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Proximity-induced methodologies for peptide and protein
modification have been developed using recognition elements like
inhibitors, antibodies, or affinity tags on amino acids. However, the
recognition a of saccharides for chemical modification remains
widely unexplored. Recent studies exploring boronic acids and their
derivatives have shown their alluring capabilities as selective
molecular recognition elements for saccharides, providing the first
insight into a recognition methodology for this moiety. Herein is
described the discovery of catalytic proximity-induced rhodium(ll)
methodology for covalent modification of glycopeptides using
boronic acids as a saccharide recognition element.

Chemoselective manipulation of biomacromolecules remains a
daunting and fundamental reactivity challenge. The complex
polyfunctional and aqueous environment of polynucleotides,
proteins, and saccharides limits the chemical tools that can be
deployed and
challenges. Among these biopolymer types, polysaccharides

requires unique approaches to selectivity

remain one of the most challenging and little-studied motifs for
chemoselective bioconjugation, in spite of the essential and
diverse roles that glycosylation plays in biological systems.
Glycosylation is a common post-translational modification
(PTM)? of proteins, and influences cellular tracking, adhesion
and recognition®™, structural properties such as folding and
protein stability>®, and disease virulence.”-8

We previously explored noncovalent molecular recognition as a
tool for selective modification of peptides and proteins with a
recognition element conjugated to a rhodium(ll) catalyst
capable of modifying natural amino acids via a metallocarbene
A catalytic
modification has unique advantages, including the use of
biologically relevant,
concentrations, and the production of “traceless” modifications

intermediate. approach to proximity—driven

recognition elements at lower,

without a recognition element.
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Figure 1. Proximity-driven modification of tryptophan residues using rhodium catalysts
(a) previous work using peptide molecular recognition of peptides and proteins. ** (b)
this work using boronic acids as a sugar recognition element.

Manipulating  glycosylation sites is challenging. The
heterogeneous ensembles of glycosylation found in natural
systems are not genetically encoded, saccharide molecules do
not provide much in the way of unique functional groups for the
design of selectively reactive reagents, and chemical tools to
probe or alter glycan structures are quite limited.?3 Unnatural
sugars can be used to incorporate unique reactive handles in
living systems. Unnatural amino acids have been developed for
bioorthogonal posttranslational glycosylation, and
chemoenzymatic methodologies can sometimes be used for
residue-selective glycosylation.2”4 For some target structures,
total chemical synthesis is a suitable tool. We became
interested in exploring dynamic covalent molecular recognition,
as an alternative to noncovalent ligand docking, to control
selectivity in the modification of glycosylated polypeptides.
While saccharide-selective small molecule ligands are rare,
boronic acids have a rich chemistry of transient boronate ester
formation with proximal diols. These properties have been
utilized in the development of biological probes!4, sugar
sensors’®, and affinity media.’® In thinking of a glycosylation site
as a handle for docking a catalyst via dynamic covalent
molecular recognition, we hoped to explore a possible new tool
for direct selectivity in modification of complex polyol-
containing structures.
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To explore the potential for dynamic covalent chemistry of
boronic acids to facilitate catalytic metallocarbene chemistry at
glycopeptide structures, we designed a series of heteroleptic
rhodium—boronic acid conjugates (Figure 2). While the potential
for boronate—rhodium interactions presented some concerns,
gratifyingly, we found that installing an unprotected boronic
acid within rhodium(ll) tetracarboxylate framework was readily
achieved by displacement of a trifluoroacetate ligand from the
heteroleptic precursor, Rh,(OAc)s(tfa) (Figure 2a). This synthetic
approach relies on a synthetic method we developed for
preparing complex rhodium(ll)—peptide conjugates,’” and has
subsequently been shown to be quite general for the

preparation of other rhodium(ll) structures with complex,
polyfunctional ligands®0:18-24 Using this approach, we accessed
a set of conjugates (1-7) with different lengths and electronical
properties (Figure 2b).
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Figure 2. (a) Synthesized rhodium-boronic acid conjugates (b) Synthesis example,
formation of catalyst 7, by ligand exchange. HPLC traces of (top) Rh,(OAc)s(tfa) (middle)
crude reaction (bottom) purified catalyst 7.

We examined catalytic performance of the boronic acid—
rhodium conjugates for the functionalization of a model
substrate containing a polyol (sorbitol) and a tryptophan-
containing hexapeptide (gpepl, Table 1 and Figure 3). The
choice of sorbitol as our model polyol reflects its success in
preliminary reactivity studies as well as ease of synthesis. In
tryptophan had demonstrated the
highest reactivity in rhodium metallocarbene reactions.?>26 We

previous experiments,

tested reactivity with an alkyne-containing styryldiazo 8.27 Our
initial screen tested modification of the peptide gpep1 (500 uM)
with diazo 8 in N-tert-butylhydroxylamine buffer, which was
previously found optimal for diazo—tryptophan coupling.1®26
We confirmed that boronate ester formation occurs in both
phosphate buffer and in N-tert-butylhydroxylamine buffer in a
mass spec assay with a model arylboronic acid (Figure S62). The
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desired diazo modification of gpepl (Figure 3) could be
analysed by both mass spectrometry (MS) and HPLC. No
modification of the tryptophan indole was observed with a
simple control catalyst, Rh,(OAc),;, while catalyst 7, bearing
ortho fluoro substitution, exhibited significant conversion to
tryptophan modification products. Subsequent confirmation
and quantification by HPLC indicated that conjugate 7 afforded
modified glycopeptide in 40% overall yield.

a)
O;Lo mAU x105
B%RJ; '4 . [gpep1+mod]*
h\ he w|[gpep] 12')51‘55
0 6% conversion § 836.37
T 27% yield ©
B(OH)z
.‘A__ a,h
pep1 Qpep1+mnd 5 7 7 P (7
2tg 235 260 280 X W S o
mins
mA
1 ! _ X108
D/-\O 5% conversion
= [gpep1]*
Fih‘o%h\o £ 836,37
0 8| || +Na
+K
control
“,
&00 7000 7900 7400
b 5
) x10 Parent ion [M+mod-+2H]2*
62679 v,
o 93304
= 4
g Y 875.99 103710
8 21725 Ya
arsas  p1894 | 116523
\‘ | 1\ 5’1
l Q'h B
I .ln M il H‘ J /IR ‘ b1
200 400 600 800 1000 1200
miz

Figure 3 (a) HPLC trace showing the SM conversion and calculated product yield along
the deconvoluted EIC-MS spectrum of the peptidic peaks in the modification of gpep1
with diazo compound 8 under optimized conditions using both 7 as catalyst and Rh,0Ac,
as a control (b) MSMS spectrum and fragmentation ladder of gpep1 + mod showing the
selective tryptophan modification.

Reaction optimization demonstrated that lowering the loading
of rhodium conjugate 7 to 1 mol% (5 pM, entry f) still resulted
in product formation, and loading as low as 5 mol% (25 puM,
entry e) exhibited conversions similar to stoichiometric rhodium
reactions (entry c). Arylboronic acids typically bind linear sugars,
such as sorbitol, with Kp values in the range of 1-20 mM.282°
The success of dynamic covalent chemistry to template catalytic
modification at substantially lower catalyst concentrations, as
low as 5 uM, indicates that the boronate ester adducts needed
for catalysis are both transient and in low abundance under the
reaction conditions. Modification was not observed in the
(entries I,m), and parent
polypeptides without any polyol were unreactive, consistent
with templated catalysis. Although N-tert-butylhydroxylamine

presence of free D-sorbitol

buffer leads to improved catalysis, it is not required; reaction
was also observed in phosphate buffer (PBS, entry g). Notably,
we were unable to observe appreciable modification with the
control Rh,(OAc), catalyst, even at higher concentrations of
reagents and/or longer reaction times.

The modification product of gpepl with conjugate 7 was
characterized by MS/MS, which confirmed exclusive
modification of the tryptophan residue (Fig. 3b). HPLC analysis
did indicate more than one product of diazo incorporation,

This journal is © The Royal Society of Chemistry 20xx
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consistent with a mixture of heteroarene N-H and C-H insertion
products observed in indole modification reactions previously,
although products were not isolated.3132 Relative to previous
noncovalent binding efforts!%1%.26 the reaction is more sensitive
to pH and temperature. Elevated temperatures and elevated pH
considerably reduced product formation, possibly reflecting
boronic ester formation kinetics and/or thermodynamics3°
(Table 1).

Table 1. Catalyst scope, gpep1 reaction optimization conditions and competition studies.

OMIM 1= 2=l

COMMUNICATION

Table 2. Variation of peptide sequence.

HO HO

HO™ HO™

diazo 8

(5 mi)

7 (25 uM)

BUNHOH buffer
(pH 8.2)
4°C, 16h
(0]
diazo 8 = Ph\/ﬁo/\kl\l
N, Q
entry [8](mM) [cat](uM) variation convn (%)

a 12.5 1,000 cat 1-5 <5
b 12.5 1,000 cat6 16
c 25 1,000 42
d 5 250 39
e 5 25 (5 mol%) 36
f 5 15
g PBS buffer 21
h pH 7.2 <5
i pH 8.2 <5
22°C 20
k 35°C <5
| 5 mM sorbitol <5
m 50 mM sorbitol <5

*Conversion was determined measuring gpep1 concentration before and after the
reaction.

With
methodology in hand, we began exploring the glycopeptide
structure and reactivity relationships. We first examined
polypeptides in which the intervening glycine amino acids were
substituted with more hindered alanine (gpep4) or with proline
(gpep6), which puts significant conformational constraints on
the structure. The increased conformational constraints of
gpepl and gpep2 did not interfere with proximity-driven
catalysis, and similar or marginally higher yields were observed
(49% and 51%, respectively).

Next, variation in peptide sequence was explored, including the
role of the distance between the polyol and the tryptophan.
Significant reactivity was observed for a variety of spacings
(Table 2 and Figure 4), from one to three intervening residues.
The shortest chain (gpep2) with the smallest distance to the
tryptophan showed reduced reactivity, conceivably reflecting
spacing and conformational limitations of the rather rigid
catalyst 7.

reliable reaction conditions and characterization

This journal is © The Royal Society of Chemistry 20xx

HO HO
RSN Ho O
Hi OH HO OH Ph
diazo 8 NH O NH \
NH o
T?pHHAg;;‘fer m .
4°C, 16h
Gpep sequence yield (%)
1 A‘DGGWQANH? 27
2 ADGWQANH2 16
3 ADAAAWQANH2 28
4 ADAAWQANH2 51
5 ADPPPWQANH2 17
6 ADPPWQANH2 49
7 ATLDAAWSVN® 45

*Yield was determined by measuring product concentration.

Further polyol and residue effects were explored with the
development of gpep8-9 and gpepl10-11, respectively (Figure
4), containing more biologically common cyclic sugar
structures.3® Therefore, we synthesized two other polyol
models (gpep8-9) and found that the reducing sugar in gpep8
was competent to direct tryptophan modification. However,
the nonreducing methyl glycoside analogue gpep9 provided
lower reaction efficiency, potentially due to restricted
conformations in this substrate. The amino-acid selectivity of
the reactivity was high. Unlike with previous noncovalent
recognition studies,?>3% no cross-reactivity with other aromatic
residues was observed. Peptides gpep10 and gpepl1 (Figure 4)

were unreactive under typical conditions.
a) sugar variation

OH AeDGGWQANH: OH

ACDGGWQANH:

yield: 35% yield: <5%
b) residue variation
ACDAAFQANH: AeDAAYQANH:
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o o [
060620 060690
yield: 0% yield: 0%

Figure 4 (a) assessment of two different sugars (b) phenylalanine gpep10 and tyrosine
gpep11 studied models.

With the development of a series of rhodium-boronic acid
conjugates, we demonstrate that boronic acid recognition of
polyol motifs can template catalytic modification of nearby
tryptophan residues. The synthesis of these heteroleptic
rhodium conjugates is achieved in a straightforward manner
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demonstrating chemoselectivity in the presence of free boronic
acids groups. This work provides a further example of
bifunctional rhodium(ll) complexes and demonstrates that
boronic acid dynamic covalent linkages can effectively control
bioconjugation chemistry.3>3% These experiments demonstrate
that dynamic covalent chemistry of boronic acids with diols can
be used to control proximity-induced catalytic modification of a
model polyol-containing peptide. The methodology proved to
be robust enough to succeed at quite low catalytic
concentrations of rhodium under aqueous buffer conditions.
The results indicate that the catalysis is quite selective with
regard to the structure of the polyol unit and of the rhodium
catalyst, indicating that discrimination among natural
structures with subtle structural differences may be possible.
R.D.V.,Y.D.,H.O.T., and Z.T.B. designed the experiments, R.D.V.,
H.O.T., Y.D. and R.Q. conducted the experiments. R.D.V., Y.D.,
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initial draft, which was reviewed and edited by all authors.
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