains.

Only minor difficulties were encountered during the synthesis
and analysis of the beads. For instance, the first among synthe-
sised on-beads libraries (#1) turned out to possess an unex-
pected drawback making it difficult to be analysed by AAA.
That being said, the presence of methionine in the sequences
was found to somewhat complicate the analysis of the obtained
results, for the integral intensity of the peak corresponding to
methionine was systematically lower and added some degree of
uncertainty to the generated data. This was mainly due to its
oxidation and degradation, which made the attribution of pep-
tide structures ambiguous in several cases (see Annex 14). This
prompted us to design and synthesise an analogous library (#2)
deprived from this shortcoming. The compositions of both li-
braries are shown in Table 14.

Table 14. Composition of the combinatorial peptide libraries.”

() AaAAAAAAAAAA,
Library of hexapeptides

We have found that the concentration of the fluorescent probe
must be rather low (10 uM — 1 mM), for when higher concen-
trations of the probes were used, the unspecific staining was
observed: even 48 hours of rinsing with pure DMSO, DMF, or
methanol were not helpful for the elimination of the non-
covalent staining of beads. The residual beads’ staining could
however be largely decreased by using elevated amounts of
DMSO during the labelling (See Section D 2.8, page 76 for
practical details). Appropriate reaction conditions were thus
identified to consist in the carry of the reaction in PBS-DMSO
working solutions, preceded by careful beads’ swelling in
DCM, and followed by thorough rinsing with DMSO, DMF,
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Library #1
AA AA, AA, AA, AA, AA,
Ala Met Arg Cys Cys Lys
Tyr Leu Ser Lys Tyr Ala
Pro Phe Pro Arg Ser His
Leu Gln Asp Phe Met Asp
Thr Gly Gly Thr His Gln

Library #2
AA AA, AA AA, AA_ AA
Lys Asp Ile Ala Ala Ser
Arg Gly Gln Ser Arg Lys
Phe Thr Phe Ile Glu Cys
Gly Tyr His Thr Asp His
Pro Leu Leu Pro Cys Tyr

* Positions of Cys residues are shown in bold red.

Two probes containing the same fluorescent TAMRA moiety in
their structures were synthesised: 66a possessing a maleimide
moiety, and its APN analogue 65a. Both probe being of similar
structure and only differing by their reactive hook.
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NH

65a

Fig. 117. Structures of fluorescent probes used in on-beads screening for se-
quence-dependent selectivity.

Statistically, both libraries were designed in such a way to con-
tain at least one cysteine residue in 43.75% of all hexapeptides,
6.25% of which being vicinal dicysteine hexapeptides of gen-
eral structure: AA;|AA;AA3CysCysAAg for the Library #1 and
AAAA,AA;AACysCys for the Library #1 (AA, — any of the
amino acid residues depicted in Table 14).

3 SCREENING

The screening was conducted under the previously optimised
reaction, swelling, and rinsing conditions. Probes were used at
such concentrations as to provide 10-20 eq. of the probe to cys-
teine (5-10 uM). Higher concentrations of the probes (100 eq.
and more) gave too high level of non-specific staining, while
lower concentrations (1 eq.) resulted in only slight staining,
which in both cases complicated the selection of beads.

For the proof of concept, the on-bead peptide Library #2 was
completely deprotected, washed, swelled, and incubated first in
the working buffer (PBS:DMSO, 80:20) and then with the
probe. Visually, similar distribution of beads depending on their
colour was obtained in the case of both probes 65a and 66a
(Fig. 102). Beads were divided into 4 different categories, de-
pending on the appearing intensity of their colouration, taking
into consideration following thresholds: 0% - the intensity of
not-labelled swelled beads; 100% - the intensity of the beads
incubated with 100 eq. of the probes (not shown). The apparent
difference of colouration was hypothesised to be due to either
different level of the peptide reactivity towards the tested probe,
or to a different level of non-covalent interaction with beads. In
order to minimise the contribution of the latter, beads were
carefully washed by three different solvents (DCM, methanol,
DMEF; 3 times each, see Section D 2.8, page 76), and left agitat-
ed overnight in DMSO before selecting the beads.

Fig. 118. Peptide library before (a) and after (b) the incubation with the reactive
probe 66a.

The most and the les intensively coloured beads (80% and
20 %, p and n respectively, Fig. 118) were picked and subject-
ed to AAA for sequencing. The obtained data is summed up in
Table 15 (NVB: for some compositions there are more than one
corresponding peptide sequence (constitution), which is an in-
evitable shortcoming of the approach of “fixed pairs”).
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Table 15. Results of on-beads screening of probes 65a and 66a.”

Development of new bioselective ligation reactions

Probe 65a (APN)

# Amino acid present Sequence

1 Asp, Gln, Gln, Ser, Phe, Lys FDQSQK

2 Gln, Gly, Thr, Pro, Tyr, Asp GTQPDY / PGQTDY .

3 Gln, Ser, Gly, Ala, Pro, Gly GGQPAS %

4 Gln, Gly, Ala, Tyr, Ile, Leu GLIAQY / GLQIAY (E*T

5  Gln, Gly, His, Ile, Leu, Phe FGLIQH / GLFIQH f_

6 Gly, His, Ala, Ile, Leu, Leu ~ GLLIAH g
@

7  Gln, His, Thr, Pro, Pro, Ile PTIPQH -

8  Asp, Gly, His, His, Thr, Ala GDHTAH / GTHADH

9  Asp, His, Thr, Ala, Pro, Leu PDLTAH / PTLADH

10 Gly, Arg, Thr, Tyr, Leu, Cys RGLTCY / GYLTRC

11 Pro, Cys, Leu, Leu, Lys, Lys KLLPCK A

12 Gln, Ser, Arg, Thr, Cys, Lys RTQSCK / KTQSRC %

13 Phe, Cys, Tyr, Arg, Ser, Tyr RYFSCY ‘ZD_

14 Ala, Cys, lle, Leu, Lys, Lys KLIACK g

15 Asp, Ser, Arg, Cys, Leu, Lys RDLSCK / KDLSRC E

16 Asp, Arg, Pro, Cys, Phe, Arg RDFPRC 2

17 Asp, Gly, His, Tyr, Ile, Cys GDHICY / GYHIDC

Probe 66a (maleimide)

# Amino acid present Sequence

1 Gly, His, Ala, Pro, Ile, Leu PGLIAH / GLIPAH

2 Glu, Glu, Ile, Leu, Phe, Ser FLQIQS

3 Asp, Glu, Ser, Gly, Ala, Pro GDQPAS / PGQADS Q

4 Asp, Glu, Gly, Ala, Ile, lys GDIAQK / GDQIAK g

5 Glu, His, Ala, Pro, Tyr Ile PYTAQH / PYQIAH 2

6  Glu, Gly, Tyr, lle, Ile, Gly GGIIQY ;D‘

7  Gly, Ala, Ile, Leu, Lys, Phe KAIFLG §-

8 Gly, His, Ala, Ala, Pro, Leu PGLAAH E

9  Asp, Ala, Pro, Ile, Leu, Lys PDLIAK / PLIADK

10 Ser, Ser, Ala, Pro, Ile, Leu PLISAS

11 His, Thr, Ala, Cys, Lys, Lys KTHACK

12 Ser, His, Arg, Ala, Tyr, Cys RYHACS /RYHSAC

13 Pro, Pro, Tyr, Tyr, Leu, Cys PYLPCY

14 Glu, Gly, Gly, Ile, Lys, Cys GGQICK

15 Gly, His, Thr, Cys, Ile, Tr  GTITCH g

16 Gly, His, Thr, Tyr, Cys, Ile GTHICY / GYITCH (%

17 Glu, Gly, His, Tyr, Cys, Ile GYQICH / GYHIQC g

18 Asp, Ser, Cys, Leu, Lys, Lys KDLSCK §

19 Gly, Gly, His, Thr, Cys, Ile GGITCH é

20 Gly, His, Ala, Tyr, Leu, Cys GLHACY / GYLACH

21 Gly, Pro, Tyr, Cys, Ile, Lys KGIPCY / GYIPCK

22  Asp, Gly, His, Ala, Tyr, Cys GYHADC / GDHACY

23 Glu, Gly, Arg, Ala, Phe, Cys RGFAQC / FGQARC

* Incubation for 20 minutes in 5 uM solution of the probes in

PBS:DMSO mixtures (80:20, pH 7.4). Cys residues are in bold red

neighbouring Lys, Tyr, and Arg — in blue.
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The first important fact we have found is that both of the tested
probes demonstrated high level of selectivity towards cysteine.
Indeed, all the intensively coloured beads were found to contain
cysteine in their sequences, while none of those remaining col-
ourless possessed this amino acid residue. The odds for such a
result to be a coincidence can be calculated using Eq.1 and turn
out to be almost negligible: 7.57* % and 6.82°° % for probes
65a and 66a respectively.

Eq.1: P = (Cys,)P(1 — Cys,)™ = (0.4375)P(0.5625)"

This first observation clearly demonstrates the applicability of
the on-beads methodology for the screening of residue-selective
functional groups and, obviously, makes it an appropriate alter-
native to the previously described HPLC-based screening (Sec-
tion B 1.1, page 45). While representing a much faster approach
for testing of reactivity (50 beads can be sequenced in 1 day),
on-beads screening requires the preparation of detectable (e.g.
fluorescent, or simply coloured) probes containing the tested
functional group of interest, which makes it much more labori-
ous in the beginning of the screening.

Curiously, even on such a restricted number of sequenced beads
we could notice several interesting trends. The majority of the
reactive beads contained three amino acids residues next to
cysteine — lysine, tyrosine, and arginine (shown in blue, Table
15). This tendency is less remarkable for the probe 66a contain-
ing more reactive and promiscuous maleimidyl residue.
Interestingly, none of dicysteinyl peptides (represent 6.25% of
all peptides) were detected among reactive peptide sequences.
This may either be due to the oxidation of dicysteinyl peptides
during swelling and washing, or simply be a statistical coinci-
dence due to a small number of analysed beads. This brings us
to a very important thing to be taken into consideration while
conducting the screening of combinatorial libraries. Even
though the obtained results clearly demonstrated the applicabil-
ity of the approach of on-beads screening for sequence selectiv-
ity of chemical reagents, the percentage of the targeted se-
quences must be rather low in order to make the obtained data
credible statistically. Therefore, the design of the library repre-
sents a very important step to be accomplished before starting
the study.

4 CONCLUSIONS

All in all, in this chapter we have presented our investigations
on the development and first proof-of-concept studies of an on-
beads model screening system which allows determination of
selectivities for a specific sequence of amino acids. The librar-
ies were synthesised following the approach of fixed pairs,
which opens the possibility of using a simple amino acid analy-
sis (AAA) to conduct sequencing. AAA does not imply utilisa-
tion of MS or any other expensive and sophisticated techniques,
which represents an important advantage compared to ordinary
used approaches. We thus expect our screening approach to
take its place among other available screening.
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As a result of the screening, we have obtained first insights into
the discrepancy between APN reactivity depending of the ami-
no acid side chain neighbouring the reactive cysteine moiety.
Interestingly, such a difference was somewhat less remarkable
for a more reactive maleimide-containing probe. However, in
order to make safe assumptions, much more data should be
collected by sequencing more beads. This work is currently on-
going and full reactivity patterns of new and already described
functional groups are to be determined.
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D. EXPERIMENTAL PART

1 GENERAL METHODS

1.1 EXPERIMENTAL PROCEDURES

Unless otherwise indicated, reactions were carried out under an
atmosphere of argon in flame-dried glassware with magnetic
stirring. Air and/or moisture-sensitive liquids were transferred
via syringe. When required, solutions were degassed by bub-
bling of argon through a needle. Organic solutions were con-
centrated by rotary evaporation at 25-60 °C at 15-30 torr. Ana-
lytical thin layer chromatography (TLC) was performed using
plates cut from glass sheets (silica gel 60F-254 from Merck).
Visualisation was achieved under a 254 or 365 nm UV light
and by immersion in an appropriate revelation solution.

1.2 MATERIALS

All reagents were obtained from commercial sources and used
without any further purifications. The anhydrous solvents uti-
lised in experiments were obtained from Sigma-Aldrich or Alfa
Aesar. All reagents used in the experiments were purchased
from Aldrich, Alfa Aesar, Acros or TCI and were used without
any further purification. Silica gel for column chromatography
was purchased from Merck (Geduran® Si 60, 40-63 pm). Col-
umn flash chromatography was carried out using silica gel G-
25 (40-63 pm) from Macherey-Nagel.

1.3 INSTRUMENTATION

1.3.1 NMR spectrometry

'H and '*C NMR spectra were recorded at 23°C on Bruker 300,
400 and 500 spectrometers. Recorded shifts are reported in
parts per million (§) and calibrated using residual non-
deuterated solvent. Data are represented as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quar-
tet, quint = quintet, m = multiplet, br = broad), coupling con-
stant (J, Hz) and integration.

1.3.2 Mass spectrometry

High resolution mass spectra (HRMS) were obtained using a
Agilent Q-TOF (time of flight) 6520 and low resolution mass
spectra using a Agilent MSD 1200 SL (ESI/APCI) with a Ag-
ilent HPLC1200 SL. GC-MS analyses were performed by
means of Agilent 7890A Gas Chromatograph equipped with
DB-5MS 30 m x 0.25 mm column and JEOL AccuTOF-GCv.
The semi-preparative HPLC system consisted of a Waters 600
pump, a 2487 detector (Waters), a 5 mL sample loop and a
SunFire C18 column (150 mm x 19 mm i.d., 5 pm, Waters)
with a 40 min gradient from 5% to 95% acetonitrile.

1.3.3 Microscopy

Fluorescence images were recorded on an inverted widefield
microscope DM IRB (Leica Microsystems) equipped with a
mercury metal halide EL 6000 (Leica Microsystems) for fluo-

rescence  excitation and a variety of objectives
(x10/%x20/x40/%x63) have been applied. Filter cubes utilised
were A4 for Hoechst imaging (BP 360/40 — 400 — BP 470/40)
and Cy3 for TAMRA imaging (BP 545/40 — 565 — BP 610/75).
Confocal images were recorded on a TCS SPE-II (Leica Mi-
crosystems) using HXC PL APO 20x/0.7 CS (x20) and HXC
PL APO 63%x/1.40 OIL CS (x63) objectives. Excitation was
done with 405 nm (Hoechst experiment), 488 nm (Oregon
Green experiment) or 561 nm (TAMRA experiment) and fluo-
rescence was detected from 430 — 480 nm (Hoechst), 500 — 560
nm (Oregon Green) and 570 — 625 nm (TAMRA). Analysis
was carried out with the software Coolnap and Imagel.

1.3.4 UYV spectroscopy

UV-Vis spectra were recorded on Shimadzu UV-1800 spectro-
photometer. IR spectra were recorded on a Nicolet 380 FT-IR
spectrometer from Thermo Electron Corporation as a DCM
solution or solid on a diamond plate.

1.3.5 HPLC

Analytic HPLC experiments were carried out on a Shimadzu
system (pump: LC 20-AD, detector: SPD 20-A, autosampler:
SIL 20-A) using a SunFire™ C18 5 uM 4.6 x 150 mm column
(Waters). HPLC parameters were as follows: flow rate
1 mL/min, gradient from 5 to 95% of mobile phase B from 0 to
20 min, followed by 5 min at 95% of mobile phase and post
time of 5 min. Mobile phase A was 0.05% TFA in water (mQ)
(v/v), and mobile phase B was acetonitrile (HPLC grade). Un-
less otherwise specified, the detection was done at 254 nm.
Preparative HPLC procedures were performed on semi-
preparative HPLC system (pump: Waters 600, detector: Waters
2489, collector: Waters fraction collector III, 5 mL sample
loop) using a Sunfire C18 (150 mm x 19 mm i.d., 5 pm, Wa-
ters) at a flow of 17 mL/min. Per sample 1 mL were injected
and as eluent system water/ACN containing 0.05% TFA was
used. The gradient applied was 5% to 95% ACN in 40 min and
10 min of re-equilibration. Detection was done at 254 nm.

2 GENERAL PROCEDURES

2.1 STOCK SOLUTIONS

100 mM stock solutions of each reagent used in the screening
were prepared in DMSO and stored at -20 °C. A 100 mM stock
solution of benzamide (used as an internal standard) was pre-
pared in distilled water and stored at 25 °C.

2.2 HPLC SCREENING OF REACTIVITIES

10 pL of the stock solution of amino acid derivative (1-16) and
2.5 uL of the stock solution of benzamide were added to a vial
containing 977.5 puL of PBS (1x, pH 7.6). The solution was
vortexed and 10 pL of the stock solution of electrophile are
added to give 1 mM final concentrations of reagents and
0.25 mM concentration of benzamide. Aliquots of the reaction
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mixture (50 pL) were analysed at T, of about 1 minute and at
Teng of 5 hours by HPLC. Areas under peaks of starting materi-
als and hydrolysis products are normalised according to the
area of peak of the internal standard.

2.3 STUDY OF HYDROLYTIC STABILITY OF REACTING PROBES
32,35-39

To a vial, containing 980 pL of PBS (1x, pH 7.6), were subse-
quently added 10 pL of the stock solution of benzamide and 10
pL of the stock solution of the probe to give final concentration
of 1 mM (both internal standard and the probe). Aliquots of the
reaction mixture (50 pL) were analysed by HPLC for 5 hours
(injection every 30 min). Areas under the peaks of the starting
materials and the products of hydrolysis were normalised ac-
cording to the area of the peak of the internal standard.

2.4 REACTIVITY OF APN 32, 49-60 TOWARDS CYSTEINE DE-
RIVATIVE 16.

To a vial, containing 985 pL of PBS (1x, pH 7.6), were subse-
quently added 5 pL of the stock solution of benzamide (10 mM
in water), 5 pL of the stock solution of APN (10 mM in
DMSO) and 5 pL of stock solution of AcCys (16, 10 mM in
DMSO) to give final concentration of 50 pM (each reagent and
internal standard). Aliquots of the reaction mixture (50 pL)
were analysed by HPLC (injection at 0 and 30 minutes of reac-
tion). Areas under the peaks of the starting materials and hy-
drolysis products were normalised according to the area of the
peak of the internal standard.

2.5 STABILITY OF 33 IN DIFFERENT WORKING MEDIA

A 100 mM stock solution of 33 was prepared in DMSO and
stored at -20 °C. 1 pL of the stock solution was added to
999 nL of working media to give 100 pM final concentration of
substrate. Aliquots were analysed at different time points. Areas
under peak of starting material (33) were normalised according
to the area of the peak of the internal standard (benzamide). All
measurements were carried on at 25 °C.

2.6 FLUORESCENCE STABILITY MEASUREMENTS

Solutions of the FRET-probe in the buffer are prepared in a 96-
well plate at specified concentration. The 96-well plate is
placed in the Victor plate reader and the measurements are
started. Fluorescence is detected every 120 s with the interval
including 10 s of shaking and 5 s of delay before recording eve-
ry measurement. Excitation was done with A,, of 560 nm, the
fluorescence was detected at 580 nm.

2.7 SOLID-PHASE PEPTIDE SYNTHESIS

Unless otherwise specified, SPPS is done in 10 mL syringes on
100 mg of TentaGel® HL (Fmoc protected).

2.7.1 Coupling
Following protocol allowed attaching one amino acid residue
on the surface of Fmoc protected beads.
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1. Swelling. The resin was agitated in DCM (5-6 mL) for 10
min. Solvent was sucked out.

2. Fmoc-deprotection. (2 times): amino groups of the resin
were deprotected by adding 7 mL of piperidine:DMF solu-
tion (20:80) and were agitated for 10 minutes. The resin was
washed with DCM (to get beads back to syringe), NMP (3
times), MeOH (3 times) and DCM (3 times).

3. Control. The presence of free amino groups was checked by
the reaction with 1% DMF solution of DNTB with 10%
DMF solution of DIPEA (yellow beads = no amino groups;
red beads = free amino groups are present). NB: the pres-
ence (or absence) of proline was verified using the colour
reaction with of 2% chloranil in DMF and 2% acetaldehyde
in DMF.

4. Peptide coupling. Previously prepared solution of Fmoc-
protected amino acid and Pybop in NMP (1 mL) (5-10 min
before addition) was added to carefully washed resin (last
wash with DCM for swelling), a syringe is filled to 70% of
its full volume, DIPEA is added and stirring continued for
1 hour at 25 °C. Solvents were sucked out, the resin was
washed 3 times with NMP, 3 times with MeOH, 3 times
with DCM.

5. Control. The absence of free amino groups was controlled
by the same test as described in the step 4 (beads should not
become red-coloured).

6. Acetylation. Washed and swelled resin was stirred for 15
minutes with a mixture Ac,O:DCM solution (1:1).

7. Washing. Resin was washed with NMP (3 times), MeOH (3
times) and DCM (3 times).

2.7.2 Complete deprotection

1. Resin was washed, swelled and deprotected (Coupling pro-
cedure, step 7, 1-2).

2. Cleavage mixture (94TFA : 1TIS: 2.5EDT : 2.5H20, v:v)
was added and agitation was continued for 4.5 hours. Sol-
vents were sucked out, resin was washed with NMP (5
times), MeOH (5 times) and DCM (5 times).

2.8 ON-BEADS SCREENING OF REACTIVE PROBES

Completely deprotected on-beads peptide library (5-20 mg) was
swelled for 5 minutes in DCM, washed with MeOH (5 minutes)
and working solution (5 minutes). Required amount of the stock
solution of the probe was added to the working solution. After
being vortexed, the obtained solution was added to syringes
with beads, and the incubation continues for 10-60 minutes.
The beads were washed with working solution, NMP, MeOH
and DCM (3 times each).

Standard working solution: PBS:DMSO (80:20), pH 7.4.
Standard working concentration of the testing probe: 10 pM.
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2.9 SONOGASHIRA COUPLING

Reaction scheme:

1
_— OH
R, X R
2 A BorC 2 Z
—_
R R R R,

4 4

Standard reaction protocols:

A. To a degased solution of the proper aryl halide (1 eq.,
1 mmol) in DMF (5 mL) were added DIPEA (10 eq., 10 mmol),
premixed PdCl,(PPhs), (0.03 eq., 30 pmol), and Cul (0.06 eq.,
60 pmol). The resulting mixture was degased, stirred for anoth-
er 5 minutes, followed by the addition of propargyl alcohol (1.2
eq., 1.2 mmol). The resulting mixture was stirred for 1-24 hours
(monitored by TLC). 1M HCI (50 mL) was added (if contains
free amino groups, 50 mL of water were added instead) and the
reaction mixture was extracted with ethyl acetate (3x20 mL).
The combined ethyl acetate fractions were washed with water
(1x10 mL) dried over MgSO, and evaporated under reduced
pressure. Crude products were purified by flash chromatog-
raphy (gradient of 20 minutes from 100% of cyclohexane to
100% of ethyl acetate).

B. To a degased solution of the proper aryl halide (1 eq.,
1 mmol) in THF (5 mL) and TEA (5 mL), were added pre-
mixed PdCl,(PPh;), (0.03 eq., 30 umol) and Cul (0.06 eq., 60
pmol), followed by the addition of propargyl alcohol (1.2 eq.,
1.2 mmol). The reaction mixture was stirred for 1-24 hours
(monitored by TLC). THF and TEA were evaporated under
reduced pressure and the crude product was purified by flash
chromatography (gradient of 20 minutes from 100% of cyclo-
hexane to 100% of ethyl acetate).

C. To a degased solution of the proper aryl halide (1 eq.,
1 mmol) in propylamine or pyrrolidine (3 mL), Pd(PPh;),
(0.05 eq., 50 pmol) was added. The resulting mixture was heat-
ed overnight (30-50 °C), evaporated and the crude product was
purified by flash chromatography (gradient of 20 minutes from
100% of cyclohexane to 100% of ethyl acetate).

2.10 PREPARATION OF HIGHLY ACTIVE MNQO,

A solution of MnCl,4H,O (1 eq., 1 mole, 200 g) in water (2 L)
at 70 °C was gradually added during 10 minutes, with stirring,
to a solution of KMnOy, (1 eq., 1 mole, 160 g) in water (2 L) at
60 °C. A vigorous reaction ensued with evolution of chlorine;
the suspension was stirred for 2 hours and kept overnight at 25
°C. The precipitate was filtered off, washed thoroughly with
water (4 L) until pH 6.5-7 and the washing gave a negligible
chloride test. The filter cake was then dried at 120-130 °C for
18 h to give a chocolate-brown, highly disperse amorphous
powder.

2.11 MNQO,; OXIDATION

Slightly modified procedure described by McAllister et al. ¥

To a solution of the proper propargylic alcohol (1 eq., 1 mmol)
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in THF (4.5 mL) were added MgSQO, (15 eq., 15 mmol), highly
active MnO, (25 eq., 25 mmol) and 2M NHj; solution in IPA (4
eq., 4 mmol, 2 mL). The resulting mixture was vigorously
stirred at 25 °C for 0.5-12 hours (monitored by TLC). DCM (20
mL) was added and the crude mixture was filtered through
Celite, evaporated under reduced pressure to give crude product
and purified by flash chromatography if required.

3 SYNTHESIS

3.1 (S)-2-AMINO-N-BENZYLACETAMIDE (1):

BnNH, Pybop TFA o)

- o . HZN/\f
BocHN/\f DIFEA, DCM BocHN/Y DCM
H NHBn

NHBn
1a 1

1a: tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate

To a cooled to 0 °C solution of Boc-Gly-OH (1 eq., 500 mg,
2.85 mmol) in DCM (10.8 mL) were added DIPEA (3 eq., 1.42
mL, 8.56 mmol) and PYBOP (1.1 eq., 1630 mg, 3.14 mmol).
The resulting mixture was stirred for another 5 min at 0 °C.
Benzylamine (1.5 eq., 468 pL, 4.28 mmol) was added and the
solution was allowed to warm up to room temperature and
stirred for 3 hours. The reaction mixture was washed with 1M
HCI (20 mL), NaHCO; (sat.) (10 mL) and brine (10 mL), dried
over MgSO, and evaporated. The crude material was purified
by  flash (20
EtOAc/Cyclohexane) and evaporated under reduced pressure to
yield 1a (680 mg, 2.57 mmol, 90 %) as a white solid.

'H NMR (400 MHz, CHLOROFORM-d) & 7.23-7.53 (m, 5H),
6.53 (br. s., 1H), 4.47 (d, J =5.77 Hz, 2H), 3.84 (d, J =5.02
Hz, 2H), 1.44 (s, 9H); ESI-MS: C4H;N,05;" [M+H]", 264.1;
found 264.2.

1: 2-Amino-/N-benzylacetamide (TFA salt).

To a solution of 1a (1 eq., 300 mg, 1.13 mmol) in DCM (5 mL)
was added TFA (20 eq., 1.7 mL, 22.7 mmol). The resulting
mixture was stirred for 2 hours at 25 °C. The solvents were

chromatography minutes gradient

evaporated under reduced pressure to yield 1 (309 mg, 1.11
mmol, 98 %) as a white solid which was used without any fur-
ther purification.

'"H NMR (400 MHz, METHANOL-d,) & 7.24-7.41 (m, 5H),
4.45 (s, 2H), 3.72 (s, 2H); *C NMR (101 MHz, METHANOL-
dy) 6 169.6, 138.9, 129.7, 128.7, 128.5, 44.3, 41.5; ESI-MS:
CoH 3N,O" [M+H]", 165.1; found 165.1.

3.2 (S)-2-AMINO-N-BENZYLPROPANAMIDE (2):
TFA
o o I
BocHNJ\f BocHNJ\f DCM
H

NHBn
2a 2

2a: (S)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carba-

mate.

This compound was synthesised following the same procedure

as for the synthesis of 1a. White solid; yield: 92%.

BnN HZ, Pybop

O
HZN/L«’%

NHBn

DIPEA, DCM
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"H NMR (400 MHz, CHLOROFORM-d) & 7.21-7.40 (m, 5H),
5.04 (br. s., 1H), 4.35-4.60 (m, 2H), 4.21 (br. s., 1H), 1.43 (s,
9H), 1.40 (d, J = 7.03 Hz, 3H); ESI-MS: C,5H,3;N,0," [M+H]",
278.2; found 278.2.

2: (S)-2-Amino-/N-benzylpropanamide (TFA salt).

This compound was synthesised following the same procedure
as for the synthesis of 1. Yellowish oil; yield: 98%.

Yield: 98%, yellowish oil. '"H NMR (400 MHz, METHANOL-
d,) 8 7.20-7.44 (m, 5H), 4.44 (s, 2H), 3.96 (q, J = 7.03 Hz, 1H),
1.53 (d, J = 7.03 Hz, 3H); *C NMR (101 MHz, METHANOL-
d,) & 170.8, 139.5, 129.7, 128.7, 128.5, 50.3, 44.3, 17.7; ESI-
MS: CoH;sN,O" [M+H]", 179.1; found 179.2.

3.3  (S)-2-AMINO-N-BENZYL-3-HYDROXYPROPANAMIDE (3):

OtBu OtBu

BnNH, EDC
o) 2 o]
CbzHN CbzHN
H

NHBn
3a
3a: (S)-tert-Butyl (1-(benzylamino)-3-(tert-butoxy)-1-
oxopropan-2-yl)carbamate.
To a solution of N-Cbz-O(¢Bu)-L-serine (1 eq., 370 mg, 1.25
mmol) and TEA (3 eq., 960 mg, 1.23 mL, 7.43 mmol) in DCM
(20 mL) cooled to 0 °C was added EDC (1.10 eq., 264 mg, 1.38
mmol). The obtained solution was stirred for 10 min at 0 °C,
benzylamine (1.1 eq., 151 pL, 1.38 mmol) was added and the
reaction mass was stirred overnight at 25 °C. The resulting mix-
ture was washed with 1M HCI (2x20 mL). The organic layer
was dried over MgSO, and evaporated under reduced pressure.
The crude product was purified by flash chromatography
(DCM:MeOH, 20 min gradient from 0% to 5% of MeOH) to
give 3a (303 mg, 63%) as a white solid.
"H NMR (400 MHz, CHLOROFORM-d) & 7.14-7.38 (m, 10H),
6.78 (br. s., 1H), 5.66 (br. s., 1H), 4.93-5.20 (m, 2H), 4.31-4.52
(m, 2H), 4.20 (br. s., 1H), 3.70-3.88 (m, 1H), 3.21-3.43 (m,
1H), 1.06 (s, 9H); ESI-MS: C»,H,,N,0," [M+H]", 384.2; found
384.2.
3: (S)-2-Amino-N-benzyl-3-hydroxypropanamide.
To a degased solution of 3a (150 mg, 0.39 mmol) in MeOH (10
mL) was added Pd/C (15 mg). The resulting mixture was stirred
overnight under hydrogen atmosphere at 25 °C. The solution
was filtered through Celite 545, evaporated, the obtained oil
was dissolved in 1:1 mixture of DCM and TFA (5 mL), stirred
for 2 hours at 25 °C and evaporated under reduced pressure to
give the crude product, which was purified by flash chromatog-
raphy (reverse phase, H,O (0.5% TFA):MeOH, gradient from
0% to 100% of MeOH in 20 min) to give 3 (TFA salt, 40 mg,
40%) as a colorless oil.
'H NMR (400 MHz, METHANOL-d,) & 7.22-7.43 (m, 5H),
4.45 (d, J=5.77 Hz, 2H), 3.91-4.01 (m, 2H), 3.80-3.91 (m,
1H); *C NMR (101 MHz, METHANOL-d,) & 168.1, 139.4,
129.7, 128.7, 128.5, 61.7, 56.4, 44.4; ESI-MS: C,;oH;sN,0,"
[M+H], 195.1; found 195.2.

a) Hy Pd/C, MeOH OH

b) TFA, DCM
) - o
HoN

NHBn
3

— .
TEA, DCM
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3.4 (R)-2-AMINO-N-BENZYL-3-MERCAPTOPROPANAMIDE (4):

STt STr SH
BnNH, HBTU
BochN o2 " o _"PS o
¢ DIPEA, DMF  BocHN TFA,DCM  HoN
H NHBn NHBn
4a 4

4a: (R)-tert-Butyl (1-(benzylamino)-1-0x0-3-
(tritylthio)propan-2-yl)carbamate.

To a cooled to 0 °C solution of N-Boc-S-Trityl-L-cysteine (1
eq., 1.15 g, 2.48 mmol) and DIPEA (3 eq., 1.23 mL,
7.43 mmol) in DMF (8 mL), HBTU (1.01 eq., 0.95 g, 2.5
mmol) was added. The obtained solution was stirred for 10 min
at 0 °C, benzylamine (1.1 eq., 0.3 mL, 2.72 mmol) was added
and the reaction mass was stirred overnight at 25 °C. 1M HCl
(80 mL) was added and the obtained solution was extracted
with ethyl acetate (3x60 mL). The combined organic fractions
were dried over MgSO, and evaporated. Product was purified
by flash chromatography (DCM:MeOH, 20 min gradient from
0% to 10% of MeOH). 4a was obtained as a white solid (1.1 g,
82%).

'H NMR (400 MHz, METHANOL-d,) & 7.39 (d, J = 7.53 Hz,
6H), 7.15-7.35 (m, 14H), 4.62 (br. s., 1H), 4.42 (d, J = 15.06
Hz, 1H), 4.27 (d, J = 15.06 Hz, 1H), 4.02 (t, J/ = 6.15 Hz, 1H),
2.40-2.63 (m, 2H), 1.44 (s, 9H); ESI-MS: C;3,H;,N,0;S"
[M+H], 552.2; found 552.2.

4: (R)-2-Amino-/N-benzyl-3-mercaptopropanamide.

To a degased solution of 4a (1 eq., 500 mg, 0.905 mmol) in
DCM (15 mL), TFA (20 eq., 1.34 mL, 18.1 mmol) was added
dropwise to give brightly yellow solution. Triisopropylsilane
(TIPS, 5 eq., 0.927 mL, 4.52 mmol) was added, and the result-
ing mixture was stirred for another 2 hours at 25 °C (solution
turned colorless). The crude mixture was evaporated under re-
duced pressure under reduced pressure, washed with cyclohex-
ane, and the residue was purified by reverse phase flash chro-
matography (H,O (0.5% TFA):MeOH, gradient from 0% to
100% of MeOH in 20 min) to yield 4 (TFA salt, 275 mg, 0.85
mmol, 94 %) as a colourless oil.

'H NMR (400 MHz, METHANOL-d,) & 7.28-7.34 (m, 5H),
4.46 (d, J =4.27 Hz, 2H), 4.05 (t, J =5.90 Hz, 1H), 3.03 (dd,
J=15.90, 19.70 Hz, 2H); *C NMR (101 MHz, METHANOL-
dy) & 168.3, 139.3, 129.7, 128.8, 128.6, 56.2, 44.5, 26.4; ESI-
MS: C;H;sN,0S" [M+H]", 211.0; found 211.0.

3.5 (S)-2-AMINO-N-BENZYL-3-(4-

HYDROXYPHENYL)PROPAN-AMIDE (5):

OBn OBn OH

BnNH, EDC H, PdIC

2
CbzHN TEA, DCM CbzHN MeOH  HaN

H NHBn NHBn
5a 5
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S5a: (S)-Benzyl (1-(benzylamino)-3-(4-(benzyloxy)phenyl)-1-
oxopropan-2-yl)carbamate.

To a solution of N-Cbz-OBn-L-Tyrosine (1 eq., 478 mg, 1.18
mmol) and TEA (3 eq., 0.490 mL, 3.54 mmol) in DCM (20
mL) at 0 °C was added EDC (1.10 eq., 249 mg, 1.30 mmol).
The resulting solution was stirred for 10 min at 0 °C before
benzylamine (1.1 eq., 0.142 mL, 1.30 mmol) was added and the
reaction mixture was stirred overnight at 25 °C. The clude mix-
ture was washed with 1M HCI (2x20 mL), dried over MgSO,
and evaporated under reduced pressure. The crude product was
purified by flash chromatography (DCM:MeOH, gradient from
100% of DCM to 90% of DCM in 20 min) to give 5a (525 mg,
90%) as a yellowish oil.

"H NMR (400 MHz, CHLOROFORM-d) & 7.19-7.42 (m, 13H),
6.92-7.08 (m, 4H), 6.78 (m, 2H), 5.86 (br. s., 1H), 5.25 (br. s.,
1H), 5.00 (s, 2H), 4.94 (s, 2H), 4.18-4.30 (m, 3H), 3.03 (dd,
J=5.52, 13.80 Hz, 1H), 2.89 (dd, J=7.78, 13.80 Hz, 1H);
ESI-MS: C3H;N,0," [M+H]", 494.2; found 494.2.

5: (S)-2-Amino-/N-benzyl-3-(4-hydroxyphenyl)propanamide.
To a degased solution of 5a (500 mg, 1.01 mmol) in MeOH (10
mL) was added Pd/C (50 mg). The resuting mixture was stirred
overnight under hydrogen atmosphere at 25 °C. The obtained
solution was filtered through Celite 545 and evaporated under
reduced pressure. The crude product was purified by flash
chromatography (reverse phase, H,O (0.5% TFA):MeOH, gra-
dient from 0% to 100% of MeOH in 20 min) to give 5 (TFA
salt, 311 mg, 80%) as a white solid.

'"H NMR (400 MHz, METHANOL-d4) 3 7.06-7.28 (m, 6H),
6.80-6.92 (m, J = 8.3 Hz, 2H), 6.47-6.69 (m, J = 8.3 Hz, 2H),
427 (d, J=15.1 Hz, 1H), 4.13 (d, J = 15.1 Hz, 1H), 3.40 (t,
J=72 Hz, 1H), 2.76 (td, J=7.2, 13.5 Hz, 1H), 2.66 (td,
J=72,13.5 Hz, 1H); *C NMR (101 MHz, METHANOL-d,)
5 177.0, 158.0, 139.9, 131.8, 129.9, 129.7, 129.0, 128.6, 116.8,
58.5, 44.4, 42.2; ESI-MS: C¢HoN,0," [M+H]", 271.1; found
271.2.

3.6 (S)-2-AMINO-N-BENZYL-4-(METHYLTHIO)BUTANAMIDE

(6):
4 4

NHBn NHBn

BnNH, EDC H, Pd/C

CbzHN

TEA, DCM MeOH

6a: (S)-Benzyl (1-(benzylamino)-4-(methylthio)-1-oxobutan-
2-yl)carbamate.

To a solution of N-Cbz-L-Methionine (1 eq., 209 mg, 0.74
mmol) and TEA (3 eq., 0.308 mL, 2.21 mmol) in DCM (10
mL) was added EDC (1.10 eq., 156 mg, 0.81 mmol). The re-
sulting mixture was stirred for 10 min at 0 "C before benzyla-
mine (1.1 eq., 0.089 mL, 1.38 mmol) was added and the reac-
tion mass was stirred overnight at 25 °C. The resulting mixture
was washed with 1M HCI (2x10 mL), dried over MgSO, and
evaporated. The crude product was purified by flash chroma-

Development of new bioselective ligation reactions

tography (DCM:MeOH, gradient from 100% of DCM to 90%
of DCM in 20 min) to give 6a (260 mg, 95%) as a white solid.
'H NMR (400 MHz, CHLOROFORM-d) & 7.23-7.46 (m, 10H),
6.48 (br. s., 1H), 5.53 (br. s., 1H), 5.12 (s, 2H), 4.34-4.56 (m,
3H), 2.47-2.68 (m, 2H), 1.96-2.21 (m, 5H); ESI-MS:
C,oH,5N,05S" [M+H]", 373.2; found 373.1.

6: (S)-2-Amino-/N-benzyl-4-(methylthio)butanamide.

To a degased solution of 6a (200 mg, 0.54 mmol) in MeOH
(10 mL) was added Pd/C (20 mg). The resulting mixture was
stirred overnight under hydrogen atmosphere at 25 °C. The so-
lution was filtered through Celite 545 and evaporated under
reduced pressure. The crude product was purified by flash
chromatography (reverse phase, H,O (0.5% TFA):MeOH, 20
min gradient from 0 to 100% of MeOH) to give 6 (TFA salt,
120 mg, 63%) as a colourless oil.

'"H NMR (400 MHz, METHANOL-d,) & 7.08-7.36 (m, 5H),
4.99 (s, 1H), 4.11-4.41 (m, 2H), 3.34 (t, J = 6.53 Hz, 1H), 2.26-
2.53 (m, 2H), 1.90-1.98 (m, 3H), 1.61-1.90 (m, 2H); *C NMR
(101 MHz, METHANOL-d,) 6 177.2, 140.0, 129.6, 128.7,
128.3, 55.4, 44.1, 35.9, 31.2, 15.3; ESI-MS: C;H;oN,O0S"
[M+H]", 239.1; found 239.2.

3.7 (S)-2,6-DIAMINO-/N-BENZYLHEXANAMIDE (7):

NHBoc
NH,

o 1.BnNH, THF
BocHN o ™, o

-
N 2.7Fa, 0cM N
N NHBn
7

This compound was synthesised one-pot using a protocol re-
ported by Huang et al.®* starting from a commercially available

Boc-Lys(Boc)-OSu.

3.8 (S)-N-BENZYLPYRROLIDINE-2-CARBOXAMIDE (8):

—
H
“TenDoM NHBn NHBn

8

8b: tert-Butyl (S)-2-(benzylcarbamoyl)pyrrolidine-1-carbo-
xylate.

N-Boc-L-proline (1 eq., 1000 mg, 4.7 mmol) and TEA (1 eq.,
300 pL, 4.7 mmol) were dissolved in DCM (20 mL). The reac-
tion mixture was cooled to 0 °C and ethyl chloroformate (1 eq.,
265 puL, 4.7 mmol) was added dropwise over 10 minutes. Ben-
zylamine (1.1 eq., 557 pL, 5.11 mmol) was added and the re-
sulting mixture was stirred for 1 hour at 0 °C, at 25 °C for an-
other 15 hours, and then heated to reflux for 1 hour. The reac-
tion mixture was filtered through a Celite after having been
cooled to room temperature. The crude product obtained after
the evaporation of solvents was purified by flash chromatog-
raphy (20 minutes gradient EtOAc/Cyclohexane) to give 8b
(545 mg, 35%) as white solid.
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"H NMR (400 MHz, DMSO-dg) & 8.10 (s, 1H), 7.15 — 7.25 (m,
5H), 4.36 (dd, J =6.20, 15.13 Hz, 1H), 4.26 (dd, J =5.95,
15.13 Hz, 1H), 4.10-4.15 (m, 1H), 3.35-3.46 (m, 1H), 3.28-3.35
(m, 1H), 2.15 (m, 1H), 1.70-1.90 (m, 3H), 1.35 (s, 9H); ESI-
MS: C7H,5N,0;" [M+H]", 304.2; found 304.2.

8: (S)-N-Benzylpyrrolidine-2-carboxamide.

8a (200 mg, 6.6 mmol) was dissolved in DCM (2 mL) and TFA
(200 pL) was added. The resulting mixture was stirred for an-
other 2 hours until complete completion of the reaction (TLC
monitoring), the solvent was evaporated under reduced pressure
and the obtained crude product was purified by reverse-phase
flash chromatography (20 minutes gradient H,O (0.5%
TFA):MeOH).

'"H NMR (400 MHz, CHLOROFORM-d) & 8.10 (s, 1H), 7.21-
7.29 (m, 5H), 4.35-4.39 (s, 2H), 3.81-3.85 (m, 1H), 3.00-3.12
(m, 1H), 2.85-2.89 (m, 1H), 2.76 (s, 1H), 2.11-2.17 (m, 1H),
1.90-1.95 (m, 1H), 1.65-1.71 (m, 2H); '*C NMR (101 MHz,
CHLOROFORM-d) & 174.7, 139.0, 127.9, 60.5, 47.1, 42.5,
30.8, 26.1; ESI-MS: C;,H;;N,O" [M+H]", 205.1; found 205.3.

3.9 (S)-2-AMINO-N'-BENZYLPENTANEDIAMIDE (9):

0. _NH, 0. _NH, 0. _NH,
o BnNH, EDC o TFA o
—_ —_—
BocHN TEA, DCM BocHN DCM H,N
NHBn NHBn
9a 9

9a: (S)-tert-Butyl (5-amino-1-(benzylamino)-1,5-dioxopen-
tan-2-yl)carbamate.

To a cooled to 0 °C solution of Boc-GIn-OH (1 eq., 1.587 g,
6.44 mmol) in DCM (25 mL), TEA (3.4 eq., 3.05 mL, 21.91
mmol) and benzylamine (1.2 eq., 0.845 mL, 7.73 mmol) were
subsequently added. EDC (1.2 eq., 1.482 g, 7.73 mmol) was
added to the stirring solution and the resulting mixture was
stirred for 3 hours at 25 °C, washed with 1M HCI (2x25 mL),
brine (1x25 mL), dried over MgSQO,, and evaporated under re-
duced pressure to give 9a (1.42 g, 66%) as a white solid.

'"H NMR (400 MHz, METHANOL-d,) & 7.08-7.27 (m, 5H),
4.19-4.37 (m, 2H), 3.84-4.13 (m, 1H), 2.20 (t, J=7.53 Hz,
2H), 1.94 (dd, J=5.65, 13.43 Hz, 1H), 1.77 (dd, J = 8.03,
14.05 Hz, 1H), 1.34 (s, 9H); ESI-MS: C,;H,N;0," [M+H]",
335.2; found 335.2.

9: (S)-2-Amino-N’'-benzylpentanediamide.

To the solution of 9a (1 eq., 490 mg, 1.46 mmol) in DCM (20
mL), TFA (20 eq., 2.2 mL) was added. The resulting mixture
was stirred for 1 hour at 25 °C, then MeOH was added (10 mL),
solvents were evaporated under reduced pressure to give 9
(TFA salt, 420 mg, 98%) as a yellowish oil.

'"H NMR (400 MHz, METHANOL-d,) & 7.22-7.51 (m, 5H),
4.30-4.54 (m, 2H), 4.22 (dd, J =4.77, 8.78 Hz, 1H), 2.23-2.52
(m, 3H), 1.87-2.15 (m, 1H); *C NMR (101 MHz, METHA-
NOL-d,) & 181.6, 174.9, 139.8, 129.7, 128.7, 128.4, 58.3, 44.2,
30.6, 26.9; ESI-MS: C;,H;;N3;NaO," [M+Na]", 258.1; found
258.2.
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3.10 (S)-2-AMINO-N-BENZYL-3-(1H-INDOL-3-YL)PROPAN-

AMIDE (10):
H H H
N N N
\ \ \
BnNH, HBTU TFA
- . o] _— o
BocHN DIPEA, DMF BocHN DCM HoN
H NHBn NHBn

10a 10

10a: (S)-tert-Butyl (1-(benzylamino)-3-(1H-indol-3-yl)-1-
oxopropan-2-yl)carbamate.

To the solution of Boc-Trp-OH (1 eq., 1020 mg, 3.35 mmol) in
DMF (40 mL), DIPEA (2.5 eq., 1.38 mL, 8.38 mmol) and
HBTU (1 eq., 1271 mg, 3.35 mmol) were subsequently added.
The resulting mixture was stirred for another 5 min, then ben-
zylamine (1.2 eq., 0.44 mL, 4.02 mmol) was added. After the
mixture was stirred overnight at 25 °C, 1M HCI (200 mL) was
added and the resulting mixture was extracted with EtOAc
(2x40 mL). Combined organic phases were washed with satu-
rated NaHCO; (1x40 mL), dried over MgSO, and evaporated
under reduced pressure to yield to the crude product, which was
then purified by flash chromatography (DCM:MeOH, 20 min
gradient from 0 to 10% of MeOH) to give 10a (475 mg, 35%)
as a white solid.

'H NMR (400 MHz, DMSO-dg,) 8 10.80 (s, 1H), 8.40 (br. s.,
1H), 7.64 (d, J=7.87 Hz, 1H), 7.33 (d, J=7.87, 1H), 7.15 —
7.30 (m, 5H), 7.10 (s, 1H), 7.05 (t, J = 7.10 Hz, 1H), 6.96 (t,
J=17.10 Hz, 1H), 6.79 (d, J = 8.01 Hz, 1H), 3.11 (dd, J = 8.89,
14.10 Hz, 1H), 2.95 (dd, J = 8.89, 14.10 Hz, 1H), 1.31 (s, 9H);
ESI-MS: Cy3HN30;" [M+H]", 393.2; found 393.1.

10: (S)-2-Amino-N-benzyl-3-(1H-indol-3-yl)propanamide.
To the solution of 10a (1 eq., 85 mg, 2.16 mmol) in DCM (20
mL), TFA (10 eq., 160 pL, 2.16 mmol) was added. After
2 hours of stirring at 25 °C, the solution was quenched with
MeOH (2 mL) and evaporated under reduced pressure to yield
to the crude product, which was purified by preparative HPLC
to give 10 (TFA salt, 70 mg, 79%) as a white solid.

'H NMR (400 MHz, METHANOL-d,,) 5 8.41 (br. s., 1H), 7.67
(d, J=7.83 Hz, 1H), 7.44 (d, J = 7.82 Hz, 1H), 7.00 — 7.32 (m,
8H), 4.38 — 4.24 (m, 2H), 4.18 (t, J = 7.33 Hz, 1H), 3.41 (dd,
J =17.82,14.34 Hz, 1H), 3.31 (dd, J = 7.82, 14.34 Hz, 1H); "*C
NMR (101 MHz, METHANOL-dy) 6 170.1, 138.9, 138.3,
129.6, 128.8, 128.5, 125.7, 123.0, 120.4, 119.3, 112.8, 112.7,
108.2, 55.4, 44.6, 28.9; ; ESI-MS: C;sHyN;NaO" [M+Na]",
316.1; found 316.2
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3.11 (S)-2-AMINO-/N-BENZYL-5-GUANIDINOPENTANAMIDE

HN.__NHPbf NHbe HN___NH,
NH NH
a) Pyridine, DMF
o BnNH, Pybop b) TFA, DCM
2T o
FmocHN DIPEA,DCM [ MocHN HoN
H NHBn NHBn

11a 1"

11a: (S)-(9H-Fluoren-9-yl)methyl (1-(benzylamino)-1-oxo-5-
(3-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-
yDsulfonyl)guanidino)pentan-2-yl)carbamate.

To a cooled to 0 °C solution of Fmoc-Arg(Pbf)-OH (1 eq., 500
mg, 0.771 mmol) in DCM (30 mL), Pybop (1 eq., 401 mg,
0.771 mmol) was added and the resulting mixture was stirred
for 5 min at 0 °C. DIPEA (2 eq., 255 pL, 1.54 mmol) and ben-
zylamine (5 eq., 412 mg, 0.421 mL, 3.85 mmol) were subse-
quently added. The resulting mixture was stirred for 1 hour at
25 °C before it was washed with 1M HCI (2x15 mL), with satu-
rated NaHCO; (2x15 mL) and with water (1x30 mL). The
combined organic fractions were dried over MgSO, and evapo-
rated under reduced pressure to give 11a that was used without
further purification.

"H NMR (400 MHz, DMSO-d6) & 7.00 — 7.50 (m, 13H), 6.44
(m, 3H), 4.40 (s, 2H), 3.85 (dd, J = 6.45, 13.10 Hz, 1H), 3.05 —
3.60 (m, 2H), 2.95 (s, 2H), 2.10 (s, 3H), 2.49 (s, 3H), 2.58 (s,
3H), 1.50 — 1.88 (m, 2H), 1.07 — 1.30 (m, 2H), 1.15 (s, 3H),
1.11 (s, 3H); ESI-MS: C4;H4sNsO¢S™ [M+H]", 738.3; found
738.4.

11: (S)-2-Amino-N-benzyl-5-guanidinopentanamide.

To the solution of 11a (200 mg, 0.426 mmol) in DMF (2 mL),
piperidine (20 eq., 840 pL, 8.53 mmol) was added, the resulting
mixture was stirred for 2 hours, solvents were evaporated and
reaction crude was resolubilised in DCM. To the obtained solu-
tion, TFA (20 eq., 640 puL, 8.53 mmol) was added and mixture
was stirred for 1 hour at 25 °C. Methanol (5 mL) was added and
solvents were evaporated under reduced pressure. The crude
product was purified by HPLC to yield 11 (85 mg, 40.6%) as a
white solid.

'H NMR (400 MHz, METHANOL-d,) & 7.13-7.42 (m, 5H),
4.30-4.48 (m, 2H), 3.89 (t, J = 6.53 Hz, 1H), 3.19 (t, J = 7.03
Hz, 2H), 1.77-2.00 (m, 2H), 1.50-1.73 (m, 2H); '*C NMR (101
MHz, METHANOL-d,) & 169.7, 158.8, 139.3, 129.7, 128.9,
128.6, 54.1, 44.4, 41.7, 29.8, 25.5; ESI-MS: C,3H,,N;0"
[M+H]", 264.1; found 264.2.

3.12 (S)-3-AMINO-4-(BENZYLAMINO)-4-OXOBUTANOIC  ACID

(12):
OBn OH

a) H, Pd/C, MeOH
TFA DCM °
BockN HN o

NHBn NHBn
12

BnNH, HOBT
-

BocHN DCC, THF
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12a: (S)-Benzyl 4-(benzylamino)-3-((zert-butoxycarbonyl)-
amino)-4-oxobutanoate.

A solution of Boc-Asp(OBn)-OH (1 eq., 1275 mg, 3.94 mmol),
HOBt (1 eq., 532 mg, 3.94 mmol) and DCC (1 eq., 813 mg,
3.94 mmol) in THF (25 mL) was stirred at 25 °C for 15 min.
Benzylamine (1.1 eq., 464 mg, 0.474 mL, 4.34 mmol) was then
added to the resulting suspension and stirring was maintained
for 5 hours. The mixture was filtered and washed with EtOAc
(2x10 mL). The solution was concentrated under reduced pres-
sure and DCM (50 mL) was added to the residue. The insoluble
material was filtered off and washed with DCM (2x10 mL).
The filtrate was concentrated under reduced pressure and the
residue was purified by column chromatography (eluent: DCM,
then DCM/MeOH, 99:1) to give 12a (1460 mg, 3.55 mmol, 90
%) as a white solid.

'"H NMR (400 MHz, METHANOL-d,) § 7.19-7.44 (m, 10H),
5.14 (s, 2H), 4.53 (t, J = 6.53 Hz, 1H), 4.38 (s, 2H), 2.84-2.98
(m, 1H), 2.70-2.82 (m, 1H), 1.44 (s, 9H); ESI-MS:
C,3H,oN,05" [M+H], 412.2; found 412.2.

12: (S)-3-Amino-4-(benzylamino)-4-oxobutanoic acid.

To a degased solution of 12a (1 eq., 400 mg, 0.97 mmol) in
MeOH (10 mL), Pd/C (40 mg) was added. The resulting mix-
ture was stirred overnight under hydrogen at 25 °C. Solution
was filtered through Celite 545, evaporated under reduced pres-
sure to give the crude product, which was resolubilised in DCM
(10 mL). TFA (20 eq., 1440 pL, 19.4 mmol) was added to the
suspension. The obtained solution was stirred for 3 hours at 25
°C and then evaporated under reduced pressure to give the
crude product which was purified by flash chromatography
(reverse phase, HO (0.5% TFA):MeOH, gradient from 0% to
100% of MeOH in 20 min) to give 12 (TFA salt, 230 mg, 0.69
mmol, 71 %) as a white solid.

'H NMR (400 MHz, METHANOL-d,) & 7.23-7.48 (m, 5H),
4.34-4.61 (m, 2H), 4.22 (dd, J =4.77, 8.03 Hz, 1H), 2.83-3.08
(m, 2H); C NMR (101 MHz, METHANOL-d,) & 172.9,
169.1, 139.3, 129.7, 128.7, 128.5, 51.2, 44.5, 36.1; ESI-MS:
C1H3N,0;5 [M-H], 221.0; found 221.2.

3.13 (S)-2-AMINO-N-BENZYL-3-METHYLBUTANAMIDE (13):

BnNH,, Pybop TFA
o — 7 o HN o
BocHN DIPEA,DCM  BocHN DCM 2
NHBn
H NHBn

13a 13

13a: (S)-tert-Butyl (1-(benzylamino)-3-methyl-1-oxobutan-2-
yD)carbamate.

This compound was synthesised following the same procedure
as for the synthesis of 1a. White solid; yield: 78%.

'H NMR (400 MHz, CHLOROFORM-d) & 7.14-7.31 (m, 5H),
6.22 (br. s., 1H), 4.97 (br. s., 1H), 4.31-4.46 (m, 2H), 3.84 (dd,
J=6.27,8.78 Hz, 1H), 2.11 (d, J = 6.53 Hz, 1H), 1.35 (s, 9H),
0.88 (d, J=11.29 Hz, 3H), 0.72-1.01 (m, 3H); ESI-MS:
C,7H,7N,O5" [M+H]", 307.2; found 307.2.
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13: (S)-2-Amino-N-benzyl-3-methylbutanamide (TFA salt).
This compound was synthesised following the same procedure
as for the synthesis of 1. White solid; yield: 99%.

"H NMR (400 MHz, METHANOL-d,) & 7.25-7.34 (m, 5H),
4.47 (d, J = 14.75 Hz, 1H), 4.39 (d, J = 14.75 Hz, 1H), 3.64 (d,
J=5.89Hz, 1H), 2.17 (d hept , J = 5.89, 6.96 Hz, 1H), 1.03 (d,
J=6,96 Hz, 3H), 1.02 (d, J = 6,96 Hz, 3H); *C NMR (101
MHz, METHANOL-d,) & 169.3, 139.4, 129.7, 129.0, 128.6,
59.9, 44.4, 31.6, 18.8, 18.0; ESI-MS: C;,H;,N,O" [M+H]",
207.1; found 207.1.

3.14 (S)-2-AMINO-N-BENZYL-3-(IMIDAZOL-4-YL)PROPAN-

AMIDE (14):
Boc Boc
"f> N NH
I | /
¥
. 0 >
BnNH, DCC o TFA o
— —_
BocHN DMAP, DCM BocHN DCM H,N
NHBn NHBn
14b 14a 14

14b: (S)-3-(1-(tert-butoxycarbonyl)-1 H-imidazol-4-yl)-2-
((tert-butoxycarbonyl)amino)propanoic acid.

To a suspension of L-histidine (1 eq., 1g, 6.45 mmol) and TEA
(3 eq., 2.7 mL, 19.35 mmol) in water (4 mL), a solution of
Boc,O (2.5 eq., 3.5 g, 16.11 mmol) in dioxane (4 mL) was
slowly added. After the mixture has been stirred overnight at 25
°C. Water (6 mL) was added and the aqueous phase was
washed with diethyl ether (3x50 mL) and ethyl acetate (3x50
mL). The total volume was increased to 200 mL with ethyl ace-
tate and the solution acidified with 10% HCI until pH 3. The
aqueous phase was extracted with ethyl acetate (100 mL). The
organic phases were washed with brine and dried. The solvent
was evaporated under replaced pressure, 8b was obtained as a
white solid (1.8 g, 79%) and was used without further purifica-
tion.

'"H NMR (400 MHz, CHLOROFORM-d) & 13.86 (br. s., 1H),
8.14 (s, 1H), 7.14 (s, 1H), 5.29-5.53 (m, 1H), 4.44 (br. s., 1H),
3.18 (m, 2H), 1.53 (s, 9H), 1.35 (m, 9H); ESI-MS: C¢H»sN;04"
[M+H]", 355.2; found 355.1.

14a: (S)-3-(1-(tert-Butoxycarbonyl)-1 H-imidazol-4-yl)-2-
((tert-butoxycarbonyl)amino)propanoic acid.

To a solution of 8b (1eq., 975 mg, 2.75 mmol) in DCM,
DMAP (0.1 eq., 34 mg, 0.275 mmol) and DCC (1.1 eq., 623
mg, 3.02 mmol) were added. The resulting mixture was stirred
for 10 min at 25 °C, then benzylamine (1.2 eq., 360 uL, 3.30
mmol) was added. After the mixture has been stirred overnight
at 25 °C, water (50 pL) was added to hydrolyze the excess of
DCC. Stirring continued for another 30 min, The resulting mix-
ture was then filtered, filtrate was dried over MgSO, and evap-
orated under reduced pressure to give the crude product, which
was purified by flash chromatography (DCM:MeOH, gradient
from 100% of DCM to 90% of DCM in 20 min) to give 8a (623
mg, 51%) as a colorless oil.

'"H NMR (400 MHz, CHLOROFORM -d) § 7.92 (s, 1H), 7.08-
7.31 (m, SH), 7.02 (d, J = 6.53 Hz, 2H), 6.08-6.21 (m, 1H),
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4.32-4.52 (m, 2H), 4.17-4.32 (m, 1H), 3.07 (dd, J = 4.39, 14.81
Hz, 1H), 2.90 (dd, J = 5.52, 14.81 Hz, 1H), 1.54 (s, 9H), 1.35
(s, 9H); ESI-MS: C,3H33N405" [M+H]", 445.2; found 445.1.

14: (S)-2-Amino-N-benzyl-3-(imidazol-4-yl)propanamide.
To a solution of 8a (1 eq., 500 mg, 1.12 mmol) in DCM (20
mL), TFA (20 eq., 1.7 mL) was added. The resulting mixture
was stirred for 1 hour at 25 °C, then MeOH was added (10 mL),
and solvents were evaporated under reduced pressure to give 8
(di-TFA salt, 420 mg, 98%) as a yellowish oil.

'H NMR (400 MHz, METHANOL-d,) 5 8.77 (s, 1H), 7.19-7.46
(m, 6H), 4.45 (d, J=14.56 Hz, 1H), 4.34 (d, J =14.56 Hz,
1H), 4.19 (t, J=7.15 Hz, 1H), 3.12-3.29 (m, 2H); *C NMR
(101 MHz, METHANOL-d,) 6 168.2, 139.2, 135.8, 129.7,
129.0, 128.7, 1194, 101.4, 53.5, 44.5, 27.8; ESI-MS:
C3H7N,O' [M+H]", 245.1; found 245.2.

3.15 (S)-2-ACETAMIDO-6-AMINO-/N-BENZYLHEXANAMIDE

(15):
NHBoc NH,
TFA
o 5 o
AcHN oom ACHN
15a

NHBoc

BnNH, HBTU

AcHN -
DIPEA, DCM

NHBn NHBn

15b 15

15b: N-acetyl-N’-(tert-butoxycarbonyl)-L-lysine.
NC-(tert-butoxycarbonyl)-L-lysine (1 eq., 1230 mg, 5 mmol)
was dissolved in 1N NaOH solution (1 eq., 5 mL, 5 mmol) and
pH of the obtained solution was adjusted to 10.7 with
4N NaOH if needed. Acetic anhydride (3eq., 1.4 mL,
15 mmol) and 4N NaOH (6.5 mL, 26 mmol) were added at the
same time to maintain the pH at 10.7. The resulting mixture
was stirred for another 1 hour after the addition of the reagents,
cooled to -5 °C, carefully acidified with 12N HCI (2.5 mL, 30
mmol) and extracted with ethyl acetate (3x25 mL). The com-
bined organic layer was washed with brine, dried over Na,SOy,
evaporated and leaved for 2 hours to crystallise. The obtained
white crystals were washed with pentane and dried under re-
duced pressure.

'"H NMR (400 MHz, METHANOL-d,) & 4.36 (dd, J =5.02,
8.92 Hz, 1H), 3.03 (t, J = 6.83 Hz, 2H), 1.99 (s, 3H), 1.79-1.91
(m, 1H), 1.63-1.75 (m, 1H), 1.35-1.57 (m, 4H), 1.43 (s, 9H);
ESI-MS: C3H,sN,05" [M+H]", 289.2; found 289.1.

15a: tert-Butyl (S)-(5-acetamido-6-(benzylamino)-6-oxohex-
yDcarbamate.

To a solution of 15b (1 eq., 150 mg, 0.52 mmol) in DMF
(2.01 mL), DIPEA (1.5 eq., 129 pL, 0.78 mmol) and HBTU
(1 eq., 197 mg, 0.52 mmol) were added. Benzylamine (1 eq.,
55.7 mg, 54 pL, 0.52 mmol) was added to the resulting mixture,
which was stirred for another 2 hours at 25 °C. 1N HCI (20 mL)
was added to the reaction mixture, the obtained crude product
was extracted with ethyl acetate (3x10 mL). United organic
fractions were evaporated and the residue was purified by flash
chromatography to yield 15a (166 mg, 0.442 mmol, 85 %) as a
colourless oil.
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'"H NMR (400 MHz, METHANOL-d4) & 7.21-7.36 (m, 5H),
4.39 (s, 2H), 4.29-4.36 (m, 1H), 3.03 (t, J = 6.72 Hz, 2H), 2.01
(s, 3H), 1.74-1.88 (m, 1H), 1.58-1.73 (m, 1H), 1.35-1.54 (m,
4H), 1.45 (s, 9H); ESI-MS: C,H;,N;0," [M+H]", 378.2; found
378.2.

15: (S)-2-Acetamido-6-amino-/NV-benzylhexanamide.

To a solution of 15a (100 mg, 0.285 mmol) in DCM (2 mL),
TFA (50 pL) was added. The resulting mixture was stirred for
30 minutes, evaporated under reduced pressure to give 15 (TFA
salt, 102 mg, 96%) which was used without further purification.
'"H NMR (400 MHz, METHANOL-d4) 8 7.10-7.23 (m, 5H),
7.20-7.29 (m, 2H), 2.79 (t, J=7.51, 2H), 1.90 (s, 3H),
1.69-1.80 (m, 1H), 1.48-1.68 (m, 3H), 1.22-1.42 (m, 2H); "°C
NMR (101 MHz, METHANOL-d,) §174.3, 173.7, 140.0,
129.6, 128.6, 128.3, 54.9, 44.2, 40.7, 32.6, 28.3, 24.0, 22.6;ESI-
MS: CsH,4N;0," [M+H]", 278.2; found 278.2.

3.16 (R)-2-ACETAMIDO-N-BENZYL-3-MERCAPTOPROPAN-

AMIDE (16):
STrt STrt SH
BnNH, EDC TFA, TIPS
3 o] o
AcHN AcHN AcHN
TEA, DCM DCM
NHBn NHBR
16b 16a 16

16b: (R)-2-Acetamido-3-(tritylthio)propanoic acid.
N-acetyl-L-cysteine (1 eq., 4.6 g, 28.2 mmol) was dissolved in
acetic acid (25 mL), followed by the addition triphenylmetha-
nol (1.02 eq., 7.5 g, 28.8 mmol) and boron trifluoride etherate
(1.5 eq., 5.36 mL, 42.3 mmol) and the solution was stirred for 3
hours at 25 °C. The solution was treated with water (50 mL)
and saturated sodium acetate solution (25 mL), chilled on ice,
and filtered to yield white slurry. The slurry was extracted with
diethyl ether, concentrated under reduced pressure, and dried
overnight to yield 16b (11.19 g, 27.6 mmol, 98 %) as a white
solid.

'"H NMR (400 MHz, METHANOL-d,) & 7.40 (d, J = 7.78 Hz,
7H), 7.31 (t, J =7.53 Hz, 7H), 7.19-7.27 (m, 4H), 4.31 (dd,
J=5.02, 8.03 Hz, 1H), 2.54-2.71 (m, 2H), 1.98 (s, 3H); ESI-
MS: C,4H,,NO5;S [M-H], 404.1; found 404.1.

16a: (R)-2-Acetamido-/N-benzyl-3-(tritylthio)propanamide.
To a solution of 16b (1 eq., 450 mg, 1.11 mmol) in DCM (15
mL), TEA (3 eq., 0.463 mL, 3.33 mmol) and benzylamine (1.1
eq., 0.133 mL, 1.22 mmol) were added and the resulting mix-
ture was cooled to 0 °C. EDC (1.1 eq., 234 mg, 1.22 mmol) was
added and the solution was stirred overnight at 25 °C. DCM
was washed with 1M HCI (2x10 mL), saturated NaHCO; (1x10
mL), dried over Na,SO, and purified by flash chromatography
to give 16a (395 mg, 0.799 mmol, 72 %).

'"H NMR (400 MHz, METHANOL-d,) & 7.39 (d, J = 7.53 Hz,
6H), 7.15-7.34 (m, 15H), 4.42 (d, J = 15.06 Hz, 1H), 4.23-4.36
(m, 2H), 243-2.64 (m, 2H), 1.95 (s, 3H); ESI-MS:
C3;H3,N,0,S" [M+H]", 495.2; found 495.1.

16: (R)-2-acetamido-/V-benzyl-3-mercaptopropanamide.

Development of new bioselective ligation reactions

To the solution of 15a (1 eq., 236 mg, 0.479 mmol) in DCM
(4.6 mL), TFA (10 eq., 0.356 mL, 4.79 mmol) was added.
Triisopropylsilane (TIPS, 2.5 eq., 0.245 mL, 1.2 mmol) was
added to the obtained yellow-colored solution and the reaction
mass was stirred until complete disappearance of the yellow
color (30-60 min). Solvents were evaporated and the obtained
crude was purified by flash chromatography to give 16 (95.4
mg, 0.378 mmol, 79 %).

'"H NMR (400 MHz, METHANOL-d,) & 7.29-7.38 (m, 4H),
7.25 (qd, J =4.2, 8.8 Hz, 1H), 4.51 (t, J = 6.4 Hz, 1H), 4.42 (s,
2H), 2.74-2.98 (m, 2H), 2.04 (s, 3H); *C NMR (101 MHz,
METHANOL-d4) §173.5, 172.4, 139.7, 129.5, 128.5, 128.2,
57.3, 44.2, 26.9, 22.5; ESI-MS: C;;H;(N,0,SNa" [M+Na]",
275.1; found 275.1.

3.17 S-PHENYL (S)-2-BENZAMIDOPROPANETHIOATE (17):

BzCl
o O  EDC, PhSH o
H N _— BzHN/kf . BzHN/’\f
t
\ NaOH, water " TEA, DCM oh

17a 17

17a: Benzoyl-L-alanine.

L-Alanine (1 eq., 5.00 g, 56 mmol) was dissolved in water
(20 mL) containing NaOH (1.1 eq., 2.25 g, 62 mmol) and the
solution was cooled to O °C. Benzoyl chloride (1.1 eq.,
7.18 mL, 62 mmol) and a solution of NaOH (1.1 eq., 2.48 g,
62 mmol) in water (10 mL) were added to the stirred solution of
the amino acid in portions during 2 hours. Obtained slurry mix-
ture was stirred for another 2 hours at 25 °C, boiled for
20 minutes, then cooled to 0 °C and acidified carefully to pH 2-
3 with concentrated HCI. The product was filtered, washed with
ice-cold water (25 mL) and then recrystallised from 150 mL of
boiling water to give 17a as a white crystalline product.

'H NMR (400 MHz, DMSO-d¢) & 12.53 (s, 1H), 8.65 (d,
J =7.28 Hz, 1H), 7.89 (d, J = 7.68 Hz, 2H), 7.47-7.54 (m, 3H),
4.42 (quint, J = 7.35 Hz, 1H), 1.40 (d, J = 7.35 Hz, 3H); ESI-
MS: C,0H(NO; [M-HT, 192.1; found 192.0.

17: S-Phenyl (S)-2-benzamidopropanethioate.

To a solution of 17a (1 eq., 295 mg, 1.53 mmol) and EDCHCI
(1eq., 271 mg, 1.53 mmol) in DCM (5§ mL), TEA (1 eq.,
213 pL, 1.53 mmol) thiophenol (1.1 eq., 172 pL, 1.68 mmol)
were subsequently added. The obtained solution was stirred
overnight at 25 °C, washed with saturated NaHCO3, dried with
Na,SO,, and evaporated. The crude product was purified by
flash chromatography (20 minutes gradient
EtOAc/Cyclohexane) to give 17 (288 mg, 66%) as a yellowish
solid.

'H NMR (400 MHz, CHLOROFORM-d) & 7.78-7.84 (m, 2H),
7.38-7.55 (m, 8H), 6.61 (d, J = 8.54Hz, 1H), 5.07 (quint,
J=7.40Hz, 1H), 1.58 (d, J =7.22 Hz, 3H); *C NMR (101
MHz, CHLOROFORM-d) $§196.1, 167.3, 135.1, 134.2, 132.0,
129.2, 1288, 127.5, 127.1, 66.2, 185
C,¢H;sNO,SNa" [M+Na]", 308.0; found 308.2.

3.18 PHENYL BENZOYL-L-ALANINATE (18):
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o PhOH o
BzHN/Lf _EDC, Phor BzHN/Lf
H TEA, DCM h

17a 18

Phenol (1.5 eq., 225 mg, 2.40 mmol) was added to a solution of
17a (1 eq., 285 mg, 1.60 mmol) in DCM (5 mL). EDCHCI
(1 eq., 285 mg, 1.60 mmol) was added, and the reaction mixture
was stirred overnight. After completion, the reaction mixture
was concentrated, diluted with DCM, washed with 1M HCI,
NaHCO;, and dried with anhydrous Na,SO,, The crude prod-
ucts was purified via flash chromatography
(EtOAc/Cyclohexane). The product 18 (300 mg, 70%) was
obtained as a white solid.

"H NMR (400 MHz, CHLOROFORM-d) & 7.70-7.80 (m, 2H),
7.14-7.54 (m, 8H), 6.76 (s, 1H), 5.05 (m, 1H), 3.94-3.95 (d,
J=7.2Hz 3H); 3*C NMR (101 MHz, CHLOROFORM-d)
8172.0, 167.2, 150.5, 133.8, 131.9, 129.6, 128.7, 127.1, 126.3,
121.3, 48.8, 18.5;ESI-MS: C,H,;(NO;" [M+H]", 270.1; found
270.1.

3.19 N-HYDROXY-2-OXO-2-PHENYLACETIMIDOYL (19):

(o} (o}

NaNO, cl
-,
H,0 / HCloone N
~oH

19

This compound was synthesised using slightly modified proto-
col of Hamersak et al.®

To a stirring solution of acetophenone (22 eq., 18.7 mL,
160 mmol) in a mixture of water (40 mL) and concentrated HCI1
(30 mL), sodium nitrite (1 eq., 500 mg, 7.2 mmol) was added at
25 °C, followed by dropwise addition of concentrated nitric
acid (12 mL) over 1 hour at 70 °C. Stirring continued at 70 °C
for additional 45 minutes. A sticky solid was separated from the
mixture by extraction with DCM (3x100 mL). The combined
organic layers were dried over Na,SO, and concentrated to
approximately 100 mL. Upon addition of hexane (ca. 150 mL),
the precipitated product was collected by filtration. On crystal-
lisation from DCMY/cyclohexane, pure 19 was obtained (21 g,
55%). Analyses were in accordance with literature.®*

3.20 (Z)-N-HYDROXYBENZIMIDOYL (20):

OH OH
o N~ N
‘ H,NOH-HCI ‘ NCS, pyridine ‘ o
- . - -
NaOH, H,0O Chroroform
20a 20
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20a: (E)-Benzaldehyde oxime.

In a 250 mL conical flask a solution of NaOH (1.77 eq., 14 g,
350 mmol) in water (40 mL) and benzaldehyde (1 eq., 20 mL,
197 mmol) were mixed. Hydroxylamine hydrochloride (1.1 eq.,
15 g, 215 mmol) was added in small portions while shaking the
mixture continually. Some heat is developed and the benzalde-
hyde eventually disappears. Upon cooling, a crystalline mass of
the sodium derivative separates out. Sufficient amount of water
was added to form a clear solution, and carbon dioxide was
passed into solution until saturation. A colourless emulsion of
(E)- and (Z)-aldoxime were separated by extraction with diethyl
ether. The organic layer was dried over MgSQO,, ether was
evaporated under reduced pressure and the obtained crude
product was distilled to give 20a (12 g, 50%) which solidified
on cooling in ice.

'"H NMR (400 MHz, CHLOROFORM-d) & 8.10 (s, 1H), 7.52-
7.61 (m, 2H), 7.32-7.38 (m, 3H); ESI-MS: C;HgNO" [M+H]",
122.1; found 122.0.

20: (Z)-N-Hydroxybenzimidoyl.

Modified procedure reported by Castellano ez al.**

To a solution of 20a (1 eq., 5 g, 41.3 mmol) in chloroform
(150 mL), pyridine (300 pL, 3.7 mmol) was added. The reac-
tion mixture was heated at 40 °C, and N-chlorosuccinimide (1.1
eq., 6.07 g, 45.5 mmol) was added portionwise. After the reac-
tion was complete (1 hour, monitored by TLC), the mixture was
diluted with dichloromethane (250 mL) and washed with brine
(3x10 mL). The organic phase was dried with Na,SO,, filtered,
and concentrated in vacuo to give crude product which was
purified by flash chromatography (20 minutes gradient
EtOAc/Cyclohexane) to give 21 (5.84 g, 91%) as a white solid.
'"H NMR (400 MHz, CHLOROFORM-d) & 8.32 (s, 1H); 7.36-
7.39 (m, 2H); 7.57-7.60 (m, 3H); ESI-MS: C;Hs;CINO™ [M-H]J,
154.0; found 154.0.

3.21 N-HYDROXYBENZIMIDOYL (21, MIXTURE OF ISOMERS):

OH OH
2 3
/o _N Cl___N
H,NOH-HCI NCS, pyridine
I
NaOH, H,O Chroroform
21a 21

21a: 2-Phenylacetaldehyde oxime.

To a suspension of phenylacetaldehyde (1 eq., 13.9mL,
141 mmol) and hydroxylamine hydrochloride (1.1 eq., 10.7 g,
155 mmol) in water:methanol mixture (1:1, 150 mL), an aque-
ous solution of NaOH (1.77 eq., 10 g, 250 mmol) in water
(40 mL), was slowly added. The resulting mixture was stirred at
25 °C for 3 hours, and methanol was evaporated. The aqueous
phase was extracted with diethyl ether (3x30 mL). The com-
bined organic layers were dried over MgSO,, and concentrated
in vacuo to give a mixture of (E)- and (Z)-aldoximes 21a (iso-
mers a and b, 6.9 g, 37%) after the purification by flash chro-
matography (20 minutes gradient EtOAc/Cyclohexane).
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'"H NMR (400 MHz, CHLOROFORM-d) & 8.40 (s, 1H, iso-
mer a), 7.88 (s, 1H, isomer b), 7.53 (t, J = 6.2 Hz, 1H, iso-
mer b) 7.10-7.40 (m, 5H isomer a and 5H isomer b), 3.75 (d,
J =5.2 Hz, isomer a), 3.57 (d, J = 6.2 Hz, 2H, isomer b); ESI-
MS: CgH,(NO' [M+H]", 136.1; found 136.0.

21: N-Hydroxy-2-phenylacetimidoyl chloride (mixture of
isomers).

The same procedure as for the synthesis of the product 20.
A yellowish solid; yield: 80%.

'H NMR (400 MHz, CHLOROFORM-d) & 8.15 (s, 1H); 7.45-
7.13 (m, 5H); 3.81 (m, 2H); ESI-MS: CgH,CINO™ [M-HT,
168.0; found 168.0.

3.22 NITRO(PHENYL)METHANONE OXIME (22):

Br ON_ N
~ “OH
NaNO,

—_—
AcOH/DMSO

22

(2-Bromoethyl)benzene (1 eq., 300 mg, 1.62 mmol) and sodium
nitrite (3 eq., 336 mg, 4.86 mmol) were stirred in DMSO
(2.5 mL) containing glacial acetic acid (1 mL). Water (10 mL)
was added to give a slurry emulsion which was extracted with
EtOAc (3x3 mL). Organic phases were combined, dried over
Na,SO,, solvents were evaporated under reduced pressure to
give crude product, which was purified by flash chromatog-
raphy (20 minutes gradient EtOAc/Cyclohexane) to give 22
(53 mg, 18%) as a pale yellow solid.

'H NMR (400 MHz, CHLOROFORM-d) & 9.50-10.05 (br. s,
1H); 7.10-7.19 (m, 5H); 4.19 (s, 2H); *C NMR (101 MHz,
CHLOROFORM-d) & 160.8, 136.0, 132.2, 128.5, 127.3, 29.8;
IR (neat film, cm™): 3293.6, 2890.3, 1541.9, 1496.1, 1455.6,
1421.3, 1343.0, 1075.8, 1030.7, 855.6, 736.7, 709.2; ESI-MS:
CsH;N,05 [M-H], 179.0; found 179.0.

3.23 4-(ETHOXYMETHYLENE)-2-PHENYLOXAZOL-5(4H)-ONE
(23):

o o o/
OH Triethyl orthoformate, ~ )
H/\g/ DMAP N
-
Ac,0

The product was synthesised via modified procedure described
by Matos et al. **!

To a stirred mixture of hippuric acid (1 eq., 1.00 g, 5.6 mmol),
ethyl orthoformate (leq., 093 mL, 5.6 mmol),
4-(dimethylamino)pyridine (10 mg) at 25 °C and under argon
atmosphere was added acetic anhydride (2 eq., 1.05 mL, 11.2
mmol) and then refluxed for 60 minutes. The reaction mixture
was concentrated under vacuo and the obtained brown oil was
purified by flash chromatography (20 minutes gradient
EtOAc/Cyclohexane) to give 23 (0.90 g, 74%).
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'H NMR (400 MHz, CHLOROFORM-d) & 8.11-8.25 (m, 2H),
7.51-7.58 (m, 3H), 7.36 (s, 1H), 4.52 (quint, 2H), 1.56 (t, 3H);
ESI-MS: C;,H,;NO;Na' [M+Na]", 240.1; found 240.1.

3.24 4-(ETHOXYMETHYLENE)ISOCHROMANE-1,3-DIONE (24):
[e]
O
oy, e U
| o

The product was synthesised using the protocol reported by

Matos et al.’®

Trlethyl orthoformate

Aczo

Analyses were in accordance with literature.

3.25 3-(BENZYLOXY)-1H-1SOINDOL-1-ONE (25):
[e] [e]
Cry o4 0
Y,

25
Isoindoline-1,3-dione (1 eq., 2.1 g, 14.28 mmol),

Benzyl bromide,
Ag2C0O; AgNO3

EtOH

silver car-
bonate (1.75 eq., 6.7 g, 25 mmol) and silver nitrate (0.02 eq.,
50 mg, 0.29 mmol) were dissolved in absolute ethanol. The
reaction mixture was heated to reflux for 48 hours. The solvent
was removed in vacuo, and the intermediate silver salt was
°C for 12 hours. To the flask contain-
ing the dried salt were added reagent grade chloroform and

dried under vacuum at 85

benzyl bromide (2 eq., 4.9 g, 28.6 mmol). The mixture was
refluxed for 72 hours. The silver salts were removed by filtra-
tion, and the filtrate was concentrated by rotary evaporation.
The crude product was purified by flash chromatography (20
minutes gradient EtOAc/Cyclohexane) to give 25 (305 mg, 9%)
as a grey solid.

'"H NMR (400 MHz, CHLOROFORM-d) & 7.81-7.89 (m, 2H),
7.62-7.72 (m, 2H), 7.38-7.44 (m, 2H), 7.19-7.38 (m, 4H), 4.87
(s, 2H); *C NMR (101 MHz, CHLOROFORM-d) & 192.6,
170.0, 134.6, 134.3, 133.4, 132.7, 130.1, 129.8, 129.7 129.0,
128.4, 123.6, 65.3; ESI-MS: C,sH,NO;" [M+H]", 239.1; found
238.9.

3.26 2-FORMYLBENZOIC ACID (26):
o
|
OH
26
The product is commercially available.

3.27 4-ISOBUTYL-2-PHENYLOXAZOL-5-ONE (27):

N
| e}
HN HBTU, TEA
o —
- DMF
27
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The product was a kind gift from Frederic Taran (CEA, Sac-
lay).

3.28 2,3-DICHLORONAPHTHALENE-1,4-DIONE (28):

g

This compound is synthesised using the protocol reported by

Cheng et al.*'"* Analyses were in accordance with literature.

10M HCI NaCI03

EtOAc, 50 °C

3.29 4-PHENYL-3H-1,2,4-TRIAZOLE-3,5(4H)-DIONE (29):

HN—NH N=N
O%\N\/QO NBS, pyridine O%\N/\Qo
[
@ o ©
29a 29

To a solution of 29a (1.05 eq., 10 mg, 0.056 mmol) and pyri-
dine (1 eq., 4.4 pL, 0.054 mmol) in ACN (3 mL) was added
N-bromosuccinimide (1 eq., 9.6 mg, 0.056 mmol) at 25 °C. The
resulting solution was stirred at 25 °C for 5 min (colour
changed from colourless to red). This solution was used in the
screening without isolation.

Used similarly as described by Barbas er al.’*

3.30 2-BENZYL-5-CHLOROISOTHIAZOL-3(2H)-ONE (30):

0 [e]

S )’k/\ s -
Ho)k/\s/ SOCl,, BANH, HN s” S0,Cl, s/io
o P o [EE— N
DCM
H NH

30b 30a 30

30a: 3,3'-Disulfanediylbis(/N-benzylpropanamide).

A mixture of thionyl chloride (4 eq., 1.5 mL, 20.54 mmol) and
30b (1 eq., 1.08 g, 5.14 mmol) was heated to reflux until total
solubilising of the departure product. Excess of thionyl chloride
was evaporated under reduced pressure to give the correspond-
ing chloroanhydride. This was dissolved in DCM (3 mL), and
the obtained solution was added dropwise to a cooled to 0 °C
solution of benzylamine (6 eq., 3.37 mL, 30.8 mmol) in DCM
(20 mL). The obtained precipitate was filtered and washed with
IN HCI and water, dried and used in next stages without any
further purification (1.99 g, 100%).

'H NMR (400 MHz, DMSO-d6) & 8.47 (t, J = 6.3 Hz, 2H),
7.19-7.34 (m, 10H), 4.28 (d, J=6.3Hz, 4H), 294 (4,
J=7.10Hz, 4H), 2.56 (t, J=7.10Hz, 4H); ESI-MS:
C1HpsN,0,S," [M+H]", 388.1; found 388.2.

30: 2-Benzyl-5-chloroisothiazol-3(2H)-one.

To a suspension of 30a (1eq. 1.99 g, 5.14 mmol) in DCM
(10 mL), sulfuryl chloride (5eq., 2.10 mL, 25.7 mmol) was
added dropwise. The resulting mixture was stirred overnight
still at 25 °C, filtrated and the obtained filtrate was washed
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twice with water, dried over MgSQOy,, dried and evaporated. The
crude product was purified by flash chromatography (20
minutes gradient EtOAc/Cyclohexane) to give 30 (288 mg,
25%).

'H NMR (400 MHz, CHLOROFORM-d) & 7.20-7.34 (m, 5H),
6.22 (s, 1H), 4.81 (s, 2H); *C NMR (101 MHz, CHLORO-
FORM-d) & 166.9, 146.6, 135.6, 129.0, 128.7, 128.5, 114.5,
47.4; ESI-MS: C,,Ho,CINOS* [M+H]", 226.0; found 226.0.

3.31 N-BENZYL-[1,1'-BI(CYCLOPROPYLIDENE)|-2-CARBOX-

AMIDE (31):
0 EtMgBr PPh, Br,
Ti(i-PrO)4 Pyridine
[ /bf Et,0 H DCM -
o t-BUOK l DMSO
BnHNgq
BnNH,  HO.C 1. BuLi
— TEA, HBTU 2.C0, _
Pl >—
DCM THF
31 31a 31b

31b: 1,1'-Bi(cyclopropylidene).

The compound was synthesised using the protocol described by
Meijere et al.**

31a: [1,1'-Bi(cyclopropylidene)]-2-carboxylic acid.

2.5 M solution of butyllithium in hexane (262 pL, 655.2 pmol)
was added into anhydrous THF (1 mL) at -10°C. The solution
of 31b (50 mg, 624 pmol) in anhydrous THF (1 mL) was added
to the resulting mixure and was allowed to heat up to 0°C. After
1 h of stirring dry CO, was bubbled through the mixture and it
was allowed to reach room temperature. After 30 min the reac-
tion was quenched by the addition of 2N NaOH (1 mL) and the
mixture was washed with Et,O (5 mL). Subsequently the aque-
ous phase was acidified with conc. HCI to reach pH 3, extracted
with Et,0 (3x5 mL) and the combined organic phases were
dried over Na,SO, and evaporated under reduced pressure to
yield the acid 31a (72.4 mg, 93%) as a white solid.

'"H NMR (400 MHz, CHLOROFORM-d) & 2.22-2.36 (m, 1H),
1.86-1.96 (m, 1H), 1.70-1.80 (m, 1H), 1.10-1.24 (m, 4H);
BCNMR (101 MHz, CHLOROFORM-d) & 179.5, 113.2,
110.6, 18.1, 12.7, 3.8, 3.5; ESI-MS: C,H,0, [M-H], 123.1;
found 123.0.

31: N-Benzyl-[1,1'-bi(cyclopropylidene)]-2-carboxamide.
31a (72.4 mg, 583.2 mmol) was dissolved in anhydrous DCM
under argon atmosphere and subsequently TEA (89.2 pL, 64.9
mg, 641.5 pmol) and benzyl amine (70.2 pL, 68.7 mg, 641.5
pmol) were added. The reaction mixture was cooled to 0°C,
HBTU (243.3 mg, 641.5 pmol) was added and the mixture was
stirred for 10 min before it was allowed to reach RT and stirred
for 14 h. The solvent was evaporated under reduced pressure
and the crude product was purified by preparative HPLC
(H,O/ACN + 0.05% TFA, 9:1- 5:95, 30 min) to yield the amide
31 (47 mg, 38%) as a white solid.

'"H NMR (400 MHz, CHLOROFORM-d) & 7.19-7.44 (m, 5H),
5.85 (br s, 1H), 4.46 (d, J = 5.8 Hz, 2H), 2.22-2.33 (m, 1H),
1.80-1.90 (m, 1H), 1.67-1.77 (m, 1H), 1.15-1.38 (m, 4H);
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BCNMR (101 MHz, CHLOROFORM-d) & 171.4, 138.4,
128.7, 127.6, 127.4, 113.1, 111.0, 43.6, 20.4, 11.3, 3.5, 3.3;
ESI-MS: C,,H,,NO* [M+H]", 214.1; found 214.0.

3.32 3-PHENYLPROPIOLONITRILE (32):

The product is commercially available.

3.33 2-AMINO-N-BENZYL-3-((2-CYANO-1-
PHENYLVINYL)THIO)PRO-PANAMIDE (33):

K© "= sfoi;(@

O, NH

+ _ >
DMSO:PBS (3:2)
NH,
H

32 4 33

2

32 (1 eq., 10 mg, 0.0787 mmol) and 4 (1 eq., 26 mg, 0.0802
mmol) were solubilised in (3:2) PBS:DMSO mixture (1 mL).
The resulting mixture was stirred 12 hours at 25 °C, diluted
with water (5 mL), and extracted with DCM to give 33 (26 mg,
0.0771 mmol, 98 %) as a white solid.

'H NMR (400 MHz, METHANOL-d,) & 7.35-7.50 (m, 5H),
7.13-7.24 (m, 5H), 5.79 (Z-form) and 5.55 (E-form) (s, 1H),
4.41 (d, J = 14.85 Hz, 1H), 4.24 (d, J = 14.85 Hz, 1H), 3.82 (t,
J=6.50Hz, 1H), 3.06 (d, J=6.50 Hz, 2H); *C NMR (101
MHz, METHANOL-d,) & 167.5, 161.3, 138.9, 136.6, 132.3,
130.4, 129.7, 129.5, 129.1, 128.6, 117.4, 100.0, 53.8, 44.8,
34.5; ESI-MS: C,4H,,N;OS" [M+H]", 338.1; found 338.1.

3.34 2-AMINO-N-BENZYL-3-((2-CYANO-1-
PHENYLVINYL)THIO)PRO-PANAMIDE (34):

N
I )
0. _NH N=
o \ H
+ )J\ DMSO:PBS (3.2) 0:<
N
A
H
32 16 34

The same protocol as for the synthesis of 33 was used. White
solid; yield: 99%.

'H NMR (400 MHz, METHANOL-d,) & 7.43-7.51 (m, 2H),
7.31-7.42 (m, 3H), 7.15-7.23 (m, 2H), 7.13 (d, J = 7.03 Hz,
3H), 5.59 (E£-form) and 5.69 (Z-form) (s, 1H), 4.14-4.36 (m,
3H), 3.02 (dd, J = 8.25, 13.80 Hz, 1H), 2.80 (dd, J = 8.25,
13.80 Hz, 1H), 1.89 (Z-form) and 1.91 (£-form) (s, 3H);
BC NMR (101 MHz, METHANOL-d,) & 171.1, 161.0, 160.5,
138.9, 132.2, 132.0, 130.2, 129.3, 129.1, 129.0, 128.7, 117.5,
99.8, 54.0, 44.9, 34.5, 22.9; ESI-MS: C,,H,,N;0,SNa" [M+H]",
402.1; found 402.1.
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3.35 1-PHENYL-1H-PYRROLE-2,5-DIONE (35):

o
35
The product is commercially available.

3.36 N-BENZYL-2-IODOACETAMIDE (36):

(o]

NH, 1AC, TEA HN{
- . |

36

A solution of iodoacetyl chloride (IAC, 1eq., 250 uL, 2.79
mmol) in anhydrous diethyl ether (5§ mL) at 0 °C was treated
with benzylamine (2 eq., 610 pL, 5.59 mmol). The mixture was
stirred for one hour at 0 °C, and filtered. The filtrate was
washed with 1N HCI, saturated sodium bicarbonate and brine,
dried over MgSO,. The crude product was purified by flash
chromatography (20 minutes gradient EtOAc/Cyclohexane) to
give 36 (422 mg, 55%) as a white solid.

'"H NMR (400 MHz, CHLOROFORM-d) & 7.23-7.52 (m, 5H),
4.38 (s, 2H), 3.75 (s, 2H); *C NMR (101 MHz, CHLORO-
FORM-d) & 167.1, 137.7, 129.0, 127.9, 44.6, —0.4; ESI-MS:
CoH,,INO" [M+H]", 276.0; found 276.0.

3.37 4-VINYLPYRIDINE (37):

a7
The product is commercially available.

3.38 N-PHENYLPROPIOLAMIDE (38):

NH, i id
propargylic acl /L
DCC, DMAP HN o]
diethyl ether @

38

This compound was synthesised following the procedure de-
scribed by Bio et al.** Analyses were in accordance.

3.39 1-PHENYLPROP-2-YN-1-ONE (39):

Ho_ o F

activated MnO2
_

THF

39a 39

To a solution of 39a (1 eq., 175 pL, 1.41 mmol) in THF
(4 mL), activated MnO, (5 eq., 612 mg, 7.04 mmol) was added.
The resulting mixture was stirred for 1 hour at 25 °C (until no
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starting material was detected by TLC), diluted with DCM (25
mL) and filtered through Celite 545 ®. 39 (174 mg, 95 %) was
obtained as a yellowish solid, no further purification was need-
ed.

'H NMR (400 MHz, CHLOROFORM-d) & 8.10 (d,
J =17.25Hz, 2H), 7.57 (t, J = 7.40 Hz, 1H), 7.44 (dd, J = 7.25,
7.40 Hz, 2H), 3.37 (s, 1H); ESI-MS: CoH,O" [M+H]", 133.1;
found 133.0.

3.40 3-AMINO-3-(PYRIDIN-2-YL)ACRYLONITRILE (40):

oH ‘N‘

Bi ‘ ‘ o NH2
r propargylic alcohol,
,@ PdCly(PPhs),, Cul WA activated MnO, X
| P TEA, THF | P NH, IPA, THF | _
40a 40

40a: 2-(3-Bromoprop-1-yn-1-yl).

Synthesised using protocol A for Sonogashira coupling (Sec-
tion D 2.9, page 77). Brown solid, yield: 77%.

'H NMR (400 MHz, METHANOL-dy) & 8.51 (dd, J=1.72,
5.05Hz, 1H), 7.82 (td, J=1.72, 7.60 Hz, 1H), 7.53 (d,
J=7.60Hz, 1H), 7.39 (dd, J = 7.60, 5.05, 1H), 4.44 (s, 2H);
3C NMR (101 MHz, METHANOL-d,) & 150.5, 143.8, 138.6,
128.7, 124.8, 90.2, 84.1, 51.0; ESI-MS: CgHgNO® [M+H]",
134.0; found 134.0.

40: 3-Amino-3-(pyridin-2-yl)acrylonitrile.

Synthesised using McAllister’s protocol (Section D 2.10,
page 77). Reaction time: 1 hour. White solid, yield: 95%.

'H NMR (400 MHz, METHANOL-d,) & 8.64 (d, J = 4.80 Hz,
1H), 7.75-7.90 (m, 2H), 7.46 (dd, J = 4.80, 6.55 Hz, 1H), 4.76
(s, IH); >C NMR (101 MHz, METHANOL-d,) & 160.2, 152.0,
150.1, 138.6, 126.4, 121.7, 121.0, 60.5; ESI-MS: CgHgN;"
[M+H]", 146.2; found 146.2.

3.41 4-(3-HYDROXYPROP-1-YN-1-YL)BENZOIC ACID (41):

OH

propargylic /
alcohol,Cul,
PdCly(PPha),,
—_—

DMF

H H
M

Synthesised using protocol A for Sonogashira coupling (Sec-
tion D 2.9, page 77). White solid, yield: 45%.

'H NMR (400 MHz, METHANOL-d,) & 7.94 (d, J = 8.40 Hz,
2H), 7.46 (d, J = 8.40 Hz, 2H), 4.38 (s, 2H), 3.35 (s, 1H);
3C NMR (101 MHz, METHANOL-d,) & 169.1, 132.5, 131.6,
130.8, 129.0, 92.0, 84.7, 51.2; ESI-MS: C;,H,0; [M-HJ,
175.0; found 175.2.
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OH

Boc,0,

DMAF‘ TEA

3.42 3-AMINO-3-(PYRIDIN-2-YL)ACRYLONITRILE (42):
MnO, NH,

propargylic /
alcohol,Cul,
PdCIQ(ppm)2
k THF/Plpendlne MgSO0y, IPA, THF
Tl

; 42b
FA HO
— ——=N —_ — =N
ACN -
42 42

42c: tert-Butyl 4-iodobenzoate.

To the solution of 4-iodobenzoic acid (1 eq., 1 g, 4 mmol) in
THF (12 mL) was added Boc,O (2 eq., 1.75 g, 1.72 mL,
8 mmol) and DMAP (30 %, 0.150 g, 1.2 mmol). The mixture
was stirred at 25 °C for 14 hours and then another portion of
Boc,O (1 eq.) was added, followed by TEA (1 eq., 560 pL, 4
mmol). The mixture was stirred for another 14 hours and then
evaporated. The residue was solubilised in EtOAc and washed
with 1M HCI, 1M NaOH and brine. The organic layer was
dried over MgSO, and evaporated under reduced pressure to
yield 42 (1.15 g, 95%) as a white solid.

'"H NMR (300 MHz, CHLOROFORM-d) & 7.77 (d, J = 8.55
Hz, 2H), 7.69 (d, J = 8.55 Hz, 2H), 1.59 (s, 9H); ESI-MS:
C1H 410, [M+H]", 305.0; found 305.0.

42b: tert-Butyl 4-(3-hydroxyprop-1-yn-1-yl)benzoate.

A solution of 42¢ (1 eq., 1.11 g, 3.66 mmol), PdCI,(PPh;),
(1 %, 26 mg, 0.04 mmol) , Cul (2 %, 14 mg, 0.08 mmol) , and
propargylic alcohol (2 eq., 434 pL,
THF:piperidine mixture (1:1, 3 mL) were stirred for 12 hours.
The mixture was diluted with DCM (2.5 mL), washed with sat
NH,CI (2x2 mL), and water (2.5 mL). The solvent was re-
moved under reduced pressure and the crude product was used

7.33 mmol) in

in the next step without purification. Estimated yield (NMR) —
98%.

"H NMR (400 MHz, CHLOROFORM-d) & 7.86 - 7.99 (m, J =
8.28 Hz, 2H), 7.42 - 7.51 (m, J = 8.03 Hz, 2H), 4.53 (s, 2H),
1.60 (s, 9H); '*C NMR (101 MHz, CHLOROFORM-d) & 165.1,
131.7, 131.4, 129.3, 126.6, 89.8, 85.1, 81.4, 51.6, 28.1; ESI-
MS: C4H,0;" [M+H]", 233.1; found 233.1.

42a: tert-Butyl 4-(cyanoethynyl)benzoate.

Synthesised using McAllister’s protocol (Section D 2.10,
page 77). Reaction time: 30 minutes. White solid, yield: 47%.
"H NMR (400 MHz, CHLOROFORM-d) & 7.97 - 8.10 (m, J =
8.28 Hz, 2H), 7.61 - 7.73 (m, J = 8.28 Hz, 2H), 1.62 (s, 9H);
3C NMR (101 MHz, CHLOROFORM-d) & 164.3, 134.8,
133.3, 129.7, 121.3, 105.2, 82.2, 81.9, 64.8, 28.1; ESI-MS:
C4H 4NO," [M+H]", 228.1; found 228.0.

42: 4-(Cyanoethynyl)benzoic acid.

To the solution of 42a (1 eq., 384 mg, 1.69 mmol) in ACN (15
mL) was added TFA (30.6 eq., 3.8 mL, 51 mmol) . The mixture
was stirred for 36 hours at 25 °C and then filtered and washed
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with Et,0 (3x2 mL). The precipitate was filtered off to give
pure 42 (188 mg, 1.09 mmol, 65 %).

'H NMR (400 MHz, METHANOL-d,) & 8.12 (d, J = 8.28 Hz,
3H), 7.83 (d, J = 8.28 Hz, 2H); *C NMR (101 MHz, METHA-
NOL-dy) 6 166.7, 133.7, 133.4, 129.7, 121.3, 104.3, 81.5, 63.4;
ESI-MS: C,(H4,NO, [M-HJ’, 170.0; found 170.0.

3.43 BENZOFURAN-2-CARBONITRILE (43):

aSE-—-— CP"

43a: 2-(3-Hydroxyprop-1-yn-1-yl)phenol.

Synthesised using protocol A for Sonogashira coupling (Sec-
tion D 2.9, page 77). White solid, yield: 77%.

43: Benzofuran-2-carbonitrile.

The compound was obtained as the only product of the standard
MnO, oxidation protocol (Section D 2.10, page 77). Reaction
time: 1 hour. White solid, yield: 91%.

'H NMR (400 MHz, CHLOROFORM-d) & 7.69 (d,
J=7.80Hz, 1H), 7.51-7.60 (m, 2H), 7.47 (s, 1H), 7.38 (t,
J=6.80, 1H); *CNMR (101 MHz, CHLOROFORM-d) &
155.7, 128.5, 127.3, 125.5, 124.6, 122.6, 118.5, 112.1, 111.9;
ESI-MS: CoHNO' [M+H]", 144.0; found 144.1.

propargylic
alcohol,Cul,

PdCly(PPhg),, MnO, NH3 O

DIPEA, " oiPEA DMF MgSO;, IPA, THF

43

3.44 PHENYL CYANATE (44):
O

A mixture of cyclohexane (40 mL) and anhydrous ethyl ether

O

44

BrCN, TEA

Ety0/cyclohexane

(20 mL) was cooled in an ice bath, and treated with phenol (1
eq., 8.47 g, 90 mmol) and cyanogen bromide (1.05 eq., 10 g,
94.9 mmol). While vigorously stirring, TEA (1.05 eq., 13.2 mL,
94.9 mmol) was added dropwise via a syringe. The resultant
white slurry mass was stirred vigorously for an additional 1
hour at 0 °C (ice bath), then the precipitated triethylamine hy-
drobromide was filtered on a Biichner funnel. The solid was
washed with cyclohexane (3x20 mL) and the combined filtrates
were distilled (50-70 °C at 10 mbar) to give phenyl cyanate
(9.22 g, 77.4 mmol, 86%) as a colourless liquid.

Analyses were in accordance with literature.3?

3.45 3-CYCLOPROPYLPROPIOLONITRILE (45):

1). BuLi
2).44

D—=

=N

45

THF/cyclohexane
This compound was synthesised following the same procedure

as for the compound 46. Obtained as a colourless oil with the
yield of 52%. Analyses were in accordance with literature.®
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3.46 3-CYCLOHEXYLPROPIOLONITRILE (45):

A solution of cyclohexylacetylene (1 eq., 1.25 mL, 9.57 mmol)
in degased anhydrous ethyl ether (2.5 mL) was cooled to -70 °C
(dry ice/acetone bath), and a hexane solution of BuLi (1.02 eq.,
2 M, 4.86 mL, 9.73 mmol) was added dropwise via a syringe.
Phenyl cyanate (44, 1.1 eq., 1.26 g, 10.5 mmol) was added via a
syringe at a rate such that the reaction temperature could be
maintained below -60 °C. After stirring for an additional 30
minutes, the resultant solution was brought to 0 °C, stirred for
15 min, and then allowed to warm up to room temperature.
10 M solution of sodium hydroxide (10 mL) was added to a
flask, stirring continued for 10 minutes (no spot of phenyl cya-
nate on TLC), organic phase was separated, washed with water
(2x10 mL), dried with anhydrous MgSO,. The solvents were
removed and the residue was distilled (40-90 °C at 5 mbar) to
give 46 (955 mg, 7.18 mmol, 75 %) as a colourless liquid.
Analyses were in accordance with literature.®

1). BuLi
2). 44

THF-cyclohexane

3.47 3-PHENOXY-3-(PYRIDIN-2-YL)ACRYLONITRILE (47):

N
il
1). BuLi O
- ©
R
‘ Pz Et,0/cyclohexane | NN
=
a7

This compound was the only isolated product while conducting
the cyanation with 44 (the same reaction procedure as for 46).
White solid, 90% yield.

'"H NMR (400 MHz, ACETONITRILE-d;) & 8.94 (br. s., 1H),
8.73 (br. s., 1H), 8.34 (br. s., 1H), 7.73 (br. s., 1H), 7.32-7.50
(m, 2H), 7.08-7.32 (m, 3H), 5.77-6.02 (m, 1H); *C NMR (101
MHz, ACETONITRILE-d;) & 166.2, 156.2, 152.6, 148.8,
135.2, 130.7, 128.8, 125.1, 124.4, 118.7, 115.4, 85.2; ESI-MS:
C4H)N,O" [M+H]", 223.0; found 223.0.

3.48 PROPINENITRILE (48):

P4040 oN

N

NH,  soec S
48
Propiolamide (1 eq., 300 mg, 4.35 mmol) was mixed with see-
sand (10 g) and phosphorus pentoxide (5 eq., 3.09 g, 21.75
mmol) was added. The obtained mixture was carefully mixed,
put under the vacuum and heated to 180 °C. The target product
48 (45 mg, 20%) was collected as a distillate in a receiver held
in liquid nitrogen.
'"H NMR (400 MHz, CHLOROFORM-d) — not informative;
3C NMR (101 MHz, CHLOROFORM-d) & 105.1, 74.9, 57.5;
IR (neat film, cm’l): 3325, 2272,2075, 862.
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3.49 SUBSTITUTED 3-(ARYL)PROP-2-YN-1-OLS (49A-60A):

R, l X apac R :é\/ OH
Ry Ry T Ry Ry
49a-60a
R, R, R; Ry X Protocol®

49a OMe H H H 1 B
50a H OMe H H Br C
Sla H H OMe H 1 B
52a OMe H H OMe 1 C
53a NH, H H 1 B
54a H NH, H H 1 A
55a H H NH, H 1 A
56a Me H H H 1 B
57a Me H H Me 1 A
58a NO, H H H Br B
59a H H NHAc H 1 A
60a H H CONHMe H 1 A

*See detailed description in Section D 2.9, page 77.

3-(2-Methoxyphenyl)prop-2-yn-1-ol (49a).
Reaction time: 18 hours; yield: 72%.

"H NMR (400 MHz, METHANOL-d,) & 7.36 (dd, J=1.5,7.5
Hz, 1H), 7.26-7.33 (m, 1H), 6.97 (d, J = 8.3 Hz, 1H), 6.86-6.93
(m, 1H), 4.43 (s, 2H), 3.84 (s, 3H); *C NMR (101 MHz,
METHANOL-dy) & 161.6, 134.5, 131.0, 121.5, 113.4, 112.0,
92.7, 82.0, 56.2, 51.5.
3-(3-Methoxyphenyl)prop-2-yn-1-ol (50a).

Reaction time: 16 hours; yield: 87%.

"H NMR (400 MHz, METHANOL-d,) & 7.15-7.24 (pseudo-t, J
=17.5 Hz, 1H), 7.00 (d, J = 7.5 Hz, 1H), 6.93-6.98 (m, 1H), 6.87
(dd, J=2.13, 7.5 Hz, 1H), 4.41 (s, 2H), 3.73 (s, 3H); *C NMR
(101 MHz, METHANOL-d,) & 160.9, 130.6, 125.4, 125.1,
117.8,115.7, 88.8, 85.6, 55.9, 51.4.
3-(4-Methoxyphenyl)prop-2-yn-1-ol (51a).

Reaction time: 16 hours; yield: 92%.

'"H NMR (400 MHz, CHLOROFORM-d) & 7.40 (d, J = 8.78
Hz, 2H), 6.86 (d, J = 8.78 Hz, 2H), 4.51 (d, J = 4.9 Hz, 2H),
3.83 (s, 3H), 1.78 (t, J = 4.9 Hz, 1H); *C NMR (101 MHz,
CHLOROFORM-d) & 159.8, 133.2, 114.6, 114.0, 85.9, 85.7,
55.3,51.7.
3-(2-Aminophenyl)prop-2-yn-1-ol (52a).

Reaction time: 24 hours; yield: 62%.

"H NMR (400 MHz, METHANOL-d4) 8 7.19 (dd, J=1.25, 7.9
Hz, 1H), 7.03-7.12 (m, 1H), 6.75 (d, J = 7.9 Hz, 1H), 6.56-6.65
(m, 1H), 4.47 (s, 2H), 4.26 (s, 2H); 3C NMR (101 MHz,
METHANOL-d4) 6 150.3, 133.0, 130.6, 118.2, 115.6, 93.8,
78.9, 69.5, 51.0.
3-(3-Aminophenyl)prop-2-yn-1-ol (53a).

Reaction time: 18 hours; yield: 77%.
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"H NMR (400 MHz, CHLOROFORM-d) & 7.08 (t, J = 7.8 Hz,
1H), 6.83 (d, J = 7.8 Hz, 1H), 6.76 (s, 1H), 6.64 (dd, J = 1.5,
7.8 Hz, 1H), 4.46 (s, 2H), 2.17 (s, 1H); *C NMR (101 MHz,
CHLOROFORM-d) & 146.3, 129.2, 123.4, 122.0, 118.0, 115.5,
87.0, 85.6, 51.4.

3-(4-Aminophenyl)prop-2-yn-1-ol (54a).

Reaction time: 18 hours; yield: 42%.

'"H NMR (400 MHz, METHANOL-d,) & 7.11-7.21 (d, J = 8.5
Hz, 2H), 6.53-6.68 (d, J = 8.5 Hz, 2H), 4.37 (s, 2H); *C NMR
(101 MHz, METHANOL-d,) & 149.7, 133.8, 115.7, 112.5,
86.7, 85.9, 51.4;

3-(2-Nitrophenyl)prop-2-yn-1-ol (55a).

Reaction time: 15 hours; yield: 35%.

"H NMR (400 MHz, CHLOROFORM-d) & 7.97 (d, J = 8.0 Hz,
1H), 7.54-7.60 (d, J = 8.0 Hz, 1H), 7.46-7.54 (t, J = 8.0 Hz,
1H), 7.36-7.44 (t, J = 8.0 Hz, 1H), 4.49 (s, 2H), 1.68 (br. s.,
1H); *C NMR (101 MHz, CHLOROFORM-d) & 149.9, 134.8,
132.8,128.9, 124.6, 118.0, 95.2, 80.9, 51.7.
4-(3-Hydroxyprop-1-yn-1-yl)-N-methylbenzamide (56a).
Reaction time: 12 hours; yield: 91%.

"H NMR (400 MHz, METHANOL-d,) § 7.72-7.82 (m, J = 8.28
Hz, 2H), 7.41-7.53 (m, J = 8.28 Hz, 2H), 4.43 (s, 2H), 2.92 (s,
3H); '*C NMR (101 MHz, METHANOL-d,) & 169.9, 135.2,
132.7,128.3, 127.6, 91.5, 84.7, 51.3, 27.1.
N-(4-(3-Hydroxyprop-1-yn-1-yl)phenyl)acetamide (57a).
Reaction time: 18 hours; yield: 85%.

'"H NMR (400 MHz, METHANOL-d,) & 7.56-7.64 (d, J = 8.8
Hz, 2H), 7.47-7.56 (d, J = 8.8 Hz, 2H), 4.74 (s, 2H), 2.04 (s,
3H); '*C NMR (101 MHz, METHANOL-d,) & 171.9, 143.8,
135.7,120.7, 112.8, 106.2, 84.5, 62.7, 24.1.
3-(o-Tolyl)prop-2-yn-1-ol (58a).

Reaction time: 5 hours; yield: 70%.

"H NMR (400 MHz, CHLOROFORM-d) & 7.40 (d, J= 7.5 Hz,
1H), 7.11-7.24 (m, 3H), 4.54 (s, 2H), 2.43 (s., 3H); *C NMR
(101 MHz, CHLOROFORM-d) & 138.2, 131.2, 128.4, 128.0,
119.3,115.3, 86.5, 85.2, 51.2, 21.2.
3-(2,6-Dimethylphenyl)prop-2-yn-1-ol (59a).

Reaction time: 24 hours; yield: 25%.

"H NMR (400 MHz, CHLOROFORM-d) & 7.03 (t, J = 7.5 Hz,
1H), 6.95 (d, J = 7.5 Hz, 2H), 4.50 (s, 2H), 2.34 (s, 7H); 1°C
NMR (101 MHz, CHLOROFORM-d) § 140.5, 127.9, 126.7,
122.3,95.6, 83.3,51.9, 21.1.
3-(2,6-Dimethoxyphenyl)prop-2-yn-1-ol (60a).

Reaction conditions: 30 °C, propylamine, 16 hours; yield: 38%.
'"H NMR (400 MHz, METHANOL-d,) & 7.25 (t, J = 8.4 Hz,
1H), 6.62 (d, J = 8.4 Hz, 2H), 4.46 (s, 2H), 3.84 (s, 6H); 1°C
NMR (101 MHz, METHANOL-d,) & 163.0, 131.0, 104.7,
102.5,97.0, 78.1, 56.4, 51.7.

Development of new bioselective ligation reactions

3.50 SUBSTITUTED 3-ARYL-PROPIOLONITRILES (49-60):

R _N
R ‘ // o MnO,, MgSO4 Ry I // g
R; R, NHs (p) THE ,
R, R, R; Ry Time, h Yield®, %
49 OMe H H H 3 45
50 H OMe H H 2 85
51 H H OMe H 3 95
52 OMe H H OMe 4 60
53 NH, H H H 1 47
54 H NH, H H 2 71
55 H H NH, H 9 94
56 Me H H H 1.5 70
57 Me H H Me 2 55
58 NO, H H H 4 21
59 H H NHAc H 2 92
60 H H CONHMe H 2 61

See detailed reaction procedures in Section D 2.10, page 77.
3-(2-Methoxyphenyl)propiolonitrile (49, APN-0-OMe).

'"H NMR (400 MHz, METHANOL-d,) & 7.51-7.65 (m, 2H),
7.12 (d, J=8.3 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 3.94 (s, 4H);
3C NMR (101 MHz, METHANOL-d,) & 164.7, 136.4, 135.3,
122.0, 112.6, 107.7, 106.4, 81.8, 66.7, 56.7; IR (neat film, cm’
"): 2946, 2264, 2142 1596, 1490, 1245, 1164, 1122, 1047,
1021, 752, 498; GC-ESI-HRMS: 157.05276; found 157.05044.
3-(3-Methoxyphenyl)propiolonitrile (50, APN-m-OMe).

'"H NMR (400 MHz, METHANOL-d,) & 7.38 (t, J = 7.8 Hz,
1H), 7.27 (d, J = 7.8 Hz, 1H), 7.20-7.24 (m, 1H), 7.12-7.20 (m,
1H), 3.83 (s, 3H); *C NMR (101 MHz, METHANOL-d;) &
161.2, 131.4, 127.1, 120.0, 119.4, 119.2, 106.0, 84.1, 62.7,
56.1; IR (neat film, cm™): 2491, 2264, 2144, 1595, 1573, 1488,
1464, 1420, 1324, 1294, 1207, 1178, 1045, 783, 681, 494; GC-
ESI-HRMS: 157.05276; found 157.05298.
3-(4-Methoxyphenyl)propiolonitrile (51, APN-p-OMe).

'"H NMR (400 MHz, CHLOROFORM-d) & 7.46-7.70 (m, J = 8.
8 Hz, 2H), 6.86-6.96 (m, J = 8.8 Hz, 2H), 3.86 (s, 3H); 1°C
NMR (101 MHz, CHLOROFORM-d) § 161.4, 134.4, 113.7,
108.2, 104.8, 82.7, 61.5, 54.5; IR (neat film, cm™): 2985, 2358,
2342, 2263, 2178, 2149, 1603, 1514, 1307, 1270, 1180, 1028,
835, 808, 669, 424; GC-ESI-HRMS: 157.05276; tfound
157.05337.

3-(2,6-Dimethoxyphenyl)propiolonitrile

(52, APN-0,0’-diOMe):

'H NMR (400 MHz, CHLOROFORM-d) & 7.38 (t, J = 8.5 Hz,
1H), 6.53 (d, J = 8.5 Hz, 2H), 3.88 (s, 6H); *C NMR (101
MHz, CHLOROFORM-d) & 164.4, 133.8, 106.2, 103.4, 96.5,
77.7, 70.5, 56.2; IR (neat film, cm™): 2847, 2359, 2259, 2201,
2139, 1926, 1586, 1574, 1478, 1432, 1302, 1255, 1188, 1109,
1025, 778, 727, 648, 632, 545, 506, 488, 420; GC-ESI-HRMS:
187.06333; found 184.06465.
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3-(2-Aminophenyl)propiolonitrile (53, APN-0-NH,).

"H NMR (500 MHz, METHANOL-d,) & 6.81 (d, J = 7.88 Hz,
1H), 6.65-6.76 (m, 1H), 6.08-6.19 (m, 2H), 3.85 (br. s., 1H);
BC NMR (126 MHz, CHLOROFORM-d) & 151.4, 134.0,
133.4,118.2, 115.0, 105.8, 101.0, 81.6, 68.5; IR (neat film, cm
): 3413, 3332, 3211, 2925, 2853, 2250, 2136, 1632, 1600,
1563, 1486, 1452, 1312, 1273, 1252, 1161, 740, 673, 493; GC-
ESI-HRMS: 142.05310; found 142.05458.
3-(3-Aminophenyl)propiolonitrile (54, APN-m-NH,).

"H NMR (400 MHz, CHLOROFORM-d) & 7.17 (t, J = 7.6 Hz,
1H), 6.99 (d, J = 7.6 Hz, 1H), 6.74-6.89 (m, 2H), 3.85 (br. s.,
2H); 3C NMR (101 MHz, CHLOROFORM-d) & 146.8, 129.8,
123.6, 118.7, 118.7, 118.0, 105.7, 83.7, 62.3; IR (neat film, cm”
): 3426, 3340, 2923, 2852, 2265, 2142, 1630, 1594, 1579,
1513, 1448, 1326, 1313, 1300, 1220, 1164, 993, 882, 862, 784,
680, 534, 456; GC-ESI-HRMS: 142.05310; found 142.05197.
3-(4-Aminophenyl)propiolonitrile (55, APN-p-NH,).

"H NMR (400 MHz, METHANOL-d4) & 7.26 (d, J = 8.6 Hz,
2H), 6.51 (d, J = 8.6 Hz, 2H); *C NMR (101 MHz, METHA-
NOL-d,) & 152.5, 135.1, 113.6, 105.6, 102.3, 86.3, 60.2; IR
(neat film, cm™): 3431, 3333, 3211, 2250, 2132, 1632, 1599,
1513, 1438, 1303, 1178, 1043, 949, 826, 814, 526, 495, 452;
GC-ESI-HRMS: 142.05310; found 142.05464.
3-(o-Tolyl)propiolonitrile (56, APN-0-Me).

"H NMR (400 MHz, CHLOROFORM-d) & 7.47 (d, J = 7.78
Hz, 1H), 7.28-7.36 (m, 1H), 7.18 (d, J = 8.03 Hz, 1H), 7.08-
7.16 (m, 1H), 2.39 (s, 3H); '*C NMR (101 MHz, CHLORO-
FORM-d) & 143.4, 134.1, 131.8, 130.1, 126.1, 117.4, 105.6,
82.4, 66.4, 20.5; IR (neat film, cm™): 2295, 2257, 2141, 1599,
1484, 1456, 1383, 1291, 1199, 1162, 1116, 1039, 757, 711,
672, 548, 490, 452; GC-ESI-HRMS: 141.05785;
141.05926.

3-(2,6-Dimethylphenyl)propiolonitrile (57, APN-o0,0’-diMe).
"H NMR (400 MHz, CHLOROFORM-d) & 7.12-7.27 (t, J=7.5
Hz, 1H), 7.01 (d, J = 7.5 Hz, 2H), 2.38 (s, 6H); *C NMR (101
MHz, CHLOROFORM-d) & 143.8, 131.2, 127.3, 117.6, 105.6,
81.5, 70.2, 20.8; IR (neat film, cm™): 2923, 2856, 2261, 2138,
1732, 1595, 1468, 1381, 1265, 1168, 1033, 774, 728, 490; GC-
ESI-HRMS: 155.07350; found 155.07507.
3-(2-Nitrophenyl)propiolonitrile (58, APN-0-NO,).

"H NMR (400 MHz, METHANOL-d,) & 8.28 — 8.35 (m, 1H),
7.96 — 8.06 (m, 1H), 7.81 — 7.90 (m, 2H); *C NMR (101 MHz,
METHANOL-d,) & 151.9, 138.3, 1352, 134.1, 126.6, 114.2,
105.7, 79.0, 68.6; IR (neat film, cm™): 2268, 1604, 1567, 1528,
1502, 1480, 1345, 851, 787, 744, 709, 687, 537, 491; GC-ESI-
HRMS: 172.02728; found 172.02869.
N-(4-(Cyanoethynyl)phenyl)acetamide (59, APN-p-NHAc).
"H NMR (400 MHz, METHANOL-d,) & 7.56-7.63 (m, J = 8.8
Hz, 2H), 7.49-7.56 (m, J = 8.8 Hz, 2H), 2.04 (s, 3H); °C NMR
(101 MHz, METHANOL-d,) & 171.9, 143.8, 135.7, 120.7,
112.8, 106.2, 84.5, 62.7, 24.1; IR (neat film, cm™): 3303, 3174,
3098, 2278, 2262, 2139, 1670, 1594, 1535, 1407, 1364, 1321,
1263, 1177, 834, 534; GC-ESI-HRMS: 184.06366; found
184.06212.

found
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4-(Cyanoethynyl)-N-methylbenzamide

(60, APN-p-CONHMe):

"H NMR (400 MHz, METHANOL-d,) & 7.96-8.05 (m, J =7.78
Hz, 2H), 7.85-7.93 (m, J = 7.78 Hz, 2H), 3.03 (s, 3H); *C
NMR (101 MHz, METHANOL-d,) & 169.1, 138.3, 134.9,
129.0, 121.6, 105.9, 83.0, 64.6, 28.8; IR (neat film, cm™'): 3348,
2270, 1641, 1549, 1502, 1408, 1392, 1327, 1303, 1283, 1162,
854, 760, 617, 488; GC-ESI-HRMS: 184.06366; found
184.06465.

3.51 (2-((4-((4-(CYANOETHYNYL)PHENYL)AMINO)-4-
OXOBUTYL)-AMINO)-2-OXOETHYL)TRIS(2,4,6-
TRIMETHOXYPHENYL)PHOSPHO-NIUM TRIFLUOROACE-
TATE (61):

NH, propargylic

(e}
Y\/\NHBOC alcohol,
Boc-GABA Pd(PPh3).Clz

Y\/\NHBOC

ha

MnOZ
NH; (IPA),
MgSOs,
THF

_—
DIPEA
THF, 25°C

_—
EDC, TEA, DMAP
DCM, 0°C

o'
?ﬁo

TMPP-Ac-OSu

4—

BocHN

S
P

61d: tert-Butyl (4-((4-iodophenyl)amino)-4-oxobutyl)carba-
mate.

To the cooled to 0°C solution of Boc-GABA (1 eq., 0.928 g,
4.57 mmol), TEA (3 eq., 1.39 g, 1.9 mL, 13.7 mmol) and
DMAP (0.05 eq., 0.0279 g, 0.228 mmol) in DCM (11.7 mL),
EDC (1 eq., 0.875 g, 4.57 mmol) was added. The resulting mix-
ture was stirred for another 10 minutes at 0°C, an ice bath was
removed, and p-iodoaniline (1 eq., 1 g, 4.57 mmol) was added
and the reaction was left overnight at 25°C. The resulting mix-
ture was washed with 1M HCIl (2x20 mL), water (1x20 mL),
and dried over Na,SO, to give 61d (1125 mg, 2.79 mmol, 61
%), which was used without further purification..

'"H NMR (400 MHz, CHLOROFORM-d) & 9.04 (br. s., 1H),
7.58 - 7.72 (m, J = 8.50 Hz, 2H), 7.37 - 7.51 (m, J = 8.50 Hz,
2H), 4.81 (br. s., 1H), 3.27 (m, 2H), 2.30 - 2.50 (m, 2H), 1.88
(m, 2H), 1.49 (s, 9H); *C NMR (101 MHz, CHLOROFORM-
d) & 174.2, 157.4, 137.8, 120.9, 120.0, 87.3, 77.0, 33.1, 32.8,
28.4, 26.0; ESI-MS: C;5H,,N,05;" [M+H]", 405.0; found 405.1.
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61c: tert-Butyl (4-((4-(3-hydroxyprop-1-yn-1-yl)phenyl)-
amino)-4-oxobutyl)carbamate.

Synthesised following the protocol B for Sonogashira coupling
(Section D 2.9, page 77). Yellowish solid, yield: 79%.

'"H NMR (400 MHz, METHANOL-d,) 87.54 - 7.58 (m, J =
8.50 Hz, 2H), 7.34 - 7.38 (m, J = 8.50 Hz, 2H), 4.40 (s, 2H),
3.13 (t, J=6.90 Hz, 2H), 2.41 (t, J=7.40 Hz, 2H), 1.81-1.89
(m, 2H), 1.44 (s, 9H); *C NMR (101 MHz, METHANOL-d,) &
174.0, 158.6, 140.1, 133.2, 120.8, 119.5, 88.3, 85.3, 80.1, 51.3,
40.9, 35.3, 28.8, 27.1; ESI-MS: C3H,sN,0," [M+H]", 332.1;
found 332.0.

61b: tert-Butyl (4-((4-(cyanoethynyl)phenyl)amino)-4-
oxobutyl)carbamate.

Synthesised using standard protocol of MnO, oxidation (Sec-
tion D 2.10, page 77). Reaction time: 1 hour. White solid, yield:
85%.

'"H NMR (400 MHz, METHANOL-d,) 87.61 - 7.65 (m, J =
8.80 Hz, 2H), 7.54 - 7.59 (m, J = 8.50 Hz, 2H), 3.04 (t,
J=6.85Hz, 2H), 2.34 (t, J=7.40 Hz, 2H), 1.74-1.81 (m, 2H),
1.34 (s, 9H); *C NMR (101 MHz, METHANOL-d,) § 174.3,
159.1, 143.8, 135.7, 120.8, 112.8, 106.3, 84.6, 62.7, 40.8, 35.3,
34.8, 28.8, 26.9; ESI-MS: C3H,,N;0;" [M+H]", 328.1; found
328.1.

61a: 4-((4-(Cyanoethynyl)phenyl)amino)-4-oxobutan-1-
aminium trifluoroacetate.

To a suspension of 61b (1 eq., 62.8 mg, 0.192 mmol) in DCM
(1 mL), TFA (20 eq., 285 pL, 3.83 mmol) was added and the
obtained solution was stirred at 25°C for 30 minutes. The target
product 61a (TFA salt, 65.0 mg, 0.19 mmol, 99 %) was ob-
tained after the evaporation of the reaction mass and was used
without further purification in the next step.

'"H NMR (400 MHz, METHANOL-d,) 87.71 - 7.79 (m, J =
9.15 Hz, 2H), 7.63 - 7.70 (m, J = 9.15 Hz, 2H), 3.04 (t,
J=6.80Hz, 2H), 2.6 (t, J=7.05 Hz, 2H), 1.98-2.08 (m, 2H);
3C NMR (101 MHz, METHANOL-d,4) & 173.1, 143.6, 135.7,
120.7, 112.9, 106.2, 84.5, 62.7, 40.4, 34.5, 24.0; ESI-MS:
C3H 4N;O" [M+H]", 228.1; found 228.1.

61: (2-((4-((4-(Cyanoethynyl)phenyl)amino)-4-
oxobutyl)amino)-2-oxoethyl)tris(2,4,6-
trimethoxyphenyl)phosphonium trifluoroacetate.

To the solution of 61a (1 eq., 10.1 mg, 0.0296 mmol) in DMF
(250 pL), TEA (1 eq., 4 pL, 0.0296 mmol) was added.
TMPP-Ac-OSu (1 eq., 22.7 mg, 0.0296 mmol) was added to the
obtained solution and the reaction mass was for 15 minutes at
25 °C. The crude product was purified by HPLC to isolate 61
(9.9 mg, 0.0126 mmol, 42 %) as a main product.

'"H NMR (400 MHz, METHANOL-d,) §7.44 - 7.59 (m, 4H),
6.13 (d, J =4.52 Hz, 6H), 3.75 (s, 9H), 3.50 (s, 18H), 3.00 (td,
J=791, 15.31 Hz, 2H), 2.26 (t, J = 6.90 Hz, 2H), 1.64-1.75
(m, 2H), 1.25-1.43 (m, 2H); *C NMR (101 MHz, METHA-
NOL-d,) 6174.2, 167.4, 167.4, 165.3, 143.6, 135.8, 120.6,
112.8, 106.3, 92.2 (d, J= 8 Hz), 84.5, 62.7, 56.5, 56.2, 37.5,
294 (d, J=64Hz), 279, 27.7, 249, ESI-HRMS:
C4Hy N30, P [M]7, 800.29427; found 800.29401.
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3.52 (2-((4-((4-(2-CYANO-1-((2,5-DIOXOCYCLOPENTYL)OXY)V
INYL)PHENYL)AMINO)-4-OXOBUTYL)AMINO)-2-

OXOETHYL)TRIS(2,4,6-
TRIMETHOXYPHENYL)PHOSPHONIUM TRIFLUOROACE-
TATE (62):
1). SOCl,, A
0 H NHBoc .
2). I HN">" NHB
<: HN">">NHBoc pr:l?:;%{,m o°
NH, Pd(PPh3)2Clz
TEA, DCM © DIPEA
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62d 62c
H
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NH; (IPA),
MgSO;,
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HN *HaN BocHN
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0 l It
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) | |
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This compound was obtained as the only product during the
synthesis of the corresponding APN.

62d: tert-Butyl (3-(4-iodobenzamido)propyl)carbamate.
4-iodobenzoic acid (1 eq., 760 mg, 3.07 mmol) was heated at
110 °C in SOCI; (9 eq., 2 mL, 27.63 mmol) until complete dis-
solving (about 15 min). Excess of SOCI, was removed in vacuo
and obtained solid was poured into DCM (10 mL), then the
obtained solution was cooled to -78 °C and TEA (2.1 eq., 900
pL, 6.45 mmol) was added under vigorous stirring; fert-butyl
(3-aminopropyl)carbamate (1 eq., 534 mg, 3.07 mmol) was
added to the resulting mixture still at -78 °C, left stirred for
another 5 min, then heated up to room temperature, and stirred
for another 20 minutes. Ethyl acteate (50 mL) was added to the
reaction mixture followed by the addition of 1IN HCI (5 mL).
The obtained precipitate was filtered, washed with water and
dried to yield 62d (1.06 g, 86%) as a yellowish solid.

'"H NMR (400 MHz, METHANOL-d,) 87.84 - 7.88 (m, J =
8.50 Hz, 2H), 7.57 - 7.62 (m, J = 8.50 Hz, 2H), 3.42 (t,
J=17.10 Hz, 2H), 3.14 (t, J= 6.65 Hz, 2H), 1.71-1.82 (m, 2H),
1.45 (s, 9H); *C NMR (101 MHz, METHANOL-d,) § 167.5,
157.1, 134.8, 132.3, 129.0, 127.6, 79.8, 41.0, 39.8, 27.8; ESI-
MS: CsH;,N,0;" [M+H]", 405.1; found 405.0.

62c: tert-Butyl (3-(4-(3-hydroxyprop-1-yn-1-yl)benzamido)p
ropyl)carbamate.

Synthesised following the protocol B for Sonogashira coupling
(Section D 2.9, page 77). White solid, yield: 43%.

'"H NMR (400 MHz, METHANOL-d,) §7.75 (d, J = 8.30 Hz,
2H), 7.44 (d, J = 830 Hz, 2H), 4.38 (s, 2H), 3.37 (4,
J=6.75 Hz, 2H), 3.10 (t, J=6.75 Hz, 2H), 1.97 (s, 1H), 1.72
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(quint., 2H), 1.39 (s, 9H); '*C NMR (101 MHz, METHANOL-
dy) 8 169.4, 158.6, 135.3, 132.7, 128.4, 127.6, 91.5, 84.8, 80.1,
51.3, 38.9, 38.5, 30.8, 28.9; ESI-MS: C,3H,sN,0," [M+H]",
333.2; found 333.2.

62b: tert-Butyl (3-(4-(cyanoethynyl)benzamido)propyl)car-
bamate.

Synthesised using standard protocol of MnO, oxidation (Sec-
tion D 2.10, page 77). Reaction time: 2 hour. White solid, yield:
73%.

'H NMR (400 MHz, METHANOL-d,) §7.92 (d, J = 8.20 Hz,
2H), 7.81 (d, J = 8.20 Hz, 2H), 3.44 (t, J=6.80 Hz, 2H), 3.15
(t, J=6.70 Hz, 2H), 1.73-1.83 (m, 2H), 1.45 (s, 9H); *C NMR
(101 MHz, METHANOL-d,) 6 169.3, 155.6, 134.9, 133.0,
128.2, 126.8, 112.1, 103.4, 91.4, 80.2, 39.2, 38.3, 30.5, 28.7;
ESI-MS: C gH»,N;0;" [M+H]", 328.2; found 328.2.

62a: 3-(4-(Cyanoethynyl)benzamido)propan-1-aminium
trifluoroacetate.

To the solution of 62b (1 eq., 174 mg, 0.534 mmol) in DCM (3
mL), TFA (10 eq., 608 mg, 0.396 mL, 5.34 mmol) was added
and the resulting mixture was stirred until complete disappear-
ance of the departure material (control by TLC). The reaction
was quenched with methanol and evaporated under reduced
pressure to yield 62a (99 mg, 0.438 mmol, 82 %) as a colour-
less sticky oil.

'"H NMR (400 MHz, METHANOL-d,) §7.52 (d, J = 8.70 Hz,
2H), 7.30 (d, J = 8.70 Hz, 2H), 3.44 (t, J=6.80 Hz, 2H), 2.94
(t, J=7.80 Hz, 2H), 2.46 (t, J=7.00 Hz, 2H), 1.85-1.96 (m,
2H); *C NMR (101 MHz, METHANOL-d,) & 172.8, 146.1,
138.9, 123.0, 114.6, 112.4, 103.5, 87.8, 40.4, 34.4, 24.1; ESI-
MS: C3H 4N;0" [M+H]", 228.1; found 228.0.

62: (2 ((4 ((4 (2 Cyano 1 ((2,5 dioxocyclopen-
tyl)oxy)vinyl)phenyl)amino)-4-oxobutyl)amino)-2-
oxoethyl)tris(2,4,6-trimethoxyphenyl)phosphonium tri-
fluoroacetate.

To the solution of 62a (1 eq., 9.0 mg, 0.0264 mmol) in DMF
(200 pL), TEA (1.2 eq., 4.5 pL, 0.0316 mmol) was added.
TMPP-Ac-OSu (1 eq., 20.3 mg, 0.0264 mmol) was added to the
obtained solution and obtained reaction mass was stirred until
complete disappearance of the starting material. The target 62
(18 mg, 0.0197 mmol, 75 %) was obtained after HPLC purifi-
cation of the crude product.

'H NMR (400 MHz, METHANOL-d,) §7.76 - 7.82 (m, J =
8.50 Hz, 2H), 7.70 - 7.75 (m, J = 8.50 Hz, 2H), 6.13 (d, J =
5.00 Hz, 6H), 5.63 (s, 1H), 4.28 (d, J = 16.06 Hz, 2H), 3.73 (s,
9H), 3.53 (s, 18H), 3.12 (t, J = 6.65 Hz, 2H), 3.00 - 3.07 (m,
2H), 2.76 (s, 4H), 1.49 (t, J = 6.53 Hz, 2H); ESI-HRMS:
C46Hs5aN4O14PT [M], 915.32122; found 915.31585.
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3.53 (5-((4-(CYANOETHYNYL)PHENYL)AMINO)-5-
OXOPENTYL)TRIS(2,4,6-
TRIMETHOXYPHENYL)PHOSPHONIUM BROMIDE (63):

Br
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63d: 5-Bromopentanoyl chloride.

Degassed solution of 5-bromopentanoic acid (1 eq., 2.85 g, 15.7
mmol) and SOCI, (1 eq., 1.87 g, 1.14 mL, 15.7 mmol) in DCM
(50 mL) was refluxed for 3 hours. The resulting mixture was
evaporated under reduced pressure to give 63d (3.11 g, 100%)
as a yellowish oil. The crude product was used in the next step
without purification.

63c: 5-Bromo-/N-(4-iodophenyl)pentanamide.

Solution of 63d (1 eq., 3.11 g, 15.7 mmol) in DCM (50 mL)
was poured into a cooled to -78°C solution of 4-iodoaniline (1
eq., 3.45 g, 15.7 mmol) and DIPEA (1 eq., 2.03 g, 2.6 mL, 15.7
mmol) in DCM (50 mL). Obtained reaction mass was allowed
to warm to room temperature, stirred for another 30 min,
washed with 1IN HCI (2x25 mL), water (1x25 mL), dried over
Na,SO, and evaporated under reduced pressure to give 63c
(5.60 g, 14.66 mmol, 93%) as brown solid.

'"H NMR (400 MHz, METHANOL-dy) §7.62 - 7.66 (m, 2H),
7.38 - 7.43 (m, 2H), 3.50 (t, J = 6.53 Hz, 2H), 2.42 (t, J = 7.28
Hz, 2H), 1.81 - 1.98 (m, 4H), 1.37 - 1.42 (m, 1H); '*C NMR
(101 MHz, METHANOL-d,) $174.0, 140.5, 138.9, 123.1, 87.6,
36.9, 33.8, 33.4, 25.3; ESI-MS: C; H4BrINO" [M+H]", 381.9;
found 381.8.

63b: 5-Bromo-N-(4-(3-hydroxyprop-1-yn-1-
yDphenyl)pentanamide:

Synthesised following the protocol A for Sonogashira coupling
(Section D 2.9, page 77). Brown solid, yield: 92%.

'H NMR (400 MHz, METHANOL-d,) §7.49 - 7.63 (m, J =
8.53 Hz, 2H), 7.32 - 7.43 (m, J = 8.53 Hz, 2H), 4.40 (s, 2H),
4.26 (s, 1H), 3.50 (t, J = 6.53 Hz, 2H), 2.43 (t, J = 7.15 Hz,
2H), 1.90 - 2.04 (m, 2H), 1.74 - 1.90 (m, 2H), 1.32 (s, 1H); *C
NMR (101 MHz, METHANOL-d,) $173.9, 140.0, 133.1,
120.7, 119.6, 88.2, 85.2, 51.2, 36.8, 33.7, 33.3, 25.3; ESI-MS:
C,H,;BrNO" [M+H]", 310.0; found 310.0.

Development of new bioselective ligation reactions

63a: 5-Bromo-N-(4-(cyanoethynyl)phenyl)pentanamide.

2M solution of NH; (4 eq., 94.8 mg, 5.56 mmol) in IPA and
anhydrous MgSO, (15 eq., 2511 mg, 20.9 mmol) were added to
a stirred solution of 63b (1 eq., 431 mg, 1.39 mmol) in THF
(3.42 mL). Activated MnO, (15 eq., 1814 mg, 20.9 mmol) was
added to the solution and the resulting mixture was stirred at 25
°C for 4 hours (controlled by TLC, no more starting alcohol,;
NB: too long reaction time gives hydrolysis product), diluted
with DCM (13 mL). The mixture was filtered, washed thor-
oughly with DCM and the combined filtrates were concentrated
under reduced pressure. The solid residue was purified by flash
chromatography (EtOAc-cyclohexane, 20 min gradient from 0
to 100% of EtOAc) to give 63a as a white solid (288 mg, 0.946
mmol, 68 %).

'"H NMR (400 MHz, METHANOL-d,) §7.69 - 7.79 (m, J =
8.78 Hz, 2H), 7.59 - 7.69 (m, J = 8.78 Hz, 2H), 3.50 (t, J=6.53
Hz, 2H), 1.79 - 1.99 (m, 4H), 1.26 (t, J = 7.15 Hz, 2H); *C
NMR (101 MHz, METHANOL-d,) $174.3, 143.8, 135.7,
120.7, 112.8, 106.2, 101.4, 84.6, 37.0, 33.7, 33.4, 25.2. ESI-
MS: C,4H,4BrN,O" [M+H]", 304.0; found 304.0.

63: (5-((4-(Cyanoethynyl)phenyl)amino)-5-
oxopentyl)tris(2,4,6-trimethoxy—phenyl)phosphonium bro-
mide.

63a (1 eq., 20 mg, 0.0655 mmol) and tris(2,4,6-trimethoxy-
phenyl)phosphane (TMPP, 1.2 eq., 41.9 mg, 0.0786 mmol)
were dissolved in dry toluene (1 mL) and stirred overnight at 25
°C. 63 (TFA salt, 22 mg, 39%) was obtained after reverse-phase
HPLC as a white solid.

'H NMR (400 MHz, METHANOL-d,) $7.51-7.55 (m, 4H),
6.13 (d, J=4.77 Hz, 6H), 3.75 (s, 9H), 3.50 (s, 18H), 3.00 (td, J
=6.90, 15.31 Hz, 2H), 2.26 (t, J = 6.90 Hz, 2H), 1.73 (m, 2H),
1.22 - 1.45 (m, 2H); *C NMR (101 MHz, METHANOL-d,) &
174.2, 167.4, 165.3, 143.6, 135.8, 120.6, 112.8, 106.2, 93.6,
92.3,92.2, 84.5, 62.7, 56.3, 37.5, 29.7, 27.7, 24.9; ESI-HRMS:
C 41 Hy6N,0,0P" [M]", 757.28846; found 757.29552.

3.54 (4-(4-(CYANOETHYNYL)BENZAMIDO)BUTYL)TRIS(2,4,6-
TRIMETHOXYPHENYL)PHOSPHONIUM  TRIFLUOROACE-

TATE (64):
1 socl
24 . HN">S">Br
propargylic
HN->">Br alcohol,
Pd(PPhs)eCl, O
ey
“DiPEA DIPEA N
DCM, 0°C | THF, 25°C X
64c 64b H
MnO,
NHa(IPA),
dd MgSO;,
; HN">">Br
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X < \\
™ N

64 64a
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64c: N-(4-Bromobutyl)-4-iodobenzamide.

4-iodobenzoic acid (1 eq., 1.45 g, 5.85 mmol) was heated at
110 °C in SOCl, (9 eq., 3.8 mL, 52.6 mmol) until complete
dissolving (around 15 min). Excess of SOCIl, was removed in
vacuo and obtained solid was poured into DCM (15 mL),
cooled to -78 °C and DIPEA (3.1 eq., 3 mL, 18.2 mmol) was
added under vigorous stirring. 3-Bromopropylamine hydrobro-
mide (1.5 eq., 1.90 g, 8.77 mmol) was added to the resulting
mixture was left stirring for 5 minutes still at -78 °C, let to
warm up to room temperature, while stirring for another 20
minutes. Ethyl acetate (100 mL) was added with 1M HCI
(5 mL), obtained solid was filtered (product), washed with wa-
ter and dried to yield 64¢ (2.09 g, 5.67 mmol, 97 %) as a white
solid.

'"H NMR (400 MHz, METHANOL-d,) §7.85 (m, J = 8.40 Hz,
2H), 7.58 (m, J = 8.40 Hz, 2H), 3.48-3.56 (m, 4H), 2.12-2.23
(m, 2H); “C NMR (101 MHz, METHANOL-d,) & 160.1,
139.2, 136.0, 132.8, 102.4, 50.1, 43.2, 23.0; ESI-MS:
CoH,BrINO' [M+H]", 367.9; found 368.0.

64b: N-(4-Bromobutyl)-4-(3-hydroxyprop-1-yn-1-
yDbenzamide.

Synthesised following the protocol B for Sonogashira coupling
(Section D 2.9, page 77). Brown solid, yield: 81%.

'"H NMR (400 MHz, METHANOL-d,) §7.73 (m, J = 8.40 Hz,
2H), 7.38 (m, J = 8.40 Hz, 2H), 4.37 (t, J = 5.30 Hz, 2H), 4.34
(s, 2H), 3.51 (t, J = 5.80 Hz, 2H), 1.92-1.98 (m, 2H); '*C NMR
(101 MHz, METHANOL-d,) & 159.2, 134.2, 132.4, 128.2,
127.1, 91.2, 84.8, 67.2, 51.2, 433, 22.5; ESI-MS:
C3H,sBrNO," [M+H]", 295.0; found 295.0.

64a: N-(3-Bromopropyl)-4-(cyanoethynyl)benzamide.
Synthesised using standard protocol of MnO, oxidation (Sec-
tion D 2.10, page 77). Reaction time: 45 minutes. Brown solid,
yield: 52%.

'"H NMR (400 MHz, METHANOL-d,) §7.90 (m, J = 8.50 Hz,
2H), 7.80 (m, J = 8.50 Hz, 2H), 3.42-3.55 (m, 2H), 3.25-3.35
(m, 2H), 2.13-2.23 (m, 2H), 1.92-1.98 (m, 2H); '*C NMR (101
MHz, METHANOL-d,) 6 168.7, 138.8, 134.9, 128.9, 121.4,
105.8, 83.0, 67.3, 41.9, 39.8, 22.8; ESI-MS: C,;3H,,BrN,0"
[M+H]", 291.0; found 291.2.

64: (4-(4-(Cyanoethynyl)benzamido)butyl)tris(2,4,6-
trimethoxyphenyl)phosphonium trifluoroacetate.

64a (1 eq., 30 mg, 0.103 mmol) and tris(2,4,6-
trimethoxyphenyl)phosphane (TMPP, 1 eq., 54.9 mg, 0.103
mmol) were dissolved in dry toluene (2 mL). The obtained so-
lution was left overnight at 25 °C. The precipitate was filtered,
resolubilised in DMSO, and purified by HPLC to give 64 (35
mg, 0.0409 mmol, 40 %) as a white solid.

'"H NMR (400 MHz, METHANOL-d,) §7.75 (d, J = 8.50 Hz,
2H), 7.69 (d, J = 8.50 Hz, 2H), 6.16 (d, J = 4.70 Hz, 2H), 3.76
(s, 9H), 3.51 (s, 18H), 3.35 (t, J = 7.10 Hz, 2H), 2.98-3.10 (m,
2H), 1.53-1.64 (m, 2H); *C NMR (101 MHz, METHANOL-
dy) 6 168.5, 167.5, 165.3, 138.7, 134.9, 128.8, 121.2, 105.8,
94.0, 92.9, 92.3, 82.9, 64.5, 56.5, 41.7, 27.8, 25.7; ESI-HRMS:
C4oH4N,0,0P" [M], 743.22728; found 743.23946.
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3.55 5-((4-((4-(2-CYANO-1-((2-(4-((4-((E)-(2,5-DIMETHOXY-4-
((E)-(4-NITROPHE-
NYL)DIAZENYL)PHENYL)DIAZENYLPHENYL)-

(ME-
THYL)AMINO)BUTANAMIDO)ETHYL)THIO)VINYL)PHENY
L)AMINO)-4-OXOBUTYL)CARBAMOYL)-2-(6-
(DIMETHYLAMINO)-3-(DIMETHYLIMINIO)-3 H-
XANTHEN-9-YL)BENZOATE (65):
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This compound was synthesised following a reported proto-
col. B

65c: 4-((4-((E)-(2,5-Dimethoxy-4-((E)-(4-nitrophenyl)diazen
yDphenyl)diazenyl)phenyl)(methyl)amino)-butanoic acid
(BHQ-2).

Fast Black K hemi (zinc chloride) salt (practical grade, =30%
dye content) (7.76 g) was suspended in cold water (150.0 mL,
0°C) and stirred for 20 minutes. The suspension was filtered,
and the red solution was added dropwise to a cold (0 °C) mix-
ture of 65d (1.33 g, 6.88 mmol), concentrated hydrochloric acid
(3.1 mL) and sodium acetate (3.6 g, 43.90 mmol) in water-
acetone mixture (1:1) (150.0 mL). The reaction mixture was
stirred at 10 °C for 15 minutes and at 25 °C for 2 hours. Then
the reaction crude was extracted with ethyl acetate (3x150 mL)
and the combined organic layers were dried over Na,SO,. The
crude product was purified by column chromatography on silica
gel (100% EtOAc, then 100% DCM to DCM/MeOH (95:5)).
BHQ-2 (1.36 g, 39%) was obtained as a dark violet solid.

1H NMR (400 MHz, METHANOL-d,) 68.31 (d, J = 9.0 Hz,
2H), 8.00 (d, J =9.0 Hz, 2H), 7.86 (d, J = 9.0 Hz, 2H), 7.45 (s,
1H), 7.40 (s, 1H), 6.77 (d, J= 9.0 Hz, 2H), 4.05 (s, 3H), 4.00 (s,
3H), 3.5 (t, J = 7.1 Hz, 2H), 2.36 (t, J = 7.1 Hz, 2H), 1.98-1.90
(m, 2H); 13C NMR (101 MHz, METHANOL-dy) §176.2,
157.1, 154.3, 153.0, 151.4, 149.0, 147.4, 145.0, 142.6, 126.9,
125.3,124.2,112.1, 101.7, 100.7, 57.2, 52.3, 39.0, 31.6, 22.9.
65b: 4-((4-((E)-(2,5-Dimethoxy-4-((E)-(4-nitrophenyl)diazen
yDphenyl)diazenyl)phenyl)(methyl)amino)-/NV-(2-
mercaptoethyl)butanamide (BHQ-2)-SH).

BHQ-2 (1 eq., 92.2 mg, 0.182 mmol) was dissolved in a mix-
ture of DMF (5 mL) and DCM (10 mL). TEA (6 eq., 152 pL,
1.09 mmol) and cystamine dichloride (5 eq., 204 mg, 0.91
mmol) were added. The mixture was cooled to 0 °C and HBTU
(1 eq., 69 mg, 0.182 mmol) was added. The solution was al-
lowed to reach room temperature and stirred for 15 hours.
When total conversion was reached, DTT (6 eq., 168 mg, 0.162
mL, 1.09 mmol) was added. After the resulting mixture has
been stirred for 10 minutes at 25 °C, the crude was diluted with
saturated NaHCOj solution (75 mL) and extracted with EtOAc
(2x50 mL). The organic layers were combined, washed with
water (50 mL), brine (50 mL) and dried over Na,SO,. The
crude product was purified by column chromatography on silica
gel (DCM/MeOH from 100:0 to 95:5) to yield (BHQ-2)-SH
(60.7 mg, 0.107 mmol, 59 %) as a dark violet solid.

"H NMR (400 MHz, CHLOROFORM-d) $8.33 (d, J = 9.0 Hz,
2H), 8.0 (d, J = 9.1 Hz, 2H), 7.9 (d, J = 9.1 Hz, 2H), 7.42 (s,
1H), 7.42 (s, 1H), 6.75 (d, J = 9.00 Hz, 2H), 5.90 (t, /= 5.6 Hz,
1H), 4.06 (s, 3H), 4.01 (s, 3H), 3.49 (t, J = 7.4 Hz, 2H), 3.41
(dt, J=6.2, 6.4 Hz, 2H), 2.64 (td, J = 6.4, 8.47 Hz, 2H), 2.24 (t,
J = 7.4 Hz, 2H), 2.01-1.94 (m, 2H); 13C NMR (101 MHz,
CHLOROFORM-d) $172.2, 156.6, 153.8, 152.4, 151.1, 148.5,
147.0, 144.7, 142.3, 126.4, 124.9, 123.7, 111.6, 101.2, 100.3,
57.0, 56.9, 51.8, 42.5, 38.7, 33.4, 24.9, 23.0; HR-ESI-MS:
C,;H3N;058S, 565.2107; found 565.2105.
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65a: 5-((4-((4-(Cyanoethynyl)phenyl)amino)-4-oxobutyl)car
bamoyl)-2-(6-(dimethylamino)-3-(dimethyliminio)-3H-
xanthen-9-yl)benzoate.

To a cooled to 0 °C degased solution of 62a (1 eq., 17.3 mg,
0.0507 mmol) and TAMRA-5’-COOH (83, 1 eq., 21.8 mg,
0.0507 mmol) in DMF (1.4 mL), HBTU (1 eq., 19.2 mg) was
added at 0 °C. Obtained reaction mass was stirred for 5 minutes
and TEA was added. The resulting mixture was stirred for 1
hour at 25 °C, evaporated and purified by HPLC to yield 65a
(22 mg, 68%) as a dark-violet solid.

'H NMR (400 MHz, METHANOL-d,) $8.8 (br. s, 1H), 8.7 (s,
1H), 8.08 - 8.16 (d, J = 8.2 Hz, 1H), 7.60 - 7.70 (d, J = 8.9 Hz,
2H), 7.49 - 7.58 (d, J = 8.9 Hz, 2H), 7.32-7.39 (d, J = 8.2, 1H),
7.01 (s, 4H), 6.93 (s, 2H), 3.48-3.58 (m, 2H), 3.26 (s, 12H),
2.44-2.54 (t, J = 7.17 Hz, 2H), 1.98-2.12 (m, 2H); '*C NMR
(101 MHz, METHANOL-d,) — not informative; HR-ESI-MS:
639.24817; found 639.24310.

65: 5-((4-((4-(2-Cyano-1-((2-(4-((4-((E)-(2,5-dimethoxy-4-
((E)-(4-nitrophe-nyl)diazenyl)phenyl)diazenylphenyl)-
(methyl)amino)butanamido)ethyl)thio)vinyl)phenyl)amino)-
4-oxobutyl)carbamoyl)-2-(6-(dimethylamino)-3-
(dimethyliminio)-3H-xanthen-9-yl)benzoate.

To a degased solution of BHQ-SH (65b) (1.13 eq., 2 mg,
0.00354 mmol) in DCM (0.5 mL), a degased solution of TAM-
RA-APN (24) (1 eq., 2 mg, 0.00313 mmol) in methanol (0.5
mL) was added. TEA (4.6 eq., 2 pL, 0.0144 mmol) was added
and the resulting mixture was left overnight at 25 °C. Solvents
were evaporated; the crude product was solubilised in DMSO
(0.5 mL) and purified by HPLC to give BHQ-APN-TAMRA
(65, 2.7 mg, 0.00225 mmol, 72%) as dark-violet solid.

'H NMR (400 MHz, METHANOL-d4)38.63 (d, J = 2.0 Hz,
1H), 8.34 (d, J = 8.8 Hz, 2H), 8.22 (dd, J = 7.8, 2.0 Hz, 1H),
8.00 (d, J = 8.8 Hz, 2H), 7.75 (d, J = 9.0 Hz, 2H), 7.69 (d, J =
8.5 Hz, 2H), 7.53 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.5 Hz, 2H),
7.34 (d, J = 9.0 Hz, 2H), 6.75-6.86 (m, 8H), 5.48 (s, 1H), 4.02
(s, 3H), 3.92 (s, 3H), 3.58-3.63 (m, 2H), 3.45-3.52 (m, 2H),
3.21 (s, 12H), 3.16 (t, J = 6.9 Hz, 2H), 3.08 (s, 3H), 2.71 (t, J =
6.5 Hz, 2H), 2.55 (t, J = 6.2 Hz, 2H), 2.22 (t, J = 6.9 Hz, 2H),
2.08-2.16 (m, 2H), 1.88-1.96 (m, 2H), 1.61 (br.s, 1H); "*C
NMR (101 MHz, METHANOL-d,) — not informative; HR-ESI-
MS: C¢sHgsN,0,,S" [M+H]", 1205.46618; found 1205.46748.
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3.56 5-((3-(3-((2-(4-((4-((E)-(2,5-DIMETHOXY-4-((E)-(4-NITR
OPHENYL)DIAZENYL)PHENYL)DIAZENYL)PHENYL)(ME-
THYL)AMINO)BUTANAMIDO)ETHYL)THIO)-2,5-DIOXOPY
RROLIDIN-1-YL)PROPYL)CARBAMOYL)-2-(6-(DI-
METHYLAMINO)-3-(DIMETHYLIMINIO)-3 H-
XANTHEN-9-YL)BENZOATE (66):

! ! 1. A, toluene 04&0
Q B~ ~""NHBoc 0="\\~0 2.TFA, DCM N
TFA-
- . -
K,CO, DMF
O (0] !

BocHN

5-TAMRA

—_—

HBTU, TEA, DMF

66d 66¢ 66b

(BHQ-2)-SH (65b),

—
DCM:MeOH

66d: 3a,4,7,7a-Tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-
dione.

This compound was synthesised according to the previously
described procedure. ¥

66c¢: tert-Butyl (3-((3aR,7aS)-1,3-dioxo-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindol-2(3H)-yl)propyl)carbamate.

To the solution of 66d (1 eq., 1.76 g, 10.7 mmol) and zert-butyl
N-(3-bromopropyl)carbamate (2 eq., 5.07 g, 21.3 mmol) in
DMF (20 mL), K,CO5 (1.2 eq., 1.77 g, 12.8 mmol) was added.
The resulting mixture was heated at 50 °C for 18 hours. The
solution was left to cool down; a solid residue was filtered and
washed with DMF. United organic fractions were evaporated,
hexane (50 mL) was added to the obtained slurry mass. Ob-
tained suspensions were stirred for another hour, filtered and
washed with hexane to give 66¢ (3.36 g, 10.4 mmol, 98 %) as
white solid.

"H NMR (400 MHz, CHLOROFORM-d) §6.49 (s, 2H), 5.23 (s,
2H), 3.52 (t, J= 6.5 Hz, 2H), 2.96 — 3.09 (m, 2H), 2.82 (s, 2H),
1.66-1.75 (m, 2H), 1.41 (s, 9H); '>*C NMR (101 MHz, CHLO-
ROFORM-d) $176.5, 155.9, 136.5, 81.0, 79.3, 47.5, 37.1, 36.0,
28.4,27.8.

66b:
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1-(3-Aminopropyl)-7/H-pyrrole-2,5-dione (TFA salt).

A solution of 66¢ (1 eq., 243 mg, 0.754 mmol) in toluene (25
mL) was refluxed for 3 hours. Toluene was evaporated under
replaced pressure; the obtained white crude product was resolu-
bilised in DCM (5 mL), TFA (0.5 mL) was added. Stirring was
continued for 2 hours until complete disappearance of a starting
material (controlled by TLC). Solvent were evaporated after the
reaction was quenched by methanol (3 mL). Obtained 1-(3-
aminopropyl)-/H-pyrrole-2,5-dione (66b, TFA salt, 190 mg,
94%) was used without further purification.

'H NMR (400 MHz, METHANOL-dy) $6.76 (s, 2H), 3.52 (t, J
= 6.7 Hz, 2H), 2.80-2.88 (m, 2H), 1.76-1.88 (m, 2H); *C NMR
(101 MHz, METHANOL-d4) 6170.6, 135.6, 38.5, 35.4, 28.0.
66a: 2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-
9-yD)-5-((3-(2,5-dioxo0-2,5-dihydro-1H-
pyrrol-1-yl)propyl)carbamoyl)benzoate
maleimide):

To a solution of TAMRA-5’-COOH (1 eq., 71.5 mg, 0.166
mmol) in DMF (3.21 mL), TEA (2.5 eq., 57.7 pL, 0.415 mmol)
and HATU (1.12 eq., 70.7 mg, 0.186 mmol) here added. Ob-
tained reaction mass was stirred for another 5 minutes and 66b

(TAMRA-

(1 eq., 71.5 mg, 0.166 mmol) was added. Stirring continued for
25 minutes and the reaction mass was evaporated under re-
duced pressure to the volume of about 1 mL, and the reaction
mass was purified by preparative HPLC to give TAMRA-
Maleimide (66a, 34.8 mg, 0.0615 mmol, 37 %) as a pink solid.
'"H NMR (400 MHz, METHANOL-d,) $8.66 (d, J = 1.8 Hz,
1H), 8.14 (dd, J = 1.8, 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H),
7.02 (d, J=9.5Hz, 1H), 6.92 (dd, J= 9.5, 2.2 Hz, 2H), 6.81 (d,
J =22 Hz, 2H), 6.72 (s, 2H), 3.52 (t, /= 6.8 Hz, 2H), 3.34 (t, J
=7.0 Hz, 2H), 3.17 (s, 12H), 1.80-1.90 (m, 2H); '*C NMR (101
MHz, METHANOL-d,) $172.5, 168.2, 167.4, 160.6, 159.0,
158.9, 138.1, 137.7, 137.6, 135.5, 132.9, 132.3, 132.0, 131.4,
115.6, 114.8, 97.5, 82.4, 41.0, 38.6, 36.4, 29.3. HR-ESI-MS:
C3,H30N4Og, 566.21653; found 566.21654.

66: 5-((3-(3-((2-(4-((4-((E)-(2,5-Dimethoxy-4-((E)-(4-nitro-
phenyl)diazenyl)phenyl)diazenyl)phenyl)(methyl)amino)bu-
tanamido)ethyl)thio)-2,5-dioxopyrrolidin-1-yl)propyl)car-
bamoyl)-2-(6-(dimethylamino)-3-(dimethyliminio)-3H-
xanthen-9-yl)benzoate.

To a degased solution of BHQ-SH (65b) (1.15 eq., 4.6 mg,
0.00812 mmol) in DCM (0.5 mL), a degased solution of TAM-
RA-Maleimide (66a) (1 eq., 4 mg, 0.00313 mmol) in methanol
(0.5 mL) was added. TEA (5 eq., 5 pL, 0.0353 mmol) was add-
ed and the resulting mixture was left overnight at 25 °C. Sol-
vents were evaporated; the crude product was solubilised in
DMSO (0.5 mL) and purified by HPLC to give 66 (7 mg,
0.00621 mmol, 88%) as dark-violet solid.

'H NMR (400 MHz, DMSO-dg) $8.91 (t, J = 6.1 Hz, 1H), 8.68
(s, 1H), 8.43 (d, /= 9.1 Hz, 2H), 8.31 (d, /= 8.9 Hz, 1H), 8.01-
8.10 (m, 3H), 7.77 (d, J= 9.1 Hz, 2H), 7.60 (d, J= 7.8 Hz, 1H),
7.39 (s, 1H), 7.33 (s, 1H), 6.99 (s, 3H), 6.89 (s, 1H), 6.85 (d, J
=9.1 Hz, 2H), 4.04 (dd, J = 3.9, 8.9 Hz, 1H), 3.98 (s, 3H), 3.92
(s, 3H), 3.41-3.45 (m, 2H), 3.27-3.38 (m, 6H), 3.23 (m, 12H),
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3.06 (s, 3H), 2.85-2.95 (m, 1H), 2.72-2.81 (m, 1H), 2.52-2.56
(m, 2H), 2.17 (t, J = 7.3 Hz, 2H), 1.74-1.88 (m, 4H). HR-ESI-
MS: CsoHg,N1,0;S™ [M+H]", 1132.43455; found 1132.43384.
3.57 3,3'-(1,2-PHENYLENE)DIPROPIOLONITRILE (67):

OH

N
—
. =
propargylic /
! alcohol,Cul, / //
PdCly(PPhs),, OH  MnO, NHj,
| ——— J— —_—
DIPEA, DMF - MgS04, IPA, THF N
A
Y
67a 67

67a: 3,3'-(1,2-Phenylene)bis(prop-2-yn-1-ol).

To the degased solution of 1,2-diiodobenzene (1 eq., 661 mg,
0.262 mL, 2 mmol) and propargylic alcohol (2.3 eq., 272 pL,
4.61 mmol) in butyl amine (15.8 mL), Pd(PPh;), (4%, 92.6 mg,
0.0801 mmol) was added and the resulting mixture was re-
fluxed overnight. Solvents were evaporated and the obtained
crude product was purified by flash chromatography
(20 minutes gradient EtOAc/Cyclohexane) to yield 67a (150
mg, 0.8 mmol, 40 %) as a brownish solid.

'"H NMR (400 MHz, METHANOL-d,) & 7.38 - 7.53 (m, 2H),
7.25 - 7.38 (m, 2H), 4.48 (s, 4H); *C NMR (101 MHz,
METHANOL-d,) d 135.6, 131.9, 129.2, 95.6, 86.6, 53.9; ESI-
MS: C,H;,0," [M+H]", 187.1; found 187.1.

67: 3,3'-(1,2-Phenylene)dipropiolonitrile.

The compound was obtained as the only product of the standard
MnO, oxidation protocol (Section D 2.10, page 77). Reaction
time: 75 minutes. Brown solid, yield: 42%.

'"H NMR (400 MHz, METHANOL-d,) & 7.89 (dd, J =3.30,
5.80 Hz, 2H), 7.73 (dd, J = 3.30, 5.80 Hz, 2H); '*C NMR (101
MHz, METHANOL-d,) & 136.0, 133.5, 126.5, 105.5, 80.2,
67.2; GC-ESI-MS: C,HsN," [M+H]", 177.0; found 177.0.

3.58 3,3'-(1,3-PHENYLENE)DIPROPIOLONITRILE (68):

N
i
1 propargylic //
alcohol,Cul,
PdClz(PPm
DIPEA, DMF
|
AN
N
68

68a: 3,3'-(1,3-Phenylene)bis(prop-2-yn-1-ol).

Same procedure as for the synthesis of 67a. Brownish solid,
yield: 55%.

'H NMR (400 MHz, METHANOL-d,) & 7.47 (s, 1H), 7.36 -
7.43 (m, 2H), 7.29 - 7.36 (m, 1H), 4.41 (s, 4H); '*C NMR (101
MHz, METHANOL-d,) & 135.3, 132.5, 129.8, 124.8, 89.7,
84.5, 51.2; ESI-MS: C,H,,0," [M+H]", 187.1; found 187.0.
68: 3,3'-(1,3-Phenylene)dipropiolonitrile.

The compound was obtained as the only product of the standard
MnO, oxidation protocol (Section D 2.10, page 77). Reaction
time: 2 hours. Brown solid, yield: 35%.

_ MO, NH;

MgSO4, IPA, ‘Vigsoa, IPA, THE.
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'H NMR (400 MHz, METHANOL-d,)  8.10 (d, J = 1.50 Hz,
1H), 7.93 (dd, J = 1.50, 8.00 Hz, 1H), 7.63 (t, J = 8.00 Hz, 2H);
3C NMR (101 MHz, METHANOL-d,) & 139.3, 137.8, 131.2,
120.0, 105.7, 81.7, 64.2; GC-ESI-MS: C,,HsN," [M+H]",
177.0; found 177.1.

3.59 3,3'-(1,4-PHENYLENE)DIPROPIOLONITRILE (69):

Br propargylic
alcohol,Cul,
PdCly( _PdClpPha), Mnoz NH;
DIPEA, DIPEA DVF MgS04, IPA, Tgs0u, 1PA. THF

69a: 3,3'-(1,4-Phenylene)bis(prop-2-yn-1-ol).

Same procedure as for the synthesis of 67a, but refluxed for 72
hours. Brownish solid, yield: 35%.

'"H NMR (400 MHz, METHANOL-d,) & 7.39 (s, 4H), 4.41 (s,
4H); *C NMR (101 MHz, METHANOL-d,) & 132.6, 124.3,
101.4, 90.8, 84.9, 51.2; ESI-MS: C;,H,,;0," [M+H]", 187.1;
found 187.1.

69: 3,3'-(1,4-Phenylene)dipropiolonitrile.

The compound was obtained as the only product of the standard
MnO, oxidation protocol (Section D 2.10, page 77). Reaction
time: 2 hours. Brown solid, yield: 19%.

'H NMR (400 MHz, METHANOL-d,) & 7.94 (s, 4H); "
NMR (101 MHz, METHANOL-d,) 4 135.0, 121.6, 105.5, 82.0,
65.9; GC-ESI-MS: C,HsN," [M+H]", 177.0; found 177.0.

3.60 N-(4-(CYANOETHYNYL)PHENYL)-4-(2-IODOACETAMIDO)-
BUTANAMIDE (70):

o (o]

MNHZ M“
HN HN \g/\|
s
.
‘ ‘ DIPEA, DCM ‘ ‘
! u
62a 70

To the suspension of 62a (TFA salt, 1 eq., 21.4 mg, 0.0629
mmol) in DCM (4 mL), DIPEA (4.33 eq., 45 uL, 0.272 mmol)
was added. Obtained solution was cooled to -78 °C and iodoa-
cetyl chloride (1.5 eq., 8.5 puL, 0.0943 mmol) was added to give
slightly yellow solution, which was left to warm up to room
temperature and stirred for another 20 minutes. DCM (10 mL)
was added to the reaction mass, which was then washed with
IM HCI (2x2 mL), water (5 mL), dried over Na,SO,, and evap-
orated under reduced pressure to give crude product, which was
purified by flash chromatography to give 70 (15.9 mg, 0.0402
mmol, 64 %) as a white solid.

'H NMR (400 MHz, METHANOL-d,) & 7.58 - 7.64 (m, J =
8.55 Hz, 2H), 7.49 - 7.57 (m, J = 8.55 Hz, 2H), 3.58 (s, 2H),
3.16 (t, J = 6.78 Hz, 2H), 2.35 (t, J = 7.40 Hz, 2H), 1.78 (m,
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2H); *C NMR (101 MHz, METHANOL-d,) § 172.5, 170.1,
142.3, 134.3, 119.3, 111.4, 104.8, 87.0, 83.2, 61.3, 38.9, 33.7,
24.6; ESI-MS: C,sH,sN;0," [M+H]", 396.0; found 396.0.

3.61 3-(4-(2,5-D10X0-2,5-DIHYDRO-/H-PYRROL-1-YL)PHE-

NYL)PROPIOLONITRILE (71):
oA o
ﬁj
N

O

Maleic
anhydnde

acetone

ngO K,CO3
DMF

71a: (Z)-4-((4-(Cyanoethynyl)phenyl)amino)-4-oxobut-2-
enoic acid.

To the solution of 53 (1 eq., 76.8 mg, 0.541 mmol) in acetone
(2 mL), maleic anhydride (2 eq., 106 mg, 1.08 mmol) was add-
ed. A yellowish solid was obtained after about 7 hours of stir-
ring. The resulting mixture was evaporated under replaced
pressure, an excess of maleic anhydride and maleic acid was
washed with methanol. 71a (127 mg, 0.53 mmol, 98 %) was
obtained as yellowish solid, no further purification was needed.
'"H NMR (400 MHz, DMSO-dg) & 12.90 (br. s., 1H), 10.70 (s,
1H), 7.62 - 7.90 (m, 4H), 6.50 (d, J=11.90 Hz, 1H), 6.34 (d, J
= 11.90 Hz, 1H); '3*C NMR (101 MHz, DMSO-ds) & 166.8,
163.8, 142.4, 135.0, 131.7, 130.1, 119.3, 110.2, 105.6, 84.3,
61.9; ESI-MS: C3H;N,0; [M-HT’, 239.0; found 239.0.

71: 3-(4-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl)-
propiolonitrile.

To the solution of 71a (1 eq., 75 mg, 0.312 mmol) in dry DMF
(1.21 mL) trifluoroacetic anhydride (2 eq., 86.9 pL, 0.624
mmol) was added. Stirring continued for another 5 minutes at
25 °C and K,COs3 (3 eq., 129 mg, 0.937 mmol) was added. The
resulting mixture stirred for another 60 minutes, then directly
purified by HPLC to give 71 (65.9 mg, 0.297 mmol, 95%) as a
slightly yellow solid.

'"H NMR (400 MHz, DMSO-dg) & 7.81 (m, J=8.50 Hz, 2H),
7.52 (m, J=8.50 Hz, 2H), 6.96 (s, 2H); *C NMR (101 MHz,
DMSO-dg) 8 169.0, 134.4, 134.0, 126.0, 117.3, 117.0, 82.2,
78.5, 62.3; ESI-MS: C;3H,N,0," [M+H]", 223.0; found 229.9.
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3.62 3-((2,5-DIOXOPYRROLIDIN-1-YL)OXY)-3-(4-(2,5-
DIOXOPYRROLIDIN-1-YL)PHENYL)ACRYLONITRILE (72):

O

Succinic

anhydride DCC, NHS
‘ ‘ acetone ‘ ‘ TEA, “TEA DCM
! ! V
53 72a

Compound 72 was obtained as the only product during the syn-
thesis of the target APN-NHS probe.

72a: 4-((4-(Cyanoethynyl)phenyl)amino)-4-oxobutanoic
acid.

Same procedure as for the synthesis of 71a. White solid, yield:
99%.

'H NMR (400 MHz, DMSO-dg) 8 10.41 (s, 1H), 7.65 - 7.83 (m,
4H), 2.61 (t, J=6.30 Hz, 2H), 2.53 (t, J=6.30 Hz, 2H); "*C
NMR (101 MHz, DMSO-dg) & 174.2, 171.4, 143.5, 135.5,
119.3, 110.0, 106.2, 849, 62.2, 31.7, 29.1; ESI-MS:
C3HoN,O; [M-HT', 241.0; found 241.0.

72: 3-(4-(2,5-Dioxopyrrolidin-1-yl)phenyl)propiolonitrile.
To a cooled to 0°C solution of 72a (1 eq., 15.6 mg, 0.0644
mmol) in DCM (2 mL), DCC (1.02 eq., 13.6 mg, 0.0657 mmol)
and TEA (1 eq., 6.52 mg, 0.00895 mL, 0.0644 mmol) were
added. The resulting mixture was stirred for another 5 minutes
at 0°C, left to warm up to room temperature and NHS (1 eq.,
7.41 mg, 0.0644 mmol) was added. The crude product was pu-
rified by flash chromatography to yield 72 (17.5 mg,
0.0515 mmol, 80%) as a white solid.

'H NMR (400 MHz, ACETONE-dg) & 7.86 - 8.03 (m, J = 8.53
Hz, 2H), 7.54 - 7.66 (m, J = 8.53 Hz, 2H), 5.62 (s, 1H), 2.94 (s,
4H), 2.93 (s, 4H); '*C NMR (101 MHz, ACETONE-d¢) &
177.3, 170.9, 168.2, 137.0, 130.1, 128.2, 127.9, 114.7, 75.5,
28.9, 25.6; ESI-MS: C;;H4N;05" [M+H]", 340.1; found 340.1.

3.63 2,5-DIOXOPYRROLIDIN-1-YL 5-((4-(CYANOETHYNYL)-
PHENYL)-AMINO)-5-OXOPENTANOATE (73):

o
o
N
f)kw Z\)%/
NH, NH 07 >NH

Glutaric

anhydride DCC, NHS

[
acetone TEA, DCM

\ I I

53 73a &
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73a: 5-((4-(Cyanoethynyl)phenyl)amino)-5-oxopentanoic
acid.

To a solution of 53 (1 eq., 200 mg, 1.41 mmol) in acetone
(1 mL), glutaric anhydride (2 eq., 321 mg, 2.81 mmol) was
added. The obtained solution was stirred for 24 hours at 25 °C.
Acetone was evaporated under replaced pressure, the crude
product was recrystallised from IPA-cyclohexane to give 73a
(324 mg, 1.27 mmol, 90 %) as a grey solid.

'"H NMR (400 MHz, DMSO-d) & 10.21 (s, 1H), 8.15 (br. s.,
1H), 7.60 (d, J = 8.72 Hz, 2H), 7.52 (d, J = 8.72 Hz, 2H), 2.52-
2.62 (m, 4H), 2.22-2.32 (m, 2H); *C NMR (101 MHz, DMSO-
d¢) 6 170.0, 168.5, 140.9, 134.2, 119.0, 111.9, 105.4, 84.1, 63.3,
30.1, 29.0, 21.2; ESI-MS: C4H,;N,O5 [M-H], 255.1; found
255.1.

73: 2,5-Dioxopyrrolidin-1-yl 5-((4-(cyanoethynyl)phenyl)-
amino)-5-oxopentanoate.

To a solution of 73a (1 eq., 18 mg, 0.0702 mmol) in DCM
(I mL), DCC (1.02 eq., 14.8 mg, 0.0716 mmol) and TEA (1
eq., 6.52 mg, 0.00895 mL, 0.0644 mmol) were added. The re-
sulting mixture was stirred for 5 minutes, NHS (1 eq., 8.08 mg,
0.0702 mmol) was added. The resulting solution stirred for
another 2 hours at 25 °C. The crude product was purified by
flash chromatography (cyclohexane-EtOAc) to give 73 (6.45
mg, 0.0183 mmol, 26%) as a white solid.

'"H NMR (400 MHz, CHLOROFORM-d) & 8.27 (br. s., 1H),
7.64 (d, J = 8.78 Hz, 2H), 7.57 (d, J = 8.78 Hz, 2H), 2.94 (s,
4H), 2.74 (t, J = 6.53 Hz, 2H), 2.52 (t, J = 6.90 Hz, 2H), 2.23
(m, 2H); *C NMR (101 MHz, CHLOROFORM-d) d 170.3,
169.5, 168.2, 141.3, 134.6, 119.4, 112.4, 105.7, 83.2, 62.9,
35.6, 29.9, 25.7, 21.2; ESI-MS: CgH(N;Os" [M+H]", 353.1;
found 353.2.

3.64 PERFLUOROPHENYL 4-(CYANOETHYNYL)BENZOATE (74):

N
=z
N gz
gz Z i ~
= F o
Perfluorophenol,
HO . bec
THF £ E

42 74

The solution of perfluorophenol (1 eq., 89.2 mg, 0.484 mmol)
and 42 (1 eq., 82.9 mg, 0.484 mmol) in THF (5 mL) was cooled
to 0 °C and DCC (1 eq., 100 mg, 0.484 mmol) was added to the
mixture. The resulting solution was stirred at 25 °C for 14
hours, then filtered and washed with Et,O. The filtrate was
evaporated under reduced pressure to give 74 (98 mg,
0.290 mmol, 66%) as a white solid.

'"H NMR (400 MHz, DMSO-dg) & 8.20 - 8.35 (m, J = 8.28 Hz,
2H), 8.04 - 8.15 (m, J = 8.28 Hz, 2H); *C NMR (101 MHz,
DMSO-dg) & 161.7, 135.1, 134.5, 133.9, 131.2, 130.1, 129.3,
128.0, 123.3, 105.5, 82.1, 65.4; ESI-MS: C,(HsFsNO, [M+H]",
338.0; found 338.0.

Development of new bioselective ligation reactions

3.65 SopIuM 4-((4-(CYANOETHYNYL)BENZOYL)OXY)-2,3,5,6-
TETRAFLUOROBENZENESULFONATE (75):

N
¢ 2
N gz
= F. OH E =
_—
= F o
Na0,S F
HO.
NaO,s F
42

- -

DCC, THF
75

To the solution of 42 (1 eq., 54.2 mg, 0.317 mmol) and sodium
2,3,5,6-tetrafluoro-4-hydroxybenzene-1-sulfonate (1 eq., 84.9
mg, 0.317 mmol) in dry THF (0.792 mL) was added DCC (1
eq., 65.3 mg, 0.317 mmol). The resulting mixture was stirred at
r.t. for 36h, then cooled to 0 °C, stirred for 1 hour, filtered and
washed with 1 mL of dry DMF. The filtrate was diluted with 16
mL of Et,0, stirred for 15 min for complete crystallisation and
the precipitate was filtered to give 75 (72.5 mg, 0.172 mmol, 54
%) as a white solid.

'H NMR (400 MHz, DMSO-ds) & 8.23 - 8.39 (m, 2H), 8.01 -
8.15 (m, 2H); '*C NMR (101 MHz, DMSO-dg) — not informa-
tive (even with '°F decoupling, signals are too broad); ESI-MS:
C,6H4F4NO;sS [M-Na]’, 397.9; found 398.0.

3.66 SODIUM 4-((4-(CYANOETHYNYL)BENZOYL)OXY)-2,3,5,6-
TETRAFLUOROBENZENESULFONATE (76):

HoN — =N AN, TMSN; N ——=N
. N

KoCOy ACN g

53 76

53 (1 eq., 151 mg, 1.07 mmol) was dissolved in acetonitrile
(2.34 mL) in a 25 mL roundbottomed flask and cooled to 0°C
in an ice bath. To this stirred mixture was added isoamyl nitrite
(IAN, 1.5 eq., 215 pL, 1.6 mmol) followed by trimethylsilyl
azide (1.2 eq., 147 mg, 0.168 mL, 1.28 mmol) dropwise. The
resulting solution was stirred at 25 °C for 45 minutes. The reac-
tion mixture was concentrated under vacuum and the crude
product was resolubilised in EtOAc, washed with water, dried
and evaporated under reduced pressure to give 76 (177 mg,
1.06 mmol, 99%).

'H NMR (400 MHz, ACETONITRILE-d;) § 7.58 - 7.81 (m, J =
8.78 Hz, 2H), 7.11 - 7.26 (m, J = 8.78 Hz, 2H); *C NMR (101
MHz, ACETONITRILE-d;) & 144.9, 136.0, 120.4, 113.6,
105.9, 83.4, 62.9; GC-ESI-MS: CoHsN," [M+H]", 169.0; found
169.0.
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3.67 5-AZIDO-N-(4-(CYANOETHYNYL)PHENYL)PENTANAMIDE
(77):

N

TEA, DCM

77a: 5-Azidopentanoyl chloride.

5-azidopentanoic acid (1 eq., 1.1 g, 6.99 mmol) was refluxed in
SOCIl, (10 eq., 5.1 mL, 69.9 mmol) for 30 minutes. Excess of
SOCI1, was removed in vacuo and the obtained crude solid was
used in the next step without purification.

77: 5-Azido-NV-(4-(cyanoethynyl)phenyl)pentanamide.

53 (1 eq., 16.1 mg, 0.113 mmol) and TEA (1.5 eq., 24 uL, 0.17
mmol) were dissolved in DCM (3 mL), cooled to -78 °C, and
77a (1.1 eq., 20.1 mg, 0.125 mmol) was added to the reaction
mixture that was then left to warm to room temperature while
stirring for another 1 hour. The resulting mixture was washed
with 1M HCI (2x1 mL), water (2 mL), dried over Na,SO,, and
evaporated under reduced pressure to give crude product, which
was purified by flash chromatography to give 77 (25.5 mg,
0.101 mmol, 89 %) as a grey solid.

'H NMR (400 MHz, METHANOL-d,) & 7.58 - 7.67 (m, J =
8.70 Hz, 2H), 7.40 - 7.58 (m, J = 8.70 Hz, 2H), 3.23 - 3.28 (m,
2H), 2.34 (t, J=7.28 Hz, 2H), 1.61 - 1.72 (m, 2H), 1.49 - 1.61
(m, 2H); *C NMR (101 MHz, METHANOL-d,) §173.0, 144.0,
135.7, 134.3, 120.7, 113.0, 106.2, 84.5, 40.4, 34.4, 28.8, 24.0;
ESI-MS: C1,H,NsO" [M+H]", 268.1; found 268.1.

3.68 1-(4-(BROMOMETHYL)PHENYL)-1/H-PYRROLE-2,5-DIONE
(78):

Br.

NBS,
benzoyl peroxide

78

This compound was synthesised following the previously de-
scribed procedure.?*
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3.69 1-[4-(CYANOETHYNYL)BENZYL]-3,3,6,6-TETRAMETHYL-
4,5-DIDEHYDRO-2,3,6,7-TETRAHYDROTHIEPINIUM TRI-

FLATE (79):
propargylic
alcohol,Cul,
PdC'z(F‘Pha MnO, NH, NBS
“DIPEA, DMF N\ Mgsos, IPa, THE N\ wwcer,
OH AN
79b
‘oTf
Br. ‘ ‘ +
TMTH
- [
LiOTf, DCM/H,0
AN N
79a 79

79¢: 3-(p-Tolyl)prop-2-yn-1-ol.

Synthesised using protocol A for Sonogashira coupling (Sec-
tion D 2.9, page 77). Yellowish solid, yield: 88%.

'H NMR (400 MHz, ACETONITRILE-d;) § 7.25 - 7.49 (m, J =
8.03 Hz, 2H), 7.04 - 7.25 (m, J = 8.03 Hz, 2H), 4.34 (d, J =
6.02 Hz, 2H), 3.31 (t, J = 6.02 Hz, 1H), 2.32 (s, 3H); *C NMR
(101 MHz, ACETONITRILE-d;) & 139.8, 132.4, 130.3, 120.8,
88.8, 85.1, 51.2, 21.5; ESI-MS: C,(H,,0" [M+H]", 146.1; found
146.0.

79b: 3-(p-Tolyl)propiolonitrile.

The compound was obtained as the only product of the standard
MnO, oxidation protocol (Section D 2.10, page 77). Reaction
time: 3 hours. White solid, yield: 67%.

'"H NMR (400 MHz, METHANOL-d,) & 7.37 - 7.59 (m, J =
8.03 Hz, 2H), 7.02 - 7.31 (m, J = 8.03 Hz, 2H), 2.29 (s, 3H);
3C NMR (101 MHz, METHANOL-d,) & 143.2, 133.3, 129.5,
114.0, 104.8, 83.2, 61.3, 20.4; ESI-MS: C,;(HgN" [M+H]",
141.1; found 141.0.

79a: 3-(4-(Bromomethyl)phenyl)propiolonitrile.

Degased solution of 79b (1 eq., 68 mg, 0.482 mmol) in DCM
(1 mL) was MW-irradiated (100°C) for 5 minutes. The reaction
mixture was evaporated under replaced pressure, the crude was
purified by preparative HPLC to give 79a (42.4 mg, 0.193
mmol, 40 %) as a yellowish solid.

'H NMR (400 MHz, CHLOROFORM-d) & 7.56 - 7.71 (m, J =
8.28 Hz, 2H), 7.40 - 7.49 (m, J = 8.28 Hz, 2H), 4.48 (s, 2H);
C NMR (101 MHz, CHLOROFORM-d) & 141.8, 133.9,
129.5, 117.5, 105.3, 82.3, 63.7, 31.8; GC-ESI-MS: C,,H,BrN"
[M+H]", 219.0; found 219.0.

79: 1-[4-(Cyanoethynyl)benzyl]-3,3,6,6-tetramethyl-4,5-
didehydro-2,3,6,7-tetrahydrothiepinium triflate.

To a degassed solution of 79a (1 eq., 43.7 mg, 0.199 mmol) and
TMTH (1.29 eq., 43 mg, 0.255 mmol; synthesised following
previously described procedure®') in DCM (1.34 mL), a solu-
tion of LiOTf (11.6 eq., 360 mg, 2.31 mmol) in distilled and
degased H,O (0.668 mL) was added. The obtained biphasic
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mixture was vigorously stirred for 5 days at 25 °C (degasing
once per day). Two phases were separated, the organic one was
washed with DCM (5x2 mL). United organic fractions were
evaporated and the crude was purified by HPLC to give 79
(46.9 mg, 0.111 mmol, 56 %) as colourless oil (crystallizes
slowly at 0 °C to yield a white solid).

"H NMR (400 MHz, CHLOROFORM-d) & 7.65 - 7.73 (m, J =
8.03 Hz, 2H), 7.56 - 7.65 (m, J = 8.03 Hz, 2H), 5.07 (s, 2H),
4.12 (d, J=12.30 Hz, 2H), 3.72 (d, J = 12.30 Hz, 2H), 1.36 (s,
6H), 1.30 (s, 6H); '*C NMR (101 MHz, DMSO-d¢) & 135.1,
133.6, 131.9, 117.8, 106.4, 105.8, 83.3, 63.6, 60.1, 43.2, 34.6,
26.4, 25.4; HR-ESI-MS: C,,H,,NS" [M]", 308.1; found 308.1.

3.70 1-({4-[1-{[2-({3-CARBOXYLATO-4-[6-(DIMETHYLAMINO)-
3-(DIMETHYLIMINIUMYL)-3H-XANTHEN-9-
YL|PHENYL}FORMAMIDO)ETHYL|SULFANYL}-2-
CYANOETH-1-EN-1-YL|PHENYL}METHYL)-3,3,6,6-
TETRAMETHYL-1-THIACYCLOHEPT-4-YN-1-1UM TRI-
FLUOROACETATE (80, TAMRA-APN-TMTI):

A

TfO

(If ACN, DIPEA

79
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80a: 2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-
9-yl)-5-((2-mercaptoethyl)carbamoyl)benzoate.

To a solution of TAMRA-5’-COOH (83, 1 eq., 68.3 mg, 0.159
mmol) in DMF (0.228 mL), HATU (1 eq., 60.3 mg, 0.159
mmol), DIPEA (6 eq., 123 mg, 0.157 mL, 0.952 mmol) and
cystamine dichloride (5 eq., 178 mg, 0.793 mmol) were subse-
quently added; the obtained solution mass was stirred over-
night. A solution of DTT (5 eq., 122 mg, 0.118 mL, 0.793
mmol) in DCM (0.911 mL) was added to the reaction mass, the
stirring continued for 2 hours. Solvents were evaporated; the
obtained crude mass was purified by HPLC to yield 80a (33.5
mg, 0.0555 mmol, 35 %) as a dark-violet solid.

'H NMR (400 MHz, DMSO-dg) 8 9.06 (t, J = 5.4 Hz, 1H, 8.70
(d, J=1.8 Hz, 1H), 8.30 (dd, /= 1.8, 8.0 Hz, 1H), 7.59 (d, J =
8.0 Hz, 1H), 7.08-7.02 (m, 4H), 6.95 (s, 2H), 3.52-3.42 (m,
2H), 3.26 (s, 12H), 2.72 (dt, J = 6.8, 8.0 Hz, 2H); *C NMR
(101 MHz, DMSO-ds) & 166.0, 164.7, 156.8, 156.6, 135.9,
131.2, 130.6, 114.6, 96.3, 429, 40.5, 23.3; HR-ESI-MS:
C,7H,7N;30,4S: 489.1722; found 489.1723.

80: 1-({4-[(1Z)-1-{[2-({3-Carboxylato-4-[6-(dimethylamino)-
3-(dimethyliminiumyl)-3H-xanthen-9-
yllphenyl}formamido)ethyl]sulfanyl}-2-cyanoeth-1-en-1-
yllphenyl}methyl)-3,3,6,6-tetramethyl-1-thiacyclohept-4-yn-
1-ium trifluoroacetate (TAMRA-APN-TMTI).

A solution of 80a (1 eq., 6.74 mg, 0.016 mmol) in ACN (1 mL)
was mixed with a solution of 80a (1 eq., 9.64 mg, 0.016 mmol)
in DMF (1 mL). DIPEA (5 eq., 132 pL, 0.08 mmol) was then
added and obtained reaction mass was injected into HPLC after
5 minutes of reaction to yield 80 (11.9 mg, 0.0149 mmol, 93 %)
as a dark-violet solid.

'"H NMR (400 MHz, DMSO-ds) 3 8.98 (t, J = 5.40 Hz, 1H),
8.30 (d, J = 8.28 Hz, 1H), 8.10 - 8.20 (m, 1H), 7.85 (s, 1H),
7.57 - 7.69 (m, 4H), 6.97 - 7.15 (m, 5H), 6.07 (s, 1H), 4.85 (s,
2H), 2.81 - 2.90 (m, 4H), 3.28 (br. s., 16H), 1.25 (s, 6H), 1.05
(s, 6H); *C NMR (101 MHz, DMSO-d¢) — not informative
(low resolved signals); HR-ESI-MS:  C,;H,N,40,S,",
797.31897; found 797.32739.
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3.71 1-({4-[2-CyANO-1-[(2-{4-[(E)-2-|4-
(DIMETHYLAMINO)PHENYL|DIAZEN-1-
YL|BENZENESULFONAMIDO}ETHYL)SULFANYL|ETH-1-
EN-1-YL]PHENYL}METHYL)-3,3,6,6-TETRAMETHYL-1-
THIACYCLOHEPT-4-YN-1-1UM (81, BHQ2-APN-TMTI):

o [, \\
SH //
o Ly
HN— N
i m{ }p/
H 81a A N
\NJ ACN, DIPEA Sz
70 81

81a: (E)-4-((4-(Dimethylamino)phenyl)diazenyl)-/V-
(2-mercaptoethyl)benzenesulfonamide.

To a cooled to 0°C solution of Dabsyl chloride (1 eq., 100 mg,
0.309 mmol) in dry ACN (3 mL), TEA (7 eq., 218 mg, 0.3 mL,
2.16 mmol) and cystamine dihydrochloride (5 eq., 347 mg, 1.54
mmol) were subsequently added. After 2 hours of stirring, DTT
(6 eq., 285 mg, 0.275 mL, 1.85 mmol) was added to the reac-
tion mass. The obtained solution was stirred for another 2
hours, evaporated and the obtained crude product was purified
by flash chromatography (cyclohexane-EtOAc) to yield 81a
(105.9 mg, 94%) as an orange solid.

81: 1-({4-[(2-Cyano-1-[(2-{4-[(E)-2-]4-
(dimethylamino)phenyl]diazen-1-
yl]lbenzenesulfonamido}ethyl)sulfanyl]eth-1-en-1-
yllphenyl} methyl)-3,3,6,6-tetramethyl-1-
thiacyclohept-4-yn-1-ium (BHQ2-APN-TMTI).

The same procedure as for the synthesis of the 80. Yield: 94%.
'"H NMR (400 MHz, DMSO-d,) & 8.03 (t, J = 4.89 Hz, 1H),
791 (d, J = 8.53 Hz, 2H), 7.80 - 7.87 (m, J = 9.04 Hz, 2H),
7.72 - 7.79 (m, J = 8.53 Hz, 2H), 7.68 (s, 4H), 6.87 (d, J = 9.04
Hz, 2H), 6.08 (s, 1H), 4.86 (s, 2H), 3.92 (d, J = 12.05 Hz, 2H),
3.84 (d, J = 12.30 Hz, 2H), 3.10 (s, 6H), 2.71 - 2.87 (m, 4H),
1.32 (s, 6H), 1.17 (s, 6H); *C NMR (101 MHz, DMSO-dy) &
160.2, 158.6, 158.3, 155.1, 153.7, 143.1, 140.3, 136.8, 131.9,
131.3, 129.5, 128.2, 125.9, 122.8, 117.2, 112.1, 106.4, 99.4,
60.0, 43.3, 42.9, 34.5, 26.4, 25.3; HR-ESI-MS: C34H,,N50,S5",
672.24951; found 672.25042.
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3.72 5-(3-{4-[1-(4-{[4-(2-CYANOETH-1-YN-1-
YL)PHENYL]|CARBAMOYL}BUTYL)-1H-1,2,3-TRIAZOL-4-
YL]|BUTANAMIDO}PROPYL)-2-[(E)-2-[4-HYDROXY-2-(2-
{2-[2-(2-{5-[(4S)-2-OXO-HEXAHYDRO-1 H-THIENO|3,4-
D]IMIDAZOLIDIN-4-
YL]|PENTANAMIDO}ETHOXY)ETHOXY|ETHOXY }ETHOXY)

PHENYL|DIAZEN-1-YL|BENZOIC (82, APN-HAZA-
BIOTIN):
H
N__o
(A
o B
HNM OH
0.
oH \L J/ ~"o
N
O OH N~
<j\o/\/01 0
OH N

DMSO:H,0

0
ﬁ 77, CuSO,5H,0
sodium ascorbate
\L _— NH

NH
N
NH ro A\
o A\ 7N
| {;? H
82a 82

82a: 2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-
9-yl)-5-((2-mercaptoethyl)carbamoyl)benzoate.

This compound was synthesised following the previously re-
ported protocol.®

82: 5-(3-{4-[1-(4-{|4-(2-Cyanoeth-1-yn-1-
yD)phenyl]carbamoyl}butyl)-1H-1,2,3-triazol-4-
yl]butanamido}propyl)-2-[(E)-2-[4-hydroxy-2-(2-{2-[2-(2-{5-
[(4S)-2-0x0-hexahydro-1H-thieno[3,4-d]imidazolidin-4-
yl]pentanamido}ethoxy)ethoxy]ethoxy}ethoxy)phenyl]diaze
n-1-yl|benzoic (APN-HAZA-biotin).

To a solution of 82a (1 eq., 10 mg, 0.0123 mmol) and 77 (1 eq.,
3.12 mg, 0.0123 mmol) in DMSO (0.472 mL), solution of sodi-
um ascorbate (10 eq., 24.4 mg, 0.123 mmol) and CuSO,5H,0
(5 eq., 15.4 mg, 0.0617 mmol) in water was added. The result-
ing mixture was degassed and stirred overnight at 25 °C. The
resulting mixture was directly purified by HPLC to give 82 (8.3
mg, 0.0078 mmol, 63 %) as a yellow solid.

'H NMR (400 MHz, METHANOL-dy) & 7.78 (br. s., 2H), 7.72
(d, J = 8.28 Hz, 1H), 7.67 (s, 1H), 7.58 (d, J = 8.78 Hz, 2H),
7.50 (d, J=8.78 Hz, 2H), 7.29 (d, J = 8.28 Hz, 1H), 7.25 (d, J
= 8.53 Hz, 1H), 6.29 (d, J=7.78 Hz, 1H), 3.70 - 3.81 (m, 8H),
3.62 (d, J=4.77 Hz, 2H), 3.58 (d, J = 5.02 Hz, 2H), 3.48 - 3.53
(m, 2H), 3.41 - 3.48 (m, 2H), 3.01 - 3.07 (m, 6H), 2.89 - 3.00
(m, 10H), 2.78 (dd, J = 4.89, 12.93 Hz, 1H), 2.52 - 2.67 (m,
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8H), 2.33 (t, J = 7.28 Hz, 2H), 2.09 - 2.19 (m, 2H), 1.81 - 1.91
(m, 4H), 1.65 - 1.78 (m, 2H), 1.52 - 1.63 (m, 2H), 1.42 - 1.52
(m, 1H), 1.23 - 1.31 (m, 1H); HR-ESI-MS: CssHgN,,0,,S,
1077.47422; found 1077.45931.

3.73 5-CARBOXYTETRAMETHYLRHODAMINE
(83, TAMRA-5’-COOH):

COOH

‘ coor
U
N o SN
\ \
83

This compound was synthesised following a reported proto-
col 4

3.74 5-CARBOXYTETRAMETHYLRHODAMINE
(84, TAMRA-5’-NHS ESTER):

oA o

N

oo

O oleley
B
SN O e} \N*/
\ o \

This compound is commercially available.

3.75 TENTAGEL®-ALANINE BEADS (85):

0 s
SPPS \
85

Synthesised using standard SPPS protocol (see Section D 2.7.1,
page 76).
3.76 TENTAGEL®-AC-ALANINE BEADS (86):

o

O 2 ki

85

Synthesised from 85 via acetylation (see Section D 2.7.1,
page 76).
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F. ANNEXES

ANNEX 1: IN SILICO DIGESTION OF LYSOZYME BY TRYPSIN.

The full list of the peptides (400 Da < M,, < 6000 Da) generated by in silico digestion of hen white egg lysozyme (pdb: 1LYZ)
using “Protein Digestion Simulator” software (http://omics.pnl.gov/software/ProteinDigestionSimulator.php).

FASTA SEQUENCE: >1LYZ:A|PDBID|CHAIN|SEQUENCE
KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNFNTQATNRNTDGS
TDYGILQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVS
DGNGMNAWVAWRNRCKGTDVQAWIRGCRL

TRYPTIC DIGEST CONSTITUTION (CELLS CONTAINING CYS-CONTAINING PEPTIDES ARE HIGHLIGHTED IN GREEN):

# Sequence Monoisotopic Mass
1 KVFGR 605,36
2 KVFGRCELAAAMK 1422,75
3 KVFGRCELAAAMKR 1578,85
4 VFGR 477,27
5 VFGRCELAAAMK 1294,65
6 VFGRCELAAAMKR 1450,75
7 VFGRCELAAAMKRHGLDNYR 23006,15
8 CELAAAMK 835,39
9 CELAAAMKR 991,49
10 CELAAAMKRHGLDNYR 1846,89
11 CELAAAMKRHGLDNYRGYSLGNWVCAAK 3096,48
12 RHGLDNYR 1029,51
13 RHGLDNYRGYSLGNWVCAAK 2279,10
14 RHGLDNYRGYSLGNWVCAAKFESNFNTQATNR 3688,73
15 HGLDNYR 873,41
16 HGLDNYRGYSLGNWVCAAK 2123,00
17 HGLDNYRGYSLGNWVCAAKFESNFNTQATNR 3532,63
18 HGLDNYRGYSLGNWVCAAKFESNFNTQATNRNTDGSTDYGILQINSR 5267,45
19 GYSLGNWVCAAK 1267,60
20 GYSLGNWVCAAKFESNFNTQATNR 2677,23
21 GYSLGNWVCAAKFESNFNTQATNRNTDGSTDYGILQINSR 4412,05
22 GYSLGNWVCAAKFESNFNTQATNRNTDGSTDYGILQINSRWWCNDGR 5329,41
23 FESNFNTQATNR 1427,64
24 FESNFNTQATNRNTDGSTDYGILQINSR 3162,46
25 FESNFNTQATNRNTDGSTDY GILQINSRWWCNDGR 4079,82
26 FESNFNTQATNRNTDGSTDYGILQINSRWWCNDGRTPGSR 4578,08
27 NTDGSTDYGILQINSR 1752,83
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28 NTDGSTDY GILQINSRWWCNDGR 2670,19
29 NTDGSTDY GILQINSRWWCNDGRTPGSR 3168,44
30 NTDGSTDY GILQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAK 5486,55
31 WWCNDGR 935,37

32 WWCNDGRTPGSR 1433,63
33 WWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAK 3751,73
34 WWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKK 3879,83
35 TPGSR 516,27

36 TPGSRNLCNIPCSALLSSDITASVNCAK 2834,37
37 TPGSRNLCNIPCSALLSSDITASVNCAKK 296247
38 TPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAWR 4619,25
39 NLCNIPCSALLSSDITASVNCAK 2336,12
40 NLCNIPCSALLSSDITASVNCAKK 2464,21
41 NLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAWR 4121,00
42 NLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAWRNR 4391,14
43 KIVSDGNGMNAWVAWR 1802,89
44 KIVSDGNGMNAWVAWRNR 2073,03
45 KIVSDGNGMNAWVAWRNRCK 2304,14
46 IVSDGNGMNAWVAWR 1674,79
47 IVSDGNGMNAWVAWRNR 1944,94
48 IVSDGNGMNAWVAWRNRCK 2176,04
49 IVSDGNGMNAWVAWRNRCKGTDVQAWIR 3202,57
50 NRCK 519,26

51 NRCKGTDVQAWIR 1545,78
52 NRCKGTDVQAWIRGCR 1861,92
53 CKGTDVQAWIR 1275,64
54 CKGTDVQAWIRGCR 1591,77
55 CKGTDVQAWIRGCRL 1704,86
56 GTDVQAWIR 1044,54
57 GTDVQAWIRGCR 1360,67
58 GTDVQAWIRGCRL 1473,75
59 GCRL 447,23
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ANNEX 2: EXAMPLE OF APN-THIOL ADDITION PRODUCT.
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ANNEX 3: STUDY OF HYDROLYTIC STABILITY OF 32, 35-39.

Development of new bioselective ligation reactions

STRUCTURES OF THE STUDIED ELECTROPHILES:

GENERAL CONSIDERATIONS:

oA o

N

35

o)

|/Y
NH =
é P
P
N
36 37

O

1
NH ¢}
8

3

o F

39

Only probes 33 and 37 were found to degrade in PBS (1x, pH 7.6) at 25 °C. Conversion was monitored by disappearance of the
starting material. Benzamide was used as an internal standard. Pseudo first order rate constant for the reaction was determined by
plotting the In([C]) versus time and analysing by linear regression. The constant corresponds to the absolute value of determined

slope.

HPLC TRACES AND KINETICS PLOTS FOR HYDROLYTICALLY UNSTABLE SUBSTRATES:
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ANNEX 4: STUDY OF THE REACTIVITY OF CYSTEINE-SELECTIVE PROBES 32, 35-39.

STUDIED REACTIONS:

|

32

e) /‘l
HN 0

38

GENERAL CONSIDERATIONS:

All reactions were monitored by HPLC at 100 uM concentration of reagents in PBS:DMSO (4:1) mixture (pH = 7.4) at 25 °C.
Benzamide was used as an internal standard. The reaction of alkynone 37 with cysteine benzamide 4 gave a complex mixture, per-
haps, because of formation of thiazoline derivative together with the product of thiol addition to the acetylene moiety, which is

b)
oA o
+ o
H,N
NHBn
35

d)
NH
HS
HS O)\L ~
o
o . ‘ A HoN
HN P
NHBn HoN N
. o

4

why acetylated cysteine model 16 was used instead.

In cases of maleimide 33 and alkynone 37, starting material and reaction product were hydrolysed during the quenching of the
reaction with 5% TFA. As a consequence, only an estimated value of the second order constant was determined, based on meas-
urements at 0 and 30 min of reaction (99% conversion was observed for electrophile). Constant value was estimated basing of

following equation:

ky =
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HPLC TRACES AND KINETICS PLOTS FOR HYDROLYTICALLY UNSTABLE SUBSTRATES:
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ANNEX 5: REACTION BETWEEN ALKYNONE 39 AND CYSTEINE DERIVATIVE 4.

The reaction of alkynone 39 with cysteine benzamide 4 gave a complex mixture, because of formation of thiazoline derivative

together with the product of thiol addition to the acetylene moiety 8a.

REACTION SCHEME:

NH,

(¢} s

o) // HS o A S\\\""Kfo ?/\
H N

39 4
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ANNEX 6: NMR SPECTRA OF 40A AND 40.
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ANNEX 7: NMR SPECTRA OF 43.
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ANNEX 8: REACTIVITY OF 4-PHENYL-, 4-CYPROPYL-, AND 4-CYCLOHEXYL- SUBSTITUTED PROPIOLONI-

TRILES TOWARDS PHENYLETHYLENEMERCAPTANE.

b) N
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45
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a Il
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32

HPLC TRACES AND KINETICS PLOTS:

a) A 254 nm

0.9

0.8

0.7 2N N
0.6 o_ni [;“ (j\/’\‘c ~
05 » @/L/VU
04
0.3

0.2

|
0.1 — !

min
0 miry

0.0

25.0 Time (min)

b) AU
254 nm

0.9 QYA

08 1
0.7
0.6
05 P

0.4

0.3

0.1

]
il

L

R

OD - A mir

0.0 5.0 100 15.0 20.0 25.0 Time (min)

138 | F. Annexes

1/[32]

1/[45]

20000 -

15000

10000

5000

Development of new bioselective ligation reactions

LR

46

PPN+PhET

Y =0.94X + 10240
R? =0.9957

0

10000 -

8000

6000

40004

T T
4000 6000

Time (sec)

T
2000

Y =0.216X + 1011
R? =0.9934

2000 //

I
0

1 1
4000 6000

Time (sec)

1
2000



0O.Koniev

c)

AU
1.0

0.9

08

0.7

06

0.5

04

254 nm

Development of new bioselective ligation reactions

10000 -
[JLU 80004 Y =0.095X + 1050
TN R?=0.9877
6000 -
g 4000
@/\,, SH ox. PhET =
! 2000 - _ -
I T T T
0 2000 4000 6000

Time (sec)

0.0

200 250 Time (min)

F. Annexes | 139



O.Koniev Development of new bioselective ligation reactions

ANNEX 9: MS OF APN-TCEP ADDUCT.

o

\
O e
o o o o HO_ _O
i, +/\/\N
H /—\
~
o o o o
2 N TEA \\ T\/ \/\f
XN H H
N TMPP-APN TCEP TMPP-APN-TCEP
Chemical Formula: CyoHg4N,04oP* Chemical Formula: CgHy506P Chemical Formula: CygHgoN,046P,%*
Exact Mass: 743,27281 Exact Mass: 250,06062 Exact Mass: 994,34071

m/z = 497,17035

The addition product TMPP-APN-TCEP was only detectable by MS.

Qualitative Analysis Report

Fragmentor Voltage Collision Energy Ionization Mode
120 1] ESI
x10 5 [+ESI Scan (4.603 min) Frag=120.0V QT04477.d Subtract
o™
&
31 Ll
5
2.5+ =
2 .
1.5
1
0.5+
0 1 T 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Counts vs. Mass-to-Charge (m/z)
Peak List
m/z z |Abund
497.16872 2 |320226.4
497.67058 2 |188573.1
498.16898 2 |69813.4
498.66598 2 16993
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Development of new bioselective ligation reactions

ANNEX 10: STABILITY OF ADDUCTS APN-CYSTEINE ADDUCT 33 (HPLC TRACES).

A

AU 254 nm

6.0
55
5.0
45
4.0
35
3.0
25
20
15
1.0
05

69 min

30 min

0 min

0.0

0.0 25 50

AU 254 nm

6.0
55
5.0
45
4.0
35
3.0
25
20
15
1.0
05

100 125 150 175 Time (min)

TM HCI

60 min
30 min

00 —~—n~ JU L

0.0 25 50

254 nm

Omin

15.0 17.5 Time (min)

TM GSH

60 min

30 min

0 min

0.0 25 50

15.0 17.5 Time (min)

B

AU 254 nif

6.0
55
5.0
4.5
4.0
35
3.0
25
20
1.5
1.0

05
0.0 5

0.0

AU 254 nm

6.0
55
5.0
45
4.0
35
3.0
25
20
15
1.0
05
0.0
0.0

AU 254 nm

6.0
55
5.0
45
4.0
35
3.0
25
20
15
1.0
05
0.0
0.0

25

25

25

jo)

e <DJ<§

IMH,0,

60 min
30 min
0 min

5.0 7.5 10.0 125 15.0 17.5 Time (min)
1M NaOH
Oy NC \’S\INHZ
X
‘ =
60 min
] 30 min
0 min
5.0 7.5 10.0 125 15.0

50

17.5 Time (min)

1M imidazole

0O,
Nc*’\/S\J\:NH9

60 min

75

30 min
_k |

0 min

100 125 150 175 Time (min)

F. Annexes | 141



0O.Koniev
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ANNEX 11: APN-MALEIMIDE PROBE 71.

HYDROLYTIC STABILITY:
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ANNEX 12: APN-AZIDE PROBE 76.

HYDROLYTIC STABILITY:
mAU
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
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ANNEX 13: THIOREDOXINE REDUCTASE INHIBITION (IC50)

Development of new bioselective ligation reactions
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ANNEX 14: COMBIBATORIAL PEPTIDE LIBRARIES.
Hexapeptide libraries are synthesised following Split&Mix SPPS (see Section D 2.7, page 76) using TAGSFREE algorithm of

“unique pairs” 5788,

SCHEMATIC REPRESENTATION OF THE SYNTHESIS OF PEPTIDE LIBRARIES:

\ / A \ 4x more \ \

— X T AA; — XX . L XXX XXX; )

/ < / Split&Mix /

: - AA]O . . -

5 monopeptides 25 dipeptides 15625 hexapeptides

COMPOSITION OF THE SYNTHESISED LIBRARIES (CYS RESIDUES ARE SHOWN IN GREEN):
Library #1 Library #2
X X X X X X X X X X X X
1 2 3 4 5] 6 1 2 3 4 5] 6

Ala Met Arg Cys Cys Lys Lys Asp Ile Ala Ala Ser
Tyr Leu Ser Lys Tyr Ala Arg Gly Gln Ser Arg Lys
Pro Phe Pro Arg Ser His Phe Thr Phe Ile Glu Cys
Leu Gln Asp Phe Met Asp Gly Tyr His Thr Asp His
Thr Gly Gly Thr His Gln Pro Leu Leu Pro Cys Tyr

CONTROL OF THE BEADS:

Library #1 contained methionine that was found to represent several difficulties during its detection by amino acid analysis
(AAA). The peak corresponding to Met residue is almost always has lower abundance than expected. This results in ambiguous
data analysis and corresponding limitations of the method. Library #2 is deprived from this drawback and was used in screening
with cysteine-selective reagents.

Library #1 Library #2
# Composition by AAA Sequence Quality # Composition by AAA Sequence Quality
1 Ser, His, Pro, Met, Trp, Tyr SHMWPY + 13 Gly, Thr, Ala, Ile, Lys, Cys CATIGK or KCAITG +
2 Gly, Arg, Ala, Cys, Ley, Lys LCGKRA + 14 Asp, Arg, Ala, Tyr, Leu, Leu YNALLR +
3 Lys, Phe, Ala, Asn, Gly, Cys DCKGFA or KCFDGA + 15 Asp, Ser, Arg, Thr, Leu, Lys KNSLTA or SRTLNK  +
4 Lys, Tyr, Ala, Thr, Gly, Met AYKGMT or KYTGMA +/- 16 Gln, Ala, Tyr, Lys, Lys, Cys KCAEYK +
5 Glu, Arg, Tyr, Phe, Tyr, Met QYFRMY or QYCRFY +/- 17 Ser, Gly, Gly, His, His, Ala HASHGG +
6  Asn, Gly, His, Arg, Thr, GIn QHRDGT or DHRGQT + 18 Arg, Thr, Tyr, Leu, Leu, Cys YCTLLR +
7  Ser, Gly, His, Thr, Phe, Met HSCGFT or HSFGMT  +/- 19 Asp, Gly, Arg, Pro, Tyr, Ille  YNPIGR or YRPING +
8  His, Ala, Ala, Pro, Phe, Arg  AHRPFA 20 Gly, Thr, Ala, Leu, Phe, Lys KATLGF or KATFLG +
9  Asn, Asn, Tyr, Leu, Lys, Pro DYKDLP 21 Ser, Gly, Arg, Ala, Leu, Phe SRAFLG or SRALGF +
10 Gln, Arg, Ala, Pro, Tyr, Phe QYRPFA or AYFRQP + 22 His, Arg, Pro, Tyr, Lys, Cys CRPHYK or KCPHYR +
11 His, Arg, Pro, Leu, Phe, Mer HMFRLP or HCFRLP  +/- 24 His, Ala, Ala, Tyr, Ile, Phe  HAAIYF +
12 Ser, Gly, Arg, Thr, Ala, Lys ASKRGT or KSTRGA + 25 Asp, Asp, His, Ala, Phe, Phe HNAFNF +
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