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Peptide fragments of glycoproteins containing multiple N-glycosylated sites are essential biochemical
tools not only to investigate protein—protein interactions but also to develop glycopeptide-based diag-
nostics and immunotherapy. However, solid-phase synthesis of glycopeptides containing multiple
N-glycosylated sites is hampered by difficult couplings, which results in a substantial drop in yield. To
increase the final yield, large amounts of reagents but also time-consuming steps are required. Therefore,
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we propose herein to utilize heating and stirring in combination with low-loading solid supports to set up
an accelerated route to obtain, by an efficient High-Temperature Fast Stirring Peptide Synthesis
(HTFS-PS), glycopeptides containing multiple N-glycosylated sites using equimolar excess of the precious
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Introduction

Post-translational modifications (PTMs) are essential for diver-
sifying protein functions." In fact, pattern-dependent multi-
site modifications can have unpredictable effects because they
are essential to study and understand their role at the mole-
cular level. N- and O-glycosylations are the most common
protein co- and post-translational modifications, respectively
playing a crucial role in protein-protein interactions, cell com-
munication, structure stabilization, etc.? Interestingly, multi-
site glycosylations on proteins have a huge importance in
disease-related  interactions and in  particular in
immunology.>™ However, studying glycosylated proteins
bearing multiple copies of sugars is extremely difficult since
their isolation from biological material but also protein
expression results in heterogeneous mixtures. Therefore,
obtaining homogeneous proteins with a specific glycosylation
pattern is a challenge.® Libraries of peptide fragments bearing
specific glycosylations serve as tools to determine the effect of
the glycosylation pattern on interaction preferences and
activity of the parent protein. The synthesis of glycopeptides
with several copies of sugars not only on serine, threonine,
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and hydroxyproline (linked by an O-glycosidic bond) but also
on asparagine (by an N-glycosidic i.e., amide bond) is essential
to understand their function and utilize them for biomedical
applications.

Solid-Phase Peptide Synthesis (SPPS) is nowadays the most
common strategy to produce fast peptides and glycopeptides.”
The two main approaches for synthesizing N-glycopeptides are
based on either post-assembly glycosylation or on the building
block approach in which specifically glycosylated amino-acid
building blocks (Gbb), adequately protected for the selected
orthogonal protection strategy, are used during the assembly.
In post-assembly glycosylation, glycosylation takes place after
the peptide is synthesized. Several post-assembly glycosylation
methods have been developed over the years,® typically via
Lansbury aspartylation in which an aminosugar reacts with
the activated aspartic acid side-chain to form the N-glycan.” ™"

The main shortcoming of this method was the formation of
several prominent side reactions such as cyclic aspartimide.
New synthetic strategies utilize pseudoprolines to overcome
aspartimide formation, providing N-glycopeptides via post-
assembly glycosylation in higher yield."*'* These synthetic gly-
coforms proved valuable for the preparation of glycoproteins
aimed to study SARS-CoV-2 spike protein-related interactions.
The second and more popular strategy for N-glycopeptide syn-
thesis is the Gbb approach in which a glycosylated amino acid
is prepared in advance with orthogonally protected reactive
functions. The pre-glycosylated amino acid is then incorpor-
ated into the growing on-resin peptide chain using standard
SPPS protocols, allowing streamlining of the process, as the
only post-assembly step is the removal of the protecting
groups.

This journal is © The Royal Society of Chemistry 2023
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In previous studies, we reported the synthesis of a series of
glycopeptides by introducing various glycosylated amino acids
by a rapid microwave-assisted synthesis in high yield using
N-glycosyl amino-acid building blocks orthogonally protected
for Fmoc/tBu SPPS."* ¢ This strategy enabled selective incor-
poration of the glycan on specific sites. However, the Gbb
approach for SPPS has several drawbacks because of synthetic
hurdles related to the protected N-glycosylated Asn (N-Sug).
The steric hindrance of the building block results in a dra-
matic decrease in coupling efficiency. This problem further
increases when several sites are glycosylated. It is assumed
that the introduction of multiple bulky N-Sug moieties can
result in aggregation, affecting further couplings. In common
practice, a large excess of Gbb shall be used to enable the syn-
thesis of multi-glycosylated peptides, the coupling time is
usually very long and a higher temperature is often used to
drive the reactions."” These are major shortcomings since
N-Sug are extremely difficult to synthesize in large quantities,
which makes the preparation of libraries an expensive and
time-consuming process.'®'%1°

The standard SPPS reactors used today apply an inefficient
mixing strategy (mainly N, bubbling), which results in slow
diffusion of reagents and deficient heat transfer. These mixing
limitations prevent the acceleration of SPPS processes. Even
when heating is applied, large excesses of reagents are used as a
common practice to compensate for the mixing deficiency.
Recently, our group developed the High-Temperature Fast
Stirring Peptide Synthesis (HTFS-PS) strategy, which was pro-
posed as a novel strategy to accelerate SPPS (Fig. 1).>° HTFS-PS
utilizes high temperature (90 °C) and fast overhead stirring (1200
rounds per minute, rpm) to synthesize peptides in a short time,
using low excesses. HTFS-PS proved to provide peptides in a
record time with high efficiency. The strategy proved extremely
useful for the synthesis of PTM-peptides, such as a set of
O-glycopeptides that were assembled in minutes using equimolar
amounts of Gbb.”" The strategy was also utilized for the synthesis
of a set of multi-phosphorylated peptides in which the difficulty
of the synthesis increased with the number and the proximity of
the phosphorylation sites.>* For each PTM (e.g., phosphorylation),
the same reactor was used but the chemistry was tailored to
match the specific characteristics of the peptides.

In 2003 St Geme et al. first reported that the Non-Typeable
Haemophilus influenzae (NTHi), a Gram-negative bacterium,
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Fig. 1 Schematic description of HTFS-PS reactor setup.
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was able to express on the cell surface the HMW Adhesin
protein bearing N-glucosylation on several asparagines within
the consensus sequence N-X-S/T.** In particular, the cyto-
plasmic HMW1C glycosyltransferase, using UDP-glucose as the
glycosyl donor, transfers glucose residues directly onto the
possible asparagine sites. In 2016, our group demonstrated a
strong connection between Multiple Sclerosis and the patho-
gen NTHi, which is a common cause of upper respiratory
infection in humans. Our data showed that antibodies from
Multiple Sclerosis patient sera preferentially recognize the
hyperglucosylated adhesin protein HMW1 of NTHi.>*>® The
hyperglucosylated protein can be considered a candidate for
triggering pathogenic antibodies in Multiple Sclerosis. The
development of adhesin peptides containing multiple
N-glucosylated sites is important for understanding the role of
NTHi infection in Multiple Sclerosis.

Here, we describe the use of HTFS-PS for the synthesis of
glucopeptides derived from the NTHi adhesin protein. In par-
ticular, we focused on peptides of the C-terminal fragment of
the HMW1A adhesin (residues 1205-1536, termed HMW1ct)
that contains up to 12 glycosylation sites on Asn in NX(S/T)
sequons.?”*® To investigate the role of the HMW1 protein frag-
ments in antibody recognition the synthesis of a set of various
N-glycopeptide fragments of adhesin bearing multiple N-Gle
moieties is necessary.

The effect of the introduction of multiple copies of N-Glc by
HTFS-PS was evaluated and different loadings of the selected
solid support were investigated. Optimization of the HTFS-PS
protocol enabled an accelerated synthesis of glycopeptides
containing multiple N-glucosylated sites using almost equi-
molar quantities of the N-Sug and in particular of the N-Glc
building block Fmoc-L-Asn[Glc(OAc),]-OH.

Results and discussion

Adhesin-derived N-glycopeptides were selected to demonstrate
the efficiency of a High-Temperature Fast-Stirring Solid-Phase
Synthesis (HTFS-PS).

Synthesis of a model glycopeptide bearing one single N-Glc

HTFS-PS was applied first for the synthesis of the C-terminal
HMW1ct(1349-1357), the minimal adhesin fragment with only
one glycosylation site, i.e., [Asn"***(Glc)[HMW1ct(1349-1357)
with the following Glc-protected precursor, VILN[Glc(OAc),]
TTGTL-NH, (GP-1).

GP-1 was synthesized on a Rink Amide MBHA resin with
0.48 mmol g~' loading. Fmoc-L-Asn[Glc(OAc),]-OH was used
as a building block in the process and was introduced using a
standard HTFS-PS cycle (Fig. 2). The reaction was performed at
90 °C, using N,N-dimethylformamide (DMF) as a solvent and
an overhead stirring of 1200 rpm. Equimolar quantities of
amino acids, including Fmoc-L-Asn[Glc(OAc),]-OH (1.2 equiv.),
and of the coupling system 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluoro-
phosphate (HATU, 1.1 equiv.)/N,N-diisopropylethylamine
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Fig. 2 HTFS-PS of GP-1 on Rink Amide MBHA resin (0.48 mmol g~*
loading) solid support. Couplings were performed using 1.2 equiv. of all
Fmoc-AAs, including Fmoc-L-Asn[Glc(OAc)4]-OH for 1 min at 90 °C
using HATU/DIPEA as coupling system. Fmoc-deprotections were per-
formed using 20% piperidine in DMF for 30 s. HPLC of the crude peptide
was recorded at 220 nm.

(DIPEA, 2.4 equiv.) were used. One min coupling and 30 s de-
protection cycles were applied. GP-1 was synthesized by
HTFS-PS in an overall time of 22.5 min including washings,
which provided the monoglucosylated peptide with a crude
HPLC purity of 62% (Fig. S1 and S2t). The above results con-
firmed that an equimolar amount of Fmoc-L-Asn[Glc(OAc),]-
OH allowed synthesizing the N-glucopeptide with one glucosy-
lation site in a short time and high efficiency, using a limited
quantity of this precious building block.

Synthesis of a model glycopeptide bearing multiple copies of
N-Glc moieties

To evaluate the use of HTFS-PS for the synthesis of glycopep-
tides containing multiple copies of N-Gle moieties, we selected
the peptide [Asn™**$(Glc), Asn'***(Glc)]JHMW1ct(1348-1357)
with two N-glucosylation sites, and synthesized the precursor
N[Glc(OAc),JVTLN[Glc(OAc),JTTGTL-NH,  (GP-2)  bearing
acetate (Ac)-protected N-Glc moieties.

GP-2 was synthesized on Rink Amide MBHA resin with a
loading of 0.48 mmol g~ via elongation of GP-1 (Fig. 3).

cQ

GP-4

-
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HN-@ ~
046 rmoly ® — o
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|
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Fig. 3 HTFS-PS of GP-2, GP-3, and GP-4 on Rink Amide MBHA resin
(0.48 mmol g~* loading). Couplings were performed using 1.2 equiv. of
all Fmoc-AAs, including Fmoc-L-Asn[Glc(OAc),;]-OH and HATU/DIPEA
as coupling system for 1 min at 90 °C. Fmoc-deprotections were per-
formed using 20% piperidine in DMF for 30 s at 90 °C. HPLC analysis of
the crude peptides were recorded at 220 nm.
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The synthesis of GP-2 was completed in 25 min and
resulted in a crude purity of 38%, therefore lower than the one
recorded for the monoglucosylated peptide GP-1 as an indi-
cation of the difficulty of the synthesis (Fig. S3 and S47).

During the synthesis of AN[Glc(OAc),]JVTLN[Glc(OAc),]
TTGTL-NH, (GP-3), after coupling Fmoc-Ala-OH to the second
glucosylated Asn'**® in GP-2, a significant drop of crude purity
to less than 10% was observed (Fig. 3, Fig. S5 and S6%).
Further elongation of the peptide by addition of three
additional amino acids to obtain YNAAN[Glc(OAc),]JVTLN|[Glc
(OAc)4TTGTL-NH, (GP-4), a Glc-protected precursor
of [Tyr"*** Asn"**¥(Glc),Asn"***(Glc)[HMW1ct(1344-1357),
resulted in a crude purity of 7% (Fig. S7 and S8t). Since the
drop in purity was significant it was difficult to determine one
specific deletion except the one of glycine, which is probably a
sequence-dependent problem (see ESIT). These results clearly
show that HTFS-PS encountered significant difficulties after
the insertion of the second N-Gle.

We assumed that the increase of steric hindrance signifi-
cantly decreased the efficiency of couplings, especially of the
amino acid following the N-glucosylated building block. The
aggregation of heavily protected peptides on high-loading
solid support is known to be more prominent with the size
and complexity of the synthesized peptide. It was previously
demonstrated that low-loading solid supports, in which the
anchoring sites are distant, can favor the synthesis of prone-to-
aggregate peptides.***°

Effect of the loading of the resin on the efficiency of HTFS-PS
of glycopeptides

The syntheses of GP-2, GP-3, and GP-4 were performed again
but this time on TentaGel R RAM resin with a lower loading of
0.18 mmol g~ using the standard HTFS-PS temperature and
stirring rate (Fig. 4 and Fig. S9-S15t). The synthesis of GP-2
was performed in 25 min and resulted in a crude yield of 48%,
higher than the one recorded with the 0.48 mmol g™ loading.
After further elongation to GP-3 and later to GP-4, HPLC ana-
lyses showed that the crude purity remains around 40% and

& o)

: Clea
Deprotection cavage YNAANVTLNTTGTL-NH2
H.N—® ~N e e’

0.18 mmol/g ’ GP-2

GP-3

GP-4 GP-3 GP-2
Assembly = 32 min Assembly = 28 min ‘Assembly =25 min
Crude purity = 35% Crude purity = 49% Crude purity = 49%

e e 4
(0 YN
Jp AW AL | ' M |
__J ~n 7 U P,

10 15 20 10 15 20 10 15 20
Retention time [min]

Retention time [min] Retention time [min]

| crude purity |

Fig. 4 HTFS-PS of GP-2, GP-3, and GP-4 on TentaGel R RAM resin
(0.18 mmol g~* loading). Coupling was performed using 1.2 equiv. of all
Fmoc-AAs, including Fmoc-L-Asn[Glc(OAc);]-OH and HATU/DIPEA
coupling system for 1 min at 90 °C. Fmoc-deprotections were per-
formed using 20% piperidine in DMF for 30 s at 90 °C. HPLC analysis of
the crude peptides were recorded at 220 nm.
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did not significantly decrease after coupling of the second
Fmoc-L-Asn[Glc(OAc),]-OH  building block, as
observed with the high loading support.

The HTFS-PS of glycopeptides containing multiple
N-glycosylated sites suggests that its combination with low
loading solid-support can be beneficial for other
N-glycopeptides. Since Ala and Val have high aggregation
potential compared to other amino acids, it was not surprising
to find that, in addition to Fmoc-L-Asn[Glc(OAc),]-OH, these
amino acids introduce another major synthetic hindrance
during the synthesis of glycopeptides containing multiple
N-glycosylated sites.”® The ability of HTFS-PS performed on
low-loading solid support, to overcome this combination of
synthetic hurdles, suggests that our accelerated approach can
be exploited successfully for other glycopeptide sequences.

Therefore we selected the sequence of the adhesin protein
[Tyr'*®**JHMW1ct(1389-1403) and synthesized under the same
conditions both the monoglucosylated peptide YTVVNATNAN
[Gle(OAC),]GSGSV-NH, (GP-5) and the di-glucosylated YITVVN
[Glc(OAc),]JATNAN[Glc(OAc),]GSGSV-NH, (GP-6). GP-5 and
GP-6 were synthesized via HTFS-PS on TentaGel resin in
38 min with a crude purity of 49% and 48%, respectively
(Fig. 5 and Fig. S16-S217).

Then, the efficency of HTFS-PS was demonstrated for the
synthesis of the N-glycopeptide YALGN[Glc(OAc),JHTVVN[Glc
(OAC),]JATNAN[GIc(OAc)4]GSGSV-NH,, (GP-7), a Glc-protected
precursor of [Tyr'*** Asn'**¥(Glc),Asn"*?*(Glc),Asn"**%(Glc)]
HMW1ct(1384-1403), which has three Asn[Glc(OAc,)] moieties
and is significantly longer than the previously synthesized pep-
tides. The 20-amino acid long N-glycopeptide GP-7 was syn-
thesized using HTFS-PS on TentaGEl resin in 63 min with a
crude purity of 45% (Fig. 5 and Fig. S22-S247). In the synthesis
of the three above-mentioned peptides, deletion of threonine

previously

A GP-5 GP-6 GP-7
HN—@) 0.18 mmolig HN—@) 0.18 mmolig HoN—@) 0.18 mmolig
Coupling Coupling Coupling
T
Assembly = 38 min Assembly = 38 min QJ‘L) Assembly = 63 min
Deprotection Deprotection Deprotection
lCIeavage LCIeavage lCIeavage
| * | |
YTVVNATNANGSGSV-NH2 YTVVNATNANGSGSV-NH2 YALGNHTVVNATNANGSGSV-NH2
B ‘1 Crude purity = 49% Crude purity = 48% ﬂ Crude purity = 45%
/7 4
. A
10 15 20 10 15 20 10 5 20
Retention time [min] Retention time [min] Retention time [min]
|Purification |Purification |Purification
c ﬁ >99% | >99% >99%
I 7/ ‘ 7/ 7/
\ | \
L L __

10 15 20 10 15 20 10 15 20

Retention time [min] Retention time [min] Retention time [min]

Fig. 5 HTFS-PS of GP-5, GP-6, and GP-7 on TentaGel R RAM resin
(0.18 mmol g~* loading) solid support (A). Couplings were performed
using 1.2 equiv.* of all Fmoc-AAs, including Fmoc-L-Asn[Glc(OAc),4]-OH
and HATU/DIPEA as coupling system for 1 min at 90 °C. Fmoc-deprotec-
tions were performed using 20% piperidine in DMF for 30 s at 90 °C.
HPLC of crude (B) and of purified peptides (C) were recorded at 220 nm.
*The last six couplings in GP-7, excluding Fmoc-L-Asn[Glc(OAc)4]-OH,
were performed using double couplings.
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was observed, possibly because of the proximity to the two
valine sequences, which tends to aggregate (see Fig. S17 and
$237).%° All peptides were purified using a standard preparative
HPLC to provide the isolated glycopeptides in high purity.

The high crude purity testifies that the HTFS-PS approach
has a major advantage in accessing these peptides in an accel-
erated fashion.

The synthesis of different adhesin fragments using the
HTFS-PS approach showed that our strategy can be generalized
and is not sequence-dependent. The relatively high crude
purity proves that the combination of the low-loading solid
support with HTFS-PS can give access to long N-glycopeptide
sequences containing multiple N-glycosylated sites.

This combination allows to access these glycopeptides in a
very short time and without using large molar excesses of a
precious Gbb, such as Fmoc-L-Asn[Glc¢(OAc),]-OH.

Conclusions

The importance of glycosylation patterns at multiple sites in
biological systems suggests that any synthetic strategy that
aims to provide sets of those molecules, have to be fast and
with minimal waste of precious Gbb, such as Fmoc-L-Asn[Glc
(OAc),]-OH, which are expensive or not commercially available.
The results that we describe here show unequivocally how the
combination of HTFS-PS and low-loading solid supports pro-
vides a viable way to obtain glycopeptides containing multiple
N-glycosylated sites in a short time, with high crude purity and
therefore easier to be purified, and without waste of heavily
protected Gbb. The new approach enabled overcoming the
aggregation problems associated with sequences containing
glycosylated and other prone-to-aggregate amino acids, such
as Ala or Val. This suggests that the HTFS-PS approach that we
propose can be exploited for the synthesis of collections of
heavily glycosylated peptides, decreasing dramatically the time
and effort to obtain peptides with multiple N-glycosylations at
specific sites. This work adds N-glycopeptides to the previously
described multi-phosphorylated peptides and O-glycopeptides,
proving that HTFS-PS can become a prominent strategy to
accelerate the synthesis of post-translationally modified
peptides.

Experimental
Reagents

All Fmoc-amino acids were obtained from GL Biochem
(Shanghai, China), or Matrix Innovation (Quebec City,
Canada), with the following side-chain protecting groups: Asn
(Trt), His(Trt), Ser(¢Bu), Thr(tBu), Tyr(¢Bu). Rink Amide MBHA
resin (0.48 mmol g ') was purchased from Matrix Innovation
(Quebec City, Canada). TentaGel R RAM resin (0.18 mmol g™ ")
was purchased from Rapp Polymere GmbH (Tiibingen,
Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo
[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU) was
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purchased from Luxembourg Biotechnologies Ltd (Rehovot,
Israel). Triisopropylsilane (TIPS) 98% was purchased from Alfa
Aesar (Massachusetts, USA). N,N-Dimethylformamide (DMF),
dichloromethane (DCM), acetonitrile (ACN), N,N-diisopropyl-
ethyl amine (DIPEA), trifluoroacetic acid (TFA), piperidine,
methanol (MeOH), and diethyl ether (Et,0) were purchased
from BioLab (Jerusalem, Israel) in either HPLC or peptide syn-
thesis purity grade.

Synthetic protocols for the synthesis of specifically
glycosylated peptides by high-temperature fast stirring-solid
phase synthesis (HTFS-PS)

The synthetic method used for the synthesis of glycopeptides
GP-n follows the protocols set up for other post-translationally
modified peptides by HTFS-PS.>"**> All syntheses were carried
out in the same reactor, using 100 mg of solid support. All the
steps in the process were performed at 90 °C with a stirring of
1200 rounds per minute (rpm).

Resin loading and swelling. The reactor was loaded with the
solid support, fitted with the overhead stirrer, and connected to
the heating bath and outlet vacuum pump. The solvents and
the reaction mixture were all added through a feed line that acts
also as a baffle. At the beginning of each HTFS-PS process, the
stirrer was set to 1200 rpm, the temperature to 90 °C, and the
resin was swelled in DMF for 30 min before the synthesis.

Fmoc-deprotection procedure. The resin was washed one
time with DMF for 30 s. The solvent was filtered off through
the sintered glass and the resin was added with 3 mL of 20%
piperidine solution in DMF through the feedline. The reaction
was completed in 30 s after which the deprotection solution
was filtered off and the resin was washed with a fresh DMF
solution (3 mL) for 30 s before the next coupling.

Coupling procedure for Rink amide MBHA resin
(0.48 mmol g, 100 mg, 48 pmol of reactive sites). A solution
of the activated amino acid in DMF (3 mL, 19.2 mM) was pre-
pared by mixing the Fmoc-AA-OH solution (1 mL, 57.6 mM in
DMF, 57.6 pmol, 1.2 equiv.), HATU (1 mL, 52.8 mM in DMF),
and DIPEA (1 mL, 115.2 mM in DMF) and added immediately
through the feedline after filtering off the washing solution of
the previous Fmoc-deprotection step. The reaction was stirred
for 60 s and then the resin was filtered off before the next
Fmoc-deprotection step.

Coupling procedure for TentaGel R RAM resin (0.18 mmol g™,
100 mg, 18 pmol of reactive sites). A solution of the activated
amino acid in DMF (3 mL, 7.2 mM) was prepared by mixing
Fmoc-AA-OH (1 mL, 21.6 mM in DMF, 21.6 pmol, 1.2 equiv.),
HATU (1 mL, 19.2 mM in DMF), and DIPEA (1 mL, 43.2 mM in
DMF) and added immediately through the feedline after filter-
ing off the washing solution of the previous Fmoc-deprotection
step. The reaction was stirred for 60 s and then the resin was
filtered off before the next Fmoc-deprotection step.

In the synthesis of GP-7 on the TentaGel resin, double
couplings were performed for the last six amino acids except
for Fmoc-L-Asn[Glc(OAc),]-OH.

Final washing procedure after glycopeptide assembly. At the
end of the synthesis, the reactor was cooled to room tempera-
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ture and the resin was washed with DMF. Then the resin was
washed three times with DCM, three times with methanol,
and twice with diethyl ether. The resin was dried under
vacuum before cleavage.

Cleavage. After the resin was dried, cleavage was performed
with a solution of 5.5 mL trifluoroacetic acid (TFA), 0.3 mL of
triple-distilled water (TDW), and 0.2 mL of triisopropylsilane
(TIPS). The glycopeptides were precipitated in cold diethyl
ether and lyophilized. The purity of the lyophilized glycopep-
tides was determined by HPLC and the compounds were
characterized by ESI-MS analysis.
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