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Abstract: Hirudin P6 is a leech-derived anti-thrombotic
protein which possesses two post-translational modifications,
O-glycosylation and tyrosine sulfation. In this study we report
the ligation-based synthesis of a library of hirudin P6 proteins
possessing homogeneous glycosylation and sulfation modifi-
cations. The nature of the modifications incorporated was
shown to have a drastic effect on inhibition against both the
fibrinogenolytic and amidolytic activities of thrombin and thus
highlights a potential means for attenuating the biological
activity of the protein.

P ost-translational modification (PTM) of proteins is
a common mechanism to expand the structural diversity
possible from the genome of an organism.!! Two common
PTMs include O-glycosylation of serine (Ser) and threonine
(Thr) residues™” and sulfation of tyrosine (Tyr) residues,”!
both of which are performed in the Golgi apparatus through
the action of glycosyltransferases and tyrosylprotein sulfo-
transferases (TPSTs), respectively. Indeed, it is estimated that
more than 50 % of eukaryotic proteins are glycosylated and
over 1% are Tyr sulfated. These two PTMs have been
implicated in mediating a vast array of biological processes,
including molecular recognition, cell differentiation, immune-
regulation, and protein folding."* This has led to significant
interest in glycosylated and sulfated proteins as therapeutics
for numerous diseases.*!) Despite the importance of these
modifications, access to pure glycoproteins and sulfoproteins
is extremely challenging. This is owing to the untemplated
nature of the PTM process which is dictated by the relative
activity of transferase enzymes, thus leading to heterogeneous
mixtures of glycoforms® and sulfoforms®® that are often
inseparable by chromatographic techniques. In addition, the
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acid labile nature of the phenolic sulfate ester leads to
significant difficulties in purifying native sulfoproteins from
biological sources with the modification intact.® Recently,
chemical synthesis has emerged as a viable avenue for
accessing homogeneous glycoproteins in order to interrogate
the effect of glycan modifications on the activity of pro-
teins.>>”! Whilst a full-length sulfoprotein has not been
prepared to date, it can be envisaged that these might also be
accessed by synthetic means. Herein, we describe the efficient
chemical synthesis of a library of homogeneously modified
hirudin P6 (HP6) proteins, a 63 amino acid leech-derived
protein that naturally possesses both O-glycosylation at Thr-
43 and Tyr sulfation at Tyr-61 (Figure 1).) HP6 is produced
within the parapharyngeal gland of Hirudinaria manillensis,
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Figure 1. Structure of HP6 from Hirudinaria manillensis and target
post-translationally modified HP6 proteins 1-6.

with the isolated form exhibiting potent inhibitory activity
against human thrombin, thus facilitating blood flow for the
hematophagous activity of the organism.”! HP6 consists of an
N-terminal domain held together by three disulfide bonds and
an acidic C-terminal domain, reminiscent of hirudin
(HIRV1)" from the medicinal leech H. medicinalis. However,
these two proteins share sequence homology of only 63 %.
HIRV1 has exhibited potent inhibition against human
thrombin®!”! with several unmodified variants entering the
clinic as anti-coagulant agents.'!! Whilst sulfation of HIRV1
has been reported to provide a significant increase in
inhibitory activity against the fibrinogenolytic and amidolytic
activities of thrombin, the effect of glycosylation or the
combination of glycosylation and sulfation has not been
interrogated on HIRV1 or HP6. Glycosylation of HP6 is
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reported to be of the mucin type, whereby a-linked N-
acetylgalactosamine (0-GalNAc) or galactose(Gal)-f-1,3-
GalNAc are appended at Thr-43.®! The overarching goal of
this study was therefore to employ chemical synthesis to
access homogeneous variants of HP6 to probe the effect of
Tyr sulfation and O-glycosylation on the anti-thrombotic
activity of this protein.

Six homogeneous variants of HP6 were targeted in this
study, namely unmodified HP6 (1), GalNAc-derived HP6 (2),
Gal-B-1,3-GalNAc-derived HP6 (3), as well as the Tyr-
sulfated variants of 1-3 (4-6). HP6 possesses a total of six
Cys residues that form three disulfide bridges in the native
folded form of the protein, therefore offering several possible
disconnection sites where native chemical ligation'?! could be
employed. At the outset, we identified the peptide bond
between Asn-27 and Cys-28 as a junction for the assembly of
1-6 (Figure 1). This strategy thus required the synthesis of six
differentially glycosylated and sulfated peptide fragments (7-
12) corresponding to HP6(28-63) and a single peptide
thioester fragment representing HP6(1-27). The synthesis of
7-12 was achieved by using a divergent solid-phase sulfation
strategy (see Supporting Information for details). Synthesis of
resin-bound 13-15 commenced from NovaPEG Wang resin
on a 150 pmol scale whereby the peptide chain was elongated
to Arg-44, just prior to the first glycosylation site by Fmoc-
SPPS, with the incorporation of Fmoc-Tyr(OTBS)-OH 16/
at Tyr-61 (Scheme 1). At this stage, the resin was split into
three 50 umol batches to which unmodified Thr or glycosyl-
amino acids 17 or 18" were coupled. The chain was then
elongated to provide the desired resin-bound peptides 13-15.
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Following purification, the unglycosylated peptide fragment 7
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Scheme 1. Divergent solid-phase synthesis of differentially O-glycosylated and Tyr-sulfated HP6(28-63) fragments. TBS = tert-butyldimethylsilyl,
Pbf=2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl, DS represents an Asp(tBu)-Ser(¥M*Mpro) residue, G represents an N-(2,4-dimethoxy-

benzyl) Gly residue.
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TFE sulfate ester (Scheme 1). At this stage, unglycosylated
sulfopeptide 10 was purified by reverse-phase HPLC using
ammonium acetate and acetonitrile as the eluent (to prevent
hydrolysis of the acid labile sulfate ester) and was produced in
16% yield after repetitive lyophilization from water to
remove excess ammonium acetate. The crude unprotected
sulfated glycopeptides were subsequently treated with aque-
ous hydrazine hydrate to remove the O-acetate protective
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groups on the glycans, and thus provide the desired sulfated
glycopeptides 11 and 12 in 13 % and 12 % yield, respectively,
following purification. Having successfully prepared the six
C-terminal fragments, peptide thioester 20 was next synthe-
sized using a side-chain anchoring strategy (Scheme 2, see
Supporting Information).’™ With all requisite fragments in
hand, differentially modified fragments 7-12 were submitted
to native chemical ligation with peptide thioester 20 using 6 M
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Scheme 2. A) Synthesis of differentially O-glycosylated and Tyr-sulfated variants of full-length HP6 proteins 1-6 by native chemical ligation and
oxidative folding. B-E) Selected spectra (see Supporting Information for all data): B) ESI mass spectrum and C) MALDI-TOF mass spectrum of
unfolded sulfated glycoprotein ligation product 26; D) ESI mass spectrum and E) MALDI-TOF mass spectrum of folded sulfated HP6 glycoprotein
6. NB: loss of sulfate observed due to the acidic matrix employed in MALDI-TOF experiments.
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guanidine hydrochloride (Gn-HCI) and 200 mm Na,HPO, at
pH 7.2 as the ligation buffer with the addition of mercapto-
phenylacetic acid (MPAA) as an aryl thiol catalyst and tris(2-
carboxyethyl)phosphine (TCEP) as a reducing agent. Each
ligation was monitored by HPLC-MS and, gratifyingly, all
reactions reached completion after 16 h (see Supporting
Information). Following reverse-phase HPLC purification, all
six full-length unfolded HP6 variants 21-26 were obtained in
good yield (49-67 % yield) and excellent purity (see Support-
ing Information). With 21-26 in hand, all that remained to
complete the synthesis of the native proteins was the
oxidative folding to generate the three correctly aligned
disulfide bonds; Cys6—Cys14, Cys16-Cys28 and Cys22—-Cys37,
predicted based on the sequence alignment with HIRV1.[
The optimal procedure involved the use of a cysteine (4 mm)
and cystine (2 mMm) redox couple in the presence of NaCl (4Mm
final conc.) at a pH of 8.5 which led to folding of all six
reduced HP6 variants after 1 h to form a single species as
judged by HPLC-MS (see Supporting Information).'*! The
correct disulfide connectivity was confirmed through diges-
tion with thermolysin and trypsin followed by HPLC-MS
analysis and MS/MS peptide sequencing of the resulting
peptide fragments (see Supporting Information). Gratify-
ingly, the modified HP6 proteins 1-6 were isolated in good
yields (52-71 %) following HPLC purification.

Having successfully completed the synthesis of the library
of six HP6 proteins, we were now interested in interrogating
the effect of the glycan and sulfate modifications on the
inhibition of both the fibrinogenolytic and amidolytic activity
of human thrombin. Inhibition of fibrinogen clot formation by
1-6 was measured spectrophotometrically as described pre-
viously (see Supporting Information for raw data).l'”! Modi-
fication of HP6 had a drastic effect on inhibitory activity.
Specifically, whilst unmodified HP6 1 exhibited only moder-
ate inhibition of the fibrinogenolytic activity (ICs,=4.97 pm),
addition of a monosaccharide (GalNAc) to Thr-43 provided
a significant increase in activity, with an ICy, of 2.41 pm
(Table 1). This effect was even more pronounced in HP6
variant 3, bearing a disaccharide moiety appended at Thr-43,
which exhibited an ICs, of 82 nm. It is conceivable that the
carbohydrates are capable of forming favorable interactions
with thrombin or, alternatively, inducing a conformation of
HP6 whereby other C-terminal residues are capable of
making additional interactions with the fibrinogen binding
site of exosite 1. Interestingly, truncated synthetic variants of
HP6 (HP6 41-63) bearing identical glycan modifications did
not demonstrate measurable inhibition of fibrinogenolytic
activity (ICs>5 um)!"™ thus underscoring the additional
importance of the N-terminal domain. Incorporation of
sulfation at Tyr-63 in sulfoprotein 4 led to a two orders of
magnitude increase in inhibitory activity against the fibrino-
genolytic activity (ICy, =5.80 nMm), consistent with the crucial
role of sulfation in the anti-thrombotic activity of HIRVI.
Intriguingly, in contrast to the increased potency observed
upon O-glycosylation of 1, the addition of glycans to 4 did not
lead to an improvement in activity. Rather, S5 and 6 were
almost an order of magnitude less potent (IC5,=40.6 nm and
31.9 nm, respectively) suggesting that the presence of glycans
is detrimental to the predicted ionic and hydrophobic
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interactions between the sulfated Tyr residue and the
fibrinogen binding site.

Having demonstrated that the two PTMs were capable of
modulating the fibrinogenolytic activity of thrombin, we next
studied the effect on the amidolytic activity of the enzyme.
Inhibition was measured in a fluorescence assay using
a chromogenic peptide substrate as reported previously
(Table 1).! As was observed with the effects on fibrinoge-
nolytic activity, the PTMs had a drastic effect on amidolytic

Table 1: Inhibition of the fibrinogenolytic and amidolytic activities of
human thrombin by homogeneously modified synthetic HP6 proteins.

Hirudin P6 ICs against Inhibition constant (K)
fibrinogenolytic thrombin against amidolytic
activity [nm]® thrombin activity [nm]®

1 4970 14.1£0.61

2 2410 11.3+£0.17

3 82.2 6.384+0.88

4 5.80 0.82+0.04

5 40.6 6.80+0.20

6 31.9 7.63+£0.19

[a] ICso values calculated using a sigmoidal dose-response formula
(GraphPad Prism). Standard errors for log ICs, values (from which 1Cs,
values were derived) were all less than 10% of the overall values. [b] K;
values calculated using Easson—Stedman analysis, K; values +SEM are
representative of at least two independent experiments. Positive control:
HIRV1. K;=20 pm.'"

inhibitory activity. Unmodified HP6 again displayed the
weakest activity, with an inhibition constant (K;) of 14.1 nm.
Addition of a single GalNAc unit to Thr-43 led to only
a modest increase in activity (K;=11.3nm), while the
introduction of a Gal-f-1,3-GalNAc moiety to Thr-43 in 3
imparted a two-fold improvement in activity (K;=6.38 nm)
when compared to unmodified HP6. This data suggests that
the additional interactions or altered conformation induced
by the presence of glycans, in particular the disaccharide
moiety of 3, contribute to a more favorable interaction
between the N-terminal tail of HP6 and the thrombin active
site. The most potent thrombin inhibitor of the six variants
was sulfated and unglycosylated HP6 4, with a K; of 820 pm.
As was observed with the fibrinogenolytic assays, the addition
of glycans to Thr-43 resulted in a significant reduction in
inhibitory potency against the amidolytic activity of thrombin.
Specifically, GalNAc-derived sulfoprotein 5 and Gal-f3-1,3-
GalNAc-derived sulfoprotein 6 exhibited inhibition constants
of 6.80 nm and 7.63 nM, almost an order of magnitude less
potent than 4. These results again suggest that the interactions
made by the sulfated Tyr moiety with exosite I residues of
thrombin are crucial, either through correct positioning of the
N-terminus of HP6 into the active site or by modifying the
conformation of the active-site pocket for improved binding
interactions with the N-terminal tail.™® Consistent with the
trends observed for inhibition of fibrinogenolytic activity by
1-6, it is possible that the addition of glycans to Thr-43 of HP6
leads to new binding interactions facilitating a structural
change to HP6 or thrombin with a concomitant weakening of
the binding interaction of the N-terminus of HP6 with the
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active site. Taken together, these studies provide clear
evidence that the pattern of PTMs, in this case O-glycosyla-
tion and Tyr sulfation, can significantly attenuate anti-
thrombotic activity. While it is not yet possible to propose
a precise molecular mechanism for the attenuated activity, it
is clear that a complex interplay exists and that a given set of
modifications can modulate inhibitory activity. Crystallo-
graphic and NMR spectroscopic studies should aid in the
delineation of these effects and will be the subject of future
work.

In summary, we have used a combination of divergent
solid-phase methodologies and native chemical ligation to
assemble six homogeneous post-translationally modified
variants of HP6. To our knowledge these represent the first
examples of full-length proteins bearing two different families
of PTMs synthesized to date, as well as the first homogeneous
sulfoproteins ever synthesized. The six proteins, which
differed in the glycosylation and sulfation state at Thr-43
and Tyr-61, respectively, enabled a dissection of the effect of
these modifications on the inhibition of both the fibrinoge-
nolytic and amidolytic activities of thrombin. To our knowl-
edge, modulation of inhibitory activity invoked by two
different PTMs is an unprecedented phenomenon and
provides an interesting avenue for future investigations into
the detailed structure—activity relationships of other proteins
that natively bear more than one type of PTM.
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