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Herein we report a fundamental discovery on the use of
tris(dialkylamino)phosphine reagents for peptide and protein mod-
ification. We discovered that C-terminal thiophosphonium species,
which are uniquely stable, could be selectively and rapidly gener-
ated from their disulfide counterparts. In sharp and direct contrast,
internal thiophosphonium species rapidly degrade to dehydroala-
nine. We demonstrate this remarkable chemoselectivity on a
bis-cysteine model peptide, and the formation of a stable C-terminal-
thiophosphonium adduct on an antibody fragment, as well as charac-
terise the species in various small molecule/peptide studies.

Protein modification has established itself as a cornerstone of
chemical biology over the past two decades.”? Applications of
this field are wide ranging; examples include design of imaging
agents® and novel therapeutics such as antibody-drug conju-
gates (ADCs).* Typically, protein modification occurs at an
amino acid side chain, such as lysine’ or tyrosine.*” Cysteine
in particular is regularly used due to the suitability of its thiol
side chain®'' (ease of incorporation via conventional site-
directed mutagenesis, high nucleophilicity at neutral pH, low
natural abundance which assists in avoiding heterogeneity).'?
In addition to side chain modification, the N-terminus is
frequently used for site-specific modification due to the unique
properties of the o-amino group compared to those of the &-
amino groups of lysine residues (e.g. pK, 6-8 vs. pK, ca. 10)."
Occasionally, strategies targeting the N-terminus use both the
a-amino group and amino acid side chain, as seen for N-
terminal cysteine modification using cyanobenzothiazole
derivatives.'*' In contrast to the N-terminus or side chains,
examples of chemical modification specific to the C-terminus
are comparatively rare; enzymatic-based strategies tend to
dominate this area of research.'® This is logical given the
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challenge of both activating and selectively targeting the car-
boxylic acid group of the C-terminus in the presence of gluta-
mate and aspartate carboxylic acid side chains. Currently, the
only two examples reported in the literature of chemical
bioconjugation specific for proteins bearing canonical amino
acid residues at the C-terminus include (i) an N — S acyl
transfer of C-terminal cysteines to generate thioesters, which
can be converted to hydrazides using subsequent native
chemical ligation (NCL)"” and (ii) photoredox-mediated decar-
boxylative addition of Michael acceptors to the C-terminus,
which selectively targets the C-terminus carboxylate over gluta-
mate/aspartic acid carboxylates through differences in oxida-
tive potentials.'® We therefore hypothesised that investigating
protein modification strategies focused on the C-terminus
would be of high value. In particular, we envisaged that
potential modifications specifically on the C-terminus side
chain could be “locked” into place by the adjacent carboxylic
acid (akin to that of the a-amino group of the N-terminus for N-
terminal modifications). We decided to focus on C-terminal
cysteine, given cysteine’s aforementioned favourable proper-
ties, anticipating that a modification strategy for a C-terminal
cysteine may have a different outcome compared to modifica-
tion of cysteine residues at internal positions within an amino
acid sequence. Moreover, several peptides and proteins (e.g. the
majority of therapeutic full antibodies)'® contain a natural
C-terminal cysteine residue.

During our investigation of chemical modification strategies
focused at the C-terminus, our attention was turned towards
tris(dialkylamino)phosphines. These reagents, specifically
tris(dimethylamino)phosphine/hexamethylphosphorous tria-
mide, (HMPT 1), have previously been reported for use in
activation of alkyl thiols towards nucleophilic displacement
reactions in organic synthesis,*® desulfurization reactions>"*?
and in formation of dehydroalanine (Dha) on small molecules
and proteins.”® All of the aforementioned transformations
proceed via a thiophosphonium intermediate, which are tradi-
tionally regarded as highly reactive and difficult to isolate.** In
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some specific cases, however, the thiophosphonium intermedi-
ate has been isolated either as a small molecule salt®® or
stabilised through use of rotaxanes,> or observed by LCMS
upon treating a disulfide containing protein with HMPT 1.**
We were particularly intrigued how the thiophosphonium
motif might behave when located at the C-terminus near the
carboxylate group, and whether or not the presence of a nearby
carboxylate may (i) impart stabilising interactions between the
thiophosphonium cation and carboxylate, (ii) affect propensity
of thiophosphonium species towards nucleophilic attack/desul-
furisation, and (iii) affect the pkK, of the cysteine o proton, and
therefore affect the likelihood of the thiophosphonium decom-
position to give Dha.

To begin with, we reacted N-acetyl cysteine 2 with 4-
nitrophenyl disulfide 3 to synthesise model N-acetyl cysteine
disulfide 4 for use in validation of thiophosphonium for-
mation. We chose to use unsymmetrical alkyl-aryl disulfides
(S-SAr) as these have previously been reported to assist in
facilitating regioselective phosphine attack at the alkyl sulfur
of the S-SAr disulfide,> generating the desired thiophospho-
nium species. We initially screened a panel of commercially
available phosphine reagents 1 and 5-11 against disulfide 4 in
MeOH, and analysed formation of thiophosphonium by LCMS
analysis (Fig. 1a). Tris(dialkylamino)phosphines 1, 5, 6, and 7 all
gave rise to thiophosphonium cations 12-15 (respectively) as judged
by LCMS. Minor thiophosphonium formation was noted in the case
of mixed N-/O-phosphine 8 to give 16, whereas no thiophosphonium
species 17-19 was detected when using mixed N-/O-phosphine 9
and alkyl phosphines tris(2-carboxyethyl)phosphine (TCEP) 10 and
tris(hydroxypropyl)phosphine (THPP) 11. We next sought to see if
one of these thiophosphonium species could both be formed in
aqueous conditions and isolated for characterisation. We chose
thiophoshonium 12 for this purpose, as HMPT 1 has been reported
before for formation of thiophosphonium intermediates. We found
that thiophosphonium 12 could additionally be formed under
aqueous conditions in H,0:MeCN (1:1) as judged by LCMS and
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subsequently purified by semi-preparative high-pressure liquid
chromatography (HPLC) in a 52% yield. *'P NMR of 12 revealed a
single peak at 6 65.6 ppm, which was in accordance with previously
reported *'P NMR data for thiophosphonium salts derived from
HMPT 1.>® Thiophosphonium 12 formation was further confirmed
via tandem mass spectrometry (MSMS), with a fragment corres-
ponding to the thiophosphonium motif as the major species
following MS" (Fig. 1b). Thiophosphonium 12 proved resistant to
decomposition when incubated in 0.2 M PB pH 8 buffer for 18 h
and, in buffer, proved inert towards nucleophiles previously
reported to facilitate nucleophilic displacement of the thiopho-
sphonium group (see ESIF).>® Thiophosphonium 12 also proved
to be completely resistant to strongly acidic conditions (10 mM HCI,
18 h, 37 °C), with only partial decomposition of the thiophospho-
nium motif observed under strongly basic conditions (10 mM
NaOH, 18 h, 37 °C, see ESIt).

Next, thiophosphonium formation on small peptide units
was investigated using HMPT 1. Peptides FEKGC 20, FCEKG 21
and CFEKG 22 (containing cysteine at the C-terminus, at an
internal position and at the N-terminus respectively) were
synthesised via solid phase peptide synthesis (SPPS) and sub-
sequently derivatised with Ellman’s reagent 23 to give the
corresponding disulfide-containing peptides 24 (C-terminal),
25 (internal) and 26 (N-terminal, Fig. 2, see ESIT for full details).
To begin with, peptide 24 was subjected to HMPT 1 in PB
pH 8.0 (10% MeCN) at 37 °C, and the results were analysed by
LCMS. Full conversion to thiophosphonium peptide species 27
(Fig. 3a) was clearly observed at ¢ = 5 min (as judged by LCMS,
see ESIt). We additionally saw formation of a previously
reported SAr thiophosphonium species (see ESIt).>* Thiopho-
sphonium species 27 exhibited stability during incubation at
37 °Catt¢t=1h and ¢t = 18 h (see ESIt) and MSMS analysis
further confirmed the thiophosphonium as being located on
the C-terminus. We next treated peptide 25 with HMPT 1.
Initially, this resulted in thiophosphonium 28 formation at
t = 5 min (see ESIf); in contrast to thiophosphonium 27,
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Fig. 1 (a) Formation of thiophosphonium species and detection by LCMS (b) synthesis of thiophosphonium 12 and *P NMR and MSMS data for

isolated 12.
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Fig. 2 Cysteine-containing peptides and their disulfide-containing
counterparts.
however, thiophosphonium 28 had almost completely

degraded at ¢ = 1 h (as observed by LCMS, see ESI{). We
hypothesised, in accordance with previous literature, decom-
position of the thiophosphonium species to Dha to give peptide
29 was occurring following HMPT 1 addition (Fig. 3b). Although
Dha peptide 29 could not be reliably observed in LCMS analy-
sis, Dha formation was confirmed through thiol addition of
n-hexanethiol 30 to the reaction mixture of peptide 28 and
HMPT 1 to give thiol-capped peptide 31, suggesting Dha 29 as
the intermediate resulting from thiophosphonium degradation
(see ESIT). Finally, we treated peptide 26 with HMPT 1. Thio-
phosphonium 32 formation was observed, with some degrada-
tion after 18 h of incubation observed via LCMS (see ESIt). We
observed a peak in the LCMS trace which could have

a) C-terminal thiophosphonium

Sar P(NMe,);
|

) S

MSMS
analysis

View Article Online

Communication

corresponded to the associated Dha peptide or ketone-containing
peptide 33, which could have formed through degradation of
thiophosphonium 32 to the corresponding Dha/enamine-
containing peptide, followed by tautomerisation to an imine and
finally hydrolysis to the corresponding ketone 33. Addition of n-
hexanethiol 30 to the reaction mixture gave no reaction as observed
via LCMS, whilst addition of benzyloxyamine 34 under slightly
acidic conditions gave a new peak in the LCMS trace corresponding
to oxime product 35 (see ESIT). We thus hypothesised that the peak
corresponded to ketone-containing peptide 33.

To further demonstrate this difference in reactivity, we next
turned our attention towards the model peptide FCEKAGC 36,
which contains two cysteine residues; Cys2 at an internal
position and Cys7 at the C-terminus of the peptide. Following
derivatisation of the thiol groups with Ellman’s reagent 23 to
give peptide 37, the peptide was then treated with HMPT 1 to
generate Dha at position 2 and a thiophosphonium adduct at
position 7 (peptide 38). Further treatment with n-hexanethiol
30 subsequently gave dually modified peptide 39 (Fig. 4a),
which was isolated as two diastereoisomers by preparative-
HPLC and confirmed by LCMS and MSMS analysis (Fig. 4b).

Finally, as a proof of concept we tested HMPT 1 within the
context of modifying a protein containing a C-terminal
cysteine. Specifically, we focused on modifying the C-terminal
cysteine of the light chain of the herceptin (Trastuzumab) Fab
fragment. Initially, reduction of the Fab disulfide bond and
capping of the majority of the heavy chain free thiol only was
performed (see ESIT for details), i.e. to give the free thiol light
chain and thiol-capped heavy chain as the major products. The
Fab light chain free thiol was then derivatised with Ellman’s reagent

Major fragment
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Fig. 3

(a) Reaction of peptide 24 with HMPT 1 to give the stable C-terminal thiophosphonium 27 as confirmed by LCMS and MSMS analysis. (b) Reaction

of peptide 25 with HMPT 1 to give internal thiophosphonium 28, which rapidly degrades to Dha 29, which can be modified with n-hexanethiol 30 to give
peptide 31. (c) Reaction of peptide 26 with HMPT 1 to give N-terminal thiophosphonium 32 as a major product and ketone 33 as a minor product. Ketone

33 can be functionalised with aminooxy 34 to give oxime product 35.
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Fig. 4
analysis of 39.

to give the corresponding light chain aryl thiol disulfide. This was
subsequently treated with HMPT 1, which generated the thiopho-
sphonium species with complete conversion from the Elman’s
capped light chain. LCMS analysis confirmed the presence of the
Fab light chain thiophosphonium, with no decomposition to Dha
observed (see ESIt for details).

To conclude, we have demonstrated the synthesis of a thiopho-
sphonium species based on N-acetyl cysteine, along with C-terminal
cysteine-containing peptides and trastuzumab Fab light chain.
These thiophosphonium species displayed unexpected stability
and could be subsequently isolated and analysed by NMR and/or
MS. In contrast, thiophosphonium formation at a cysteine posi-
tioned internally within a peptide sequence resulted in rapid
decomposition to Dha. We hypothesise that the presence of an
adjacent carboxylic acid imparts stabilising interactions that prevent
decomposition of the C-terminal thiophosphonium, either through
ionic interactions between the carboxylic acid and thiophospho-
nium, or through a reduced propensity for abstraction of the alpha
proton and subsequent collapse of the thiophosphonium species to
Dha. We intend to explore this difference in reactivity of C-terminal
and internal cysteines for further development of protein modifica-
tion strategies in future work, but share our current findings here in
view of the high impact of this fundamental discovery.
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