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The haemathrins are tick-derived thrombin-inhibiting proteins
predicted to be post-translationally sulfated. This study reports
the ligation-based assembly of eight homogeneously sulfated var-
iants of haemathrin-1 and haemathrin-2. Functional assays revealed
a two orders-of-magnitude enhancement in thrombin-inhibitory
potency by tyrosine sulfation, thus reinforcing the crucial role of
this post-translational modification for the activity of anticoagulant
proteins.

Tyrosine (Tyr, Y) O-sulfation is a post-translational modifica-
tion (PTM) which is found within many higher organisms such
as mammals, plants and insects at an estimated proteome-wide
abundance of 1-2%."™ Catalyzed by tyrosylprotein sulfotrans-
ferase (TPST) enzymes found within the trans-Golgi, this PTM is
found exclusively on extracellular or membrane-bound protein
targets.>”® While Tyr sulfation has been discovered as a crucial
modification on a number of proteins, including several key
players in the inflammatory and immune response, the inher-
ent acid lability of the phenolic sulfate ester means that the
modification is difficult to retain on the protein during isolation
and/or detect by modern mass spectrometric methods.**'® As
such, it is likely that native sulfation of many proteins has been
overlooked during isolation or is yet to be identified."’

A key example where this has been the case is the “sialome”
of hematophagous organisms. While the archetypal leech-
derived hirudin anticoagulants have long been known to be
sulfated," ™ it was not until very recently that Tyr O-sulfation
was uncovered as a ubiquitous modification of other salivary
anti-inflammatory and anticoagulant proteins from a range of
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blood feeding organisms."®™'” Specifically, we have recently
demonstrated that a number of thrombin inhibiting tick (from
Haemaphysalis longicornis,">"” Hyalomma marginatum'’ and
Dermacentor andersoni'’) and mosquito (from Anopheles albi-
manus and Anopheles gambiae)'® salivary proteins are sulfated.
Importantly, it has also been demonstrated that sulfation of
these proteins uniformly enhances their thrombin inhibitory
potency and anticoagulant activity. As such, it is proposed that
post-translational tyrosine sulfation plays a crucial role in
prevention of host coagulation and represents a key mechanism
for acquisition of a bloodmeal by haematophagus organisms.

Based on this recent work, we sought to identify new anti-
coagulant sulfoproteins from other species of tick. During a
bioinformatics analysis, we identified two 59-residue cysteine-
free proteins, called haemathrin-1 (1) and haemathrin-2 (2),
derived from the hard-bodied tick Haemaphysalis bispinosa.
These proteins have been previously identified via PCR ampli-
fication and recombinant variants expressed in bacteria were
shown to exhibit thrombin inhibitory activity, albeit in unmo-
dified form."®" Based on the sequence similarity to madanin-
1, a salivary protein from Haemaphysalis longicornis (known to
be sulfated)"® together with the presence of conserved Tyr
residues flanked by a number of acidic aspartate (Asp) and
glutamate (Glu) amino acids (a known recognition motif for
TPSTs),”>*" we postulated that both haemathrin-1 (1) and
haemathrin-2 (2) are post-translationally sulfated at Y31
and Y34 (Fig. 1). Herein, we describe the rapid and efficient
synthesis of all eight modified variants of the haemathrin-1 (1,
3-5) and haemathrin-2 (2, 6-8) proteins via peptide ligation
chemistry. It was envisaged that access to these homogeneously
modified proteins would enable the effect of specific tyrosine
sulfate modifications on haemathrin thrombin inhibitory activity
to be uncovered.

We proposed that access to this library of sulfated haema-
thrins could be achieved in a rapid and efficient manner using
the additive-free diselenide-selenoester ligation (DSL) methodol-
ogy recently reported by our group.”” The DSL reaction employs a
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Fig.1 Amino acid sequences and disconnection strategy for (A)
haemathrin-1 (1, 3-5) and (B) haemathrin-2 (2, 6—8) sulfoproteins (sY =
tyrosine O-sulfate). Ligation junctions are displayed as a red dotted line
and acidic recognition sequences for Tyr O-sulfation are underlined.

peptide diselenide dimer fragment bearing an N-terminal seleno-
cystine residue [the oxidized form of selenocysteine (Sec)] and a
second peptide fragment bearing a C-terminal selenoester. The
reactions proceed cleanly, typically in 1-10 min and can be
performed at a range of other ligation junctions through the use
of selenylated amino acids.® Importantly, following the ligation
reaction, and without purification, the ligation products can be
subjected to in situ deselenization leading to the generation of a
native amino acid at the ligation junction [alanine (Ala) in the case
of Sec deselenization].**>” Amongst the selenylated amino acids
developed to date, B-selenylated Asp [(B-Se)Asp] and y-selenylated
Glu [(y-Se)Glu] offer a unique and powerful feature. Specifically,
while the deselenization of Sec to Ala typically proceeds to
completion over 6-16 hours, in the case of (B-Se)Asp or (y-Se)
Glu, this synthetic transformation is complete within minutes.
Importantly, this not only allows proteins to be synthesized on
remarkably short time-scales but the rapid nature of the desele-
nization reactions means that this transformation is chemoselec-
tive in the presence of both the thiol and selenol side chains of Cys
and Sec residues, respectively.”* We proposed that these features
of DSL-deselenization chemistry at (B-Se)Asp or (y-Se)Glu provided
an ideal platform for rapid generation of the target haemathrin
sulfoform library (1-8).

While we have previously demonstrated that DSL chemistry
is a powerful tool to generate homogeneous sulfoproteins, the
use of a hydrophobic neopentyl (nP) sulfate ester-protecting
group to prevent acidolysis of the sulfotyrosine (sTyr) residues
during synthesis and purification has proven problematic.
Specifically, the nP protecting group can lead to reduced
solubility of peptide fragments, together with fragment aggre-
gation that can hinder peptide ligation reactions. Moreover, the
final nP deprotection step prior to HPLC purification of the
sulfoprotein targets proceeds sluggishly, representing the long-
est reaction step in the synthetic sequence (16 h)."” In order
to accelerate access to the haemathrin sulfoform library, we
envisaged performing the ligation reactions on peptide frag-
ments with unprotected sTyr residues in this work. Given that
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DSL reactions are performed at near neutral pH, we proposed
that the unprotected sulfate esters would be stable under the
reaction conditions and would avoid the aforementioned issues
associated with the use of the nP protecting group.

With this in mind, a synthetic strategy was devised by which
haemathrin-1 and haemathrin-2 (each 59 amino acid residues
long) variants 1-8 could be assembled via ligation of a common
N-terminal selenoester fragment with differentially sulfated
variants of the C-terminal sequence. Accordingly, suitably
positioned amino acid junctions were identified that would
be amenable to rapid ligation-deselenization chemistry at (y-Se)Glu
and (B-Se)Asp (Glu-24 in haemathrin-1 and Asp-29 in
haemathrin-2, Fig. 1). Syntheses of the C-terminal fragments
were achieved using Fmoc-strategy solid-phase peptide synthe-
sis (SPPS) wherein sTyr residues were installed at positions
Y31 and Y34 using the commercially available Fmoc-
Tyr(SO3;nP)-OH building block 9. Selenylated building blocks
Boc-(y-SePMB)Glu-OH (10) and Boc-(B-SePMB)Asp-OH (11) were
coupled as the N-terminal residues to afford resin-bound
haemathrin-1 (12-15) and haemathrin-2 (16-19) fragments,
respectively. Each of the peptides were then deprotected and
cleaved from resin using an acidic cocktail followed by PMB
deprotection (see ESL for full synthetic details).”® The final
step to generate the target C-terminal diselenide fragments
involved deprotection of the nP sulfate ester(s). While these
esters are normally cleaved through the treatment of nucleo-
philic azide or acetate reagents,"””*° we found that these could
be efficiently and cleanly deprotected by simply incubating the
fragments in Gnd buffer at 50 °C for 2 hours. Final purification
by reverse-phase HPLC then provided the target C-terminal
(sulfo)peptide fragments 20-27 as the corresponding diselenide
dimers in 3-6% yield based on resin loading (Scheme 1).
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Scheme 1 Solid-phase synthesis of the C-terminal diselenide dimer
(sulfo)peptides of haemathrin-1 (20—-23) and haemathrin-2 (24-27) bear-
ing N-terminal (y-Se)Glu (B-Se)Asp residues, respectively.
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With the C-terminal fragments 20-27 in hand, we next
prepared haemathrin-1 (1-23) 28 and haemathrin-2 (1-28) 29
peptide selenoesters. These were both prepared in excellent
yield using a side-chain anchoring strategy (see ESLt for
synthetic details and characterization data).*®

With the desired N- and C-terminal fragments in hand,
attention shifted to the assembly of the haemathrin targets
1-8 via DSL-deselenization chemistry (Scheme 2). For the
assembly of haemathrin-1 protein 1 and sulfoproteins 3-5,
haemathrin-1 (24-59) diselenide dimer fragments 20-23
and peptide selenoester 28 were dissolved in ligation buffer
(6 M Gnd-HCl, 0.1 M Na,HPO,, pH 7.2; 2.5 mM final concen-
tration with respect to the diselenide) and the pH of the
resulting reaction mixture was adjusted to pH 6 upon mixing
(Scheme 2A). Each of the ligation reactions proceeded to
completion within 5 min. The reaction mixtures were next
extracted with hexane to remove precipitated diphenyl disele-
nide (DPDS) - an insoluble by-product generated during
ligation that quenches the subsequent radical deselenization
if not removed. The ligation mixture was next treated with an
equal volume of freshly prepared, degassed solution of 250 mM
TCEP, 25 mM DTT in ligation buffer to effect deselenization of
the y-Se moiety at the ligation junction, which proceeded to
completion within 5 min as assessed by UPLC-MS analysis
(Scheme 2B). Importantly, both the DSL and deselenization
transformations proceeded cleanly and efficiently when using
sulfopeptides with unprotected sTyr residues. Purification of
the DSL-deselenization products via reverse-phase HPLC afforded
haemathrin-1 (sulfo)proteins 1 and 3-5 in good yields (39-55%)
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and purities (Scheme 2C). The haemathrin-2 (sulfo)proteins 2 and
6-8 were prepared in a similar manner by reacting diselenide
dimer peptides 24-27 bearing N-terminal (-Se)Asp residues with
peptide selenoester 29 under DSL conditions (Scheme 2D). After
5 min the ligation products were treated with TCEP and DTT to
facilitate clean deselenization (Scheme 2E). Following purifica-
tion by reverse-phase HPLC the target haemathrin-2 (sulfo)pro-
teins 2 and 6-8 were isolated in good yield (45-54%) and
purities (Scheme 2F).

To investigate the effect of sulfation on the biological activity
of the proteins, we next assessed synthetic (sulfo)proteins 1-8
for their inhibitory activity against human o-thrombin via a
kinetic assay employing the chromogenic substrate, Tos-Gly-
Pro-Arg-p-nitroanilide (Fig. 2). The non-sulfated haemathrin-1
(1) and haemathrin-2 (2) exhibited similar potency against the
activity of a-thrombin, K; = 210 and 290 nM (¢f. ICs, values of
40-46 uM reported for the recombinant material)."® Interest-
ingly, sulfation at Y31 was found to impart a dramatic improve-
ment in activity (ca. 1.5 orders of magnitude) for both singly
sulfated variants of haemathrin-1 3 (K; = 13 nM) and
haemathrin-2 6 (K; = 18 nM). Sulfation at Y34 in 4 (K; = 58
nM) and 7 (K; = 24 nM) still led to a marked (but less
pronounced) improvement in thrombin inhibitory activity.
However, sulfation at both Y31 and Y34 in haemathrin-1 5
and haemathrin-2 8 led to a further improvement in activity
(two orders-of-magnitude over the unsulfated proteins 1 and 2)
with inhibition constants of 2.4 and 1.9 nM, respectively. In
addition to screening against o-thrombin, we also assessed the
inhibitory activity of the unsulfated (1 and 2) and doubly
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Scheme 2 Synthesis of haemathrin-1 and haemathrin-2 (sulfo)proteins 1-8 via a one-pot DSL—-deselenization approach. (A) One-pot synthesis of
haemathrin-1 variants 1 and 3-5; (B) HPLC chromatogram of crude DSL-deselenization reaction to afford doubly sulfated haemathrin-1 5; (C) HPLC
chromatogram of purified doubly sulfated haemathrin-15 (R, = 22.8 min, gradient 0-50% B over 30 min, 2 = 230 nm) with MALDI-TOF MS inset; (D) one-
pot synthesis of haemathrin-2 variants 2 and 6—8 via DSL-deselenization; (E) HPLC chromatogram of crude DSL-deselenization reaction to afford
doubly sulfated haemathrin-2 8; (F) HPLC chromatogram of purified doubly sulfated haemathrin-2 8 (R, = 24.2 min, gradient 0-50% B over 30 min, 1 =

230 nm) with MALDI-TOF MS inset.
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Fig. 2 Dose-response curves for the inhibition of (A) a-thrombin
by haemathrin-1 (sulfo)proteins 1, 3-5; (B) a-thrombin by haemathrin-2
(sulfo)proteins 2, 6—8 and (C) y-thrombin by unsulfated and doubly
sulfated haemathrin-1 and -2 proteins 1, 2, 5 and 8 using an amidolytic
assay. Error bars represent S.E.M. values; (D) inhibition constants
(K, £S.E.M.) for haemathrin-1 and -2 (sulfo)proteins. Data were deter-
mined by fitting the inhibited steady-state velocities to the Morrison
model
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sulfated (5 and 8) haemathrins against human y-thrombin,
a thrombin variant with a disrupted exosite I, an important
binding surface for many polypeptide thrombin inhibitors, e.g.,
the leech-derived hirudin (see ESI,t for details). These experi-
ments revealed that each of these proteins exhibited similar
inhibition constants against both o- and y-thrombin, suggest-
ing a thrombin inhibitory mode via exosite II binding, in
addition to the catalytic site. This proposal is further sup-
ported by the sequence homology between the haemathrins
and madanin-1, a salivary protein from the hard tick Haema-
physalis longicornis which has been validated as an exosite II
binding inhibitor of a-thrombin using X-ray crystallography.'?
Overall, these results highlight a vital role of sulfation in the
enhancement of thrombin inhibitory activity of the haemathrins
and, akin to other tick-derived salivary proteins, likely plays a role
in the effective acquisition of a bloodmeal from the host.

Conclusions

In conclusion, we have verified the critical role of Tyr sulfation
on the thrombin inhibitory activity of haemathrin-1 and
haemathrin-2 - two anticoagulant proteins from the tick spe-
cies Haemaphysalis bispinosa — through the ligation-based
synthesis of a sulfoprotein library. In order to accelerate access
to these homogeneously sulfated proteins, we employed DSL
chemistry at (B-Se)Asp or (y-Se)Glu with fully unprotected
sulfopeptide fragments followed by in situ deselenization. Both
of these reactions proceeded to completion within 5 min
making this synthetic approach an extremely fast and efficient
means for accessing homogeneously modified proteins by
chemical synthesis. Access to this sulfoprotein library enabled
the determination of key structure-activity relationships.
Specifically, sulfation at Y31 was shown to provide a significant
enhancement in thrombin inhibitory activity, while sulfation
at both Y31 and Y34 led to the most potent activity, with
inhibition constants two orders-of-magnitude lower than those
determined for the unmodified proteins. Taken together, the
results of this study emphasize the critical role of Tyr sulfation
on protein function, as well as its involvement in haematopha-
gous activity within a multitude of organisms, many of which
are significant vectors for human disease. In addition, the
synthetic approach employed here should find use in the
generation of a wide range of other site-specifically modified
proteins, including but not limited to sulfation. As such, these
synthetic tools will expedite our ability to probe the critical role
of PTMs on the structure and biological function of proteins.
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