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Sulfated low molecular weight lignins (LMWLs), designed as oligomeric mimetics of low molecular
weight heparins (LMWHs), have been found to bind in exosite II of thrombin [12]. To assess whether sul-
fated LMWLs recognize other heparin-binding proteins, we studied their effect on serine proteases of the
coagulation, inflammatory and digestive systems. Using chromogenic substrate hydrolysis assay, sulfated
LMWLs were found to potently inhibit coagulation factor Xla and human leukocyte elastase, moderately
inhibit cathepsin G and not inhibit coagulation factors VIla, IXa, and XIla, plasma kallikrein, activated pro-
tein C, trypsin, and chymotrypsin. Competition studies show that UFH competes with sulfated LMWLs for
binding to factors Xa and Xla. These results further advance the concept of sulfated LMWLs as heparin
mimics and will aid the design of anticoagulants based on their novel scaffold.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Anticoagulants are the mainstay in the treatment and preven-
tion of thromboembolism. The most widely used anticoagulants
include the heparins (unfractionated heparin (UFH) and low
molecular weight heparin (LMWH)) and the coumarins (warfarin).
Although highly successful in managing clinical conditions, the
heparins and coumarins suffer from a number of problems includ-
ing an enhanced bleeding risk, complications arising from an
immunologic reaction, and food-drug and/or drug-drug interac-
tions [1-3]. Additional problems such as high response inconsis-
tency, narrow window of efficacy, poor oral bioavailability of the
heparins, the necessity to monitor with high frequency, possibility
of natural or intentional contamination and high cost to benefit ra-
tio further introduce difficulty in administering safe anticoagula-
tion therapy. Newer anticoagulants have been introduced in the
clinic, e.g., fondaparinux, dabigatran, and rivaroxaban, but these
continue to suffer from enhanced bleeding risk [1].

To develop better molecules as regulators of coagulation, we re-
cently designed structural variants of lignin, a naturally occurring
biopolymer, as functional macromolecular mimetics of LMWHs
[4-6]. These designed oligomers, referred to as sulfated low molec-
ular weight lignins (LMWLs), are polydisperse and heterogeneous
preparations in a manner similar to LMWHs. For example, sulfated
LMWLs are composed of oligomeric chains of varying lengths and
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contain many different inter-monomeric linkages such as p-04,
B-5, BB and 5-5 (Fig. 1) [4]. Sulfated LMWLs are multiply charged
oligomers decorated with carboxylate and sulfate groups, which
mimic the polyanionic scaffold of LMWHs.

Yet, there are important differences too. Sulfated LMWLs are un-
like LMWHs with regard to the nature of their backbone. Whereas
sulfated LMWLs possess a hydrophobic, aromatic backbone, hepa-
rins possess a saccharide backbone. Further, whereas sulfated
LMWLs contain an average of one negatively charged group for every
three monomers [4], LMWHSs contain nearly 3-3.5 anionic groups
for every three monosaccharides [7,8]. The combination of an aro-
matic scaffold with a limited number of carboxylate and sulfate
groups appears to be responsible for interesting physico-chemical
properties [9]. In addition, sulfated LMWLs have been found to exhi-
bit novel protein recognition properties [10,11]. Recent work using
site directed mutants has shown that CDSO3 binds in exosite II of
thrombin to effect inhibition [12], a property not exhibited by hep-
arins, although they also share the same binding site.

Three sulfated LMWLs, CDSO3, FDSO3 and SDSO3 (Fig. 1), have
been designed based on the 4-hydroxy cinnamic acid structure.
Structurally, the molecules appear to be similar, yet the electronic
and steric properties of the hydroxy (-OH) and methoxy (-OCHjs)
substituents introduce considerable variation in the overall oligo-
meric composition. For example, SDSO3 is completely devoid of
the B-5 linkage, which is a dominant structural feature in CDSO3,
due to the presence of methoxy groups at both 3- and 5-positions.
Such microscopic variances introduce differences in protein bind-
ing properties. In fact, chromogenic substrate assays have shown
that all three sulfated LMWLs inhibit thrombin, factor Xa and plas-
min, but the potencies are significantly different [5,11].
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Fig. 1. Sulfated low molecular weight lignins (LMWLs) are complex three-dimen-
sional oligomers obtained from enzymatic condensation of 4-hydroxycinnamic acid
monomers using horseradish peroxidase followed by chemical sulfation using
sulfur trioxide. The oligomers primarily contain B-O-4, B-5 and B-p inter-residue
linkages (shown shaded). Other less common linkages, e.g., 5-5, are also present
(not shown). X;, X, and X3 are substituents at the o-position and may be -H, -OH, or
-0SO3Na. Zy, Z,, Z3 and Z, may be -H or -COONa. R3 and R5 may be either -H or -
OMe depending upon the starting monomer, as shown. These variations generate a
large number of sequences.

Considering the similarities, we reasoned that sulfated LMWLs
may recognize many proteins that bind heparins, while exhibiting
a functional difference, i.e., inhibition, at the same time. Thus, we
studied direct inhibition of serine proteases belonging to the coag-
ulation cascade (factors VIIa, IXa, XIa and Xlla, activated protein C
(APC) and plasma kallikrein (PK)) and inflammatory (human leuko-
cyte elastase (HLE) and cathepsin G) pathways that are known to
bind heparin. In addition, three other serine proteases, trypsin,
chymotrypsin, and porcine pancreatic elastase (PPE) were also in-
cluded in the study to assess the possibility of off-target action.
Sulfated LMWLs were found to potently inhibit factor Xla (fXIa)
and HLE, moderately inhibit cathepsin G and not inhibit APC, PK,
fVIla, fIXa, fXlla, PPE, trypsin, and chymotrypsin. In combination
with our previous results showing potent thrombin and factor Xa
inhibition and moderate plasmin inhibition by sulfated LMWLs,
these results show significant selectivity of recognition. Competi-
tive inhibition studies showed that heparin competes with sulfated
LMWLs for binding to factors Xa and Xla suggesting significant
functional similarity. These results advance the concept of heparin
mimicking action of sulfated LMWLs to a significant extent and are
expected to aid the design of better anticoagulants based on their
novel scaffold.

2. Materials and methods
2.1. Proteins, chemicals and reagents

Three sulfated LMWLs, CDSO3, FDSO3 and SDSO3 (Fig. 1), were
synthesized in two steps from 4-hydroxycinnamic acid monomers,
caffeic acid, ferulic acid and sinapic acid, respectively, using che-
mo-enzymatic synthesis developed by Monien et al. [4]. Human
plasma proteinases including APC, fVIIa, fIXa, fXa, fXIa, plasmin
and a-thrombin, were purchased from Haematologic Technologies
(Essex Junction, VT). Human chymotrypsin, human PK, bovine
trypsin, and PPE were purchased from Sigma (St. Louis, MO). FXIla
was purchased from Enzyme Research Laboratories (South Bend,
IN). Cathepsin G and HLE was purchased from Elastin Products
Company (Owensville, MO).

Chromogenic substrates Spectrozyme TH (H-p-hexahydrotyro-
sol-Ala-Arg-p-NA) (p-NA = p-nitroanilide), Spectrozyme FVIla (meth
anesulfonyl-p-cyclohexylalanyl-butyl-Arg-p-NA), Spectrozyme FIXa
(p-Leu-Phe-Gly-Arg-p-NA), Spectrozyme FXa (methoxy-carbonyl-

d-cyclohexylglycyl-Gly-Arg-p-NA), Spectrozyme FXIla (p-cyclohy-
dro-tyrosyl-Gly-Arg-p-NA), Spectrozyme TRY (carbo-benzoxy-
Gly-d-Ala-p-NA), Spectrozyme P. Kal (H-p-Pro-hexahydrotyrosyl-
Arg-p-nitro-anilide), Spectrozyme PCa (H-p-(y-carbobenzoxyl)-Lys-
Pro-Arg-p-NA) and Spectrozyme PL (H-norleucyl-hexahydrotyro-
syl-lysine-4-NA) were purchased from American Diagnostica
(Greenwich, CT). Substrates N-succinyl-Ala-Ala-Pro-Phe-p-NA
(cathepsin G), N-methoxysuccinyl-Ala-Ala-Pro-Val-p-NA (HLE)
and N-succinyl-Ala-Ala-Ala-p-NA (PPE) were purchased from Sigma
(St. Louis, MO). UFH (Mg ~15,000 Da) was purchased from Sigma (St.
Louis, MO). All other chemicals were analytical reagent grade from
either Sigma Chemicals (St. Louis, MO) or Fisher (Pittsburgh, PA)
and used without further purification.

2.2. Quantitative measurement of enzyme inhibition potential of
sulfated LMWLs

Direct inhibition of human coagulation enzymes by sulfated
LMWLs was measured through chromogenic substrate hydrolysis
assays, following our earlier report [5]. For these assays, 10 pL sul-
fated LMWL at concentrations ranging from 0.035 to 10,000 pg/mL
was diluted with 930 puL of the appropriate buffer in PEG 20,000-
coated polystyrene cuvettes. Following the preparation of the sul-
fated LMWL solution, 10 pL of the proteinase solution was added
to the cuvette and incubated for 60s. Following incubation,
50 pL of the appropriate chromogenic substrate was rapidly added
to create a final volume of 1000 pL. The residual enzyme activity
was determined from the initial rate of increase in absorbance at
405 nm. Special care was taken to ensure that the initial rate was
measured at less than 10% consumption of substrate. The condi-
tions used for each enzyme were as follows: 20 mM Tris-HCI buf-
fer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl, and 0.1%
polyethylene glycol (PEG) 8000 at 25 °C for thrombin [5]; 20 mM
Tris-HCl buffer, pH 7.4, containing 100 mM NaCl, and 0.1% PEG
8000 at 25 °C for fXa and fXla [5,13,14]; 50 mM Tris-HCl buffer,
pH 7.4, containing 150 mM NaCl and 0.1% PEG 8000 at 25 °C for
plasmin [11]; 100 mM HEPES buffer, pH 8, containing 100 mM
NaCl and 10 mM CaCl, at 37 °C for fIXa [15]; 25 mM HEPES buffer,
pH 7.4, containing 100 mM NaCl and 5 mM CacCl, at 25 °C for fVIla
[16]; 50 mM Tris-HCI, 150 mM NacCl, 2 mM CaCl,, 0.1% BSA, pH 7.6
at 25 °C for fXIla [14]; 50 mM Tris-HCI buffer, pH 8.0, containing
125 mM NaCl and 10 mM CaCl, at 37 °C for APC [17,18]; 20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM CaCl, and 0.4% BSA at
37 °C for kallikrein and PPE [18,19]; 20 mM Tris-HCl, pH 7.5,
150 mM Nacl, 2 mM CacCl, and 0.4% BSA at 25 °C for chymotrypsin
[19]; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 mM CaCl, and
0.1% PEG 8000 at 25 °C for trypsin [19]; and 50 mM Tris-HCl,
50 mM NacCl, pH 8.0 for HLE and cathepsin G [20]. Enzyme
concentrations in these experiments ranged from 2 nM (fXa) to
212 nM (cathepsin G). Chromogenic substrate concentrations were
50 uM (Spectrozyme FXa, Spectrozyme PL), 100 uM (Spectrozyme
FVIla, Spectrozyme FXIla, N-succinyl-Ala-Ala-Pro-Val-p-NA, Spec-
trozyme TRY, N-succinyl-Ala-Ala-Ala-p-NA), 200 pM (Spectrozyme
PCa, Spectrozyme FIXa, Spectrozyme P.Kal), and 1000 puM (N-succi-
nyl-Ala-Ala-Pro-Phe-p-NA). FXla was assayed using 500 puM
Spectrozyme FXa. Relative residual proteinase activity at each
concentration was calculated using the activity measured under
otherwise identical conditions, except for the absence of the sul-
fated LMWL. Logistic Eq. (1) was used to fit the dose-dependence
of residual proteinase activity to obtain ICsg, Yo, Yo and HS.

Yum—Yo
1+ 10(log[LMWL]0—laglC50) « HS

Y=Y+ (M

In this equation, Yy; and Yy are the maximum and minimum values of
the fractional residual thrombin activity; ICsq is the concentration of
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the inhibitor that results in 50% inhibition of enzyme activity, and HS
is the Hill slope.

3. Results and discussion

3.1. Sulfated LMWLs Inhibit a select group of heparin binding
proteases

Fig. 2 shows representative profiles of the residual enzyme
activity as a function of SDSO3 concentration. The residual activity
of cathepsin G, HLE, and fXIla progressively decreased with increas-
ing SDSO3 concentration, while it remained essentially invariant
for fVIla and fIXa. The decrease in activity was fitted by the logistic
dose-response Eq. (1) to derive the ICso, the concentration of
SDSO03 that results in 50% reduction in activity. CDSO3 and FDSO3,
the other two sulfated LMWLs, exhibited similar inhibition profiles,
albeit with altered potencies (profiles not shown). Eq. (1) also pro-
vides HS, the Hill slope. Although HS is typically thought of as an
indicator of cooperativity of interaction for homogeneous species,
ascribing this phenomenon to inhibition induced by sulfated
LMWLs is likely to be error-prone. The structural complexity of sul-
fated LMWLs may induce multiple binding modes on the protein
surface resulting in multiple occupancies, which could affect the
HS. Thus, HS values are not interpreted in this analysis. Finally,
the efficacy of inhibition (Yy — Yp) can also be derived from Eq.
(1). For the three sulfated LMWLs, this value was found to be in
the range of 70-95%. This is a nearly quantitative efficacy that does
not seem to be affected by either the inhibitor or the enzyme and
hence is not discussed further.

Sulfated LMWLs inhibit fXIa with ICsg in the range of 22-176 nM
suggesting that all three molecules are potent direct inhibitors
(Table 1). This potency of inhibition is comparable to that observed
against thrombin and fXa [5], and higher than that against plasmin
[11]. Among the three, CDSO3 was found to be 4.7 and 8.0-fold
more potent than FDSO3 and SDSO3 in inhibiting fXIa, respectively.
This order of activity is essentially identical to that observed with
thrombin, fXa and plasmin [5,11] suggesting striking parallels in
the recognition of enzymes of the coagulation system.

Sulfated LMWLs also directly inhibit HLE and cathepsin G with
ICso in the range of 9-17 and 91-232 nM, respectively (Table 1).
This implies that sulfated LMWLs are considerably more potent
against HLE than against fXla, thrombin, fXa and plasmin, while
their potency against cathepsin G is moderate. Interestingly, the
ICsp variation among the three sulfated LMWLs for inhibiting HLE

B.L. Henry et al./Biochemical and Biophysical Research Communications 417 (2012) 382-386

Table 1

ICso (in nM) of Sulfated LMWLs Inhibiting Heparin-Binding Serine Proteases®.
Proteases CDSO3 FDSO3 SDSO3 UFH
aPC® >12,000 >10,000 >11,000 NI
Cathepsin G 232 +10¢ 91+7 105+7 42+7
Chymotrypsin >10,000 >10,000 >10,000 NI
Factor Xla 2224 105+ 11 176 £ 11 NI
Factor Xlla >15,000 >12,000 >14,000 NI
HLE® 11 £24 9+2 171 1.1£0.1
Kallikrein >10,000 >10,000 >10,000 NI
PPE? >10,000 >10,000 >10,000 ND®
Trypsin >10,000 >10,000 >10,000 NI
Factor IXaf 3380 + 649 490+ 16 >28,500 NI
Factor VIla >29,000 >23,000 >28,000 NI
Factor Xa' 34 +54 74+8 121+26 NI
Plasmin® 240 + 30¢ 760 + 20 1290 + 60 NI
Thrombin® 18 24 29+2 94+4 NI

@ The ICso values were measured through chromogenic substrate hydrolysis
assays as described in Experimental Procedures.

b Stands for aPC=activated protein C, HLE=human leukocyte -elastase,
PPE = porcine pancreatic elastase.

¢ No inhibition.

9 Errors represent + 1 S. E.

¢ Not determined.

f Taken from Ref. [5].

& Taken from Ref. [11].
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Fig. 3. Comparison of direct enzyme inhibition potencies (ICso, nM) of the three
sulfated LMWLs, CDSO3, FDSO3 and SDSO3. The ICsy was measured as described in
‘Experimental Procedures’ using chromogenic substrate hydrolysis assay under
optimal buffer and pH conditions. The ICs of fXIla, fVIla, aPC, kallikrein and trypsin
were found to be greater than 10 uM (see Table 1).

and cathepsin G is minimal (<2-fold change). Such dependence
most probably arises from a primarily electrostatic component
(sulfate and carboxylate groups), which remains essentially equal
for the three sulfated LMWLs.
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Fig. 2. Typical semi-log profile of direct enzyme inhibition by sulfated LMWLs. Shown is the inhibition of human leukocyte elastase (HLE, O), cathepsin G (M), factor Xla
(fXIa,0), factor IXa (fIXa,#) and factor Vlla (fVIla, A) by SDSO3 as described under ‘Experimental Procedures’. Solid lines represent sigmoidal dose-response fits of Eq. (1) to

the HLE, cathepsin G and fXIa data to obtain values of ICsq, HS, Yo and Y.
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Fig. 4. Direct inhibition of factor Xa (A) and factor Xla (B) by CDSO3 in the presence of UFH. The ICso was measured as described in ‘Experimental Procedures’ in the presence

of 0 to 27 uM UFH for fXa and 0 to 2.7 uM for fXIa. See text for details.

These results are strikingly parallel to the interaction of heparin
with serine proteases. Although heparin does not directly inhibit
thrombin, fXa, and fXIa, its binding to these enzymes plays a crucial
role in ternary complexation with antithrombin [21-23]. With re-
gard to HLE and cathepsin G, heparin is known to be a potent, direct
inhibitor in a manner similar to sulfated LMWLs (Table 1) [24,25].

To evaluate the effect of sulfated LMWLs on other serine prote-
ases, inhibition of fXIla, aPC, and PK was studied. Likewise, non-
coagulation enzymes including trypsin, chymotrypsin, and PPE,
were also studied. For each of these enzymes, concentrations of
sulfated LMWLs as high as 10 pM (sometimes considerably higher)
did not reduce the hydrolysis of chromogenic substrates (Table 1,
Fig. 3). This indicates that sulfated LMWLs preferentially target a
select group of heparin-binding serine proteases.

3.2. Sulfated LMWLs compete with heparin in binding to coagulation
enzymes

Previous studies indicated that CDSO3 does not interact with
the hirudin-binding site (exosite I) of thrombin, but binds in or
near the heparin-binding site, called exosite II, of thrombin
[5,12]. The interaction of heparin with other coagulation factors
has not been studied in detail, although it is assumed that most
homologous enzymes would bind this polysaccharide in a manner
similar to thrombin. This may be true for fXa, which is known to
possess a homologous exosite II [26]. However, the situation
changes with fXla, which is known to possess two heparin-binding
sites [13,27]. Thus, a question arises as to how well sulfated
LMWLs mimic heparin binding to these enzymes?

To address this question, competitive inhibition studies were
performed. Thus, if a sulfated LMWL binds in or near the hepa-
rin-binding site, the potency of its inhibition is expected to de-
crease in the presence of UFH. A wide range of affinities have
been reported in the literature for UFH binding to coagulation en-
zymes. This is primarily because of the heterogeneity present in
the heparin preparations. For example, the affinity of fXa, flla and
fIXa for heparin has been measured in the range of 0.4-10 uM
[15,28,29], while that of fXIa has been found to be ~10nM
[13,28]. To assess competition between sulfated LMWLs and UFH,
these affinities were used.

For fXa, the presence of 10.5 uM UFH increased the ICso of CDSO3
inhibition from 31 to 74 nM, while 27 nM UFH effected a further in-
crease to 170 nM (Fig. 4A). These represent significant decreases in
potencies of sulfated LMWLs in the presence of UFH suggesting com-
petitive inhibition. Likewise, 0.27 and 2.7 uM UFH induced an in-
crease in ICsq from 23 to 52 nM (Fig. 4B), respectively, for CDSO3
inhibition of fXIa. This increase is smaller than expected. It is possi-
ble that CDSO3 recognizes only one heparin binding site on fXla of
the two available resulting in less than optimal competition. Thus,
the results support competitive phenomenon for fXIa also.

Overall, the significant competition observed with UFH for
binding to fXa and fXIa, in combination with similar results ob-
served for thrombin and plasmin earlier [5,11], show that sulfated
LMWLs appear to mimic heparin in recognizing coagulation
enzymes.

3.3. Significance of the results

Sulfated LMWLs are structurally unique and exhibit potent
in vitro and ex vivo anticoagulation [4-6]. This work highlights a
key aspect of their functional property - the regulation of a select
group of coagulation factors, fXla, fXa and thrombin. While throm-
bin and fXa are known as validated drug targets, fXla has recently
received considerable attention as an enzyme worth targeting be-
cause of its most involvement in venous thrombosis without sig-
nificant in bleeding risk [30,31]. Thus, sulfated LMWLs represent
powerful leads for discovering selective agents that target fXIa.

This work also shows that sulfated LMWLs inhibit enzymes HLE
and cathepsin G in the manner of heparin. Further work will be
necessary to identify the mechanism of inhibition and to decipher
structural features that contribute to this inhibition. However, the
results suggest a strong possibility for the use of sulfated LMWLs in
inflammatory conditions.

The significant correspondence between heparin and sulfated
LMWLs, and the recent identification of a plausible binding site
of sulfated LMWLs on thrombin [12], bodes well for computational
design of new macromolecular regulators. This work shows that
exosite II-like domains in fXa and fXIa should be targeted in a com-
putational search, which raises a strong possibility of engineering
selectivity in such macromolecules for the first time. Thus, this
work forms the basis for designing advanced macromolecules as
allosteric regulators of coagulation enzymes.
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