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ABSTRACT: Herein, we describe an extension of our previously reported photomediated disulfide rebridging methodology to
the conjugation of peptides and proteins. The methodology proved to be reproducible with various alkynes and different
peptides. This study includes the first rebridging of the disulfide bond of a peptide through a thiol−yne reaction with a
cyclooctyne. In all cases, the rebridging was proven by MS analyses and confirmed by the absence of olefinic protons on 1H
NMR spectra of the resulting products. Finally, this one-pot reduction thiol−yne conjugation was successfully applied to an
antibody Fab fragment with a promising conversion, which set a good ground for the future syntheses of new protein and
antibody conjugates.

■ INTRODUCTION

In recent years, the synthesis of peptide and protein conjugates
as therapeutics, as diagnostics, and as tools to elucidate
biological mechanisms has become increasingly important.1 In
detail, such a conjugation enables modulation of the properties
of peptides and proteins in a desired direction. For example, the
conjugation of peptides with biocompatible polymers such as
PEG serves for a prolonged half-life in the plasma circulation
accompanied by a longer biological effect or diminishes the
immunogenicity of the peptide precursor.2 Furthermore,
peptides and proteins can be conjugated with biochemical
markers, dyes, or reactive functional groups to enable the
exploration of binding events in certain organs or cell regions.3

In addition, drug targeting with conjugated peptides and
proteins has evolved into a rapidly growing area of research.
Recent examples include antibody drug conjugates (ADCs), of
which the first drugs have reached the market.4 Today, a
plethora of methods for the conjugation of peptides and
proteins are available. Biological molecules can be function-
alized with reactive groups, which serve as attachment points
for certain payloads.5 Furthermore, peptides and proteins can
also be conjugated by using the functional groups of their native
amino acids.6 The major challenge herein is to find methods
which allow for the selective transformation of the desired

group in the presence of other functional groups of unprotected
amino acid side chains. Further methods include chemical or
biochemical modification of peptides and proteins, which
generate an attachment point for conjugation. A well-known
example is the reduction of native disulfide bonds, followed by
selective conjugation of the liberated cysteine thiol groups,
which is frequently accomplished by the reaction with
maleimides.7 Other sophisticated methods make use of
bifunctional reagents, which allow for bridging two thiols
generated from the reduction of a disulfide bond. On one hand,
such rebridging of disulfide bonds was accomplished with
double-reactive Michael acceptors to give a C1- or C3-bridge.8

On the other hand, bis-reactive electrophilic maleimides were
used, to provide a C2-bridge.9 Herein, we describe a
conjugation method which makes use of the thiol−yne
coupling (TYC) for the rebridging of disulfide bonds by two
carbon atoms (Scheme 1).
Previously, we described the reaction sequence with an

amino acid derivative that allows for the direct insertion of an
alkyne into a disulfide bond (Scheme 2).10 After reduction of
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the disulfide bond with TCEP, thiol−yne reaction in a
photochemical batch reactor yielded the desired dithioether 3
with quantitative conversion and 49% isolated yield as a mixture
of diastereomers in about a 1:1 ratio.
Herein, we describe the application of this protocol for the

conjugation of peptides and proteins.

■ RESULTS AND DISCUSSION
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 6 is
a water-soluble radical initiator that already showed efficiency in
the thiol−yne reaction involving peptides.11 Given this
appropriate solubility, LAP appeared to be more suitable than
XBPO for an application of our methodology to peptides and
proteins, and was thus synthesized from 2,4,6-trimethylbenzoyl
chloride 5 and dimethyl phenylphosphonite 4, according to a
procedure from the literature (Scheme 3).12

Terlipressin 7 (oxidized form) is a polypeptide bearing 12
amino acids and a single disulfide bond. Therefore, its
commercial acetate salt was chosen as our first template to
test our aforementioned disulfide rebridging methodology on
peptides. 6-Heptynoic acid 8 was the first alkyne to be
investigated in this thiol−yne reaction (Scheme 4). Terlipressin
acetate (37.23 μmol) was first dissolved in water and its
disulfide bond was reduced with 1.5 equiv of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP.HCl) under an
inert atmosphere. The reduction of the disulfide bond was
confirmed by LC/MS analysis. 6-Heptynoic acid 8 was then
dissolved in methanol (amount of methanol less than 10% of
the total volume), and added to the reduced peptide. The
resulting mixture was then irradiated with UV-light (365 nm)
of an LED UV-pen, in the presence of LAP as radical initiator.
The portion-wise addition of the latter (portions of 5 mol %
each) at the beginning of every hour of irradiation appeared to
be a key element to achieve satisfactory conversion rates. At this

stage, it is worth noting that several reaction products could be
expected from this reaction: the vinyl sulfide products of type
10a/b, resulting from a monoaddition of a thiyl radical on the
alkyne, or the bis-addition products of type 9a/b, resulting from
an intramolecular thiol−ene coupling (TEC) between the
alkene of 10a/b and the second cysteine residue. Products 9
and 10 can also be present as two regioisomers (a and b) and
an additional two stereoisomers for each regioisomer; all these
compounds exhibit the same molecular weight. In our case, the
monitoring of the reaction using LC/MS analyses showed the
appearance of four peaks with the same m/z value of 1355 ([M
+ H]+) over the first hour of reaction. Longer reaction times
resulted in a progressive disappearance of the two having the
longer retention times and of the starting material, along with
an increase of the two other new peaks. If products 10a and/or
10b were never isolated, this behavior suggested that these
intermediates were effectively formed, and progressively ring-
closed through a TEC step to yield products of type 9a/b. The
presence of two peaks instead of four suggested that the
different stereoisomers of 9a and 9b probably had the same or
close retention times. It is worth noting that in the case of
thiol−yne coupling reactions with terminal aliphatic alkynes,
the second addition onto vinyl sulfides is generally expected to
be three times faster than the first addition.13 Thus, the
accumulation of vinyl sulfide is normally unlikely to be
observed. Fairbanks et al.13 also showed that a second addition
should not occur when the alkyne shows a higher reactivity
than the vinyl sulfide product. In our case, however, the
location of the two thiols on the peptide and the necessity for
the latter to adopt a certain conformation to let the second
addition occur might slightly delay the ring closure. Thus, the
distance between the two cysteines, as well as sterical

Scheme 1. Reduction and Thiol−Yne Coupling (TYC) for
the Rebridging of Disulfide Bonds in Peptides and Proteins

Scheme 2. One Pot Alkyne Insertion into a Disulfide Bonda

aQuantitative conversion, 49% isolated yield as a mixture of diastereomers in about a 1:1 ratio; XBPO = phenylbis(2,4,6-trimethyl benzoyl)-
phosphine oxide, Irgacure 819.

Scheme 3. Synthesis of the Radical Initiator LAP12
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hindrance, seem to be a plausible explanation for this slight
accumulation of 10a/b during the first hour of reaction, and yet
formation of 9a/b as major product after a longer time.
A purification step via preparative HPLC allowed us to

isolate a total amount of 1.3 mg (3%) of compound 9a/b. The
absence of olefinic protons in the 1H NMR spectrum of the
isolated fractions confirmed the absence of intermediates of
type 10. If the isolated fractions all contained different products
of the same expected m/z value, these were mostly mixtures,
which did not allow a differentiation between 9a and 9b to be
made. However, the presence of several reaction products of
the same expected mass with no olefinic protons correlates with
the formation of the different regio- and stereoisomers of 9a/b.
Pressinoic acid 11 is a hexapeptide corresponding to the

cyclic moiety that terlipressin and vasopressin have in common.
Using a procedure similar to the one mentioned before, the
disulfide bridge of pressinoic acid was successfully reacted with
the same alkyne 8, through successive reduction and TYC
reaction and in a one-pot manner. In this case, however, the use

of a 1:1 mixture of acetonitrile/0.1% acetic acid aqueous
solution as the reaction solvent was necessary to avoid the
precipitation of the reactants at either steps of the sequence
(Scheme 5). The conversion of pressinoic acid into the desired
reaction products 12a/b was followed by successive LC/MS
analyses. Purification via preparative HPLC yielded three
different fractions containing mixtures of isomers of 12a/b,
with a total isolated yield of 15%.
The next step of this study consisted of exploring the

possible extent of our methodology to the use of different type
of alkynes. While alkyne 19 (Scheme 6) was commercially
available, alkynes 15 and 18 were synthesized as depicted in
Scheme 6, before being conjugated to terlipressin. These
alkynes were selected not only for their structural diversity, but
also for their water solubility, which might become important
when applying this methodology on larger biomolecules.
After reduction of terlipressin acetate with TCEP·HCl in a

DPBS buffered solution, alkyne 15 and LAP (10 mol % at each
hour of UV-irradiation) were also dissolved in DPBS buffer and

Scheme 4. Rebridging of the Disulfide Bond in Terlipressin through Reduction and TYC with 6-Heptynoic Acid
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added to the reaction solution, which was then photoirradiated
(365 nm) for 3 h (Scheme 7). Analytical LC/MS analyses after
each hour of photoreaction clearly showed the disappearance of
the peak of reduced terlipressin and the appearance of two very
close peaks of m/z = 705.8, which correspond to the [M+2H]2+

mass of the expected product 20. Separation via preparative
HPLC yielded two fractions containing 20a/b, with a total
isolated yield of 12%. Unfortunately, the closeness in the
retention times of the reaction product and the side impurities
did not allow a better separation to be obtained. Nevertheless,
1H NMR analyses of the resulting fractions did not show the
presence of olefinic protons, proving again the absence of the
olefinic intermediates and their effective ring closure to yield
20a/b.
Terlipressin was also successfully PEGylated by bridging its

disulfide bond with alkyne 18, using the same methodology.

Product 21a/b was obtained here again as a mixture of isomers,
with a purity reaching 99% and a total isolated yield of 30%.
PEGylation is a recognized means to increase the plasma
stability of peptides during circulation,14 while cyclic peptides
are known to generally exhibit higher stability than their linear
counterparts. Thus, with the synthesis of 21a/b, we show the
possibility to reach these two stabilizing aspects using our new
methodology.
Another alkyne that could be inserted into the disulfide bond

of terlipressin was N-Boc-L-propargylglycine 19. Here again,
LC/MS analyses showed the formation of conjugates of m/z =
721.81, which correspond to the [M+2H]2+ adduct of 22a/b.
1H NMR of the fractions proved the absence of olefinic
protons. Although each fraction collected from the purification
step over preparative HPLC showed different retention times
on analytic HPLC/MS and purities of maximum 94%, 1H NMR
analysis showed that only a mixture of isomers was collected,
which illustrates the difficulty to separate them. Product 22a/b
was obtained with a total isolated yield of 22%. The absence of
olefinic protons confirmed, in this case again, the effective
bridging of the disulfide bond. Just like with 6-heptynoic acid,
the amino acid conjugated with terlipressin can allow further
functionalization of the resulting conjugates. This successful
conjugation can also be seen as the first step toward the
development of a new peptide−protein conjugation method-
ology.
Encouraged by the reproducibility of our methodology with

these various alkynes, we then question its applicability to
symmetrical alkynes, which would limit the number of possible
regioisomeric products. Thus, we considered investigation of
symmetrical cyclooctynes. The phototriggered TYC reaction of
cyclooctyne with octanethiol in the presence of a radical
initiator was already investigated by B. D. Fairbanks et al.,13

who reported the lone formation of monoaddition product and
no measurable occurrence of a second addition of a thiol on the
very vinyl sulfide. Yet, Geel et al.15 reported to have observed
the formation of both mono- and bis-adduct when simply
incubating cysteine methyl ester with bicyclo[6,1,0]non-4-yn-9-
ylmethanol (BCN alcohol). However, the provided mass
spectrum seems to show the presence of remaining starting
material after reaction.15 It is noteworthy that cysteine residues
of glutathione and other tested peptides also showed reactivity

Scheme 5. Rebridging of the Disulfide Bond in Pressinoic Acid with 6-Heptynoic Acid

Scheme 6. Alkynes That Were Investigated in the Rebridging
of Disulfide Bond in Peptides and Their Syntheses
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Scheme 7. Rebridging of the Disulfide Bond in Terlipressin with Various Alkynes

Scheme 8. TYC-Mediated Bridging of the Disulfide Bond in Terlipressin with a Cyclooctyne
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toward BCN or its derivatives, yielding vinyl sulfide products
even without photoirradiation.15 These observations, combined
with the knowledge we acquired from our own experience with
TYC-mediated photoconjugation, let us hypothesize that
longer reaction times in the presence of a radical initiator
regularly renewed and, in the presence of UV-light, might help
to boost this readily occurring monoaddition, and maybe would
have allowed the second addition to occur with the remaining
thiol material. In this context, we decided to test our
aforementioned methodology to the photoconjugation of
terlipressin with the commercially available (1R,8S,9r)-bicyclo-
[6.1.0]non-4-yn-9-ylmethanol (BCN−OH) 23 (Scheme 8).
Therefore, terlipressin was submitted once again to a one-pot
reduction/TYC photoreaction, in the presence of compound
23. Due to its low solubility in DPBS buffer, the latter was
dissolved in methanol before addition to the reduced
terlipressin. After 3 h of UV-irradiation and a portion-wise
addition of LAP at each hour of reaction, an LC/MS analysis of
the reaction mixture exhibited a main product with an m/z of
903.3, corresponding to the [M+2H]2+ adduct ion of expected
product or, once again, of the corresponding vinyl sulfide.
Purification via HPLC gave conjugate 24 in an isolated yield of
8%. In their report, Van Geel et al.15 mentioned the possible
reactivity of cyclooctynes toward amino acids other than
cysteines. In order to confirm that both thiols were involved in
our case, an aliquot was thus sampled from the reaction
mixture, to which was added an excess of maleimide (tip of
spatula). Indeed, maleimide is known to react readily with free
thiols. A subsequent LC/MS analysis showed the persistence of
our main product peaks, with no increase in the m/z value that
would indicate a trapping of free thiols. This observation,
combined with the observation of the correct m/z value, left no
doubt for the occurrence of the double addition of the thiyl
groups on the alkyne bond. To the best of our knowledge, this
is the first report of the bridging of a disulfide bond using a
cyclooctyne.
Next, we were intrigued to explore the potential of this new

disulfide bridging technique in the synthesis of antibody drug
conjugates. In order to do so, the same methodology was
applied to a Fab fragment of an antibody (Scheme 9). Indeed,
Fab fragments were considered to be perfect first models in our
case, as they exhibit a single interchain disulfide bond, while
antibodies commonly have four.
A 108.4 μL sample of 46.1 mg/mL solution of Fab-fragment

M14-G07 (46 690 Da) in PBS buffer was thus reduced with
TCEP·HCl over 1 h, under an argon atmosphere. The reaction
vessel was then cooled down with an ice bath and the TYC was

carried out over 4 h, with 6-heptynoic acid as the alkyne (1
equiv) and LAP as radical initiator (20 mol % each hour of UV-
irradiation). The reaction mixture was finally purified over a
Sephadex G-25 M column and centrifugation. The formation of
the covalent linkage between the alkyne and the Fab fragment
was then proven by MS analyses (ESI-TOF): after incubation
under reductive condition, the resulting mixture showed the
presence of mass peaks corresponding, respectively, to the light
chain and VH−CH1 regions of the unreacted starting material,
together with a mass peak of m/z 46 817.0, which was
attributed to the [M + H]+ adduct of the desired bridged
product 29. The absence of a vinyl sulfide type monoaddition
product was proven by the absence of mass peaks
corresponding to the light chain and/or VH−CH1 region
with additional mass of the alkyne, which also confirms that the
bridging between the heavy and light chains effectively
occurred. Finally, analysis over HPLC was used to quantify
the conversion of the Fab fragment into 29. A sample of the
resulting mixture was first submitted to reductive conditions
with dithiothreitol (DTT) before analysis over HPLC. A
comparison with the chromatogram obtained after reduction of
the starting material allowed us to attribute the peaks at 6.6 and
7.7 min to the light chain and the VH−CH1 region,
respectively. The new peak observed at 8.6 min was
unequivocally attributed to the conjugated Fab fragment 29.
As expected, homodimer formation (LC-LC and HC-HC) did
not take place during coupling, which was confirmed by mass
spectrometry. Calculations from the peak areas indicated a 40%
conversion of 26 to 29a/b. A last remark is worth making on
the effect of the concentration of the starting protein solution
on the outcome of the reaction: Indeed, the use of more dilute
solution of Fab fragments did not lead to any of the desired
conjugate 29, showing the importance of this parameter to
ensure an effective thiol−yne mediated conjugation.

■ CONCLUSION

Herein, we have shown how our photomediated disulfide
rebridging methodology can be successfully extended to the
conjugation of peptides and proteins. In order to do,
readjustments of our previously reported protocol had to be
made: with peptides and proteins, the portion-wise addition of
radical initiator at each hour of UV-irradiation and the
concentration in the starting material was shown to be crucial
to achieve satisfactory conversion rates. Our methodology was
proven to be reproducible with various alkynes and different
peptides. This study also allowed us to describe the first
rebridging of the disulfide bond of a peptide through a thiol−

Scheme 9. Rebridging of a Disulfide Bond in a Fab Fragment
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yne reaction with a cyclooctyne. In all cases, the rebridging was
proven by MS analyses and confirmed by the absence of
olefinic proton on 1H NMR spectra of the resulting products.
Finally, this one-pot reduction thiol−yne methodology was
successfully applied to a Fab fragment of an antibody with a
promising conversion, which set a good ground for the future
syntheses of new protein and antibody conjugates.
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