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Sulfated, low-molecular-weight lignins are potent inhibitors 
of plasmin, in addition to thrombin and factor Xa: 
Novel opportunity for controlling complex pathologies 
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Summary 
Recently we prepared sulfated, low-molecular-weight lignins (LMWLs) 
to mimic the biological activities of heparin and heparan sulfate. 
Chemo-enzymatically prepared sulfated LMWLs represent a library of 
diverse non-sugar, aromatic molecules with structures radically differ-
ent from the heparins, and have been found to potently inhibit throm-
bin and factor Xa. To assess their effect on the fibrinolytic system, we 
studied the interaction of LMWLs with human plasmin. Enzyme in-
hibition studies indicate that the three sulfated LMWLs studied inhibit 
plasmin with IC50 values in the range of 0.24 and 1.3 μM, which are 
marginally affected in the presence of antithrombin. Similarly, plasmin 
degradation of polymeric fibrin is also inhibited by sulfated LMWLs. Mi-
chaelis-Menten kinetic studies indicate that maximal velocity of hy-
drolysis of chromogenic substrates decreases nearly 70% in the pres-
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ence of LMWLs, while the effect on Michaelis constant is dependent on 
the nature of the substrate. Competitive binding studies indicate that 
the sulfated LMWLs compete with full-length heparin. Comparison 
with thrombin-heparin crystal structure identifies an anionic region on 
plasmin as a plausible sulfated LMWL binding site. Overall, the chemo-
enzymatic origin coupled with coagulation and fibrinolysis inhibition 
properties of sulfated LMWLs present novel opportunities for designing 
new pharmaceutical agents that regulate complex pathologies in 
which both systems are known to play important roles such as dissemi-
nated intravascular coagulation. 
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Introduction 

Heparin and heparan sulfate are members of an interesting family 
of sulfated, linear mucopolysaccharides that play important roles 
in a number of physiological and pathological processes including 
coagulation, immune response, angiogenesis, inflammation, and 
viral invasion (1–3). Both molecules are composed of uronic acid 
and glucosamine residues that are variably sulfated and are biosyn-
thesised with massive polydispersity and structural heterogeneity 
(�Fig. 1A) (3–5). The pharmaceutical version of heparin, called 
unfractionated heparin (UFH), has been in clinical use as an anti-
coagulant for the past 8 decades. The past decade has seen the in-
troduction of several low-molecular-weight (LMW) variants of 
UFH, which are gaining greater acceptance for a number of indi-
cations. However, both UFH and LMW heparins are known to be 
associated with several adverse effects, primarily haemorrhagic 
risk and variable patient response. 

We reasoned that scaffolds radically different from the sulfated 
polysaccharides may lead to new anticoagulants with reduced side 
effect profile in comparison to heparins. These scaffolds were pro-
posed to be significantly less polyanionic and considerably more 
hydrophobic than UFH and LMW heparins. A less anionic and 
more hydrophobic scaffold can be expected to recognise the target 
protein with greater non-ionic binding energy, which may reduce 
non-specific recognition of numerous proteins and cells typically 
found in the case of heparins. Yet, engineering such polymeric scaf-
folds is difficult considering that hydrophobic macromolecules of 
the size of UFH or LMW heparins that enable introduction of li-
mited number of critical sulfate groups are not readily available. 

In one approach to design new anticoagulants with the dual hy-
drophobic and anionic nature, we recently prepared sulfated low-
molecular-weight variants of lignins (LMWLs, Fig. 1B) as func-
tional mimetics of LMW heparins (6). These designed molecules 
were prepared in a simple, two-step chemo-enzymatic process in-
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To assess whether sulfated LMWLs mimic other interactions of 
heparin with proteins, we studied the recognition of human plas-
min, a key enzyme of the fibrinolysis system. In contrast to hepa-
rin, which is known to not directly inhibit plasmin under physio-
logical conditions, sulfated LMWLs inhibit human plasmin with 
high potency. The study reveals that plasmin inhibition is not en-
hanced in the presence of antithrombin, as reported for the case 
with heparin. Yet, sulfated LMWLs appear to bind in the same re-
gion of plasmin as heparin and induce allosteric disruption of the 
enzyme’s catalytic function. This work supports the concept that 
sulfated LMWL-like aromatic scaffolds may be exploited to design 
molecules that simultaneously inactivate plasmin and thrombin 
for use in pathologies such as disseminated intravascular coagu-
lation, cancer, and others, in which the two enzymes play impor-
tant roles. 

Materials and methods 

Proteins, cells and chemicals 

Sulfated LMWLs, CDSO3, FDSO3 and SDSO3 (Fig. 1B), were pre-
pared in two steps from 4-hydroxycinnamic acid monomers, caf-
feic acid, ferulic acid and sinapic acid as described earlier (6). 
Human antithrombin (AT) and human plasmin were purchased 
from Haematologic Technologies (Essex Junction, VT, USA). 
Chromogenic substrates Spectrozyme PL and Spectrozyme TH 
were purchased from American Diagnostica (Greenwich, CT, 
USA). UFH (MR ~15000) was obtained from Sigma (St. Louis, 
MO, USA). All other chemicals were analytical reagent grade from 
either Sigma or Fisher (Pittsburgh, PA, USA) and used without 
further purification. 

Direct and indirect inhibition of plasmin 

Both direct and indirect inhibition of human plasmin by sulfated 
LMWLs were determined through a chromogenic substrate hy-
drolysis assay (8, 9). A 10 μL sample of the sulfated LMWL at con-
centrations ranging from 0.035 to 10,000 μg/ml was diluted with 
930 μl of 50 mM Tris-HCl buffer, pH 7.4, containing 150 mM NaCl 
at room temperature in a 20K polyethylene glycol-coated polysty-
rene cuvette, followed by addition of 10 μl of the plasmin solution. 
After 60 s incubation at room temperature, 50 μl Spectrozyme PL 
was added. The final concentrations of plasmin and Spectrozyme 
PL in these experiments were 20 nM and 50 μM, respectively. The 
residual enzyme activity was determined from the initial rate of in-
crease in absorbance at 405 nm. Relative residual proteinase activ-
ity at each concentration was calculated using the activity 
measured under otherwise identical conditions, except for the ab-
sence of the sulfated LMWL. Indirect inhibition of plasmin by 
sulfated LMWLs was performed at a fixed 20 nM concentration of 
AT. Except for the presence of AT, the indirect inhibition assay was 

volving enzymatic coupling of 4-hydroxycinnamic acids followed 
by the chemical sulfation of the resulting dehydropolymers 
(DHPs). Sulfated LMWLs are composed of oligomeric chains of 
varying lengths and contain different inter-monomeric linkages, 
such as β-O-4 and β-5 (Fig. 1B). In this respect, sulfated LMWLs 
are similar to LMW heparins. Yet, sulfated LMWLs are radically 
unlike LMW heparins with respect to the nature of their backbone, 
which is essentially completely non-aromatic. In fact, in terms of 
structure, sulfated LMWLs are unlike any other class of anticoagu-
lants investigated to-date, including the heparins, the coumarins, 
the hirudins, the peptidomimetics and the small molecule direct 
inhibitors. Functionally, the sulfated LMWLs display plasma and 
blood anticoagulation similar to that of LMW heparins (6, 7). Yet 
mechanistically, the sulfated LMWLs were found to exhibit a novel 
mechanism of anticoagulation involving an exosite II-mediated al-
losteric inhibition of thrombin (8). This represents the first 
example of an exclusive exosite II-dependent inactivation of 
thrombin’s catalytic function. 

Figure 1: Comparison of structures of heparins (A) and sulfated 
LMWLs (B). A) UFH or LMW heparin is a polysaccharide composed of alter-
nating glucosamine and uronic acid (either iduronic or glucuronic) residues 
that are linked to each other in 1→4 manner. The saccharides residues are 
variably sulfated resulting in phenomenal structural heterogeneity. The aver-
age molecular weight of UFH is ~15,000, while it is 3,000–5,000 for LMW 
heparins. Heparins contain an average of ~2.6 sulfates per disaccharide unit. 
B) CDSO3, FDSO3 and SDSO3 are chemo-enzymatically prepared oligomers, 
which can also be thought of as a complex polymer composed of dihydroben-
zofuran and phenoxy propanoic acid units connected through β-O-4 or β-5 
linkages (shown as shaded ovals). The average molecular weight of sulfated 
LMWLs is in the range of 3,000–4,000. On average these molecules contain 
one sulfate group every 2-3 monomer units. 
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performed in an otherwise identical manner to the direct in-
hibition assay. Logistic equation I was used to fit the dose-depen-
dence of residual proteinase activity to obtain the IC50. 
 
Equation I:   

 
In this equation Y is the ratio of residual proteinase activity in 

the presence of inhibitor to its absence (fractional residual activ-
ity), YM and YO are the maximum and minimum possible values of 
the fractional residual proteinase activity, IC50 is the concentration 
of the inhibitor that results in 50% inhibition of enzyme activity, 
and HS is the Hill Slope. HS does not represent co-operativity be-
cause sulfated LMWLs are highly complex species that may possess 
multiple binding modes and geometries. Sigmaplot 8.0 (SPSS, Inc. 
Chicago, IL;USA) was used to perform non-linear curve fitting in 
which YM, YO, IC50 and HS were allowed to float. 

Inhibition of fibrinolytic activity of plasmin by 
sulfated LMWLs 

A suspension of fibrin was prepared as described in the literature 
(10). Briefly, a fibrin clot was prepared from thrombin cleavage of 
fibrinogen in 0.3 M NaCl containing 1 mM EDTA at 37°C. The clot 
was washed with water, dissolved in 150 ml of 8 M urea, dialysed 
against water to remove urea and the fibrin suspension finally 
heated at 70°C for 5 minutes. Following cooling, 4 ml of 15% glu-
cose containing 5% gelatin was added to 14 ml of the fibrin suspen-
sion and the mixture sonicated for 30 minutes at 42 KHz. 

A 10 μl aliquot of plasmin (2 nM) was incubated with 10 μl 
FDSO3 solution (to give 1.3 – 6.4 μM final concentration) and 680 
μl of 20 mM Tris HCl buffer, pH 7.4, containing 100 mM NaCl, 2.5 
mM CaCl2 and 0.1% PEG8000 at 37°C in a 20000 polyethylene gly-
col-coated polystyrene cuvette. To this solution, 300 μl fibrin sus-
pension as prepared above was mixed and the transmittance at 600 
nm monitored. The increase in transmittance as a function of time 
was fitted by an exponential equation II to derive the observed rate 
constant of reaction (kOBS) and maximal change in the transmit-
tance (Tmax). In this equation, T0 corresponds to the transmittance 
value at time 0. 

 
Equation II:    

Plasmin binding studies 

Plasmin interaction studies were performed at 25°C and in 50 mM 
Tris-HCl buffer, pH 7.4. Fluorescence experiments were perform-
ed using a QM4 fluorometer (Photon Technology International, 
Birmingham, NJ, USA). Equilibrium dissociation constants (KD) 
for the sulfated LMWLs – plasmin complex were determined by 
titrating the LMWL into a solution of plasmin in the absence of 
UFH and monitoring the decrease in the fluorescence at 340 nm 

(λEX = 280 nm). Sulfated LMWLs also absorb at 280 nm and induce 
small inner filter effects. Inner filter effects were calculated from 
A280 values of sulfated LMWLs and the geometry of fluorometer 
cell using the equation developed by Parker and Barnes (11, 12). 
These effects were found to be approximately 10 – 20% for FDSO3 
and were subtracted from the fluorescence of the complex to ob-
tain the change in fluorescence due to plasmin binding (ΔFOBS). 
The slit widths on the excitation and emission side were 2 mm. The 
decrease in fluorescence signal due to the formation of the com-
plex was fit to the quadratic equilibrium binding equation III to 
obtain the KD,App of interaction. In this equation, ΔF represents the 
change in fluorescence due to the formation of the complex follow-
ing each addition of the ligand ([LMWL]O) from the initial fluor-
escence FO and ΔFMAX represents the maximal change in fluor-
escence observed on saturation of plasmin ([PL]O). A binding stoi-
chiometry of 1:1 was assumed for the LMWL – plasmin inter-
action. 
 
Equation III:   
 
 
 

Michaelis-Menten kinetics of Spectrozyme PL and 
Spectrozyme TH hydrolysis by plasmin in the presence 
of CDSO3 

The initial rate of Spectrozyme PL hydrolysis by 8 nM thrombin 
was monitored from the linear increase in absorbance at 405 nm 
corresponding to less than 10% consumption of the substrate. The 
initial rate was measured as a function of various concentrations of 
the substrate (10 to 600 μM) in the presence of fixed concentration 
of CDSO3 (0–60 nM) in 20 mM Tris-HCl buffer, pH 7.4, at 25°C. 
The data was fitted by the Michaelis-Menten equation IV to deter-
mine KM,app and VMAX. Hydrolysis of Spectrozyme TH by plasmin 
in the presence of CDSO3 was also followed in an identical 
manner. In this experiment, Spectrozyme TH was screened in the 
range of 25 μM to 1 mM concentration range, while plasmin was 
present at 16 nM in the final solution.  
 
Equation IV:    

Competitive binding of sulfated LMWLs to plasmin in 
the presence of heparin 

The apparent equilibrium dissociation constant (KD,App) of the 
sulfated LMWL – plasmin complex was measured in the presence 
of fixed concentrations of UFH spectrofluorometrically at pH 7.4, 
at 25°C. The decrease in intrinsic tryptophan fluorescence was 
analyzed in the same manner as above using equation III to obtain 
the KD,App.. 
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Comparison of crystal structures of plasmin and 
thrombin 

Structures of plasmin and thrombin for analysis were prepared 
from the crystal structures of plasmin-streptokinase complex 
(PDB entry 1BML) (13), thrombin-heparin octasaccharide com-
plex (1XMN) (14) and thrombin-haemadin complex (1E0F) (15). 
Both heparin octasaccharide and haemadin are exosite II ligands. 
Sybyl 8.1 was used for visualisation, generation of molecular sur-
faces, and electrostatic potential maps. Other than adding hy-
drogen atoms in Sybyl, no other structural optimisation such as 
minimisation was performed. The side chain of Lys236 residue in 
1XMN is not defined (14), however it is defined in the thrombin-
haemadin co-complex (15), which served the purpose of identify-
ing the corresponding residue in plasmin. The plasmin present in 
the plasmin-streptokinase complex contains a S741A mutation to 
eliminate its enzymatic activity (13). This change was not expected 

to significantly affect the comparison of plasmin and thrombin 
with regard to heparin binding. Connolly surfaces were generated 
using a probe radius of 1.4 Å in the standard Molcad algorithm 
available in Sybyl 8.1. The polypeptide chains of plasmin and 
thrombin were aligned using the sequence alignment algorithm of 
Sybyl. 

Results and discussion 

Sulfated LMWLs inhibit plasmin in the absence of 
antithrombin 

The discovery of the interaction of sulfated LMWLs with electro-
positive domains of trypsin-like enzymes to induce inhibition (6, 
8) suggested that human plasmin may also be a likely target of these 
interesting macromolecules. To assess this possibility, the enzy-
matic activity of plasmin in the presence of three sulfated LMWLs, 
namely CDSO3, FDSO3 and SDSO3 (Fig. 1B), was studied under 
pseudo-first order conditions. The enzyme activity was followed 
by spectrophotometric determination of the initial rate of hy-
drolysis of chromogenic substrate, Spectrozyme PL. As the con-
centration of the sulfated LMWL was increased, the residual plas-
min activity progressively decreased (�Fig. 2). Under similar con-
ditions, UFH and LMW heparin displayed no inhibition of human 
plasmin even at concentrations as high as 26 μM (not shown). The 
decrease in enzyme activity by sulfated LMWLs could be fitted 
using the logistic dose–response equation I to derive the IC50 value 
of inhibition (�Table 1). 

CDSO3 and FDSO3 displayed IC50 values of 242 and 760 nM 
with almost complete inhibition of plasmin (Y0 ~0). SDSO3 dis-
played 1.7 to 5.3-fold reduced potency in comparison to the other 
two and also did not fully inhibit the enzyme (Y0 = 0.24). These re-
sults indicate that the sulfated LMWLs studied here are potent di-
rect inhibitors of human plasmin. 

Figure 2: Direct inhibition of plasmin by sulfated LMWLs. The inhibition 
of human plasmin by CDSO3 (squares), FDSO3 (triangles) and SDSO3 (circles) 
was determined spectrophotometrically through a chromogenic substrate 
hydrolysis assay at pH 7.4 and 25°C. Solid lines represent sigmoidal fits to the 
data to obtain IC50, HS, YM, and YO values (equation I), as described in Materi-
als and methods. 

Table 1: Inhibition parameters for sulfated LMWLs inhibiting human 
plasmin in the presence and absence of antithrombin.a aThe IC50, HS, 
YM, YO values were obtained following non-linear regression analysis of di-
rect and indirect inhibition assays. The inhibition assays were performed in 50 
mM Tris-HCl buffer, pH 7.4, at 25°C through spectrophotometric measure-

 Parameter CDSO3 FDSO3 SDSO3 UFH LMW heparin 

Without antithrombin IC50 (nM) 242 ± 28b 760 ± 24 1285 ± 60 >26,000c >40,000c 

HS 0.73 ± 0.19 0.98 ± 0.10 2.30 ± 0.89 n/ad n/a 

YM 0.97 ± 0.04 1.01 ± 0.01 1.96 ± 0.03 n/a n/a 

YO –0.15 ± 0.16 0.05 ± 0.04 0.24 ± 0.09 n/a n/a 

With antithrombin IC50 (nM) 262 ± 12 1040 ± 36 1151 ± 66 -e >222,000c 

HS 1.11 ± 0.20 1.60 ± 0.30 1.86 ± 0.24 - - 

YM 0.99 ± 0.03 1.01 ± 0.02 0.98 ± 0.03 - - 

YO 0.01 ± 0.07 0.17 ± 0.05 0.03 ± 0.14 - -

ment of residual plasmin activity following incubation of the enzyme and the 
inhibitors (see Materials and methods). bErrors represent ± 2 SE. cEstimated 
values based on the highest concentration of the inhibitor used in the experi-
ment. dNot applicable. eNot performed. 
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These results are similar in principle to direct inhibition of 
thrombin by LMWLs, wherein the order of potency was found to 
be CDSO3 = FDSO3 > SDSO3 (6, 8). With respect to thrombin, 
however, the sulfated LMWLs are nearly 13-fold more potent (IC50 
= 18 nM for CDSO3 and 94 nM for SDSO3). 

Equation I also provides values of Hill slopes (HS) of the in-
hibition curves. HS values ranged from 0.7 to 2.3 for direction in-
hibition of plasmin by sulfated LMWLs and correspond to the 
steepness of the inhibition profile. Although the common inter-
pretation of HS is the level of co-operativity of the system, in the 
present case this is unlikely because of the highly complex nature of 
ligands. Each sulfated LMWL studied herein is a complex mixture 
of structural species, which may possess multiple modes of bind-
ing with multiple geometries in the same binding site. These 
multiple sequences may also exhibit competitive phenomena re-
sulting in further complexity. Thus, a priori a multivalent molecu-
lar analysis of Hill-type is not advisable. Despite this complexity, 
the analysis of direct plasmin inhibition profiles by sulfated 
LMWLs shows that HS values are generally closer to 1.0, except for 
a slightly higher value for SDSO3 (Table 1). It is interesting to note 
that the HS values for plasmin inhibition are similar to that found 
for thrombin inhibition and possibly suggest similarity of the two 
systems. 

Although the three sulfated LMWLs appear to be rather similar 
in terms of their polydispersity, heterogeneity and level of sulfation 
(6), subtle structural differences exist between them. Whereas 
CDSO3 and FDSO3 are primarily composed of β-O-4 and β-5 
inter-monomeric linkages (Fig. 1B), the 3,5-dimethoxy substitu-
tion present in SDSO3 does not allow the formation of β-5-linked 
chains. This suggests that β-O-4 linked chains possess plasmin 
(and thrombin) inhibition property. Yet, higher inhibition poten-
cy, as shown by CDSO3 and FDSO3, is likely to arise from the β-5 
chains. 

Presence of antithrombin does not affect plasmin 
inhibition by sulfated LMWLs 

AT, a serpin and an important regulator of coagulation, is known 
to inhibit several enzymes, including plasmin (16–20). To test 
whether the presence of the serpin enhances the efficacy of the 
three sulfated LMWLs to inhibit human plasmin, the direct in-
hibition protocol was modified to include a fixed concentration of 
AT (20 nM). A sigmoidal decrease in plasmin activity with sulfated 
LMWL concentrations on a semi-log plot was observed (not 
shown) in a manner similar to direct inhibition experiments, 
which yielded IC50 values of 262, 1040, and 1151 nM for CDSO3, 
FDSO3 and SDSO3, respectively (Table 1). This indicates that the 
presence of antithrombin marginally affects the IC50 of the three 
sulfated LMWLs. This result is in contrast to the thrombin system, 
wherein the AT-mediated pathway is known to be a competing side 
reaction for CDSO3 and FDSO3, but not for SDSO3 (19). 
The presence of AT also did not affect the non-inhibitory nature of 
LMW heparin (Table 1). In fact, even ~10-fold higher LMW hepa-

rin concentrations in comparison to those used in the direct in-
hibition assays resulted in no increase in the level of inhibition of 
plasmin (not shown). Literature suggests that heparin accelerates 
antithrombin inhibition of plasmin 20- to 100-fold (17, 18), how-
ever, a majority of these studies appear to have been performed at 
low salts concentrations ([NaCl] < 50 mM), while our studies were 
performed at physiological salt concentrations ([NaCl] = 150 
mM), which may explain the discrepancy. In fact, previous studies 
on heparin binding to plasmin estimate an affinity of approxi-
mately 100 μM under low salt conditions (19), which further sup-
port current results. 

Sulfated LMWLs inhibit plasmin hydrolysis of fibrin 

The observation that sulfated LMWLs inhibit plasmin hydrolysis 
of chromogenic substrates does not directly imply that these novel 
molecules will also inhibit plasmin hydrolysis of polymeric fibrin. 
To test whether sulfated LMWLs are inhibitors of plasmin hydroly-
sis of fibrin, a transmittance assay was used. Polymeric fibrin was 
first prepared from fibrinogen following a literature procedure 
(10) and dispersed in 20 mM Tris-HCl buffer, pH 7.4, at 37°C. The 
dispersed polymeric fibrin occludes light, thereby reducing the 
transmittance of the sample. Plasmin degradation of fibrin in-
creases the transmittance of the sample, which provides a conveni-
ent measure of the rate of this enzymatic hydrolysis. 

�Figure 3 shows change in transmittance at 600 nm of fibrin 
samples hydrolysed by human plasmin in the presence of 0 to 6.4 
μM FDSO3. A characteristic increase in transmittance was ob-
served, as would be expected for an enzyme – substrate reaction, 
which could be fitted by an exponential equation II to derive the 
observed rate constant of the reaction (kOBS) and the maximal 
change in transmittance (Tmax). The kOBS decreases from 2.8±0.2 
ms-1 in the absence of FDSO3 to 0.93±0.16 ms-1 in the presence of 
6.4 μM FDSO3. Similarly, the Tmax value reduces from 8.1±0.2 to 
5.3±0.3 % as the FDSO3 concentration increases from 0 to 6.4 μM. 
These results suggest that sulfated LMWLs are effective inhibitors 
of plasmin hydrolysis of polymeric fibrin. 

[CDSO3]O Spectrozyme PL Spectrozyme TH 

KM VMAX KM VMAX 

(nM) (μM) (mAbsU/min) (μM) (mAbsU/min) 

 0 24.3 ± 2.3b 70.7 ± 1.6 239 ± 27c 210.0 ± 8.5 

30 41.1 ± 4.6 46.9 ± 1.1 210 ± 16 153.7 ± 4.0 

60 46.5 ± 8.4 28.9 ± 1.4 192 ± 38 101.4 ± 6.7 

90 48.6 ± 12.7 24.7 ± 1.7 149 ± 30  60.9 ± 3.7

Table 2: Hydrolysis of Spectrozyme PL and Spectrozyme TH by plas-
min in the presence of CDSO3.a aKM and VMAX of Spectrozyme PL and Spec-
trozyme TH hydrolysis by plasmin were measured as described in Materials 
and methods. bError represents ± 1 SE. 
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CDSO3 inhibits human plasmin by disrupting its 
catalytic apparatus 

To understand the molecular basis for sulfated LMWLs inhibiting 
plasmin, we studied the Michaelis-Menten kinetics of Spec-
trozyme PL hydrolysis at pH 7.4 and 25°C in the presence of 
CDSO3, a representative sulfated LMWL. Plots of the initial rates 
versus Spectrozyme PL concentration were hyperbolic, as expected 
(�Fig. 4A), from which the Michaelis constant (KM) and maximal 
velocity of the reaction (VMAX) were derived (�Table 2). The re-
sults show that as the concentration of CDSO3 increased from 0 to 
90 nM, the KM value increased nearly 2-fold. This suggests that the 
presence of CDSO3 disfavors the binding of the chromogenic sub-
strate to the active site of plasmin. In contrast, the VMAX value de-
creased steadily from a high of 70.7 mAbsU/min in the absence of 
CDSO3 to a low of 24.7 mAbsU/min at 90 nM CDSO3 (Table 2). 
Thus, the presence of CDSO3 brings about significant structural 
changes in the active site of plasmin, which decrease its efficiency 
of conversion of the Michaelis complex into products. 

To confirm that the structural changes induced in plasmin by 
CDSO3 binding are generic in nature, and not specific to Spec-
trozyme PL alone, the kinetics of hydrolysis of Spectrozyme TH 

was studied. Spectrozyme TH is a thrombin substrate, but retains 
some affinity for plasmin. Presence of CDSO3 decreased the KM 
and VMAX nearly 1.6- and 3.4-fold (Fig. 4B, Table 2). Thus, in 
contrast to Spectrozyme PL, the interaction of Spectrozyme TH is 
more favored in the presence of CDSO3, while the catalytic appar-
atus is made dysfunctional. 

FDSO3 competes with heparin for binding to plasmin 

To determine the site of sulfated LMWL binding to plasmin, we 
measured the affinity of FDSO3-plasmin complex in the presence 
of UFH. Recently the interaction of sulfated LMWLs with AT was 
studied in detail using fluorescence spectroscopy (19). Binding of 
sulfated LMWLs to the serpin resulted in nearly 100% decrease in 
intrinsic tryptophan fluorescence, which could be fitted by a quad-
ratic binding equation III to obtain the equilibrium dissociation 
constant KD. 

Utilising an identical protocol, plasmin was first titrated against 
FDSO3 at pH 7.4 and 25°C in the absence of any competitor. A 
characteristic decrease in plasmin fluorescence at 340 nm (λEX = 
280 nm) was observed, which reached a plateau at approximately 
600 nM FDSO3 (�Fig. 5). It is possible that this decrease orig-
inates from inner filter effects of FDSO3 absorbing at the exci-
tation wavelength (19). However, even at low levels of FDSO3, 
wherein inner filter effects are non-existent, a characteristic de-
crease can be noted. Subtraction of inner filter effects due to back-
ground absorption, followed by non-linear regression analysis re-
sults in a KD of 35 nM (�Table 3). Addition of 29 nM UFH in the 
pH 7.4 buffer containing no added NaCl resulted in a small right 
shift of the fluorescence profile (Fig. 5), which resulted in an appar-
ent KD of 117 nM, a 3.4-fold increase. Likewise, increasing the con-
centration of UFH to 296 nM further weakened the affinity of 
FDSO3 for plasmin to 781 nM. These results suggest that FDSO3 
competes with heparin for binding to human plasmin. 

To assess whether the competition between heparin and FDSO3 
is ideal, the KUFH of UFH-plasmin interaction in 50 mM Tris-HCl, 
pH 7.4 at 25°C was calculated from the Dixon-Webb relationship 
(equation V) for the two conditions tested.  

 
Equation V:   

 

Figure 3: Inhibition of fibrinolysis by a sulfated LMWL. Human plasmin 
hydrolysis of fibrin was followed in a spectrophotometric assay in the pres-
ence of varying concentrations of FDSO3 (●=1.3 μM, ❑=3.9 μM, ▲=4.5 
μM, ❍=6.4 μM) at pH 7.4 and 37°C. The increase in transmittance at 600 nm 
due to plasmin cleavage of fibrin was monitored as a function of time and 
fitted by an exponential equation to derive the observed rate constant of in-
hibition (kOBS) and maximal change in transmittance (Amax). Solid lines repre-
sent the exponential fits to the data. 

Figure 4: Michaelis-Menten kinetics of 
Spectrozyme PL (A) and Spectrozyme (TH) 
hydrolysis by human plasmin in the pres-
ence of CDSO3. The initial rate of hydrolysis at 
various substrate concentrations was measured 
spectrophotometrically in pH 7.4 buffer as de-
scribed in ‘Materials and methods’. The concen-
trations of CDSO3 chosen for study include 0 
(❍), 30 (Δ), 60 (❑), and 90 nM (◊). Solid lines 
represent non-linear regressional fits to the 
data by the Michaelis-Menten equation IV. 
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where KUFH refers to the equilibrium dissociation constant of 
UFH-plasmin complex. The KUFH values from 29 and 296 nM UFH 
experiments were calculated to be 12.1 and 13.7 nM. These results 
suggest that a Dixon-Webb-related proportional increase in appar-
ent affinity of FDSO3 for plasmin is observed with the increase in 
the concentration of the competitor. Thus, the competition be-
tween heparin and FDSO3 for human plasmin appears to be essen-
tially ideal. 

Comparison with structure of thrombin–heparin octasacchar-
ide complex identifies an exosite-II like domain in plasmin as a 
plausible binding site for sulfated LMWL.  
The similarity of the phenomenon of sulfated LMWLs binding to 
plasmin and thrombin suggested the possibility that the two 

Figure 5: Interaction of FDSO3 with human plasmin in pH 7.4 buffer 
at 25°C in the presence and absence of heparin. The decrease in intrin-
sic fluorescence of plasmin (λEX = 280 nm, λEM = 340 nm) that accompanies 
binding of FDSO3 was used to determine the KD of FDSO3–plasmin complex. 
UFH was present in the titrations at 0 (❒), 29 (ο) and 296 nM (Δ) concen-
trations. Solid lines represent non-linear fits to the data using quadratic 
equation III. See Materials and methods for details. 

 KD (nM) ΔFMAX 

At 0 mM NaCl and 0 nM UFH  34.6 ± 6.3b –0.86 ± 0.02 

At 0 mM NaCl and 29 nM UFH 117 ± 11 –0.88 ± 0.04 

At 0 mM NaCl and 296 nM UFH 781 ± 108 –1.29 ± 0.16

Table 3: Affinity parameters for FDSO3 binding to human plasmin in 
the presence and absence of unfractionated heparin.a aThe KD and 
ΔFMAX values were obtained following non-linear regression analysis of spec-
trofluorometric determination of FDSO3 binding to plasmin in 50 mM Tris-
HCl buffer, pH 7.4, at 25°C (see Materials and methods). bErrors represent ± 
1 SE.

Figure 6: Comparison of crystal structures of human plasmin and 
thrombin. Shown is a comparison of plasmin and thrombin structures from 
‘1BML’ (plasmin – streptokinase complex) and 1XMN (thrombin – heparin 
octasaccharide complex) files. The structures were aligned and the orien-
tation of individual residues in the two structures compared to assess similar-

ities and differences. Several basic (shown in blue van der Waals surfaces) 
and hydrophobic (shown in orange van der Waals surfaces) residues in ex-
osite II of human thrombin were found to correlate well with comparable 
residues present in human plasmin. Heparin oligosaccharide present in the 
1XMN structure is shown in the stick representation. See text for details. 
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enzymes may contain a homologous site that recognises these 
novel molecules. The observation that sulfated LMWLs compete 
with heparin suggested that the binding site on plasmin is likely to 
be a domain homologous to exosite II of thrombin. 

To assess the above possibility, the structures of human plasmin 
(13) and human thrombin (14, 15) were superimposed. The ex-
osite II-like domain in human plasmin was identified as the region 
corresponding to the octasaccharide binding site in thrombin. 
This domain retains the “S” shaped exosite II channel of thrombin 
(�Fig. 6), which is lined by electropositive and hydrophobic resi-
dues. The basic residues include Lys645, Arg637 and Arg779, which 
correspond in three-dimensional space to Arg101, Lys87, and 
Arg233 of thrombin. In addition, Arg776 of plasmin may equate to 
a protonated His230 of thrombin. The hydrophobic residues in-
clude Val704, Leu725, Phe780, Val787, and Trp783 in plasmin cor-
responding to Ile162, Phe181, Leu234, Val241, and Trp237 of 
thrombin, respectively. Significant residue level differences do 
exist. For example, there are no counterparts in plasmin to throm-
bin’s Arg93, Arg126, Lys236, and Lys240. Likewise, selected aro-
matic side chains (Phe232, Phe245) are also not present in plas-
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min. The reduced electropositive and hydrophobic character of the 
exosite-II like domain in plasmin, as compared to that in throm-
bin, may be the reason for the reduced inhibition potency of 
sulfated LMWLs for plasmin. Overall, the three-dimensional 
structural and topological similarity with exosite II of thrombin 
suggest the possibility that sulfated LMWLs interact with the cor-
responding domain in plasmin. 

Significance 

The observation that sulfated LMWLs are able to inhibit human 
plasmin, in addition to thrombin and factor Xa reported pre-
viously (6, 8), is exciting. Molecules that inhibit both these 
enzymes in an allosteric manner are rare, primarily because the 
structures of plasmin and thrombin, although based on the trypsin 
scaffold, are sufficiently different with respect to their exosites. In 
fact, UFH, the prototypical exosite modulator, is able to induce 
plasmin inhibition at sub-physiologic ionic strengths (17, 18), but 
its interaction with exosite II of thrombin is not inhibitory. Thus, 
the ability of sulfated LMWLs to inhibit both enzymes under 
physiological conditions is novel and expected to be very useful. 

Clinically, several disordered conditions are known in which 
both thrombin and plasmin are active. In disemminated intrav-
ascular coagulation (DIC), the normally tightly regulated pro-
cesses of coagulation and fibrinolysis escape endogenous control. 
The result is widespread clotting due to thrombin action followed 
paradoxically by bleeding due to plasmin action (21, 22). Throm-
bin and plasmin also play important roles in angiogenesis and 
cancer invasion (23–25). Thus, simultaneously inhibiting both 
enzymes can be expected to be useful in thrombosis as well as 
thrombosis-dependent cancer. 

From the viewpoint of sulfated LMWLs, these are expected to 
function better than multiple agents targeting multiple disorders 
because single-drug poly-pharmacology represents an increase in 
efficiency, while offering a relative decrease in possible side and/or 
toxic effects. Additionally, in a prophylactic setting, presence of the 
multi-effect drug is expected to protect better against follow up at-
tacks. For example, the presence of sulfated LMWLs may auto-
matically protect against bleeding in DIC when used to protect 
against excessive coagulation. 

Yet, challenges exist in engineering sulfated LMWL-based phar-
maceutical agents for treating these complex pathologies. For 
example, CDSO3 is a heterogeneous mixture. Whether a select 
group of molecules in this mixture is the cause of both plasmin and 

thrombin inhibition remains to be determined. However, recent 
studies with homogeneous, chemically synthesised small mol-
ecules designed in our laboratory show that the property of in-
hibiting coagulation enzymes is resident in the common 3-5 scaf-
fold present in these sulfated LMWLs (26). Thus, sulfated LMWLs 
provide the first platform for engineering pharmaceutical agents 
with allosteric and dual (plasmin and thrombin) inhibition prop-
erty. 

The allosteric mechanism of inhibition of the two targeted 
enzymes is also of considerable interest. Allosteric modulation 
enzyme function is especially useful because it affords better regu-
lation. In the case of sulfated LMWL induced, exosite II-mediated 
inhibition of thrombin, regulation (or reversal of inhibition) can 
be theoretically achieved with sucrose octasulfate, a heparin mi-
metic and an exosite II ligand. Whether this ligand can reverse 
sulfated LMWL inhibition of human plasmin remains to be estab-
lished. Yet, the possibility of such reversal is likely to offer better 
outcomes. 

Overall, the chemo-enzymatic origin of sulfated LMWLs 
coupled with dual plasmin and thrombin inhibition properties 
present novel opportunities for designing new pharmaceutical 
agents that regulate complex pathologies in which both systems are 
known to play important roles. 
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