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Protein glycosylation comprises a large family of post-
translational modifications in eukaryotic organisms and is
biosynthetically mediated by numerous glycosyltransferas-
es.'l Notably, more than 50% of proteins in human cells are
glycosylated.”! The carbohydrate residues profoundly affect
protein folding, immunogenicity, and stability toward pro-
teases as well as control biological properties and activi-
ties.’! The latter functions operate mainly in cellular pro-
cesses such as cellular recognition and adhesion, cell growth
and differentiation.”! In this way glycoproteins are involved
in vital biological events either detrimental (inflammation,
cancer metastasis, viral and bacterial infection)[ﬂ or benefi-
cial (immune response, fertilization). The isolation of glyco-
peptides and glycoproteins with a well-defined carbohydrate
structure from natural sources is difficult and even with cur-
rent techniques virtually impossible. This is due to two main
factors, that is, the oligosaccharide microheterogeneity pro-
duced by the presence of various glycoforms and the very
labile N- and O-acetal bonds which are the most diffuse
connections between the terminal carbohydrate of the oligo-
saccharide fragment and asparagine or serine/threonine resi-
due, respectively. Therefore it is difficult to identify the spe-
cific oligosaccharide structures that are responsible of an in-
dividual biological process or protein function. Hence there
is an urgent need for the preparation of non-natural glyco-
peptides and glycoproteins exhibiting robust anomeric link-
ages and a well defined structure and composition. These
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homogeneous materials are likely to improve our under-
standing of the role of the natural counterparts in biological
events and can be interesting drug candidates in different
areas of medicine. Methods for the synthesis of glycopepti-
des exploiting various peptide-ligation protocols based on
chemoselective reactions have been chronicled in recent
years.[! Notably, Shultz et al.l”! in 2007 and Davis et al.®! in
2008 reported on the site-specific glycosylation of dehydroa-
lanine-containing proteins by Michael additions of glycosyl
thiol nucleophiles. Moreover, in the same year the Davis
group described the first synthesis of an S-linked glycopro-
tein via phosphine-mediated desulfurization of a disulfide
glycoprotein® that in turn was prepared by glycosyl phenyl-
thiosulfonate-mediated glycosylation of a protein containing
a single cysteine residue."”! The same author and co-workers
had previously combined the disulfide-based ligation ap-
proach with the copper(I)-catalyzed azide—alkyne cycloaddi-
tion for the dual glycosylation of proteins with different car-
bohydrate fragments."!! The availability of other ligation
protocols for protein modifications™” are likely to extend
the scope of single and dual protein glycosylation. While
pointing out some specific requisites for a ligation method
to be useful for protein modification, Davis et al. have very
recently discussed the potential of olefin cross-metathesis
for site-selective protein glycosylation.™! In this context, we
would like to report herein on a new and straightforward li-
gation strategy that allows performing the glycopeptide and
glycoprotein assembly in a site specific manner. The method
is based on the photoinduced coupling of an alkenyl C-gly-
coside with a peptide or protein containing a free sulthydryl
group. Hence our method is essentially based on the alkene
hydrothiolation reaction, the so called thiol-ene coupling
(TEC), that being thermally or photochemically induced
occurs by a radical mechanism in anti-Markovnikov regiose-
lective fashion (Scheme 1). The great potential of this
high yielding reaction that is not metal-based catalyst de-
pendent and is compatible with oxygen and water has been
amply documented in polymer chemistry and to a lesser
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extent in bioorganic chemistry."” The potential role of this
reaction in carbohydrate and protein chemistry has been va-
lidated, however, by significant applications such as hetero-
glycoclusters,'® vaccines,'” and S-disaccharides!" syntheses
as well as by the site-specific immobilization and patterning
of proteins.'”!
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Scheme 1. Mechanism of thiol-ene coupling (TEC).

We considered the study of the hydrothiolation of allyl C-
glycosides by an SH-free cysteine derivative propaedeutic to
our ultimate goal consisting of peptide and protein glycosy-
lation.”” The use of a C-glycoside as a reaction partner en-
sured the formation of a robust anomeric linkage in the
target glycosyl amino acid. Thus, we set out to investigate
the coupling between the peracetylated allyl a-C-galactoside
(12)® and N-Fmoc cysteine (2)? with the intent to pre-
pare the C-linked galactosyl amino acid 3a (Table 1). This
glycosyl amino acid appeared to be suitable in N-Fmoc-
based peptide synthesis owing to the set of orthogonal pro-
tective groups. Given the successful thermally induced cou-
pling of cysteine 2 with different alkenes reported by Wald-
mann and co-workers®™! we carried out the reaction of 1a
and 2 in refluxing dichloroethane (DCE) and in the pres-
ence of AIBN as the radical initiator. Surprisingly, reactions
with different thiol/ene ratios (entries 1-3) showed both
very low conversion of the reagents and low yields®?"! of iso-
lated amino acid 3a. Thus, we decided to perform experi-
ments under photochemical conditions. We were pleased to
find that the reaction of 1a with excess 2 (3 equiv) occurred
readily at room temperature by irradiation at 1., 365nm
under argon and in the presence (10 mol%) of 2,2-dime-
thoxy-2-phenyl-acetophenone (DPAP) as the sensitizer. A
nearly total conversion of 1a was observed while the galac-
tosyl cysteine 3a was isolated in a very good yield (run 4).%4
It is noteworthy that under these photochemical conditions
the stereochemical integrity of both reagents 1a and 2 was
preserved as only 3a and no other diastereoisomers were
formed as judged by NMR analysis of the crude reaction
mixture. The only side product that was observed was the
cystine derivative arising from homocoupling of cysteine 2.
The excess of cysteine 2 turned out to be a key element in
this approach because reactions with alkene/thiol in 1:1 and
3:1 ratio (runs 5 and 6) gave poor results. Very important
was also the high concentration of the thiol (0.5M) because
reactions at low concentration (0.05M) were much less effi-
cient (runs 7 and 8). Also, the amount of sensitizer was key
to reaction efficiency as in a control experiment the use of
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Table 1. Optimization of 1a/2 coupling.[’!

AcO OAc
AcO R Q Ph
AcO _ Ph OMe AcO OAc
1a OMe o)
DPAP AcO
+ AcO
NHFmoc solvent, time S COMH
HS\/\C%H aorhv 3a NHFmoc
2
Entry Condi- 1a/2 Solvent t Conv. [%]®
tions (c [m]) [h] Yield [% ]!
114 A 3:1 DCE (0.25) 14 20
12
2l A 11 DCE (0.25) 14 <5
3 A 1:3 DCE (0.25) 14 25
15
4 hv 1:3 DMF (0.5) 1 >95
78
5 hv 1:1 DMF (0.5) 1 60
40
6 hv 3:1 DMF (0.5) 1 35
21
7 hv 1:3 DMF (0.05) 1 70
52
8 hv 1:3 DCM (0.05) 1 60
48
9lel hv 1:3 DMF (0.5) 1 75
56

[a] Photoinduced reactions were carried out with a household UVA lamp
apparatus at A, 365 nm (see the Supporting Information) in the pres-
ence of 10 mol % DPAP. DPAP =2,2-dimethoxy-2-phenyl-acetophenone;
DCE =dichloroethane; DCM =dichloromethane; DMF =dimethyl for-
mamide. [b] Estimated by 'HNMR analysis of crude reaction mixtures.
[c] Isolated yield of rBu ester derivative of 3a (see the Supporting Infor-
mation). [d] Reactions were performed in refluxing solvent and using
AIBN as initiator. [e] Reaction performed with 5 mol% of DPAP.

5mol% of DPAP resulted in a low conversion of 1a (75 %,
entry 9).

In order to overcome the troublesome operation required
for product isolation due to the presence of cysteine and
cystine!! and evaluate the efficiency of the reaction on the
basis of isolated product yield, the photoinduced reaction of
allyl o-C-galactoside 1a with N-Fmoc cysteine tert-butyl
ester (4)®) was performed under the optimized conditions
of run 4 in Table 1. From this reaction, the galactosyl amino
ester Sa was readily isolated by chromatography in excellent
yield (92%) (Table 2). Comparable high yields of coupling
products 5b and 5S¢ were obtained from the reactions of 4
with allyl B-C-galactoside 1b and allyl a-C-mannoside 1ec.
Hence, a route was paved to orthogonally protected glycosyl
cysteine derivatives which could serve in glycopeptide syn-
thesis via co-translational approach. We have also consid-
ered the isolation of the glycosyl amino ester 5a by remov-
ing the residual cysteine 4 with a thiol-sequestering reagent
such as (4-maleidobutyramidomethyl)polystyrene resin. This
method appeared to work quite well although Sa remained
contaminated by small amount of cystine and the products
derived from the decomposition of photoinitiator DPAP.
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Table 2. Preparation of glycosyl cysteines 5a—c and glutathione glycoconjugate 7.1

DPAP (10 moli%)

optimization of a different set
of reaction conditions which

alkene 4 thiol B ——— sulfide

(3 equiv) DMth(soéi ':"21 i were compatible with the plan-

ned protein glycosylation.
Entry Alkene Thiol Sulfide Hence, main requisites of this
o Oho e AcO OACO stu‘dy were tpe use Of, non-deng-
° ws. AcO turing reaction media, that is,
1 ACO%L/ oo,y AcO CO,Bu aqueous solutions at physiologi-
F 4 /\r cal pH eventually diluted with
b sa(92%)  iPmoe salts for protein stabilization,
AcO  OAc NHFmoc AcQ  OAc and full conversion of the
) Aco‘&/\/ HS\/\COZBU Aco&/\/\ OB native peptide/protein for a
AcO /\f simple and rapid purification
1b 4 5b (90%) HFmoc  process of the resulting glyco-
oy ORC ACO Ogig conjugate. .Accord.ingly, after
O‘Abc s @HFmOC AcO - some expe.rlmentatlon,. the cou-
3 ACO ~co,8u couu pling reaction of 1a with 8 was
P 4 /\r optimized by adding a DPAP

0

HOQCM
ﬂ \/COZH

AcO OAc

AcO
AcO

ES
\

HFmoc
5¢ (89%)

(80 mol%)P"! containing solu-

Ao OAc COM tion of 1a (30 equiv) in DMSO
(0.12m, 4% final volume con-

Aco%/\ H\’// tent) to a 0.16 mm solution of 8
in 20mm phosphate buffer

/l (pH 7.4), and maintaining irra-

7 (81%)° COZH

[a] See the Supporting Information for experimental details (thiol concentration: 0.54M). [b] Reaction per-

formed in DMF/nH,O 1:2 (thiol concentration: 0.27 m).

Hence 5a was isolated in 95% yield and with a purity of
80% as determined by '"H NMR analysis. It has to be point-
ed out, however, that this method of glycosyl cysteine isola-
tion can be useful in library preparation for biological test-
ing.

The glycosylation of cysteine containing peptide via TEC
was the next step in our program. To this aim the commer-
cially available tripeptide glutathione 6 (y-L-Glu-L-Cys-Gly,
GSH) was considered a suitable substrate for testing the via-
bility of this approach. Thus, the photoinduced coupling of
allyl a-C-galactoside 1a with excess GSH 6 was carried out
under the standard optimized conditions of run 4 in Table 1.
The choice of a suitable reaction medium required some ex-
perimentation because 6 was insoluble in DMF and irradia-
tion of a heterogeneous mixture of 1a and 6 in this solvent
gave the target glycosylated tripeptide 7 in only 15% yield.
We found that a mixture of DMF/H,O in 1:2 ratio was a
suitable reaction medium. In this solvent the reaction of 1a
and 6 (Table 2, entry 4) furnished the coupling product 7 in
81% isolated yield by chromatography with Sephadex
LH20.

Next we considered the photoinduced reaction of the allyl
a-C-galactoside 1a with the synthetic nonapeptide
TALNCNDSL 82 featuring a single cysteine residue as
well (Scheme 2). Besides expanding the scope of the meth-
odology, we believed this experiment to be crucial for the
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diation at A,,, 365nm for 1h
under argon. The complete con-
version of 8 into the corre-
sponding glycosylated peptide 9

TFA: NHQ
0~ \)L \)L
CH3 CH3 NHZ NH =
O 8 O
AcO OAc
O DPAP
AcQ DMSO (4% v/v)/phosphate buffer (pH 7.4)
AcO L = hv 365 nm, 1 h
1a
AcO  OAc
o
AcO

AcO {

%u%¢%¢¢

O
9

Scheme 2. Preparation of glycopeptide 9. DMSO = dimethyl sulfoxide.
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was evaluated by LC-MS and MALDI-TOF MS analyses of
the crude reaction mixture (Figure 1). The selective attach-
ment of 1a to the cysteine sulfhydryl group of 8 was also
confirmed by ESI-QTOF MS/MS analysis (see Supporting
Information). It has to be pointed out, however, that reac-
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bridge. Very likely Cys-91 re-
sulted to be buried within the
interior of protein after BSA
glycosylation and thus not de-
tectable by standard tryptic di-
gestion.” From a mechanistic
point of view, it can be specu-
lated that tryptophan residues

~ present in BSA were responsi-
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ble for the observed hypergly-
cosylation. It has been reported
that prolonged near-UV irradia-
tion of goat a-lactalbumin® or
hen egg white lysozyme® indu-
ces tryptophan residue excita-
tion and this is followed by
electron transfer to some

nearby cystine S—S bonds with

77400 600

Retention time [min]

Figure 1. LC-MS chromatograms of peptide 8 (m/z 950.52) and glycopeptide
9 (ml/z 1322.73).

tions performed at higher nonapeptide concentrations re-
sulted in a partial loss of selectivity toward the cysteine resi-
due (LC-MS analysis).

As anticipated, the ultimate goal of this study comprised
the glycosylation of a cysteine residue embedded in a pro-
tein. To this aim we selected the 66 kDa globular bovine
serum albumin (BSA) that is known to contain one free cys-
teine residue at position 34.”" Kunz and co-workers report-
ed the photoinduced coupling of olefin-modified BSA with
synthetic thiol-terminated glycopeptide antigens by irradia-
tion with a mercury vapor lamp at A,,,, 254 nm (70 W).l'"1 As
we observed (MALDI-TOF analysis) that under these con-
ditions no glycosylation of BSA took place,” we decided to
trigger the coupling of BSA with the sugar alkene 1a with a
longer wavelength light at 365 nm which is known to cause
minimum photodamage to the living cells and organisms.™
Much to our delight, irradiation of BSA and 1la at this
wavelength under conditions optimized for peptide 8
(DMSO/pH 7.4 phosphate buffer) afforded the BSA glyco-
conjugate 10 after 1h in which three galactoside residues
were introduced (Scheme 3). The quantitative formation of
10 was verified by MALDI-TOF analysis, which revealed
peaks at masses 66652 and 67601 amu for native BSA and
glycosylated BSA 10, respectively, a shift corresponding to
the addition of three molecules of galactoside 1a per protein
(Figure 2).PY

Tryptic digestion of 10 and ESI-QTOF MS/MS analysis of
the resulting peptide fragments unequivocally demonstrated
that BSA was glycosylated at cysteine residues 34 and 75
(see Supporting Information). Unfortunately, the third gly-
cosylation site remained undetermined by this method.
However, the analysis indicated that coupling of 1a had oc-
curred not only with SH-free cysteine 34 but also with sulf-
hydryl groups formed by cleavage of 75-91 disulfide

Chem. Eur. J. 2009, 15, 11444 -11449
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consequential cleavage into
thiol radical and thiolate anion.
The same mechanism may be

2400 26.00 28.00 30.00

’ native BSA
SH
AcO OAc
0 DPAP
AcO DMSO/phosphate buffer
AcO hv 365 nm, 5 min
1a '

Scheme 3. Preparation of BSA glycoconjugate 10.

operative in the BSA irradiation, thus providing an extra
number of thiol radicals centered on the former cystine resi-
dues. Indeed, when irradiation was prolonged to 2h the
MALDI-TOF analysis indicated that seven glycoside resi-
dues were introduced (see Supporting Information). Hence,
identification of a reaction window for selective Cys-34 gly-
cosylation was next addressed by considering shorter irradi-
ation times (45, 30, 15, 5, 3, 2, 1, 0.5 min) and/or aerobic
conditions. Unfortunately, this goal could not be achieved
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Figure 2. MALDI-TOF analysis of native BSA (black trace) and BSA
glycoconjugate 10 (gray trace).

by these experiments. However, we demonstrated that BSA
glycoconjugate 10 could be synthesized in a reproducible
manner even under aerobic conditions in five minutes only.
By contrast, no glycosylation took place in experiments per-
formed with shorter irradiation times than five minutes as
intact BSA was detected by MALDI-TOF analysis. More-
over, in order to exclude the potential addition of the sensi-
tizer DPAP to the protein, a control experiment was carried
out by irradiation of BSA in the presence of DPAP for
5 min. The MALDI-TOF spectrum of the recovered BSA
proved to be identical to that of a non-irradiated sample;
tryptic digestion followed by ESI-QTOF MS/MS analysis
also confirmed that no modification occurred at Cys-34 resi-
due.

In conclusion, we have demonstrated that the photoin-
duced thiol-ene coupling (TEC) is an efficient ligation
method for the site-selective glycosylation of N- and C-pro-
tected cysteine derivatives and cysteine containing peptides
such as glutathione and a synthetic nonapeptide. Moreover,
post-translational glycosylation of bovine serum albumin
(BSA) displaying the free Cys-34 has been deeply investigat-
ed. The use of simple carbohydrate substrates (sugar al-
kenes) and proteins, which could be employed in their
native form without any chemical modification/activation,
appeared the great advantage of this photoinduced ligation
strategy over other existing methods for protein glycosyla-
tion. However, in addition to Cys-34, glycosylation of SH
groups arising from 7591 disulfide bridge cleavage was ob-
served. Very likely, disulfide bond cleavage was due to an
electron transfer process from photoexcited tryptophan resi-
dues. Although photodegradation of proteins by UV irradia-
tion is widely documented,® the reported study on thiol-
ene coupling of BSA constitutes the first example, to the
best of our knowledge, of site-selective protein modification
(hyperglycosylation) induced by a photocleavage reaction.
As very recently pointed out by Davis et al.,”! this novel
strategy of protein modification may offer new opportunities
in biotechnology and proteomics. The potential of thiol-ene
coupling in these areas is currently investigated in our labo-
ratories.
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