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ABSTRACT. Electrostatic interactions between the thrombin anion-binding exosite-I (ABE-I) and the hirudin
C-terminal tail play an important role in the formation of the thrombiirudin inhibitor complex and
serves as a model for the interactions of thrombin with its many other ligands. The role of each solvent
exposed basic residue in ABE-I (AfgLys®, Arg®’, Arg”, Arg™®, Arg’"3 Lys®!, Lys!®, Lys!10 and Ly$4%9

in electrostatic steering and ionic tethering in the formation of thrombirudin inhibitor complexes

was explored by site directed mutagenesis. The contribution to the binding endsfyily each residue
varied from 1.9 kJ moft (Lys!19 to 15.3 kJ mot! (Arg”®) and were in general agreement to their observed
interactions with hirudin residues in the thrombinirudin crystal structure [Rydel, T. J., Tulinsky, A.,
Bode, W., and Huber, R. (1991). Mol. Biol. 221 583-601]. Coupling energiesAAGy,) were
calculated for the major ion-pair interactions involved in ionic tethering using complementary hirudin
mutants (h-D55N, h-E57Q, and h-E58Q). Cooperativity was seen for the #Asp’® ion pair AAG},
2.4 kJ mot?); however, low coupling energies for h-ASfLys!4% (AAGP, 0.6 kJ mof?) and h-GI&¥
Arg’’@ (AAG?, 0.9 kJ mot?l) suggest these are not major interactions, as anticipated by the crystal
structure. Interestingly, high coupling energies were seen for the intermolecular ion-pait’hAGI (
AAG;, 2.3 kJ mot?) and for the solvent bridge h-GllArg’"@ (AAG;, 2.7 kJ mot?) indicating that
h-GIw®’ interacts directly with both Ar§ and Arg’2in the thrombir-hirudin inhibitor complex. The
remaining ABE-I residues that do not form major contacts in tethering the C-terminal tail of hirudin
make small but collectively important contributions to the overall positive electrostatic field generated by
ABE-I important in electrostatic steering.

Human thrombin is a trypsin-like serine protease charac- are important for the rate of complex formation and the
terized by two anion-binding exosites adjacent to the active stability of the complexZ3) and as such, are likely to be
site which are necessary for the binding of several ligands applicable for all the ligands that bind to ABE-I. The crystal
to overcome steric hindrance of the occluded active site cleft structure of human thrombin complexed with recombinant
(1). Anion-binding exosite-l1 (ABE-f has been shown to be  hirudin [variant 1] (5—17) reveals the globular N-terminal
important for the binding of fibrinogen2¢5), fibrin (6), domain of hirudin lying over the active site cleft of thrombin.
HCII (7, 8), PAR1 @, 10), thrombomodulin%, 11-13), and The C-terminal tail, rich with acidic amino acids, extends
the leech inhibitor hirudini4—17). Anion-binding exosite- away from the active site toward the ABE-lI where it
Il (ABE-Il) is principally involved in the binding of participates in several electrostatic, hydrogen bonding and
glycosaminoglycan bound serpins ATIIT,(18, 19), HCII hydrophobic contacts. The major electrostatic interactions
(7, 8, 18), and PN1 20, 21). Both exosites have been between the C-terminal tail of hirudin and the ABE-I are
implicated in the binding of the coagulation factors V and ion-pair interactions between h-Gfuthe h-preceding the
VIII (22). Kinetic studies on the inhibition of thrombin with  amino acid denotes a hirudin residue) and®y3 h-Asp»®
recombinant hirudin (rhir) have shown that electrostatic with both Arg’® and Ly$4% h-GIW® and Arg’@ and the
interactions between ABE-I and the C-terminal tail of hirudin C-terminal h-GI° carboxylate and Ly&. An intermolecular
ion-pair interaction is also seen between hfGand Arg®
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and make no ionic contact24). Theoretical calculation of  pNA concentrations. The initial reaction velocities were
electrostatic fields surrounding the thrombin ABE-I and the plotted against [S] and then fitted to the Michaellenten
hirudin acidic C-terminal tail show the residues h-&land equation by nonlinear regression analysis to determine the
h-GIu? could contribute to the electrostatic fiel2l5). These values ofK,, andk.s. Hirudin is a slow tight-binding inhibitor
electrostatic fields are asymmetric and complementary andof thrombin 7) and the minimum kinetic mechanism which
protrude into the solvent where they preorientate and increasedescribes the interaction of hirudin (I) with thrombin (E) is
the rate of complex formation by the process of “electrostatic given by the following scheme:

steering” 5). In general, theoretical calculations agree with

site directed mutagenesis studies showing a significant E+ ‘Li El

contribution of binding energy by hirudin residues for the kz

generation of an electrostatic field including the residues , .
h-GIft and h-GI? (24). The dissociation constant for the compléx)(can be related

the overall association rate constakt)(and the overall

To fully understand the contribution of ABE-I basic . S )
y dissociation rate constarity] by the expressioK; = ka/k;.

residues for “electrostatic steering?5) and the formation . ) ) L
of direct ion-pairs in “ionic tethering” Z6) for complex For_the majority of native and mutant thromblns and hlru_d|ns,
formation, we determined the contribution made by the basic estimates ofKi, ki, and k; were obtained by analyzing
residues in ABE-I (Aré®, Lys®, Args”, Arg™, Arg’s, Arg772 progress curves for the thrombin cataly_zed format_|on of
LyseL, Lysio® Lysil® and Lyd99 to the binding energy for p-nitroaniline from the substrate BHPhe-Pip-ArgpNA in

the f’ormatic;n of tr’1e thrombinhirudin complex. Double the presence of different concentrations of hirudin. Each

mutant cycles were constructed with complementary hirudin progress curve was analyzed according to the equation for

mutants to assess how ion-pair interactions contribute to theSIOW t|ght-k;|nd||1_g !nhlbmon 80) and the esfimates fqr the
binding of the hirudin C-terminal tail to ABE-I and how apparent dissociation constaft)and apparent association

cooperative the interactions are over the interaction interface."at€ constantky) were calculated as descnbeq previously
Surprisingly, the double mutant cycles were particularly (14). T.he true values fo'K! and ky were adjusted by
useful in probing ambiguities between the thrombiirudin correcting for t_h_e concentration of substra28)( When non
crystal structure and kinetic studies for the formation of the Ilnez_ar c_o_rr_]pet|t|ve inhibition was observed, the values for
thrombin—hirudin inhibitor complex. Defining the contribu- the inhibition constantK,, andK, were calculated for two
tion of basic residues in ABE-I for complex formation is forms of_mutant thrombin31). .
beneficial in understanding how thrombin delineates its The Gibbs §tandarq free energy change for the fqrmgﬂon
specificity toward its many substrates, receptors, and inhibi- of the throznbmrhwudm complex (denoted as the b|_nd|ng
tors through electrostatic steering and ionic tethering, which energy,AG;) can be CaI.CL_”ated from the value §f using
would lead to the coherent design of antithrombotic agents. € following relationship:
EXPERIMENTAL SECTION AG;=RTIn K,

Materials The chromogenic substrate tdPhe-Pip-Arg- whereT is the absolute temperature of the assay (in Kelvin)
p-nitroanilide (S-2238) was purchased from Chromogenix andR is the universal gas constant.
(Quadratech, Surrey, U.K.). Human plasma thrombin was Analysis of Cooperate Interactions Using Double Mutant
purified to homogeneity from slow bleed plasmas described Cycles.Double mutant cycles were constructed to measure
previously @7) and active site titrated witlp-nitrophenol intermolecular pairwise interactions between basic residues
p'’-guanidinobenzene to determine the concentration of activein the thrombin ABE-I and acidic residues in the hirudin
thrombin molecules28). The expression, purification and C-terminal tail by determining the coupling energyXGy,
determination of the concentrations of recombinant native as follows @2, 33):
(rhir) and the variant hirudins h-D55Nh-E57Q, h-E58Q,

h-E57Q-E58Q (h-E5758Q), and h-E57QES8Q-E61Q— TH—28C

E62Q (h-E57#58-61-62Q) have been described previously (AGY) (AG%)

(25, 29). Human recombinant native and mutant thrombins AAG"b(h)l 440%

was prepared from insect cells using the baculovirus system A

as described previousl) % M
Kinetic Assays and Data Analysall amidolytic thrombin (AG) (AGY)

assays were performed at 3 in 50 mM Tris-HCI, pH BAG®,, = BAG' sy - BAG - AAG s,

8.0, 100 mM NacCl, 0.1% wi/v poly(ethylene glycolM{
6000) as described previousl27). Values forK,, and keq

for the hydrolysis of the substrate bHPhe-Pip-ArgeNA AAG, reflects the difference in thaGy between the

) . _double mutant (t,h) and the wild-type (T,H) whifeAGg,
(S2238) by wild-type and mutant recombinant thrombins and AAG;,, are the differences between the mutants t and
were determined by measuring the initial rates of hydrolysis h and wild-type T and H, respectively. The value for

of H-p-Phe-Pip-ArgpNA over a range of H-Phe-Pip-Arg- AAG?. indicates the extent to which a mutation at one

int
residue affects the contribution of the other residue to the

_ % Standard nomenclature is used to describe mutant thrombins andbinding energy. Whem\AG?, = 0, the pair of residues
hirudins. The first letter shows the amino acid in the wild-type to be analyzed do not interact, i.e., the effect of the two mutations
replaced, and the second letter shows the amino acid used for the . . . .
substitution (e.g., the mutant thrombin K @Brepresents the substitu-  are additive. When there is cooperativity between two sites,

tion of Lys*“*with Gln). AAG;, = 0, then the mutational effects are nonadditive.
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Table 1: Kinetic Parameters for the Cleavage of Apart from the mutants R67Q and R73Q, the incread& in

H-b-Phe-Pip-ArgeNA by Wild-Type and Mutant Thrombiris values were due mainly to a decrease in khevalue. For
Ko, Ko A the mutants R67Q anq R73Q there is a major change in the

thrombin (M) (59 (M1stx107) value forke that contributes to the overall value Kf.
na 36402 21565 4.1 599 Contribution of the ABE-I Residues to the Binding Energy.
plla 4.4+ 0.6 236.0+ 10.4 5.36 Small changes in binding energAAG;) were observed
R35Q 3.7+ 0.4 187.9£ 5.2 5.08 with residues in the ABE-I not involved in ion-pair interac-
K36Q 36+05  175.0+£9.9 4.86 tions with hirudin (Ly$%, Lys!®, and Ly$9). Substitution
R67Q 45805 266.3£ 10.5 5.92 f these residues with glutamine resulted in a decrease of
R73Q 5.6+ 0.5 284.3+ 8.9 5.08 0 9 e
R75Q 3.5+ 0.4 185.7+ 0.4 6.08 AAG;g from 1.9 to 2.4 kJ mot* (Table 3). Substitution of
R77Q 41404 228.3+ 7.0 5.57 residues implicated in ionic interactions (§sArg’s, Arg’®,
K81Q 4.5+0.2 224.5+3.8 4.99 and Arg’d resulted in greater decreasesAMG; except
Eﬂgg g'ﬁ 8'2 %g?% g'i g'gg for Lys'#® which is involved in a ion-pair with h-A$p
K149Q 3.0+ 0.1  187.0+ 14.8 6.23 (Table 3). The greatest decrease was seen with R73Q (15.3

A , kJ mol!) with more modest decreases seen with the
ssays to determine the values #y andk., were performed as .. .
described in the experimental procedures section. The concentration"®Maining mutants where the decrease varied from 3.6 kJ
of thrombin was 20 pM and the concentration ofoFRhe-Pip-Arg- mol~! (R75Q) to 4.5 kJ moft (K36Q). A surprising result
pNA was varied from 2 to 2@M (six data points). The initial velocities was seen with the mutant R35Q, which had a decrease in
were ﬁt.tedxts t?ﬁe'\s"é‘::r?ael”ssg"se”;%g ?hqeu\?glct);gsufsci??h\éviiiggttiidcgﬂggnts binding energy of 5.0 kJ mot since the only interaction
regression . . . .
an%l are given in the tableytoge%her with their standard errors. made by this residue is betwet_an_the NH1 of Rrgnd the
OE1 of h-GI¢® through a mediating water molecule. The
) N ] ) reciprocal mutation, h-E49Q has shown that this interaction
When AAG, is positive the residues interact favorably s minimal 36). The residues of Ly&', Leut®, Leu, Phé
while a negative value foAAG, indicates the two resi-  gnq GI§° appear to form the S$— Sy sites of thrombin. In
dues interact unfavorably. the thrombin-hirudin complex the h-GHf and h-His! side
RESULTS chains occupy these sites and are involved in a intricate
multicharge interaction involving the positive charges of
Cleavage of Hp-Phe-Pip-Arg-pNA Chromogenic Sub- Lys®®, h-His’%, and Arg® (via a mediating water molecule)
strate The catalytic activity of thrombin to the chromogenic and the negative charges of &uh-Glu*®, and possibly
substrate Hs-Phe-Pip-ArgpNA was investigated using  Glu®®2 It seems more likely that the R35Q substitution may
Michaelis-Menten kinetics. The values fdt, andkey for have disrupted this network leading to a more severe effect
the hydrolysis of He-Phe-Pip-ArgpNA by plasma and  than would be expected from the loss of an interaction with
recombinant thrombin are 44M and 236 s* and 3.6uM h-Glu.
and 216 s?, respectively. There were no significant differ- Inhibition of Thrombin Mutants by rhir MutantdVild-
ences betweel, k. and the specificity constank£/Km) type and mutant thrombins were used in kinetic studies
for the hydrolysis of chromogenic substrate by the variant against several rhir mutants to assess cooperative interactions
thrombins when compared to plasma and recombinant wild- in the interaction interface between the C-terminal tail of
type thrombin (Table 1). hirudin and ABE-I, using the double mutant cycle strategy.
Inhibition of Thrombin Mutants by rhirValues for the The kinetic parameters for the inhibition of native thrombin
association rate constat) and the inhibition constank() by the mutant hirudins h-D55N, h-E57Q, h-E58Q, h-E57
were determined for the inhibition of plasma and recombinant 58Q, and h-E5#58—61—-62Q were similar to that previ-
wild-type and mutant thrombins (Table 2). With the excep- ously published by Betz and colleague®l); The mutant
tion of the mutant R67Q, all thrombins exhibited slow, tight hirudins h-D55N, E57Q, h-E5758Q, and h-E5758—61—
binding inhibition (Figure 1). Values fdk for both plasma  62Q gave increases i, due mainly to decreases k.
(0.30 pM) and recombinant native thrombin (0.25 pM) were Values forK, for the inhibition of thrombin with h-E58Q
similar to previously published value&7, 30). The largest differed with a large increase k. The kinetic parameters
K, value observed was for the mutant R67Q. Recombinant for the inhibition of wild-type thrombin by h-E5758Q were
hirudin was a nonlinear competitive inhibitor of R67Q where similar to those seen with h-E57Q. For h-E&8Q, the
the values 5.6 and 40.0 nM were obtained Kor and K. double mutation of h-GRi and h-GI& only slightly
These values were similar to the dysthrombin Quick | where increased the&, value relative to the single substitutions.
Ki and K, were 1.4 and 44.8 nM, respectivel\31j. Interestingly, the large values flg observed for inhibition
Presumably, the mutant R67Q exists in two forms that have studies using h-E58Q was not apparent for h-E58Q. For
different affinities for hirudin as seen by thrombin Quick I. h-E57-58-61—-62Q, the effect of substituting residues
Arg®” is partially buried in the ABE-I and forms part of a h-GIW! and h-Gl§? along with h-GI§” and h-Gl&8 has a
ion-pair cluster with residues LY Glu’’, and GI§° where significant effect onK, (19.84 pM), where the rate of
it forms an ion-pair with GIgf. The interactions are important  association (3.8 10° M~1 s71) is severely affected arkd
for maintaining the integrity of the Ly$GIu® loop (35). only 2-fold greater than wild-type. Inhibition studies of the
Disruption of the ion-pair cluster by R67Q or R67C would mutant thrombins tested against all the mutant hirudins
distort this loop, thereby affecting several ionic and hydro- showed a similar trend as with wild-type thrombin, however
phobic interactions critical for the formation of a tight inhibition studies of R73Q with all the mutant hirudins and
inhibitor complex. The remaining thrombif values varied R77Q against h-D55N showeld, values were affected by
from 0.53 pM for the mutant K110Q to 96.83 pM for R73Q. decreases il,, and an increase iRos.
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Table 2: Kinetic Constants for the Interaction of Wild-Type and Mutant Thrombins with Mutants of Hirudin

form of hirudin
rhir h-D55N h-E57Q h-E58Q h-E2Q h-E4Q

kon koff kon koff kon koff kon koff kon koff kon koff
form x 10 x 105 K x 108 x10° K, x10 x 105 K x 108 x 107° K, x 100 x 10° K, x 100 x 10° K
oflla (M7is™) (s79) (pM) M7Is7) (s7) (PM) (M) (s1) (pM) (M7Is) (s7) (pM) (M7Is™) (s (pM) (M) (7)) (pM)

plla 1.41 4.23 0.30 i nd nd nd nd nd nd nd nd nd nd nd nd nd nd

rlla 1.24 3.10 0.25 0.53 3.29 0.62 0.24 545 227 116 2181 1.88 0.24 7.00 2.92 0.038 754 19.84
R35Q 0.24 4.08 1.70 0.12 5.24 437 0.04 3.67 918 0.18 1780 9.89 0.04 6.64 16.60 0.015 10.84 72.24
K36Q 0.29 4.18 1.44 0.10 2.64 2.64 0.04 3.68 920 0.20 18.82 941 0.04 6.83 17.08 0.013 8.22 63.26
R67Q 0.0012 68.0 5616

R67F nd nd 40065

R73Q 0.02 19.37 96.83 0.02 18.69 93.45 0.005 20.70 413.94 0.01 35.65 356.52 0.005 24.96 499.14 0.0013 45.97 3536.5
R75Q 0.38 3.76 0.99 0.18 4.07 2.26 0.15 543 370 036 21.60 6.00 0.13 6.27 4.82 0.025 7.02 28.07
R77Q 0.36 472 1.61 0.34 22.13 6.51 0.09 3.74 415 0.33 2294 6.95 0.15 6.81 4.54 0.035 7.72  22.07
K81Q 1.03 5.77 0.56 0.46 543 1.18 0.17 520 3.06 0.78 1840 2.36 0.16 6.54 4.09 0.036 10.41 28.93
K109Q 0.71 4.40 0.62 0.31 555 1.79 0.11 447 431 067 2459 3.67 0.13 6.99 5.38 0.032 10.87 33.96
K110Q 0.97 5.14 0.53 0.47 5.69 1.21 0.15 446 297 047 1819 3.87 0.20 7.84 3.92 0.034 8.47 24.92
K149°Q 0.79 4.52 0.58 0.86 10.32 1.20 0.08 224 280 041 1459 356 0.17 8.18 4.81 0.031 9.77 31.52

a Assays to determine the kinetic constants were performed and data analyzed as described in the Experimental Procedures. Standard errors for
these assays were10% or less? Not determined® The mutants hirudins h-E57%8Q and h-E57#58—-61—-62Q are represented by h-E2Q and
h-E4Q, respectively. Abbreviations: rhir is recombinant wild-type hirudin, plla and rlla are wild-type plasma and recombinant thrombirvelgspecti

A h-E57Q, and h-E58Q allowed the determination of cooper-
3.0 ativity between basic residues in the thrombin ABE-I and
acidic residues in the C-terminal tail of hirudin using the
double mutant cycle strategy. In general, the values for
AAG:, were small for the majority of pairs of residues

int
tested in double mutant cycles (Figure 2, Table 3) and

reflected the absence of interactions between the residues in
the thrombir-hirudin crystal structure. The major ion-pair
interactions investigated in this study (Figure 3) were
between h-Asp with Arg”® (AAG?, = 2.4 kJ mot?) and
Lys'*?¢(AAG?, = 0.6 kJ molt) and h-GI§8 with Arg”"a(

int

AAG?. = 0.9 kJ mot?). The low AAG?, values for ion-

int int

pairs between Ly4% and h-Asp® and h-Gl&8 with Arg’2
300 550 490 1200 would suggest these interactions may not occur. In the
time (seconds) thrombin—hirudin crystal structure an intermolecular ion pair
is noted between h-Gli and Arg® (AAG], = 2.3 kJ

int
B mol~1) but interestingly, a high coupling energy was seen

for Arg’?and h-Gl&" (AAG,, = 2.7 kJ mot?). In general,
the values forAAG;, were raised for the interaction of
h-GIuw?” with all mutant thrombins; however, due to the
magnitude oAAG?, for Arg”® and Arg“2with h-GIu7, it is

int

likely that h-GI” forms direct interactions with both Afg

and Arg®. High coupling energies were observed for some
residues that are specially well separated. The coupling
energies for the interaction of Afgwith h-GIW” (AAG?

int

= 1.9 kJ mof!) and h-GI¥8 (AAG, = 1.8 kJ mot?) were

int

raised and reflected an increase kg. The AAGy, for

Arg’’@against h-AspP (AAG), = —1.7 kJ mot?) indicated

int —
that substitution of these residues was especially disruptive.

g
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time (seconds) DISCUSSION

Ficure 1: Slow tight binding inhibition of recombinant thrombin . : PR

by hirudin. Panels A and B are representative of the progress curves Inhibition of thrombin .by h|r.ud|n. myolvgs at least three
obtained for the inhibition of native and mutant thrombins by Steps for complex formatior8): an initial bimolecular step

recombinant native (rhir) and mutant hirudins. Panel A shows the which involves the interaction between the thrombin ABE-I

E)rogres)s CUPF]VGS obtainefdrf]rom the inhibition <(3fW”d-WPG thrO)mbil‘l with the C-terminal tail of hirudin and a conformational
20 pM) with a range of rhir concentrations (10 pM 110 pM). change induced by the binding of the C-terminal tail within
m’;evlviﬁq ?/g?;\iﬁg“::%r:zglr\btlrtgi%r?sf gﬁhtit:r&mrl])& T;tr?,&t) R73Q (20 ABE-I whic_h facilitatgs the_ OC(_:upation of the active. site by
the N-terminal domain of hirudin in the third step. This paper
Coupling Energies for the Major lon-Pair Interactions. investigates the role of the thrombin ABE-I in “electrostatic
The kinetic parameters for the inhibition of the ABE-lI steering” 5) and “ionic tethering” 26) in the initial stages
mutants of thrombin by recombinant hirudins h-D55N, of inhibitor complex formation.
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Table 3: Free Energy and Coupling Energies for the Interaction of Mutant Thrombins with Mutant Hirudins

hirudin
rhir h-D55N h-E57Q h-E58Q
—AGy’ AAGy® —AGy’ AAGy® AAGH° —AGy® AAGy® AAGH° —AGy® AAGy® AAGH°

thrombin (kJ moi) (kJ mol?) (kJmofl?t) (kJmol?) (kJmol?t) (kJmof?) (kJmol?) (kJmof?) (kJmol?) (kJmof?t) (kJ mol?)

rlla 74.8 72.4 69.1 69.6

R35Q 69.8 5.0 67.4 5.0 0.0 65.5 3.6 1.4 65.3 4.2 0.7

K36Q 70.3 4.5 68.7 3.7 0.8 65.5 3.6 0.9 65.4 4.2 0.3

R73Q 59.5 15.3 59.5 12.9 2.4 55.7 13.4 1.9 56.1 13.5 1.8

R75Q 71.2 3.6 69.1 3.3 0.3 67.8 1.3 2.3 66.6 3.0 0.6

R77Q 70.5 4.3 66.4 6.0 -1.7 67.5 1.6 2.7 66.2 3.4 0.9

K81Q 72.7 2.1 70.8 1.6 0.5 68.3 0.8 1.3 69.0 0.6 15

K109Q 72.4 2.4 69.7 2.7 -0.3 67.5 1.6 0.8 67.9 1.7 0.7

K110Q 72.9 1.9 70.8 1.6 0.3 68.4 0.7 1.2 67.7 1.9 0.0

K149Q 72.6 2.2 70.8 1.6 0.6 68.6 1.7 1.7 67.9 1.7 0.5

aValues for AG,® and AAG,® were determined from the kinetic data presented in Table 2 as described in the Experimental Procedures.

Abbreviations: rhir is recombinant wild-type hirudin and rlla refers to

recombinant wild-type thrombin.

A

AAG
TH——20 iy

(AGY) (AGY)
N
AAG“b(h)' \ J
Th——————»th

(AGY)

R75/B57 —2tBml? o p7so/EsT

(-74.8 kT.mol") (-71.2 ki.mol")

\X
X ’f/.h,
&

5.7 kJ.mok!
-~

R75/E57Q —— > R75Q/E57Q

(AGY) (-69.1 kJ.mol") (-67.9 kI.mol)

AAG], = AAGY - MGy AAG 4, BAG = 6.9 - (-3.6) - (-5.7)
= 2.4 kJ.mol"
C 2.2 kl.mol-L D -4.3 kJ.mol"!
K149¢/DSs e K1494Q/D55 R774/E58 20 R77Q/ES58
(-74.8 1 mol") (726klmol")  (-74.8 kJ.mol) (705 kl.mol)
3 g 3 3,
Sj /U""% S‘ 5‘2')’0/‘/
K1499D55N K149¢Q/D55N  R77YE58Q ——— > R77Q/E58Q
(-72.4 KLmol) (708 Kimol")  (-69.6 ki.mol') (-66.2 kJ.mol)
MG = 4.0 - (-2.2) - (-2.4) AAG: = -8.6 - (-4.3) - (-5.2)
= 0.6 kJ.mol-! = 0.9 kJ.mol-!

Ficure 2: Determining the coupling energy using the double

complex formation by affecting local protein structure rather
than the loss of a contact. Therefore, the residues®Arg
Arg®7, Lys®: Lys!® Lys!10 and Ly$*°¢appear to contribute
mainly to the positive electrostatic field generated by the
thrombin ABE-I and is necessary for productive complex
formation by interacting with the complementary and asym-
metric negative electrostatic field generated by the hirudin
C-terminal tail by electrostatic steering.

Contribution to the Binding Energy by the Thrombin ABE-I
Residues Imolved in “lonic Tethering”. Direct ionic interac-
tions between ABE-I and hirudin are also important in
complex formation. The formation of ion pairs, termed “ionic
tethering” £6), may be important in tethering the C-terminal
tail in ABE-I allowing short-range hydrophobic interactions
to occur leading to a hydrophobic core between the hirudin

mutant cycle strategy. Double mutant cycles were constructed asand ABE-I interaction interface3g—40). The thrombinr-
shown in the Experimental Procedures and panel A. Panels B, C,hirudin crystal structurel(7) shows several ion-pair interac-
and D are representative for double mutant cycles constructed andjyns petween ABE-I and hirudin residues that could be

the coupling energy determined for the mutant thrombins and
hirudins.

ABE-| Basic Residues Contribute to the Pes&tElectro-
static Field Necessary for Electrostatic SteeriAgymmetric

involved in ionic tethering (Figure 3). Afg§forms a good
hydrogen bonded ion-pair with h-A%p The residue Arfp
forms an ion-pair with h-GRI from a neighboring molecule
in the crystal lattice. Argf2 forms an ion-pair with h-GIt#

an Complementary electrostatic fields generated by the and a water mediated solvent interaction with h%IWhlle

thrombin ABE-|l and the C-terminal tail of hirudin which

Lys®® forms an ion-pair with the carboxylate of h-G{3.3

are important for their preorientation and rate enhancementA)- The residues Ly&, Arg’, Arg™, and Arg"2all contrib-

for complex formation by electrostatic steerings). The
C-terminal tail of hirudin has a cluster of several negatively
charged residues, two of these residues, HFGind h-Gli§?

do not make direct interactions with the thrombin ABE-I
but contribute between 1 and 2 kJ.mblo the binding
energy R4, 25). Likewise, substitution of ABE-I residues
Lys®., Lys!%® and Ly$'%with glutamine gave corresponding

uted higher free energies when substituted with glutamine;
a result consistent with their observed interactions in the
thrombin—hirudin structure 17), but were slightly smaller
than expected, presumably due to solvent effects. Indeed,
these data are consistent with theoretical calculations made
by Karshikov et al. 25), for the loss of binding energy for
the removal of complementary charges in hirudin using the

decreases in the binding energy which reflected a decreasenodified Tanford-Kirk procedure and by Shargt{) who

in the association rate constant. A similar decreas&é@j
was also seen for the K14 substitution. A higites; value
was expected for this interaction as E4%8 makes a ion-
pair with the h-Asp® according to the thrombinhirudin
crystal structurel7). A double mutant cycle was constructed

used a modified finite-difference PoiseBoltzman (FDPB)
method. Reciprocal mutations in hirudin gave, in general,
similar changes in binding energy; however, the h-D55N
substitution gave an unexpected small change in binding
energy (2.3 kJ molt) than what would be expected for the

and the derived coupling energy (Figure 2) suggests thisloss of an ion-pair interaction. However, it seems plausible

interaction is unlikely to occur in solution (see below). The
two residues Argf and Arg” make no major contacts with
hirudin in the thrombir-hirudin crystal structure, however,
when substituted give greater decrease\& than ex-

that the asparagine side chain may make new and additional
contacts that compensate for the loss of the ion-pair. The
crystal structure of the 456EGF domains of thrombomodulin
complexed with thrombin42) shows a major hydrophobic

pected. Both substitutions appear to have an effect onassociation of the thrombomodulin T#—Ile**—Leu's
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Ficure 3: Stereodiagram for the binding of the C-terminal tail of hirudin in the thrombin ABE-I. The figure was drawn using RasMol v2.5
using the pdb file 4HTC. The hirudin residues-55b (bold lines) are shown in complex with thrombin ABE-I (thin lines). Hirudin residues
are numbered with the suffix “I".

triplet bound in a hydrophobic depression formed by residues contacts with Ard®. In both cases, the raised coupling energy
Phé4, Leu, Thr'4, Tyr’, and Il where there were no s paralleled by large losses in binding energy with corre-
major interactions with Ar§. Hence, hydrophobic interac-  sponding increases ky indicating that substitution of Arg

tions could substitute for ionic interactions with Afg leads to destabilization of the hirudin tail in the ABE-I. Two
Furthermore, the double mutation of R@rand h-D55N is possibilities are likely to occur. First, the h-A8fAArg”3ion-
especially unstable for complex formatiohAGy, = —1.7, pair may play critical role in tethering the C-terminal tail in

see belowky = 22.13x 1P s1), suggesting that the Afé: ABE-| facilitating h-GIlP” and h-Gl&8 to form respective
substitution destabilizes the compensating interactions madeion-pairs in ionic tethering. Second, the R73Q substitution
by h-D55N. could induce a conformational change which would affect

The majority of the ABE-I basic residues involved in ionic  several interactions at the thrombihirudin interface.
tethering contribute to the association rate constant but notEvidence against a major conformational change induced by
to the stabilization of the complex. Previous studies by Stone the R73Q substitution is normal catalysis toward chromoge-
and Hofsteenge2{) show that electrostatic interactions Nic substrates and mild changes in activity against fibrinogen
contribute predominantly to the association rate constantand thrombomoduling) compared to the severe effect on
while hydrophobic interactions stabilize the inhibitor complex inhibition of by hirudin and HCII 8). Arg™ is at the pass
(38—40). lonic tethering therefore appears to enhance the formed by the Phé-Leu** and LysS®-Glu® loops of thrombin
rate at which the highly flexible C-terminal tail adopts an where the C-terminal tail interacts through this pass by
appropriate conformation within ABE-I allowing numerous binding to the Ssubsites on the N-terminal side and the
short-range hydrophobic interactions to occur. Several ABE-I on the C-terminal side. Therefore, it is plausible that
hydrophobic residues are involved in the stabilization of the the h-As§%Arg”® ion-pair is important in tethering the
C-terminal tail in ABE-I. The phenyl ring of h-PF&s buried C-terminal tail in ABE-I allowing interactions to occur within

in a hydrophobic pocket formed by residues #heeu, the S subsites and ionic tethering between ABE-I and the

Arg”®, and Thr4 The remaining hirudin C-terminal hydro-  hirudin C-terminal tail.

phobic residues are located on one side ofgh8lical turn The crystal structure of hirudin with thrombin shows an

which form a hydrophobic core with thrombin residues®eu  jon-pair interaction between Afgy of thrombin and a

Tyr’®, and I1€ (Figure 3). symmetry related contact with h-Gluin a neighboring
Probing the ThrombirHirudin Interaction Interface complex in the crystal lattice. There is also a water mediated

Using Double Mutant CycleJhe coupling energyXAG;, solvent bridge between h-Gliand Arg72and a major ion-

was calculated for the major ion-pair interactions between pair interaction between Af¢tand h-GI38. Inhibition studies
basic residues in ABE-I and acidic residues in the C-terminal of the ABE-I mutants with h-E57Q showed elevatedG}
tail of hirudin. The hirudin residue h-A8pmakes two ion-  values for most of the ABE-I mutants tested, indicating some

pair interactions with thrombin residues L§% and Arg®. degree of cooperativity between h-&luand the ABE-I
Calculation of the coupling energies suggests that theresidues. This could be due to a minor perturbation in the
interaction between Ly&¢and h-Asp® is unlikely to exist. structure due to the mutation. The h-8luesidue forms a

A moderate coupling energy was seen for the ion-pair number of hydrogen bonds, the amide nitrogen with’¥hr
interaction between Argand h-Asf®, however, it was also  the OE2 forms another with Tifrand finally the carbonyl
raised for h-GI&” and h-GI¥8, both of which make no direct  oxygen makes a water mediated hydrogen bond with the
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guanidium group of Arff. Disruption of any of these bonds short-range hydrophobic interaction to occur leading to a
could lead to a structural perturbation affecting the stability hydrophobic core in the interaction interface between
of the thrombin-hirudin complex. However, two high  thrombin and hirudin 38—40), which in turn leads to the
coupling energies were seen for mutant cycles constructedfinal tight binding step by occlusion of the active site by the
for thrombins Ard®, Arg’’a and h-GI§". The highAAG?, N-terminal domain of hirudin. It is likely that the formation
value for Arg® suggests that a direct interaction may exist of complexes between thrombin and all its ligands mediated
between Ard® and h-GId’ in solution as opposed to the ion-  through ABE-I utilize a similar strategy, where complemen-
pair between Ar and h-GI3” in a neighboring molecule tary electrostatic fields enhance the rate of complex formation
seen in the crystal structure. This indicates the intermolecularby electrostatic steering, and that ionic tethering ensures the
ion-pair seen in the crystal structure is due to crystal packing complex is stabilized.

conditions (7). The same structure shows Afgforming a

solvent bridge with h-GRT; this contact is supported by the ACKNOWLEDGMENT
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