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Abstract: We show that latent oxalyl thioester surrogates are a powerful means to modify
peptides and proteins in highly dilute conditions in purified agueous media or in mixtures as
complex as cell lysates. Designed to be shelf-stable reagents, they can be activated on-demand
for enabling ligation reactions down to peptide concentrations as low as a few hundreds nM at

rates approaching 30 Mt s,



Thioester based-chemistry has been the source of many innovative breakthroughs in domains
such as chemical biology! or materials science.?? In particular, the reaction of a thioester group
located at the C-terminus of peptides or proteins with a cysteinyl (Cys) peptide is the
cornerstone of the Native Chemical Ligation (NCL) reaction* and related methods (Figure 1a).°
The hallmark of this process unquestionably resides in its exquisite chemoselectivity and its
capacity to take place in water, under very mild pH and temperature conditions. During the last
three decades, this reaction has profoundly remodeled protein chemistry by enabling the routine
production of homogeneous batches of native or modified (semi-)synthetic proteins®’.8
Considering the ease with which the Cys residue can be introduced at the N-terminus of
peptides and proteins through chemical approaches or recombinant techniques, NCL is also an
appealing reaction for accessing protein conjugates.® For the latter application, achieving rapid
reactions with N-terminal Cys is highly desirable to accommodate protein limited solubility and
minimize side-reactions. Several kinetic studies have shown that the archetypal NCL reaction
performed with alkyl or aryl thioesters generally exhibits slow to moderate rates under standard
experimental conditions (~0.3 to 4 M s).2%11 While powerful in the mM concentration range,
the NCL reaction shows its limits at uM concentrations due to competitive thioester
hydrolysis.*? Thus, the use of NCL-based approaches becomes challenging for any application
proceeding at high dilution such as the modification of proteins, although selenoester chemistry
offers some opportunities but to the expense of increased complexity.*®

In search for fast reacting thioester derivatives, our attention was attracted by oxalyl thioesters.
These species were first reported as highly reactive and transient mammalian metabolites,
which could be trapped in cell lysate with cysteine following an NCL-like mechanism (Figure
1b).1* Their reactivity in water remains however largely unexplored, probably due to the
difficulties encountered in installing them on biomolecules and to their ease of hydrolysis with

a half-lives of a few minutes in water at neutral pH.™



a) HS

0 H,N X (peptide o SH
peptideJ\SR ~ > peptideJ\N {peptide
H o
R = alkyl, aryl R-SH
(o]
b) H,0 HO\n)l\
OIS‘R hydrolysis o OH
HO” S0 0

SH
3 Lr(
) HO OH
Cell metabolite in situ \n)l\”
(0] (0]

c) This work

S~ OXOSEA
\ group SH
S/ SH
0 N\J 0 N\)
I [Red] I N, S-acyl shift
HN (o} —_— HN (o} —_—
| fast
peptide peptide

HN HS H 9
0s_S s Os_N 2
I <~/ :? H2N I T
HN o ~ N 0 sH
peptide SEA peptide
Figure 1. a) General principle of the NCL reaction. b) Oxalyl thioester metabolites are prone to

hydrolysis and prove highly reactive toward cysteine. c) Reaction of an oxalyl thioester surrogate-

containing peptide with a Cys peptide.

Against the odds, we discovered that oxalyl amides in the form of bis(2-sulfanylethyl)amido
(SEA'®17) latent thioester precursors, enable an NCL-like reaction to proceed with exceptional
rates approaching 30 M s (Figure 1c). This result is unexpected because a feature of such
rearranging amides is the modest rate of the N,S-acyl group migration step, making them
unsuitable as efficient acyl-transfer agents in highly dilute conditions.® We therefore undertook
an in-depth investigation of the reactivity of the °*°*SEA system, which enabled protein
modification to proceed efficiently in the nanomolar concentration range in purified reaction

medium or in mixtures as complex as cell lysates.

The model system used for investigating the reactivity of SEA-based oxalyl thioester precursors
is presented in Figure 2a. While the incorporation of an “*°SEA group at the N-terminus of

peptides during Solid Phase Peptide Synthesis is a straightforward method for rapid



functionalization (see Supplementary Information), we have opted for a more flexible approach
by preparing a conveniently protected lysine derivative 1, i. e. Fmoc-Lys(®*°SEA)-OH, which
has the advantage of being easily introduced at any position into peptide sequences. Lysine
derivative 1 was obtained at the gram scale after 6 steps from commercially available starting
materials and with 17% overall yield. Its structure was validated by X-ray diffraction
crystallography (Figure 2b). Amino acid 1 was easily incorporated into peptides of type 2 using
standard Fmoc-SPPS procedures and proved perfectly stable during peptide cleavage and

purification steps.
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Figure 2. a) Synthesis of the Fmoc-Lys(®°SEA)-OH residue 1 and its incorporation into peptides of
type 2. b) ORTEP diagram of the X-ray structure of Fmoc-Lys(®*°SEA)-OH 1 with ellipsoids shown at

the 50% probability level. c) Model *°SEA-mediated ligations examined in this study.

In a first series of experiments, we used model peptides 3a and 4a to evaluate the potential of

**SEA-containing peptides as acyl-transfer agents in different experimental conditions using



MPAA'® as the thiol catalyst!® and TCEP as the reductant (Figure 2c). The presence of a
tryptophan residue in peptide 3a enabled accurate quantification of all the species of interest on
HPLC chromatograms by UV-monitoring at 280 nm, including at the lowest peptide
concentrations tested. The corresponding data were used for the determination of rate constants

by nonlinear regression fitting.

Preliminary experiments established the influence of additives concentration and of the pH on
ligation efficiency at 1 mM peptide concentration (see Supplementary Information). The
reaction was found to be dependent on the concentration of MPAA but still displayed acceptable
conversion ratios in the absence of a thiol catalyst. Importantly, the ®*°SEA group remained
stable and silent in the absence of TCEP or at low concentrations of MPAA, giving the
possibility to trigger it on-demand. These experiments revealed also that the ®“°SEA group is
reacting significantly faster at the mildly acidic pH of 5.5 than at neutral pH. In that, the ®°SEA
group apparently follows the behavior of C-terminal SEA peptides for which mildly acidic
conditions are known to promote the N,S-acyl shift process.?’ Therefore, we initially performed
ligations at pH 5.5. The reaction of peptides 3a and 4a, respectively introduced at 1 mM and
1.2 mM, yielded the expected ligated product 5a with an astonishing half-reaction time (t12) of
200 s for a final HPLC vyield >95% (Figure 3a). For comparison, classical SEA ligations
performed in the same concentration range require about 5-7 hours to be half-completed,
highlighting the extreme difference in reactivity of the SEA and ®*°SEA groups. Gradually,
lowering the concentration of peptides 3a and 4a to 50 UM revealed that the reaction was still
proceeding very efficiently (tu2 = 900 s). Ligation product 5a was repeatedly obtained with a
conversion ratio close to 90%, showing that even used at low molarities, the highly reactive
oxalyl thioester surrogates were not significantly hydrolyzed. As a control, NCL reactions
performed with classical alkyl and aryl thioesters at the same peptide concentration proceeded

more slowly and plateaued at ~65-70% conversion due to hydrolysis of the starting material



(Figure 3b). At 5 uM of peptide 3a and still at pH 5.5, the hydrolysis of the oxalyl thioester
became noticeable, thus reducing the yield of ligated peptide 5a (~40%). At this point, we
reasoned that at such a low concentration the rearrangement of the amide might not be limiting
anymore. If this is the case, the optimal pH conditions identified from reactivity studies
conducted at mM peptide concentration might no longer apply to dilute conditions. In
particular, working at neutral pH would perhaps be more appropriate for promoting the thiol-
thioester exchanges and thus the capture of the oxalyl thioester by the Cys peptide.® This proved
to be the case since a slight pH adjustment from 5.5 to 7.2 was sufficient to restore satisfying

levels of conversion at 5 UM (80%, Figure 3a).
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Figure 3. a) Conversion to ligated peptide 5a from peptides 3a and 4a. Unless otherwise specified,

standard experimental conditions applied are as follows: 1 equiv. 3a, 1.2 equiv. 4a, 200 mM 4-

mercaptophenylacetic acid (MPAA), 100 mM TCEP, pH 5.5, 37 °C in 6 M guanidinium chloride in 100

mM phosphate buffer. The series at 5 M peptide concentration (squares) are presented as the mean +

standard error of three independent experiments. For other concentrations, three replicates were made

but only one is presented for the sake of clarity. To ensure maximal accuracy of the data, the absence of

significant post-quench drifts was checked (See Supporting Information) b) Comparison of ®*°SEA-

mediated ligation at 50 UM with the NCL reaction of alkyl and aryl thioesters at 50 uM (1.2 equiv. 4a,



200 mM 4-mercaptophenylacetic acid (MPAA), 100 mM TCEP, pH 7.2, 37 °C in 6 M guanidinium
chloride in 100 mM phosphate buffer). ¢) Apparent second order rate constant of peptide 5a formation
determined by nonlinear regression fitting from the traces in Figure 3a. The data correspond to the mean
+ standard error (95% confidence limit interval) determined from three independent replicates. d) UPLC
trace of the reaction of peptides 3a and 4a at 1 mM (t = 30 s) and 100 pM (t = 60 s).*The hydrolysis
byproduct observed here originates from the hydrolysis of unreacted starting material in the HPLC vial
and not from the reaction. ** Traces of residual MPAA after extraction €) Proposed mechanism for the

°SEA-mediated ligation.

Intriguingly, the determination of apparent second order rate constants for the *°SEA-mediated
process at various peptide concentrations revealed an uncommon behavior (Figure 3c). While
the rate constant obtained at 1 mM was ~4 M s, it counterintuitively increased as peptide
concentration decreased, with a remarkable break at 150 pM. Below this concentration
threshold, the apparent second order rate constant stabilized at a high level of ~30 M s,
UPLC-MS monitoring of the reaction mixture at various peptide concentrations furnished
useful information regarding the nature of some reaction intermediates involved in this process
(Figure 3d).The observation of reduced °*°SEA species 6 and rearranged thioester 7 are
expected according to previous studies on the C-terminal SEA group in peptides (Figure 3e).%°
The “°SEA-derived thioester 7 likely undergoes a thiol-thioester exchange with the aryl thiol
catalyst MPAA to form 8, which could not be observed in our experiments for being probably
quickly consumed by the Cys peptide to produce the desired ligated product 5.

Here, the peculiarity arises from the formation of an unusual dimeric intermediate 9 observed
in UPLC. This adduct significantly accumulates within the mixture when the reaction is
conducted at 1 mM peptide concentration but falls to basal levels at 100 uM and below. The
accumulation of dimer 9 at high peptide concentration shows that it is slowly reacting. It must

first dissociate to evolve into ligated product 5 and its formation likely accounts for the



dependence of the rate constant to peptide concentration. Importantly, ligation proceeds
extremely fast at low peptide concentration, that are the conditions for which the chemical

system is primarily intended for.

Thus far, the results obtained for the “°SEA-mediated ligation on model peptides 3a and 4a
provided suggestive evidence that the reaction might still operate in the nanomolar
concentration range. However, 5 UM is the lowest working concentration limit allowing reliable
analytical detection and reproducible determination of ligation yields by HPLC. To further
explore the performance of the reaction in the nanomolar concentration range, we opted for
SDS-PAGE separation followed by Western-Blot as the analysis tool and to work at the protein
level. For this purpose, we produced the *°SEA peptide derived from V5 peptidic tag 3b and
the 10 kDa C-terminally biotinylated kringle 1 (K1) domain of the hepatocyte growth factor
(K1/HGF) equipped with an N-terminal Cys 4b.2! V5 tag can be detected with high sensitivity
using a specific anti-V5 monoclonal antibody labelled with horseradish peroxidase (HRP),
while streptavidin-HRP enables to trace the K1 protein domain. The latter was reacted at
concentrations ranging from 2 uM to 270 nM in the presence of ~6 equivalents of V5 tag ““°SEA

peptide 3b.



-8 I =
j w\’\/Q&J
V5-Lys(OOSEA)

Cys—

3bor3c
Oj/go O%O
V5-K* VE-K* Ligated product
5b or 5¢
.f

H,N)\K

b) 3b+4b — 5b
t=0min t=2lJlJmin
|

Cys-K1B 4b

S & & & & & §F ®
S £ é;i '@Q S & &Q ,{oQ MW
& F N o a & N o (kDa)
20
)
G| e bl |0
¥ 10
20
ad
O
Q.@‘\ u 1590
B e e R P

N X N ) )
SESESE SFF F o
FVSNE e £ ko
[ TEERTTT—| 20
)
S - L s
vg 10
" — — 20
Q@"\ """" - L 15 Sc
< T S — 4b
-10

Figure 4. a) ®°SEA-mediated ligation between V5 containing peptide 3b or 3c and biotinylated K1
domain of HGF/SF 4b. b) Western-blot analysis of the reaction in the nanomolar concentration range
confirms the formation of protein 5b. Conditions: 4b 270 nM to 2.16 uM, 3b 5.8 equiv., 0.1 M sodium
phosphate buffer, 5 mM MPAA, 0.5 mM TCEP, pH 7.2, 37 °C. Note that reaction conditions were
optimized to minimize the large excesses of additives. c) Western-blot analysis of the ligation reaction
in a crude THP-1 whole cell protein extract (1.6 pg L) supplemented with 100 nM (i. e. 93 ng puL™?)

4b (see Supplementary Information)

The analysis shown in Figure 4 allows to appreciate the successful formation of the ligation
product 5b after 200 minutes, even when K1 polypeptide 4b was introduced at a concentration

of 270 nM. Importantly, the control experiments performed in the absence of TCEP or in the



presence of a biotinylated K1 domain lacking the N-terminal cysteine residue failed to produce
any ligation product, respectively demonstrating the latency of the system and its
chemoselectivity (see Supplementary Information). After having characterized the “°SEA-
mediated ligation in a purified media, we were interested to know if the same reaction could
operate in mixtures as complex as a cell lysate (see Supplementary Information). To this end,
the protein extract of a THP-1 whole cell lysate was supplemented in Cys-K1B 4b at 100 nM
final concentration and reacted in the presence of 15 equivalents of V5-Lys(®*°SEA) peptide
3c. Strikingly, a band revealed by both anti-V5 antibody and streptavidin-HRP conjugate at ~15
kDa suggested the formation of the ligation product 5c. Its formation was however accompanied
by an important background noise and the appearance of other bands. Controls at different
reaction times, in the presence or in the absence of a strong reducing agent enabled to conclude
that a nonspecific interaction of peptide 3c introduced in excess with unidentified elements of
the protein extract accounted for this observation. The successful formation of ligated product
5c¢ in such a complex mixture again highlighted the high selectivity and efficiency of the

XSEA-mediated ligation for protein modification.

In conclusion, we herein report the exceptional reactivity of a bioinspired and activatable oxalyl
thioester surrogate for peptide and protein modification at high dilution. This highly
chemoselective reaction proceeds remarkably fast in aqueous media, under mild conditions and
allows to perform ligations in purified and highly complex media such as cell lysates. Beyond
protein modification, this work extends the scope of oxalyl thioesters as valuable reagents by
addressing the issue of their poor stability in water through the synthesis of bench-stable and
activatable surrogates. In doing so, these compounds or any derivative thereof might be used
for future works as a complementary approach for practical and widely applicable crosslinking

strategies or polycondensation of water-soluble (bio)molecules.



Acknowledgements

This research was supported by the Agence Nationale de la Recherche (ANR-21-CE44-0031),
the University of Lille (R-PILOTE-19-0008-Molecular) and the Austrian Science Fund (FWF
I 5800-N). We thank CNRS, INSERM, Institut Pasteur de Lille and University of Lille for core
facilities. Hervé Drobecq is gratefully acknowledged for the proteomic analysis of the ligation

product Sa.

Keywords: non-native ligation ¢ thioester ¢ protein modification ¢ N,S-acyl shift systems ¢

latency

References

(1) Agouridas, V.; El Mahdi, O.; Melnyk, O. Chemical Protein Synthesis in
Medicinal Chemistry. J. Med. Chem. 2020, 63, 15140-15152.

(2) Aksakal, S.; Aksakal, R.; Becer, C. R. Thioester functional polymers. Polymer
Chemistry 2018, 9, 4507-4516.

3) Worrell, B. T.; Mavila, S.; Wang, C.; Kontour, T. M.; Lim, C.-H.; McBride, M.
K.; Musgrave, C. B.; Shoemaker, R.; Bowman, C. N. A user's guide to the thiol-thioester
exchange in organic media: scope, limitations, and applications in material science. Polymer
Chemistry 2018, 9, 4523-4534.

4) Dawson, P. E.; Muir, T. W.; Clark-Lewis, 1.; Kent, S. B. H. Synthesis of
proteins by native chemical ligation. Science 1994, 266, 776-779.

(5) Agouridas, V.; El Mahdi, O.; Diemer, V.; Cargoet, M.; Monbaliu, J. M.;
Melnyk, O. Native Chemical Ligation and Extended Methods: Mechanisms, Catalysis, Scope,
and Limitations. Chem Rev 2019, 119, 7328-7443.

(6) Conibear, A. C.; Watson, E. E.; Payne, R. J.; Becker, C. F. W. Native chemical

ligation in protein synthesis and semi-synthesis. Chem. Soc. Rev. 2018, 47, 9046-9068.



(7) Muir, T. W.; Sondhi, D.; Cole, P. A. Expressed protein ligation: a general
method for protein engineering. Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 6705-6710.

(8) Agouridas, V.; El Mahdi, O.; Cargoét, M.; Melnyk, O. A statistical view of
protein chemical synthesis using NCL and extended methodologies. Bioorg. Med. Chem.
2017, 25, 4938-4945.

9) Boutureira, O.; Bernardes, G. J. L. Advances in Chemical Protein
Modification. Chem. Rev. 2015, 115, 2174-2195.

(10) Diemer, V.; Ollivier, N.; Leclercq, B.; Drobecq, H.; Vicogne, J.; Agouridas, V.;
Melnyk, O. A cysteine selenosulfide redox switch for protein chemical synthesis. Nat
Commun 2020, 11, 2558.

(11)  Saito, F.; Noda, H.; Bode, J. W. Critical Evaluation and Rate Constants of
Chemoselective Ligation Reactions for Stoichiometric Conjugations in Water. ACS Chem.
Biol. 2015, 10, 1026-1033.

(12)  Bracher, P. J.; Snyder, P. W.; Bohall, B. R.; Whitesides, G. M. The relative rates
of thiol-thioester exchange and hydrolysis for alkyl and aryl thioalkanoates in water. Orig.
Life Evol. Biosph. 2011, 41, 399-412.

(13)  Chisholm, T. S.; Kulkarni, S. S.; Hossain, K. R.; Cornelius, F.; Clarke, R. J.;
Payne, R. J. Peptide Ligation at High Dilution via Reductive Diselenide-Selenoester Ligation.
Journal of the American Chemical Society 2020, 142, 1090-1100.

(14)  Skorczynski, S. S.; Hamilton, G. A. Oxalyl thiolesters and N-oxalylcysteine are
normal mammalian metabolites. Biochemical and Biophysical Research Communications
1986, /41, 1051-1057.

(15)  Al-Arab, M. M.; Hamilton, G. A. The hydrolysis of diethyl monothioloxalate

and its reaction with nucleophiles. Bioorganic Chemistry 1987, 15, 81-91.



(16) Ollivier, N.; Dheur, J.; Mhidia, R.; Blanpain, A.; Melnyk, O. Bis(2-
sulfanylethyl)amino native peptide ligation. Org. Lett. 2010, 12, 5238-5241.

(17) Diemer, V.; Bouchenna, J.; Kerdraon, F.; Agouridas, V.; Melnyk, O.: N,S- and
N,Se-acyl transfer devices in protein synthesis. In Total Chemical Synthesis of Proteins; Brik,
A., Liu, L., Dawson, P., Eds.; Wiley, 2021; pp 59-85.

(18) Johnson, E. C.; Kent, S. B. H. Insights into the mechanism and catalysis of the
native chemical ligation reaction. J. Am. Chem. Soc. 2006, 128, 6640-6646.

(19) Diemer, V.; Firstova, O.; Agouridas, V.; Melnyk, O. Pedal to the Metal: The
Homogeneous Catalysis of the Native Chemical Ligation Reaction. Chemistry — A European
Journal 2022, n/a, ¢202104229.

(20)  Cargoét, M.; Diemer, V.; Snella, B.; Desmet, R.; Blanpain, A.; Drobecq, H.;
Agouridas, V.; Melnyk, O. Catalysis of thiol-thioester exchange by water-soluble
alkyldiselenols applied to the synthesis of peptide thioesters and SEA-mediated ligation. J.
Org. Chem. 2018, 83, 12584—-12594.

(21)  Ollivier, N.; Desmet, R.; Drobecq, H.; Blanpain, A.; Boll, E.; Leclercq, B.;
Mougel, A.; Vicogne, J.; Melnyk, O. A simple and traceless solid phase method simplifies the
assembly of large peptides and the access to challenging proteins. Chem. Sci. 2017, 8, 5362-

5370



