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ABSTRACT. Haemadin is a 57-amino acid thrombin inhibitor from the land-living leetgemadipsa
sylvestris whose structure has recently been determined in complex with hartrombin. Here we
communicate the effect of ionic strength on the kinetics of the inhibition of humgunombin by haemadin,

by using thrombin mutants modified in exosite Il. Data analysis has allowed both the ionic and nonionic
binding contributions to be ascertained, with the nonionic component being virtually the same for all of
the thrombins that have been examined, while the ionic binding energy contributions varied from molecule
to molecule. In the case of the native humethrombin—haemadin complex, ionic interactions contribute

—17 kJ/mol to the Gibbs free energy of binding, this being the equivalent of up to six salt bridges. These
salt bridges make up 20% of the total binding energy at zero ionic strength, and this has been attributed
to the C-terminal tail alone. In addition, the contributions of the N-terminal and C-terminal regions of
haemadin to its tight binding have been ascertained by using derivatives of both haemadin and thrombin.
Limited proteolysis using formic acid produced haemadin cleaved between residues 40 and 41, removing
the majority of the C-terminal tail. This truncated haemadin displayed a 20000-fold reduced affinity for
thrombin, and was no longer a tight binding inhibitor. A form of thrombin in which the active site serine
has been blocked by diisopropy! fluorophosphate binds to haemadin, but with a 72000-fold reduced affinity,
indicating that the N-terminus is more important than the C-terminus for strong binding.

Thrombin is a trypsin-like serine protease, which has a rather inaccessible active site due to two striking loop
central role in the processes of both thrombosis and hemo-insertions but also two patches of positive surface potential
stasis. In the process leading to clot formatiarthrombin which play a critical role in its binding to substrates and

performs several major roles. First, it converts soluble
fibrinogen into fibrin, and second, it activates the trans-
glutaminase factor Xlll, which subsequently cross-links
adjacent fibrin monomersl). Additionally, via proteolytic

activation of G protein-coupled PARsind of the unique

platelet receptor GPIb-IX-V, thrombin induces platelet
aggregationZ—4). Thrombin also promotes its own produc-

inhibitors: the fibrinogen-recognition exosite (also termed
anion-binding exosite 1) and the heparin-binding exosite (or
anion-binding exosite 11)9).

Haemadin is a 57-amino acid peptide first identified in
the saliva of the land-living leeddaemadipsa sykstris(10),
which binds tightly to thrombin with & of 2.44 x 10713
M. In the X-ray crystal structure of the humarthrombin—

tion by activating essential nonenzymatic cofactors V and haemadin complex, which we have recently determidd) (

VIl (5) as well as factor XI§). Conversely, thrombin, when

haemadin binds to the active site of thrombin, with its

bound to the endothelial membrane receptor thrombomodu-N-terminus forming a parallg-sheet with thrombin residues

lin, becomes a potent activator of both protein@dnd the

procarboxypeptidase thrombin-activatable fibrinolysis inhibi-
tor (8), which leads to the simultaneous deactivation of the
coagulation cascade and the inhibition of fibrinolysis.
Specific features of thrombin’s structure include not only a

Ser214-Gly2162 Additionally, haemadin makes many other
contacts with the active site, including a salt bridge between
arginine 2l (the suffix “I” identifies haemadin residues) and
aspartate 189 of thrombin in the S1 pockdthe compact
core of haemadin (residues-187) makes further interactions
mainly through its A and C loops with the 60- and 96-loops
of thrombin, while the acidic C-terminal tail covers the
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! Abbreviations: DIPF, diisopropyl fluorophosphate; DIP-thrombin,
diisopropylphosphorylthrombin; HPLC, high-performance liquid chro-
matography; HM2(%+41), residues +41 of hirudin variant 2 from
Hirudinaria manillensis haemadin(140), haemadin residues-40;
hirudin(1—43), residues +43 of hirudin fromH. medicinalis MES,

additional contacts in the crystal structure of the C-terminal
tail with exosite | of a neighboring thrombin molecule, the
exact nature of the binding of the C-terminal tail of haemadin
to exosite Il was not fully ascertained, and this study seeks
to address this question.

morpholineethanesulfonate; PARs, protease-activated receptors; PEG, 2The numbering of thrombin is based on chymotrypsinogen numb-

poly(ethylene glycol); S-2238-Phe-pipecolyl-Arge-nitroanilide; TFA,
trifluoroacetic acid; Tos-GPR-AMC, tosyl-Gly-Pro-Arg-aminomethyl
coumarin; Tris, tris(hydroxymethyl)aminomethane.

ering ©).
3S1 designates the corresponding subsite for the P1 residue of a
substrate; for a detailed explanation, seelrf
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The effect of ionic strength on the kinetics of inhibition
of humana-thrombin, and a number of mutant thrombins,

Richardson et al.

mined using a concentration of thrombin ofsx61071° M,
with the concentrations of both substrates (S-2238 and Tos-

with haemadin has been examined using a modification of GPR-AMC) being varied from 5 to 2&M. The initial

the Debye-Hickel theory which has been shown to be
applicable at higher ionic strengthk3j. This treatment has
allowed the binding energy of haemadin for each of the

velocities that were obtained (five points) were fitted to the
Michaelis—Menten equation using linear regressidg)(
Haemadin Cleaage and KineticsHaemadin was cleaved

complexes that has been examined to be calculated and tdetween residues Asp40l and Pro41l using the formic acid

be divided into ionic and nonionic contributions. In addition,
theko, at infinite ionic strength has been ascertained, as well

method to produce a truncated form, haemadi@(@), which
has been isolated to homogeneity as described below. A

as the average distances between the charged groups in thsolution of haemadin (17ag/mL) had formic acid added

complex of haemadin with native thrombin, and with four
other thrombin mutants. Additionally, limited proteolysis of

until it was a 70% (v/v) formic acid solution and was heated
at 40°C for 48 h. The resultant solution was diluted with

haemadin and the use of a chemically altered thrombin have20 volumes of water and applied to a reverse phase source
been used to probe aspects of the structure and evaluate theRPC ST column (Amersham Pharmacia Biotech), where it

importance with respect to tight binding of both the N- and
C-terminal regions of haemadin, at both low and high ionic
strengths.

EXPERIMENTAL PROCEDURES

Materials. Humana-thrombin was prepared from frozen
plasma as previously describeldf and was pure as judged

by gel electrophoresis and sequencing. Thrombin mutants
where basic residues have been mutated to glutamic acid

were prepared as previously describ&8, (L6). Thrombins

used were not less than 95% active as determined by active

site titration (L7) using 4-methylumbelliferyp-guanidoben-

zoate. Haemadin was prepared according to the method o

Strube et al. 10). All other reagents were of the highest
purity available commercially.

Amidolytic Assays of Thrombiislow and tight binding
assays were performed at 25 as previously described().
Tight binding assays were performed with a final concentra-
tion of 500 pM humana-thrombin (or mutant), being
preincubated for more than 30 min with inhibitor (6.2.4-
[Eq]), in 50 mM Tris-HCI (pH 8.3), 50 mM NacCl, and 0.1%
PEG6000. A plot of velocity against concentration of

was eluted using a linear gradient from 10 to 90% aceto-
nitrile/water with 0.1% TFA on an HPLC system. The
resultant protein was judged pure from protein sequencing
data and from mass spectral analysi$z(4198.7,Mcqc =
4200.1). The concentration of the inhibitor as determined
for usage in the experiments described below was determined
by UV absorption using a UVIKON 943 double-beam
spectrophotometer. The absorption coefficient for the inhibi-
tor (e250= 0.696 mg* cn¥) was determined using molecular
absorption coefficients of 1280 and 120~Mcm™? for
tyrosine and cysteine residues, respectivaf).(In a similar
way, the concentration of intact haemadin was determined

tfor use in the experiments described using the same method,

with the absorption coefficient4go= 0.468 mg* cn¥?) being
calculated in the same manner.

Ki values for the humam-thrombin—haemadin(1+40)
complex were determined as follows. Solutions of 3010
M thrombin in 50 mM Tris-HCI (pH 8.3), 50 or 500 mM
NacCl, and 0.1% PEG6000 at 2& with varying concentra-
tions of haemadin(240) were taken, and the assays were
started by the addition of substrate. Initial rate velocities were
recorded at four different substrate concentrations (from 20
to 125 x 10°® M) and used to construct Dixon plots. The

haemadin (seven points) was fitted using nonlinear regression,q|tionship of the inverse of the initial velocities versus

to eq 1 to obtain th&;.. This procedure was repeated using
varying substrate concentrations (x@D0uM S-2238), and
the resultingK; values (five points) were plotted against

inhibitor concentration [£4 x 108 M (four points)] was
analyzed using linear regression, with tkevalues being
determined by standard procedures using the equation which

substrate concentration using weighted linear regression 04escribes competitive inhibitiorig). Associative rate con-

eq 2, with the points weighted to the inverse square of their
standard errors to obtain th&.

Slow binding assays were conducted usingu®5 Tos-
GPR-AMC as a substrate in 50 mM Tris-HCI (pH 8.3), 50
mM NaCl, and 0.1% PEG6000 with varying inhibitor
concentrations (1530[Eg]). The reaction was started by the
addition of 10 pM humaru-thrombin or mutant thrombin
(final concentration), and a plot of the amount of product
formed against time (33 points) was fitted using nonlinear
regression to eq 3 to obtain tlig,, A plot of kapp against
inhibitor concentration (four points) was fitted to eq 4 to
obtain thekyn. Thekq was calculated from thi§; value and
the kon Value by using the equatid; = Kosi/Kon.

lonic strength was calculated assuminglg, pf 8.1 for
Tris at 25°C (18), with the ionic strength being checked by

stant ko) values for the thrombinhaemadin(340) complex
were determined using pseudo-first-order kinetics. A 500
volume of a solution of x 10°8 M haemadin(%-40) in 50

or 500 mM Tris-HCI (pH 8.3), 50 mM NacCl, and 0.1%
PEG6000 was taken, and the assay was started by adding
thrombin to a final concentration of ¥ 10° M. Every 5

min, a 25uL aliquot was taken and added to 22b of 217

uM S-2238 in the same buffer described above, where the

initial velocity was measured. Alongside this reaction, a
reaction without inhibitor was performed as a control. The
initial velocity is proportional to the amount of uninhibited
thrombin present in the assay, and obeys the equatien

Vo exp(—kapd) (21). Nonlinear regression on velocities taken
against time was fitted to this equation to give a value for
Kapp and theky, value was determined by dividinigy, by

measuring the conductance of the solutions. In all cases, thethe inhibitor concentration.

ionic strength measured was within 5% of the theoretical
value.

The kinetic constants for each of the mutant thrombins

toward substrates S-2238 and Tos-GPR-AMC were deter-

DIP-Thrombin Preparation and KineticIP-thrombin
was prepared by a modification of the method of Stone et
al. (22). A solution of humana-thrombin (12x4M) in 55
mM NaCl and 0.5 mM MES (pH 6.0) was incubated at room
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temperature with 1 mM diisopropyl fluorophosphate (DIPF)  The dissociation constant of the inhibitd) is given by
for 30 min. After this time, an aliquot was taken and tested Kqfi/Kon.

for thrombin activity using the chromagenic substrate S-2238. In the case of tight binding inhibition, where binding of
If the thrombin activity was greater than 0.01% of the activity the inhibitor causes a significant depletion in the amount of
of the original solution, more DIPF was added until the free inhibitor, the variation of the steady state velocity) (
concentration was 1 mM greater than it was previously, and with the total inhibitor concentrationl) is given by the
after 30 min, the solution was reassayed for thrombin activity. following equation:

This procedure was repeated until the thrombin activity was

<0.01% of the original activity. The thrombin solution was vs= (v/2E){[(K; + I, — E)* + 4K,E]*° —

then exhaustively dialyzed against 50 mM Tris-HCI (pH 8.3), (K. +1,—E)} (1)
50 mM NaCl, and 0.1% PEG6000, and its concentration was

determined by measuring its absorption at 280 nm accordingwhereu, is the velocity in the absence of inhibitdg, is the

to the method of Fenton et al3). total enzyme concentration, akgl is the apparent inhibition

The inclusion of DIP-thrombin in assays of steady state constant 24).
rates against inhibitor concentration (conducted as described In the case of competitive inhibition, the dissociation
previously in Amidolytic Assays of Thrombin) caused an constant K;) of a tight binding inhibitor can be calculated
increase in theki which was linear when plotted against from the apparent inhibition constar;{ via the following
the concentration of DIP-thrombin added. The variation of equation:
the value of the dissociation constant obeyed eq 2 as would
be expected for a competitive ligand. TKe derived from Ki =K1+ SK,) (2)
the steady state experiments without DIP-thrombin, divided
by the slope of this plot [from O to 50 nM DIP-thrombin whereSis the competing substrate concentration &pds
(six points)], gave a value of th¢ for the DIP-thrombin- the Michaelis constant of the substrate for the enzy2de (
haemadin complex. In the case of slow binding inhibition, the amount of

Peptide Synthesis and Kinetickhe synthesis of amino- ~ Product formed[) in a certain time{) is described by the
terminal peptides H-IRFGMGKV-Npiand H-IRFGMGKVP-  following equation:

NH, based on the first eight and nine amino acids of _

haemadin, respectively, was achieved by the solid phase P =g+ (1o~ vJ[1 — expChkopf)l kg, +d - (3)
method (1 mmol scale) employing the classical protocols
for the N-a-Fmoc strategy. After cleavage from the resin,
the products were precipitated with a mettgrit-butyl ether/
hexane mixture, and the crude peptides were purified by
preparative RP-HPLC eluted using a linear gradient from 0
to 100% of a 0.1% aqueous TFA/0.08% TFA mixture in
CH3CN, with the products being obtained upon lyophiliza- fr
tion. The resultant proteins were judged to be pure from mass
spectral analysig{z 905.6,Mqac = 905.5) and1fyz 1002.6, Kapp = [Kor/ (1 + SK I + Koy (4)
Mcac = 1002.6).

Ki values for huma-thrombin—peptide complexes were  The standard Gibbs free energy of formation of the complex
determined as follows. Solutions of 6:x110-° M thrombin (AG®) (also termed the binding energy) is given by the
in 50 mM Tris-HCI (pH 8.3), 100 mM NaCl, and 0.1% following equation wherd is the gas constant andis the
PEG6000 at 25°C with varying concentrations of each absolute temperature:
peptide were taken, and the assays were started by the
addition of substrate. Initial rate velocities were recorded at AG®, = RTInK; (5)

a substrate concentration of 150 10°® M and used to . o . o .
construct Dixon plots. The relationship of the inverse of the 1N€AG’ can be dLV'ded into an ionic componem&®ion)
initial velocities versus inhibitor concentration800 x and a nonionic AG®no) component:

10°® M (seven points)] was analyzed using linear regression, o — ACO o

with the K; values being determined by standard procedures AGT, = Ao T AGng ©)
using the equation which describes competitive inhibition £rom the Debye Hiickel theory, the value oAG®, will

(19). . o be dependent on the ionic strengtl) &ccording to the
Theory and Data AnalysisThe inhibition of an enzyme  gquation

in the presence of substrate can be illustrated by the following
scheme where E is thrombin, S is substrate (S-2238 or Tos- AG®,, = AG®n0 eXP—Cyv/1) (7)
GPR-AMCQ), | is haemadin, and P is products:

whereus is the steady state velocity, is the initial velocity,

Kapp is the apparent rate constant (unrelateditp andd is

a time displacement term inserted to account for the fact
that at time zero the amount of product may not have been
known accurately.

From thek,pp, the constantk,, andk.i can be calculated
om the equation below26):

where AG®qno iS the ionic interaction energy at an ionic

Kn Ko strength of zero an@; is a constant that is related to those
E+S=ES—>E+P terms in the DebyeHuckel screening parameter that are
+ independent of ionic strengths, and the distance between the
! two chargesZ6).
otr 4 Kon However, Debye Hiickel theory is only applicable at low

EI ionic strengths, and several semiempirical terms must be
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introduced to account for deviations. One such treatment hasTable 1: Kinetic Constants of Thrombin Mutants at 0.05 M Tris
been shown to be applicable to higher ionic strengths in the (pH 8.3), 0.05 M NaCl, and 0.1% PEG6000 at X5
case of proteins(7—29):

fold increase
Ki relative to Kon Koff

AG%, = AG°iono[exp(—C1\/l)]/(1 + Cl\/l) 8) (x1013 M) native  (x100M-1s?) (x105s?)

- . . . native  2.44+ 0.14 1.00 9.32+1.65 2.27+0.42
Substitution of eqgs 7 and 8 into eq 6 gives the followmg KBOfE  2.48+ 0.57 1.02 10.5+ 0.23 2.62+ 0.60
expression for the dependence of binding energy on ionic R73E  3.37+ 0.52 1.38 7.20+0.39  2.424+0.40
strength: R75E  2.514+0.73 1.03 9.46:0.38 2.37+0.70
R93E  24.1+0.12 9.89 1.46+0.38  3.51+0.92

o _ Ao ° _ K149eE 2.34+ 0.35 0.96 11.74£0.57 2.73:0.43
AG, = AG’ o + AG®o [exp(-Cv/II(L + C1) (9) K169E 2.29+ 0.63 0.94 9.78:0.84  2.24+ 0.65
S _ _ R233E  7.33+ 0.45 3.01 4.444+0.49 3.25+0.41

In the case of ionic interactions, tkg will also be dependent  K235E  2.45+ 0.41 1.01 9.15:0.92  2.24+0.43
on ionic strength, and the following equation can be derived K236E  4.22+ 0.3C 1.73 6.55£0.30 2.77+£0.24
K240E 12.9+0.87 5.30 2.70+0.24  3.48+0.39

from eqgs 7 and 8 to describe this dependence:

In kon = (ln kona)(_AGOionO/RT)[exp(_Cl\/l)]/

a Denotes values previously determined in 1éf

(1+ CV/1) (10) A 73
724 @ Native
wherekqng is the association rate constant at infinite ionic - 0 K236E
strength. — : R233E
A simple way to evaluate ionic forces is to treat the solvent 3 7 S ro
as being a continuum having a dielectric consta(®0): 2 699
z; 68
AG®,,, = (L252€") /(A€ yedag) (11) 7 6]
whereL is the Avogadro constant, andzs are the charges 66 \"—'—v—v—v—-—'—q
of the ions,e is the elementary chargey is the vacuum 6502 T o2 05 oo o7  os
permittivity, € is the effective dielectric constant of the ) ) ’ 4-1 ’ ' ’
solvent, andag is the distance between the charge centers. B
RESULTS 8.00 ® Native
O K236E
Consideration of ionic strength effects for the Debye 7754 A R233E
Huckel theory requires that low ionic strengths be used. ) A K240E
However, a modification of the Debyéiickel theory, which & v R93E
has previously been shown to be applicable at higher ionic g
strengths 27—29) and has been applied in the case of ,
thrombin (3), has proved to fit the data more accurately 25
than the DebyeHouckel theory. The dissociative and as- v\'ﬁ‘*—v—-—v—v-v
sociative rate constants for thrombin and four thrombin [y I ,

mutants were determined over a range of ionic strengths from 02 03 04 3‘5 06 07 08
0.0695 to 0.5195; these higher ionic strengths were used to !

i i i Ficure 1: (A) Effect of ionic strength on the binding energies of
%Lﬁgrg,;/rzzgt%s:es of protein which frequently occur at lower complexes of haemadin with thrombin and thrombin mutants. The

=Y . . . binding energies of thrombin or thrombin mutants in complex with
The kinetic constants of haemadin with huneathrombin, haemadin are plotted against the square root of the ionic strength.

and with 10 other thrombin mutants, where a basic residue Points are experimental ones derived from kqeusing eq 5, and
has been mutated to a glutamic acid, at an ionic strength ofthe lines represent the best fit to eq 9 with the points weighted to
0.0695 are shown in Table 1. The investigation of ionic the inverse square of their standard errors. (B) Effect of ionic

. . . . . . strength on the associative rate constkgtfor association of
interactions between the C-terminal tail of haemadin required ,aemadin with thrombin or thrombin mutants. Values of the

that mutants of the heparin binding site (exosite Il) be associative rate constant are plotted against the square root of the
considered which, as shown in Table 1, have a significant ionic strength. Points are experimental, and the lines represent the

effect on theK; compared to that of native thrombin or other best fit to eq 10 with the points weighted to the inverse square of
thrombin mutants. In addition to the mutants that have elr standard errors.

already been tested), theK; values of another four mutants Of the exosite Il mutants, which were implicated in
(K60fE, R75E, R169E, and K235E) were measured and their haemadin binding as shown from their high¢r values
similarity in binding energy to native thrombin effectively (compared to that of native thrombin) in Table 1 (R93E,
ruled them out as being involved in thrombihaemadin R233E, K236E, and K240E), along with native thrombin,
interactions. In addition, thie,, of humana-thrombin, along the effect of ionic strength on tH§ is shown in Figure 1A.
with 10 mutants with haemadin, was measured at an ionic As can be seen from the graph, th&°, decreases as the
strength of 0.0695, and this enabled tkg for all the ionic strength increases. The data from these curves were
thrombins to be determined. Both these figures are shownfitted to eq 9 using weighted nonlinear regression, and the
in Table 1 along with their standard deviations. results of these analyses are shown in Table 2. This analysis
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40+

Table 2: Parameters for the Effect of lonic Strength on the Binding
Energy of the ThrombirHaemadin Complexes 36
C —AG®pno (kJ/mol)  —AG®yi, (kJ/mol) -

native  2.26+0.24 16.9+ 0.86 66.2+ 0.32 T 321

K236E  2.504+ 0.35 14.3+1.20 66.2+ 0.29 L

R233E 2.72+ 0.52 11.2+ 151 66.1+ 0.27 > 284

K240E  3.524+0.70 8.91+ 1.82 66.0+ 0.15 -

R93E 4.67+ 1.60 4.84+ 2.51 65.7+ 0.07 24
Table 3: Parameters for the Effect of lonic Strength on the Rate 20*//
Constant for Association between Thombins and Haemadin 6 5 10 15 20 25 30 35 40

—AGono 7|<on81 . |<of5f . [1] (nM)

. 1 (k¥mol) (x10'M77s7) (x107s7) Ficure 2: Dixon plot of humare-thrombin inhibition by haemadin-
natve 237037 17.74261 1.00+0.12  2.51+0.22 (1-40) at four chromagenic substrate concentrations. Points are
K236E 1.99+0.20 11.8+0.73  1.00+£0.08  2.89+0.38 experimental, and the lines represent the best fit by linear regression.
R233E 2.16£0.40 864+121  1.14+0.10 3.29+0.47 In all cases, the linear regression coefficients we@9%.

K240E 2.44+0.41 6.75+0.98 114+ 0.06  3.54+ 0.33
R93E  1.90+1.52 1.85+0.78 1.09+£0.11  3.64+0.48

Table 4: Values of Kinetic Constants at Extremes of lonic Strength
for Thrombin and Haemadin Derivatives

allowed the binding energyAG®°,) to be divided into a

nonionic component XG°y,) and an ionic component complex/parameter I#=0.0695 I#=0.5195
(AG®ng). As Table 2 shows, of the five thrombins that were  haemadin(40)—thrombin/ 4.93+0.14 5.67+ 0.16
analyzed, theAG°y, values are very similar, and have a Ki (x107°M) _

weighted mean value of-65.8 + 0.10 kJ/mol, which haemadif(t 40y thombin/  2.76+022  243£0.23
suggests that the mutations that have been made have only ha';"r;(azilﬁD'\lﬂp_tﬁm)mbm, 1764 0.11 1235 0.74

affected the ionic interactions between the proteins. However, Ki (x1078 M)
the AG®ono Values of native thrombin and the mutants were
different in each case, which suggests that the binding
energies for these particular amino acids are different with _ _ ) _
respect to their binding to the tail of haemadin. Examination Kinetic analysis. The amino acid sequence of haemadin
of the C; values shows a general increase as the binding contains one arginine and four Iysme reS|dges, of which Fhe
energies of the mutants decrease. N-terminal head region of haemadin contains both a lysine

In addition, these mutants were used to evaluate the effect2nd arginine. Therefore, the use of trypsin-like enzymes to
of ionic strength on the associative rate constaptthese cleave off the C-terminal tail region of haemadin would have
data being shown in Figure 1B, which shows that the a!so gleaved off the N-terminal hgad Qf thg inhibitqr.
association rate constaky, decreased as the ionic strength Likewise, the presence of hydrophobic amino acids (proline,
was increased. The data from these curves were fitted byglqtamlc aC|d,.or aspartic acid) either in the N-terminal region
weighted nonlinear regression according to eq 10, and the©f in haemadin’s loops made the use of other enzymes such
results of these analyses are shown in Table 3. The result®S chymotrypsin, proline endopeptidase, endoproteinase Glu-
of these analyses gave the valuekg for thrombin and C, and endoproteinase A;p-N _alsc_) unattractive. However,
the thrombin mutants, this value representing kheat an  the presence of an aspartic aejoroline bond allowed the
infinite ionic strength where only nonionic forces play a role Selective hydrolysis of haemadin with 70% formic acid. After
in the association between the molecules. These figures agurification, the product was characterized by N-terminal
shown in Table 3 are remarkably close, having a weighted S€duencing, as well as by mass spectroscopy, with the purity
mean value of (1.08 0.08) x 10’ M~* s, The analysis being c_onﬂrmed by quantitative N-terminal analysis with
of these data allowed another set of figures AgB°no to llell being greater than 99%.
be obtained. The figures from both analyses were generally The resulting product haemadir{40) no longer exhibited
in agreement in the case of native thrombin, but in the casetight binding inhibition, but was still a competitive inhibitor,
of the mutant thrombins, the figures were an average of 2.56and itsK; was determined from a plot of\Lagainst inhibitor
kJ/mol lower than the ones derived from Figure 1B. The concentration (Dixon plot) as shown in Figure 2. As seen in
values for the complexes from Table 3 were generally quite Table 4, haemadin(140) possesses an inhibition constant
similar, having a weighted mean value of 2.440.30. 20000 times higher than that of intact haemadin [(493

In general, when the data from Figure 1A were fitted to 0.14) x 10° M compared to (2.44t 0.14) x 10 M],
the Debye-Hiickel equation (eq 7) and the data from Figure indicating that loss of the acidic tail severely impairs
1B were fitted to the DebyeHiickel version of eq 1@In haemadin(+40) binding to humare-thrombin. A similar
kon = IN kongl —AG®iond/ RT)(exp(—C1+/1))}, the sum of the situation was seen for tHg,, which was less for haemadin-
squares and the standard errors were slightly higher than(1—40) [(2.76 £ 0.22) x 10®° M~ s71] than for intact
when egs 8 and 10 were used. In all cases,Ghealues ~ haemadin [(9.32: 1.65) x 10’ M~* s71].
were~60% higher and th&G®,no Values were on average With haemadin binding at sites distinct from the active
~15% lower, while theAG®n, and kong values were ap-  site (11), thrombin with a modified active site would be
proximately the same. expected to compete witlr-thrombin for the formation of a

The removal of the C-terminal tail of haemadin required complex with haemadin. Indeed, the inclusion of DIP-
a specific cleavage strategy to produce a pure product forthrombin in steady state measurements caused an increase

2| is ionic strength.
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in the Ky, which was linear when plotted against the recombinant hirudin). Thedg, values for thrombin inhibi-
concentration of DIP-thrombin added (data not shown). The tors have been shown to be more important for therapeutic
alteration of thrombin’s active site using DIPF caused a usage than th&; value for in vivo thrombin inhibition, due
72000-fold increase in thi§; of the inhibitor [from (1.76+ to the concentration of thrombin in the thromb®8,(34).

0.11) x 108 to (2.44+ 0.14) x 1013 M], indicating that The weighted meaky,g for the haemadin complexes from
haemadin binds to DIP-thrombin less strongly than to Table 2, compared to those of hirudin complex&3),(is
o-thrombin. (1.08 4+ 0.08) x 10"’ M~ st versus (1.32t 0.25) x 10°
The kinetic constants of the humanthrombin-haema- ~ M~!s™%, or 8 times higher. This indicates that the high
din(1—40) complex and the human Diithrombin—hae- of the humano-thrombin—haemadin complex is less de-

madin complex at two different ionic strengths are shown pendent on ionic forces than it is for the huneathrombin-

in Table 4 for comparison. In particular, it is noteworthy hirudin complex.

that haemadin(®40) shows little change in either i (from The ko figures for all the humare-thrombin—haemadin

4,93+ 0.14 t0 5.67+ 0.16 M) or itsky, (from 2.76+ 0.22 complexes were similar, having a weighted mean of (2.73

to 2.43+ 0.23 M! s71) at low (0.0695) or high (0.5195) + 0.40) x 10° s ! which is comparable to the figure for

ionic strengths. recombinant hirudin [0.98x 10°° st (35)]. The major
The synthetic amino terminal peptides (H-IRFGMGKYV- kinetic difference between the complexes is in K¢ the

NH, and H-IRFGMGKVP-NH) based on the first eight and  values of which for both complexes have different profiles

nine amino acids of haemadin, respectively, iadalues ~ When plotted against ionic strength.

in the micromolar range [(3.2F 0.30) x 107%and (3.01+ The weighted mean of the AG®iono from Tables 2 and 3
0.14) x 10°% M, respectively]. of —16.964+ 0.96 kJ/mol shows that ionic interactions make

up 20% of the total binding energy at zero ionic strength of
DISCUSSION the humanu-thrombin—haemadin complex.

. . . Haemadin(+40) binding being virtually unaffected by
We have recently determined th.e three-d|m_enS|onaI crystalioniC strength (see Table 4) indicates that the majority of
structure of the humam-thrombin—haemadin complex,

which revealed that haemadin binds both to exosite Il of the ionic interactions come from the tail region of haemadin.
: . ) > F . S Additional proof for this hypothesis is that DIP-thrombin
thrombin and to the active site, making it a unique inhibitor

of thrombin (L1). However, due to crystal contacts, the exact binding to intact haemadin is dependent on ionic strength
nature of the binding of t’he C-terminal tail of haémadin to (see Table 4). The difference in binding energies for the DIP-

thrombin was not revealed thrombin—haemadin complex at ionic strengths of 0.0695
, _ o _ and 0.5195 is 4.82 kJ/mol. This figure is close to the

The primary aim of this work was to determine the igterence in the binding energies of the huneathrombin—
component of the binding energy of the hureathrombin- haemadin complex at the same ionic strengths, which is 4.56
haemadin complex that is due to ionic interactions, and how | 3101 Vet further proof comes from the fact that the
many of the_:se ionic interactions are_fro_m the acid rich tail |5 es for haemadin(40) are virtually unchanged at ionic
of hae_madm._ Knowledge of the b_|nd|ng energy of the strengths of 0.0695 and 0.5195 (see Table 4).
C-terminal tail and the average distance between these Knowing that haemadin’s C-terminal tail is responsible
interactions should enable us to estimate how many ionic for most of the—16.96+ 0.96 kJ of ionic interactions at an
bonds 't. forms with exosite Il Also congldered was the ionic strength of zero allows us to estimate how many ionic
relative Importance O_f the C-termlnal_ peptide c_ompared 10 jnteractions take place. Using a figure of -4.0 kJ per
tﬂe N;ermmal peptide of haemadin when it binds to participating ionic contribution, as for the tail of hirudin and
t rombin. ) , . exosite | of thrombif (13), this converts to approximately

Itis useful when referring to haemadin to compare it with o residues playing a role in interactions with exosite 1.
another leech inhibitor, hirudin, a 65-amino acid protein from This figure is close to our observations where the four
the medicinal leectHirudo medicinalis(31), due to their  ytants present in Tables 2 and 3 (Arg93, Lys236, Arg233,
S|m|.lar|t|es, parucularly_ in their fc_)Ids, and. in their nonca-  anq Lys240), as well as Arg101 (as in the crystal structure),
nonical modes of binding of their N-termini to the active e il implicated in ionic binding of haemadin to thrombin.
site of thrombin. However, these two leech-derived peptides A more accurate assessment comes from the fact that by
differ drastically when it comes to the binding location of Debye-Hiickel theory the constar€; should be equal to
their acidic C-terminal peptides, with hirudin binding t0 e third of the separation distance between the chat@ps (
exosite | and haemadin to the diametrically opposite exosite Using the weighted mean of th@; values for the native
I (1D). S human a-thrombin—haemadin complex (2.2% 0.27) to

At an infinite ionic strength, th&; values for complexes  optain this distance, and substituting it into eq 11, gives an
of haemadin and recombinant hirudin (calculated from ref average energy of an ionic interaction 62.53 kJ/mol. If
13) with humana-thrombin are 2.9% 10*?and 1.87x  the AG® o Of the humano-thrombin-haemadin complex
1011 M, or 6.3 times higher for hirudin, indicating haemadin (—16.96+ 0.96 kJ) is divided by this number, it yields an
is the better binder at an infinite ionic strength. At a blood eyen higher number, 6.7, as the number of ionic interactions
ionic strength {154 mM), theK; values are 2.9k 1073 in the complex. Interestingly, this number is close to the value
and 5.65x 10713 M, with recombinant hirudin [the clinically  derived from reported data from the humarthrombin—
approved form of hirudin 32)] being about half that of
haemadin. The comparison ki, values at a physiological 4The crystal structure of the humanthrombin-hirudin complex

ionic strength shows a slightly lowég, value for haemadin - (ppg entry 1HTC) contains almost no direct salt bridges, but contains
(4.28 x 10/ M~ s compared to 6.3% 10° M~ s for several indirect ones.
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C-Terminal
T

Ficure 3: X-ray structure of the humam-haemadin complex. Haemadin is depicted as a red and white rope with its C-terminal tail and
core region being explicitly labeled, as well as residue Glu49l which forms a salt bridge with Arg101 of thrombin in the complex. Thrombin

is shown in blue and white, in the “standard orientatiofQ)( i.e., with the active site cleft facing the viewer and substrates running from

left to right. Shown explicitly are the basic side chains of thrombin which have been mutated to glutamic acid, which consequently increases
the K; of the complex. Also shown are the catalytic triad (Asp102, His57, and Ser195) into which haemadin inserts its N-terminal peptide.
This figure was prepared with SETORI)).

recombinant hirudin complexX 8), where the result is 6.25.  binding energy AG°,,) Of the ionic binding contributions
The 2-fold higheiC, value of haemadin compared to that of in the humar-thrombin—haemadin complex, which at the
hirudin (13) shows that the C-terminal tail of haemadin is same ionic strength (0.0695) is equal+®.83 + 0.28 kJ/
not as tightly bound by ionic forces. mol. This 5-fold disparity indicates that the C-terminal tail
However, calculation of the distance between charges for of haemadin contributes more than just ionic interactions to
the humana-thrombin-hirudin complex using eq 11, the the energy of binding. This additional loss of energy may
distance is 4.3 A13), which is 66% of the figure for the  be attributable to the large reduction in tagof the complex,
human o-thrombin—haemadin complex. These distances which decreases 338-fold. The corresponding changerin
appear to be correct when the X-ray structures are inspectedyalues is only a 60-fold increase, indicating that the C-
with the C-terminal tail of hirudin being closer to thrombin terminal tail of haemadin has greater implications for the
than the C-terminal tail of haemadin (PDB entries 1EOF and Kon than for theko.
1HTC). From Tables 2 and 3, it is evident that there is not an
Concerning the N-terminal peptide of haemadin, DIP- equal energy loss upon haemadin binding to each mutant,
thrombin has a 72000-fold reduced affinity for haemadin, which suggests that the ionic interactions are specific in
this figure being higher than the 20000-fold reduced affinity nature. These results are in line with those from hirudin
haemadin(+40) has for thrombin. This indicates that the mutants, where ionic residues mutated to neutral residues
amino-terminal peptide of haemadin is more important for caused different changes in th&G°, values in their
binding than the tail region. The synthetic amino-terminal complexes with human-thrombin @5).
peptides based on the first eight and nine amino acids of In conclusion, the contribution of ionic interactions in the
haemadin are reasonably strong inhibitors of thrombin, humana-thrombin—haemadin complex is much smaller than
havingK; values in the micromolar rangAG°, values of for the humaro-thrombin=hirudin complex, with it relying
—31.31 and—31.52 kJ, respectively, closely match the loss much less on ionic interactions in forming a tight complex
of free energy due to thrombin being blocked by diisopropyl and in its rate of association with thrombin. At least five
fluorophosphate, which is 27.74 kJ. This figure is larger than residues in the C-terminal tail of haemadin interact using
for the DIP-thrombin-hirudin complex, which loses 18 kJ/  ionic forces with thrombin, which is similar to the number
mol of binding energy under the same conditior2?)( that hirudin utilizes, the major difference being that the
indicating that haemadin binds more strongly to the active binding distances are 50.00% greater for haemadin. As

site than hirudin. shown in Figure 3, the location of haemadin’s C-terminal
TheK; of the humaro-thrombin—haemadin(#40) com- tail is approximately correct in terms of its location with

plex is ~2 orders of magnitude stronger than those of the respect to residues with which it is known to interact, and

equivalently cleaved peptide complexes from HM2{1L) in terms of its distance from them.

[Ki = (4004 50) x 107 M (36)] and hirudin(1-43) [K; = Unlike in hirudin, ionic interactions are not as vital for

(299 + 12) x 10° M (37)], which suggests that the haemadin’s high rate of association with thrombin, which
C-terminal tail of haemadin is less important for binding to both inhibitors achieve through their C-terminal tails. Thus,
thrombin than that of hirudin or HM2. the tail of haemadin can be seen as an orienting structure,
Removal of the tail of haemadin causes a 24.58 kJ decreaséut using fewer long-range ionic forces to orient it than
in the binding energy, and this decrease is larger than thehirudin. This suggests that other factors, such as some form
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of cooperativity in binding, play a role in the rate of

19

association, as has been seen for ionic residues in the human

a-thrombin—hirudin complex 88). In this way, the haema-
din’s C-terminal tail may differ from hirudin’s tail which is
in a stable conformer when it binds to thromba8), whereas

haemadin’s may actively seek an orientation; this seeking

behavior may also apply to its N-terminal peptide.
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