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ABSTRACT. Nonpolar interactions play a major role in the association of the fibrinogen recognition exosite
of thrombin with the C-terminal fragment (5%5), Asp-Phe-Glu-Glu-lle-Pro-Glu-Glu-Tyr-Leu-GIn, of
hirudin, which is a naturally occurring thrombin inhibitor. The thermodynamic details (free energy,
enthalpy, entropy, and heat capacity) of the molecular recognition are studied by using five analogs of a
synthetic bivalent thrombin inhibitor (P552®rt-butylbenzensulfonyl-Argg-pipecolic acid)-(12-amino-
dodecanoic acid)y-aminobutyric acid)-hirudit?6%. The residue of PHE&S, 1leH59 Prdie0, TyrH63 or
Leu®in hirudin®>-%5 segment is substituted by Gly in each analog in order to elucidate the contributions
of these nonpolar side chains. The results show that the interactions of these nonpolar side chains with
thrombin are enthalpy-driven, except for the contribution of the"Fhside chain which is entropy-
driven. Interestingly, molecular modeling predicts a large conformational change due to the Gly substitution
of Phé'%6, In analyzing the correlation among the thermodynamic and structural properties of the nonpolar
interaction, a good correlation is observed between the binding free energy and the hydrophobicity of the
molecular surface; i.e., tighter binding is observed as more nonpolar atoms are buried and more polar
atoms are exposed upon molecular association.

Thrombin is a key enzyme regulating thrombosis in The FRE and hirudit % show complementary sequences
cardiovascular disease (Gould & Shafer, 1993; Lefkovits & such that basic and hydrophobic residues dominate the FRE
Topol, 1994). Many thrombin inhibitors have been devel- whereas hirudit?° is enriched by acidic and hydrophobic
oped to prevent reocclusion after treatment of thrombus with residues as -A${5*>-Phe-Glu-Glu-lle-Prd®-Glu-Glu-Tyr-
tissue plasminogen activator or urokinase. Some of them| ey-GIrt*®>-OH2 The electrostatic interaction contributes to
are based on the sequence of hirudin produced in the salivanthe association rate constant (Stone & Hofsteenge, 1986;
glands of the European medicinal leddudo medicinalis ~  stone et al., 1989; Karshikov et al., 1992); however, the
Hirudin, a 65 amino acid protein, is the most potent and hydrophobic interactions predominantly stabilize the complex
specific thrombin inhibitor with &; value of 2.2x 10 (Yue et al., 1992; Tsuda et al., 1995). Betz et al. (1991)
M (Stone _& Hofsteengg, 1'986). The tight.bindi.ng grises studied the effects of PH&, Prd*?, and Tyt3 by mutating
from the simultaneous binding of thse N-terminal hwu”dﬁﬁ them to various amino acids and suggested (1) a strong
s_egmen(tj anr? thfe_zbc_-termlnal hirutir?® segment to thlspgctlfve preference of aromatic amino acids at the 56th residue of
site_and the fibrinogen recognition gxosne (FRE) hirudin, (2) a~10-fold increase of th&; value by mutating
thrombin, respectively (Markwardt, 1989; Rydel et al., 1990, Prd*®0to Ala or Gly, and (3) a rather low sequence specificity
1991). The N-terminal 48 residues of hirudin have 3 0! . :

of the 63rd residue. Interestingly, in all mutants, the decrease

g;fi?udfe bgfn dtievwmrs dg?i‘;' S;ég?:éﬁ illndfoergblt:f (\;Ci){ﬁtal of the affinity is due to the decrease of the association rate
constant.

thrombin (Rydel et al., 1990, 1991; Gter et al., 1990) is
very similar to its solution structure in the absence of  The association constant of an inhibitét) is the inverse
thrombin (Clore et al., 1987; Folkers et al., 1989; Haruyama qf the dissociation constarig), which is approximated by
& Wiithrich, 1989). On the other hand, the C-terminal 11 e inhibition constantq;) measured. Thus, the binding free

residues of hirudin h_ave a flexible conforr_nat_ion in solution energy AG), enthalpy AH), entropy AS), and heat capacity
and fold to a well-defined structure upon binding to the FRE. (AC,) may be expressed as
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* Author to whom correspondence should be addressed. AG®(T)=[AH*(T®) — TAS(T°)] + ACp[(T Y e
® Abstract published i\dvance ACS Abstract§eptember 15, 1996. TIn(T/T°)]
! Abbreviations: yAbu, y-aminobutyric acid; Ac, acetyliAdod, 12-

aminododecanoic acid; AMC, 7-amino-4-methylcoumatiip, 7-ami- = —RTIn Ka

noheptanoic acid; Bbs, #rt-butylbenzenesulfonyl; Fmoc, 9-fluoren- _

ylmethoxycarbonyl; FRE, fibrinogen recognition exosite; HPLC, high- =RTIn Kd

performance liquid chromatograph¥m, Michaelis constant; Pip, =RTIn K. (1)

- |

pipecolic acid; PPACKp-Phe-Pro-Arg chloromethyl ketone; TFA,

trifluoroacetic acid; Tos, tosyl; Tris, 2-amino-2-(hydroxymethyl)-1,3-

propanediol ey, excitation wavelengthlem emission wavelengthy,

initial velocity; Vimax, maximal velocity. where 1.0 mol/L is the standard state for all chemical species
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andT ° is the reference temperature (26 in this paper). chased from Applied Biosystem Inc. The solvents used in
The standard-state free energy at arbitrary temperdtise  peptide synthesis were obtained from Anachemia Chemical
obtained from the standard-state enthalpy and entropy at theinc. and Applied Biosystems Inc.
reference temperatur€,’, plus a correction term that reflects Peptide SynthesisThe thrombin inhibitors are synthesized
the temperature dependencedf andAS. In generalAH on a 396 Multiple Peptide Synthesizer (Advanced ChemTech)
is a binding energy and has contributions from the van der by using a conventional Fmoc strategy of solid-phase peptide
Waals interactions, hydrogen bonding interaction, dehydra- synthesis. Double couplings are performed throughout the
tion, and other effects (e.g., deprotonation, ion-bridge, etc.). synthesis. After the synthesis, the peptides are cleaved from
ASis the entropy change arising, for example, from rotational the resin using Reagent K (TFA, 82.5%; water, 5%;
and translational degrees of freedom that are restricted uporthioanisole, 5%; phenol, 5%; and ethanediol, 2.5%; 25 mL/g
complex formation. Reorganization of solvent structure also of the resin) for~4 h at room temperature on the synthesizer.
contributes toAS. AC, measures the temperature depen- The peptides are, then, precipitated with diethyl ether and
dence ofAH andASand is often presumed to be proportional washed 3 times with diethyl ether to remove the protecting
to the solvent-accessible surface areas of polar and nonpolagroups and the scavengers. The peptides are dissolved in
atoms (Baldwin, 1986; Spolar et al., 1989, 1992; Murphy et 50% acetic acid and lyophilized. The peptides are then
al., 1990; Murphy & Freire, 1992; Makhatadze & Privalov, purified by preparative HPLC (Vydac,Column, 4.6x 25
1993). AC, is assumed to be temperature-independent in cm) using a linear gradient of 2660% acetonitrile in 0.1%
eq 1. TFA (0.5%/min gradient, 33 mL/min flow rate). The final
Thrombin interactions have been analyzed thermodynami- products, with>98% purity estimated by an analytical HPLC
cally using natural and synthetic substrates (Hopfner & Di (Vydac Gg, 0.46 x 25 cm column) using a linear gradient
Cera, 1992) and inhibitors (Hopfner et al., 1993). AKrug of 10—-70% acetonitrile in 0.1% TFA (1.0%/min gradient,
Hunter-Greiger plot of AH and AG shows that tighter 1.0 mL/min flow rate), are lyophilized. The elution profile
substrate binding is achieved by the decrease of enthalpyis monitored by the absorbance at 215 and 254 nm on the
(enthalpy-driven), whereas tighter bivalent inhibitor binding analytical HPLC and at 220 nm on the preparative HPLC.
is achieved by the increase of entropy (entropy-driven). For The purified peptides are identified with a Beckman Model
example, the complexation of thrombin and recombinant 6300 amino acid analyzer and a SCIEX API Ill mass
hirudin actually increases the entropy. The thrombin interac- spectrometer. Amino acid analysis is conducted for peptide
tions with the substrates and inhibitors include hydrophobic, content determination. All the peptides used have correct
ionic, and hydrogen-bonded interactions as well as solventamino acid compositions and molecular mass.
exclusion, and these interactions may have different ther- Amidolytic Assay The inhibition of the amidolytic activity
modynamic contributions to the binding. Since the hydro- of humana-thrombin is measured using Tos-Gly-Pro-Arg-
phobic interaction plays a critical role in thrombin interac- AMC as a fluorogenic substrate in 50 mM THECI buffer
tions (Yue et al., 1992; Tsuda et al., 1995), this study aims (pH 7.80 at 25°C) containing 0.1 M NaCl and 0.1% poly-
to analyze the thermodynamic contributions of five nonpolar (ethylene glycol) 8000 (Szewczuk et al., 1992) at various
residues (PH&S, l1eH5°, Prd*€®, Tyrt63 and Ler®*) of hirudin temperatures from 10 to £&. The pH of 50 mM TrisHCI
in the association to the FRE. Consequently, five analogs buffer (pH 7.80 at 25°C) in the presence of 0.1 M NacCl
of a synthetic bivalent inhibitor, P552, are prepared by and 0.1% poly(ethylene glycol) 8000 has a temperature
substituting Phe, 11e"5°, Prd%, Tyrt63 or Leu%4 by Gly. variation of —0.027 pH unit/C (Di Cera et al., 1991). This
The temperature dependence of the inhibition constants oftemperature dependence is ignored in this study because the
these inhibitors provides the thermodynamic properties (free pH dependence of thrombin activiti{ andke,y) in this pH
energy, enthalpy, entropy, and heat capacity) of theserange (7.26 at 48C to 8.21 at 10C) is negligible (Di Cera
nonpolar side chains, which are then correlated with the etal., 1991). Human-thrombin is stable in this temperature

structural features studied by molecular modeling. range in the presence of poly(ethylene glycol) (Borgne &
Graber, 1994). The final concentrations of the inhibitors,
EXPERIMENTAL PROCEDURES the substrate, and humanthrombin are 0.3-100-fold of

theK; values in the temperature range of- 45 °C, 40uM

and 30 pM, respectively. The temperature dependence of
Km and Viax is measured at-340 uM and 30 pM of the
substrate and thrombin, respectively, for 5 min in the absence

Materials Human o-thrombin (3000 NIH units/mg,
containing bovine serum albumin as a stabilizer), the
fluorogenic substrate (Tos-Gly-Pro-Arg-AMBCI), Trizma

re-set crystal (pH 7.80 at 2&), and poly(ethylene glycol o
2000 we?/e pu(Pchased from) Sigmg. y(Sod>ilum pgh)éspt)wateOf inhibitor. Due to the temperature dependenc&f 40
monobasic and NaCl were obtained from Anachemia and“M of the_ substrate concentration corresE)onds -4
Fisher Scientific, respectively. Bbs and dimethyl sulfoxide g%ggKm in ;[he ther?pera;ture rgng[e:ofki_%Elc. Angngh; .
used to dissolve the substrate were obtained from Aldrich. spectropholometer and a Ferkin Eimer umi-
Fmoco-Pip and FmocrAbu were purchased from BaChem nescence spectrometer are used to monitor the enzyme
Bioscience Ind. FmogAdod was prepared as described by reaction with 383 nm o.ﬂe" and 455 nm Ofdem Th?
Chaturvedi et al. (1984). Other Fmoc derivatives of amino temperature of the reaction solutions is controlled using a
acids were purchased from Advanced ChemTech and Nova—HAAKE Circulator (HAAKE K15 & DC3, Germany) and

biochem. N-a- el ; . monitored using a YSI Series 400 Probe with a digital
chem. N-o-FmocN-y-trityl-L-GIn-Wang resin was pur thermometer £0.1 °C, VWR Scientific). The stock solu-

— bering of the mhibit ues i based on the hirud tions of the substrateX7.39 mM) and the inhibitor=1.00
e numbering of the inhibitor residues is based on the hirudin ; ; ;
sequence, and “H" is added to the residue number, e.g"*®h&he #M) are mixed in a disposable fluorometer cuvette

numbering of human-thrombin residues is based on the chymotrypsin (SARSTEDT, Germany), and the volume of the mixed
sequence. solution is adjusted to 299d_ with 50 mM Tris:HCI buffer
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(pH 7.80 at 25°C) containing 0.1 M NaCl and 0.1% poly- Scheme 1

(ethylene glycol) 8000. The solution is preincubated at the AX,
temperature of the assay for 15 min. The reaction is E+1<=———EI
monitored for 5-15 min after adding 1@L of the thrombin

stock solution (9.0 nM) kept in ice. The temperature change AX; AXy

(less than 0.18C) due to the addition of the thrombin soluton

is ignored. Most of the inhibitors inhibit thrombin rapidly 5

so that the steady state is achieved within a few minutes. E+I'<————EI
The kinetic data (the steady-state velocity at various con- B
centrations of the inhibitors) of the competitive inhibition AAX = AX, - AX

are analyzed using the methods described by Segel (1975). =AXy - AX3

Two inhibitors (P552 and P740 in Table 1) show a slow

inhibition so that their steady-state velocities,are estimated

from the following slow inhibition equation: includes only the atoms of the inhibitor analog, thrombin,
and water molecules, which are within 4 A (5 A when t&u

P=ud+ (v,— vl — e—kt)/k+ d (2) is substituted by Gly) from any atom of the Gly residue

substituted.

whereP is the fluorescence intensity, is the initial velocity, Since P741(F56G) shows different thermodynamic profiles

d s the fluorescence intensity = 0, andk is a parameter ~ from other analogs of P552, a method which combines
relevant to the kinetic mechanism (Morrison & Stone, 1985). systematic conformational search and Monte Carlo energy-
The equation below is then used to estimate the inhibition minimization (Wang et al., 1995) is applied for further study.
constant Kj) at various temperatures: The rotatable bonds of the backbone and the side chains are
varied in 18 increments for (PH&® or Gly"*6) and GIU*’
Ve = Vil SI{K (1 + [/ K) + [S]} + v, 3) and 30 increments for AspP® in the complex with thrombin
in order to generate a database of sterically feasible
where v, is a parameter used to account for the deviation conformations, where the water molecules are not included
from linearity. A nonlinear regression program in Microsoft in the conformational search. The conformers in the database
Excel is used to estimate the kinetic parametegsk( and are sampled and energy-minimized. The free energy of the
din eq 2 andKm, Vmax andK; in eq 3). complex is given from the partition function of an ensemble
Molecular Modeling The crystal structure of the throm-  consisting of the accepted low-energy conformers (Wang et
bin—P500 complex (FRhiére et al., 1996) is used as the al., 1995). A similar procedure is applied to the free state
starting point for molecular modeling. P500 is a bivalent of the inhibitor, in which a truncated sequence, Ac-ASp
thrombin inhibitor with the sequence dansyl-AmHRip)- (Phé™6 or Gly"5%)-GIuH5-NHCH;, is used and all rotatable
uAdod-Gly-Asp>>-Phe-Glu-Glu-lle-Pro®%-Glu-Glu-Tyr- bonds are varied in £ancrements. The free energy of the
Leu-GIrt'%:-OH and is homologous to P552, the reference free state is given from the partition function of an ensemble
inhibitor in the congeneric series studied in this paper (Table consisting of all possible energy levels of the truncated
1). The FRE inhibitor segments of P500 and P552 are sequence. The free energy differendeS(oung and AGeee)
identical. Since the series of inhibitors studied in this paper is the difference free energy between P552 and P741(F56G)
differ from each other only in the FRE segment, the active in the bound and free states, respectively. The effect of Gly
site and linker moiety are not included in our simulation. substitution of Ph&® is then calculated as the relative free
The bound state of the FRE segment is modeled using theenergy difference betweeNGyoung and AGrree
sequence Ac-Asp®-Phe-Glu-Glu-lle-Pro*%-Glu-Glu-Tyr- Molecular Surface CalculatianThe molecular surface is
Leu-GIrn'®%-NHCH; docked in the FRE as in the thrombin an envelope of a molecule from which the solvent is excluded
P500 crystal structure. Water molecules observed in the (Richards, 1977). The molecular surface area is estimated
crystal structure are retained. The complex is then energy-using the GEPOL algorithm (Pascual-Ahuir et al., 1994) with
minimized by allowing atoms of the FRE inhibitor segment the van der Waals radii used in the AMBER force-field
as well as the thrombin residues and water molecules within (Weiner et al., 1986) and a solvent probe radius of 1.4 A.
6 A from any atom of the FRE inhibitor segment to move The polar molecular surface is composed of oxygen, nitrogen,
during minimization. The AMBER force-field (Weiner et and polar hydrogens (e.g., NH and OH), and the nonpolar
al., 1986) as implemented in SYBYL 6.1 (Tripos Inc.) is molecular surface is composed of all other atoms. Scheme
used with a nonbonded cutoff of 8 A, a dielectric constant 1 illustrates the change in the molecular surface area due to
of 80, and a gradient convergence tolerance of 0.005 kcal/the Gly substitution. E is the enzyme (thrombin in this
(mol-A). work), | is the reference inhibitor of P552, ardd the Gly
This refined structure is the starting point for modeling substitution analog of P741(F56G), P740(159G), P776-
the complexes of the Gly-substituted inhibitor analogs, in (P60G), P751(Y63G), or P752(L64G) (see Table 1). By
which Phé&58, 11e"5°, Prdi6®, Tyr63 or Leu™* are substituted  replacing the notation X b, AA; andAA; are the changes
in turn by Gly. The following two-step energy minimization of the surface area upon the binding of P552 and its analog
is applied, first, after the Gly substitution, the energy of the to thrombin, respectively AA; andAA, are the changes of
complex at the FRE is minimized by allowing the inhibitor the molecular surface area due to the loss of the side chain
and water atoms to move while the thrombin structure is of Phé'5, 1le"%9, Prg*° Tyrt63 or Leu™ in the free state
fixed. In the second step, the energy of the complex is and in the complex with thrombin, respectively. Conse-
minimized by allowing the atoms of the inhibitor, thrombin, quently,AAA (=AA; — AA,) is the change of the molecular
and water molecules to be mobile. The energy minimization surface area upon the removal of the nonpolar side chain of
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Phe'se, [1eH%9, Prgd*e0, Tyre3, or Leu™. The cycled process 12— - L e
satisfies O
1.0 -
AA,+ AA, — AA, — AA;=0 (4) (5140 1M -
F O ]
0.8 i
Hence |
o 0 | [S]=20 uM |
AAA= AA, — AA, ~
=AA,— A 5 g
4 As ®) > 04t 4
L [S]=10 um
The free state of the inhibitor is modeled using the tripeptide X [S]=8 kM
Gly-Xaa-Gly, where Xaa stands for Phe, lle, Pro, Tyr, Leu, 02 - [[:]]:f;‘:n" 1
or Gly. The backbone conformation of the tripeptide is set i [S]=2 uM
asy = 140° and¢ = —14C°. The side-chain conformations oo LTy TSN
and their populations are determined based on the statistical 100 20.0 300 40.0 50.0

survey of the side-chain conformations in 100 refined protein
structures (Blaber et al., 1994\A; is then calculated using
the geometry of this tripeptide model. The assumption is
that the surface area change in the free peptide is localized
around the mutated residue. The surface area of free ,
thrombin is, of course, unaffected by the mutation in the 18
peptide. AA, is estimated based on the energy-minimized
complex conformation. The surface area of the thrombin @
atoms, which are fixed in the energy minimization, is not % 10 |
affected by the mutation, and, hence, is not included in the —, |
calculation of AA4.

2.0

wMyj

0.5

RESULTS

Temperature Dependence of End Vfnax Humano-throm- —
bin is stable in the temperature range 4% °C) used in %07
this paper (Borgne & Graber, 1994). Figure 1A shows the T °C
temperature dependence of the enzymatic activity. As the Figure 1: Temperature dependence of (A) enzymatic activity
substrate concentration is increased, the steady-state velocityneasured by the steady-state velocitygt the thrombin concentra-
becomes more sensitive to the temperature and shows thdion of 30 pM, and of (B) Michaelis constark) and maximal

. . - velocity (Vmay. The solid lines in panel A are the fitted curves
maximum at higher temperature. Figure 1B shows the

using a polynomial equation. The dashed and solid lines in panel

temperature dependence of the enzymatic paramétgesnd B are the fitted curves using eqs 7 and 8 in the text, respectively.
Vmax Which are estimated at each temperature by nonlinear
fitting of the equation: RTIn K, = RTIn Ky
= AG°(T)
v = Vil SV(K, + [S]) (6) = AH°(T) — TAS(T)
= [AH°(T®) — TAS(T°)] +
wherev is the steady-state velocity and [S] is the substrate o o
y y and [S] AC(T—T°) = TIn (T/T°)] (8)

concentration. The temperature dependenceVigi is

analyzed by nonlinear fitting of the equation: Strictly speakingRT In K4 should be written aRT In (Kd/

a°), wherea® values are the concentrations of the various
Vinar— KolEl chemical species in their standard states. By taking 1.0
— A[E]Te_E/RT 7 mol/L as a standard state, we are able to formally tkgat
andKy as dimensionless quantities in eq 8. The fitted value
) S ) of AC, is —0.80 + 0.09 kcal/(molK). The solid line in
wherek; is a kinetic constant of the substrate hydrolysis and Figure 1B shows the fitting of th&, data to eq 8. The
[E]r is the total enzyme concentratiorr30 pM), Ais a  yalues ofAH° andTAS® are in good agreement with those
constant related to the collision frequenBEyis an activation published by Di Cera et al. (1991). The valuesAdE, have
energy derived from the Arrhenius equation, & agas  not been previously reported. The nonlinear regression
constant £1.987 cal/(molK)]. The fitted values of the  program in Microsoft Excel is used in the curve fittings of
parameter& andA are 10.4 kcal/mol and 9.65 10* s72, eqs 6-8.
respectively. The dashed line in Figure 1B is the fitted curve  The Inhibition Constant, K Six inhibitors P552, P741-
of Vmax  The temperature dependencefis analyzed by  (F56G), P740(159G), P776(P60G), P751(Y63G), and P752-
using its relationship with the binding free energy as follows: (L64G), used in this study are listed in Table 1. P552 is a
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Table 1: Sequences of the Synthetic Bivalent Thrombin Inhibitors fold higher than that of P552 at '2’53, YESDECtiVQIy. Thus,
the side chains of PHef and 11€'>° in P552 play critical roles

Ps'gz'b'tor TRE—————— SﬁijiczE AR in the binding to the thrombin FRE. However, the Gly
Py (F560) Bbz_R{&P;ggz Adod) Abﬂ:DHSF’:G_-E_-E_-I_-P*S‘;-E_-E_-Y_-L_-%Hﬁf’ substitutions of P, Tyr"¢3, and Led® do not affect the
P740(159G) Bbs-Re(-Pip)4Adod-yAbu-DH55-F-E-E-G-PHe0-E-E-Y-L-QHEs affinity of the inhibitor significantly, manifesting the weak
P776(P60G) Bbs-RetPip)uAdod-yAbu-DHS-F-E-E-I-GHO0-E-E-Y-L-QHeS contributions of the side chains of these residues in the
P751(Y63G) Bbs-R(-Pip)uAdod-yAbu-DHS5-F-E-E-|-P160-E-E-G-L -QH65 bindin
P752(L64G) Bbs-R&-Pip)-Adod-yAbu-DH55-F-E-E-I-PH60-E-E-YG-QHE5 g. . )
P1031(Y63F) Bbs-Re(-Pip)Adod-yAbu-DHS5- F-E-E-|-PH60-E-E4-L-QH6s Thermodynamic Profile TheK; values are related to the
thermodynamic properties through eq 1. The inhibition data
12 [T T in Table 2 fit well to eq 1, providing the thermodynamic
LA ] parametersAG°, AH°, andTAS’, andAC,) of the inhibition
w0l [1]=0 7 (Figure 3 shows an example of the fitting of P552). The

nonlinear regression program in Microsoft Excel is used in
] the fitting, and the results are listed in Table 3. Only the
[=14.0nM | fitted values ofK;, AG®°, AH®, TAS’, andAC, are used in

] the following, unless specified as observed values. These
values are based on the standard state of 1 mol/L and vary

[1]=10.5nM

8.0 -

Fluorescence Intensity (10%)

[1]=31.5nM { when other standard states, e.g., mole fraction, are used.
I ] However, their relative value\AG°, AAH°, TAAS’, and
401 . T=84.0nM] AAC,) have physical meaning by taking an appropriate
I & ] inhibitor as a reference. In particular, by taking P552 as a
ool [1=126nM | reference inhibitor, the effect of the nonpolar side chains,

which are removed in the analogs, is obtained from these
relative values. The thermodynamic contributions from the
unaffected parts in both the native and mutated inhibitors

1

ool b

. are canceled out in the relative values. The relative
Time (sec.) thermodynamic values are
L B B B I AAX = AX, — AX; (9)

[=1.7nM [1]=7.3nM whereAX; andAX; are the thermodynamic parametei&,
AH°, TAS’, or AC;) of P552 and its analog, respectively.

AAX is AAG®, AAH®, TAAS’, or AAC, and reflects the

=0

[lI=16.8n

ol § (1-83.6nM | thermodynamic effect of the side chain of P¥fe lleH>°,

I ] Prg'0, Tyrt63 or Leu™* on the inhibitor binding to the

| [1=39.20M | thrombin FRE (Scheme 1). Table 4 lists the results. The
sor ] removal of the PH&® side chain induces large changes in

i [11=56.00M | free energy (3.7 kcal/mol) and heat capacity [0.45 kcal/
40k 1 (mol-K)]. The small enthalpy change is rather unusual,

% considering the many interactions of the Piieside chain

with thrombin [a total of 10 hydrophobic contacts (Rydel et
al.,, 1991)]. The negative value of the relative entropy is
due to the entropy decrease of P741(F56G), whereas all other

Fluorescence Intensity (10°)

20

0.0 e e e ] analogs increase the entropy (Table 3). This unusual
° 100 200 300 400 500 600 700 behavior of the PH&® side chain is investigated further using
Time (sec.) molecular modeling as described later. The removal of the

FiIGURE 2: Hydrolysis of Tos-Gly-Pro-Arg-AMC (40uM) by Tyrte3 side chain_shows Ia_rge increases in enthalpy ar_1d
humano-thrombin (30 pM) in the presence of various concentra- €ntropy but small increases in free energy and heat capacity.
tions of the inhibitors at 25C. The reaction is monitored by the  Contributions of other nonpolar side chains of'ffe Prg°,
fluorescence change with, of 383 nm andiem 0f 455 nm. Panel ~ gnd Lel® to the binding affinity are largely driven by
g(fvcci)nwﬁib?til;)anplg inhibition of P741(F56G), and panel B shows a o a10y (Table 4). It should be mentioned that the Gly
y P740(159G). Nes .

substitution of 1165 induces 3.1 kcal/mol of free energy
reference inhibitor with the hirudin sequence at the FRE increase at 25C, which is significantly smaller than the
inhibitor segment. P741(F56G), P740(159G), P776(P60G), previously reported value of 5.0 kcal/mol at room temper-
P751(Y63G), and P752(L64G) are the analogs of P552 with ature using another bivalent inhibitor of Ab-Phe)-Pro-Arg-
the Gly substitution of PH&S, [le%9, Prdié%, Tyrt63 and Pro-CAph-yAbu-Asp%>-Phe-Glu-Glu-lle-Prb%°-Glu-Glu-
Leu™, respectively. Figure 2A and Figure 2B show the Tyr-Leu-GIn'-OH. The discrepancy may be related to the
rapid and slow inhibitions of thrombin activity by P741- difference in the active-site inhibitor or linker segment and
(F56G) and P740(159G), respectively. The steady-statewill be reported elsewhere (Cheng and Konishi, 1996,
velocity is used to determine ti& values as described under manuscript in preparation).
Experimental Procedures. Table 2 shows the obseiyed Molecular Modeling The structures of five P552 analogs
values of these inhibitors at various temperatures. In general,are modeled using the crystal structure of thrombin-P500 as
the inhibitors are less efficient at higher temperature. The described under Experimental Procedures. The Gly substitu-
K values of P741(F56G) and P740(159G) are 510- and 174-tion of 1l Prd'*0 Tyr"®3 or Leu™ induces minor
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Table 2: Observed Inhibition Constamg, (nM), of the Bivalent Thrombin Inhibitors at Various Temperatures
T(°C) P552 P741(F56G) P740(159G) P776(P60G) P751(Y63G) P752(L64G) P1031(Y63F)
10 0.00509 1.96 1.49 0.26 0.16 0.17 0.055
15 0.00575 2.55 1.27 0.17 0.23 0.21 0.067
20 0.00685 3.44 1.18 0.28 0.21 0.28 0.078
25 0.01144 5.83 1.99 0.54 0.15 0.36 0.13
30 0.01267 6.30 2.59 0.63 0.35 0.38 0.16
35 0.03237 12.27 4.22 0.61 0.30 0.50 0.20
40 0.05721 17.49 5.44 1.25 0.47 1.21 0.25
45 0.07436 22.98 5.93 2.36 0.84 1.66 0.58
230 respectively. The changes in polar and nonpolar surface area
» are calculated using Scheme 1 and are listed in Table 5. In
285 - the free state, the Gly substitution of Pkfe 1le™5°, Prge?,
TyrH63 and Leti® reduces the nonpolar surface area and,
240 except for Tyl3, increases the polar surface area of the
tripeptide AAs in Table 5). In the bound state, the Gly
e substitution of Phe® and 1lé**° increases the nonpolar
c

-25.5 -

-26.0

265 - i | | 1 ! 1 |
280 285 290 295 300 305 310 315

T (K)

FiGure 3: Temperature dependence of the inhibition constant (In
Ki) of the inhibitor P552. The solid line is the fitted curve using
eq 1.

320

surface area and decreases the polar surface area, whereas
the elimination of the nonpolar side chain from %
Tyrte3, or Leu™* decreases the nonpolar surface area and
increases the polar surface ard#\{ in Table 5). As a result,
AAA., is increased by 129, 97, 35, 39, or 47 A
substituting PHeS, [1eH5%, Prdi60, Tyrt63 or Leu 4 with Gly,
respectively, whereaAAA,, is decreased by 24, 18, or 16
A2 in substituting Phe®5, 1leH° or Prg*® with Gly,
respectively, and is increased by 89 or 8iA substituting
TyrH63 or Lel 84 with Gly, respectively. Consequently, there
is a large increase iNAAnUpon Gly substitution of PH&s

and 11e"° (AAA.: = 153 and 115 A respectively). The
increase is less or even negative upon Gly substitution of

conformational adjustment of the neighboring side chains prgi60 TyH63 or Lel'®* (AAA = 51, —50, or 41 R,
but does not affect the backbone conformation of the inhibitor respectively).

or thrombin. The coordinates of the water molecules

observed at the FRE in the crystal structure are unaffected.pISCUSSION

On the other hand, the Gly substitution of P¥fdnduces a
large conformational change as the backbone oft&sp
Gly"6-GIuH5” moves toward the binding pocket of the Ptfe

Thermodynamic Profile and Structurécach hydrophobic
side chain of the bivalent thrombin inhibitor, P552, at the

side chain (Figure 4). Also, three water molecules observed FRE inhibitor segment contributes to the binding free energy

around this site in the crystal structure move closer to
thrombin. As a result, GI® interacts with Ph#, GIn®8,
Leu*, Arg®, Arg”®, and Thrf* of thrombin residues. Also,
Arg”®, Thr'4, and Asp>® form new hydrogen bonds with

in the range from 1.8 to 3.7 kcal/mol. The Gly substitution
of Phé'6 is particularly interesting. The phenyl group of
Phe'® fills a hydrophobic pocket formed by the thrombin
residues of P8, Leu'®, Arg’3, and Thf* (Zdanov et al.,

water molecules while maintaining the other hydrogen bonds 1993). This pocket preexists in the PPAE€Hirombin

of Asp%® and GIU'S” with water observed in the thrombin

complex in the absence of FRE inhibitor (Bode et al., 1989).

P500 complex. These interactions may largely compensateUpon binding the PHE® side chain, the loop 3441 of

the enthalpy loss due to the removal of the 'Phside chain
and may reduce the conformational flexibility (entropy) of
the Asp'>>-Gly™s6-GlutS7 segment. In order to assess the
validity of the large conformational change observed for Gly-
substituted PH&S, the relative free energy of binding is
calculated. The calculated free energy chamgG°® = 3.9
kcal/mol) is in good agreement with the experimental value
of 3.7 kcal/mol at 25°C. This suggests that the modeled
conformational change is reasonable.

Molecular Surface The molecular surface is classified
into two groups, polar and nonpolar surfaces. As a first

thrombin moves toward PHe, and Thf* moves to close
off the binding pocket. The observed movements are,
however, small with a maximal displacement of about 2 A
in the side chain of THf (Betz et al., 1991). Furthermore,

it has been demonstrated that the replacement df*Phg
Leu, lle, Val, Thr, GIn, His, or Glu significantly decreases
the affinity of recombinant hirudin analogs or the FRE
inhibitors whereas the substitution by Tyr, Trp, or Ala causes
little change in the binding affinity (Krstenansky et al., 1990;
Betz et al., 1991). Tyr and Trp are homologous to Phe;
however, the small effect of Ala substitution is mysterious

approximation, the polar and nonpolar atoms are assumedconsidering the elimination of the large phenyl group. Tsuda

to have equal but opposite contribution to the hydrophobicity
of the molecular surfaceA(ey, i.e.:

Anet= Anpl - Apol

where “npl” and “pol” stand for nonpolar and polar,

(10)

et al. (1995) suggested a large conformational change of the
backbone of Al&4>® may compensate the loss of the phenyl
group. The molecular modeling of P741(F56G) also shows
that the backbone of ASp>-GIyH6-GIuHS” moves close to

the binding pocket and Gty® interacts with Ph#, GIn3,
Leu'd, Arg*, Arg®, Arg’, and Thrf4 as shown in Figure 4.
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Table 3: Binding Thermodynamitef P552 and Its Analogues (Z%)

inhibitor Ki (nM) AG° (kcal/mol) AH° (kcal/mol) TAS’ (kcal/mol) AC,® [kcal/(molK)]
P552 0.01H 0.00 —14.97+ 0.02 —13.66+ 1.12 1.314+1.13 —0.644+ 0.211
P741(F56G) 5.2& 0.32 —11.30+ 0.03 —12.74+ 0.69 —1.44+0.70 —0.193+ 0.131
P740(159G) 1.94+ 0.03 —11.88+0.01 —8.08+1.23 3.80+ 1.24 —0.439+ 0.232
P776(P60G) 0.3%-0.08 —12.84+0.10 —10.73+ 1.62 211+ 1.64 —0.573+ 0.305
P751(Y63G) 0.2H1 0.03 —13.19+0.11 —6.07+ 1.57 7.124+ 1.58 —0.623+ 0.294
P752(L64G) 0.32:0.02 —12.95+ 0.04 —10.22+ 1.04 2.73+ 1.05 —0.532+ 0.197
P1031(Y63F) 0.09% 0.01 —13.68+ 0.10 —9.88+ 0.42 3.80+ 1.27 —0.626+ 0.081

aThe fitted values are listed with the standard deviation of the fittin

g for each pararhai€.is assumed to be temperature-independent.

Table 4: Effect of Nonpolar Side Chains of the FRE Inhibitor
Segment, Hirudi??=55, on the Binding Thermodynamics at 26

AAG® AAH° TAAS AAC

substitution of K;j'/

inhibitors K2 (kcal/mol) (kcal/mol) (kcal/mol) [kcal/(mopl-K)]
Phe56Gly 473 3.7 0.92 -2.8 0.45
11e59Gly 176 3.1 5.6 25 0.21
Pro60Gly 35 21 2.9 0.80 0.071
Tyr63Gly 19 1.78 7.6 5.8 0.021
Leu64Gly 29 2.0 34 14 0.112
Phe63Gly 28 049 3.8 3.3 0.003

aK; andK;' are the fitted inhibition constants of P552 and its analogs
[P741(F56G), P740(159G), P776(P60G), P751(Y63G), or P752(L64G)],
respectively, in Table 2K; andK;' are, as an exception, the fitted
inhibition constants of P1031(Y63F) and P751(Y63G).

These interactions of Gt® and the newly formed hydrogen
bonds with water molecules may largely compensate the
Phée'8 side chain interactions, resulting in a small enthalpy
change AAH°® = 0.92 kcal/mol in Table 4) upon Gly
substitution of Phi¢®, Also, the negative entropy change
(TAAS = —2.8 kcal/mol in Table 4) may be largely
attributed to the rigid conformation of the A5-GlyH%-
GIu™®” backbone in the complex. A similar thermodynamic
profile (a smallAAH® and a negativGAAS’) and confor-
mational change is observed in a double-substitution of
Tyrt63| eu4 by Gly-Gly (data not shown). In contrast, the
Gly substitution of 11&5°, Prgié%, TyrH63 or Leu'®* shows a

large enthalpy increase and entropy increase, and no sig-

nificant backbone movement in the modeled complexes.
Thus, a small enthalpy change with a significant entropy loss
in eliminating side chain(s) may imply a conformational
change being induced.

Correlations among the Thermodynamic Parameters
Hopfner et al. (1993) reported the thermodynamic profile
of the binding of hirudin, fibrinogen, and the synthetic
bivalent thrombin inhibitors to thrombin. A KrugHunter—
Grieger plot (Krug et al., 1976a,b) of these substrate and
inhibitors shows a quadratic relationship betwedd and
AG. The thermodynamic profile of some inhibitors listed
in Table 1, however, does not fit to the quadratic expression,
and theAG shows no correlation witthH or AS at either
37 °C (data not shown) or 25C (Table 3). On the other
hand, a plot ofAAH® vs AAS’ in Figure 5 shows a very

reflect minor modifications of the bivalent inhibitors which
eliminate a nonpolar side chain at the FRE inhibitor segment
or introduce an amide bond at the linker. The linear least-
squares fit the data in Figure 5 is given by

AAH° =312AAS +1.48  r?=0091 (11)
The slope in eq 11 is known as the compensation temperature
and is generally in a relatively narrow range from 250 to
315 K (Lumry & Rajender, 1970). Our value of 312 lies
within this range. A strong enthalpyentropy correlation
is also observed inH® andAS’ values in Table 3, including
the data of the synthetic bivalent inhibitors reported by
Hopfner et al. (1993). Enthalpyentropy correlation has
been observed in other studies. The binding of ligands to
receptors shows the strong enthal@ntropy correlation in
a wide range ofAH° (—25 to 35 kcal/mol) and\S’ [—0.05
to 0.15 kcal/(molK)] (Gilli et al., 1994). Protein stability
studies show that approximately 90% of the interaction
energy AH = 50—200 kcal/mol) is compensated by the
entropy loss, resulting in -515 kcal/mol of free energy
stabilization (Privalov, 1979; Shortle et al., 1988).

Molecular Surface and Free EnergyHorton and Lewis
(1992) found a very good correlation between dissociation
free energy and interface area in 15 protgamotein com-
plexes. This correlation may be too simplified and cannot
be valid in general, because specific interactions such as
hydrogen bonding and ion pairs are sensitive to the detailed
atomic structure (Janin, 1995). However, the less specific
interactions such as hydrophobic interactions may show
similar correlation, although the molecular surface must be
carefully estimated. In this paper, we take into account the
molecular surfaces of not only the complex but also the
dissociated molecules. Then, the valueA&G® in Table
4 show a very good correlation withAAe:in Table 5. An
exception is the Gly substitution of T¥#. The reason that
Y63G is an outlier may be that the tyrosyl side chain contains
a hydroxyl group that could be involved with a specific
hydrogen bonding interaction (e.g., with Tr The surface
area calculation would not reflect the loss of such a specific
interaction. In order to examine the contribution of a benzyl

good compensation effect between the enthalpy and entropygige chain of the 63rd residue, the thermodynamic properties
changes. Our data are supplemented with those of Hopfnerys ppaies gre compared to those of Gf#. The inhibition

et al. (1993 The data ofAAH° and AAS in Figure 5

3 The values in Figure 5 refer to the values at°’®5 Although the
data of Hopfner et al. (1993) were measured atG7/AAH andAAS
were analyzed as temperature-independent. A bivalent inhibitor (P201),
Ac-(p-Phe)-Pro-ArgeAdod-hirudirf>5, is used as a reference inhibitor
to estimateAAH andAAS, because it has no amide bond in the linker.

constant and the thermodynamic values of P1031(Y63F) are
listed in Tables 24. Unlike the corresponding mutation in
recombinant hirudin where th§ values increase only 13%,
the substitution of Ty1%%in P552 by Phe reduces the affinity
by 9-fold. Thus, the hydroxyl group contributes more than
the benzyl group in the binding affinity of the synthetic
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Ficure 4: Stereoview of thrombirP552 and thrombirnP741(F56G) complexes at around the 56th residue of the inhibitors. Since thrombin

structures are almost superimposable in both complexes, only the low-energy structure of thrombin in the complex with P552 is shown in

the figure (thin connections). The structures of P552 and P741(F56G) are shown with medium and thick connections, respectively.

Table 5: Polar and Nonpolar Molecule Surfaces of Thrombin and Inhibitors in the Complex and in the Free State

AAs (A?) AA (A AAA (A2
substitution of inhibitors polar nonpolar polar nonpolar polar nonpolar  AAAu (A2)P
Phe56Gly 8 —106 —16 23 —24 129 153
l1e59Gly 12 -84 -6 13 —18 97 115
Pro60Gly 17 —62 1 =27 —16 35 51
Tyr63Gly —14 -89 75 -50 89 39 -50
Leu64Gly 10 —84 16 —37 6 47 41
Phe63Gly 8 —106 100 —68 92 38 —54
BAAA = AA; — AAs. P AAAi = AAAp — AAA.
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Ficure 5: Correlation ofAAH® with AAS® by taking P552 as a <5
reference compound at Z&. The inhibitor residue substituted AAA (AY)

by Gly is noted beside each filled circle. The figure also includes
the data (filled triangle) of Hopfner et al. (1993) by taking P201 as

Ficure 6: Correlation of molecular surface changeAAne =
AAA — AAA) with the relative binding free energy change.

a reference compound because of its simplest linker structure, The solid linear line is the linear least-squares fitting with a

uAdod.

inhibitor. The least-squares fitting AAAG® vs AAAnet
(Figure 6) yields

AAG® = 0.015MAA ,+1.34  r?=1.00 (12)

where the data of TY#2 are replaced by those of Pteé

correlation of AAG® = 0.0154AAA: + 1.34 (2 = 1.00). The
data of the Gly substitution of T§f3 are excluded from the fitting
as described in the text.

Consequently, the complex stability due to the hydrophobic
interactions is well reflected by the molecular surface change
upon complex formation. However, it should be pointed out
that the linear correlation of eq 12 may not be applicable to

The strong correlation between the free energy and theother types of interactions as already implied by the Gly
surface area change is further supported by four other analogsubstitution of Ty#2 in Figure 6. Nevertheless, the good

of the synthetic bivalent inhibitors (unpublished results).

correlation obtained from surface area calculations based on
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modeled structures suggests the feasibility of predicting Hopfner, K.-P., & Di Cera, E. (1992Biochemistry 3111567

relative binding affinities for a congeneric series of inhibitors. 11571 o _
Hopfner, K.-P., Ayala, Y., Szewczuk, Z., Konishi, Y., & Di Cera,
CONCLUSION E. (1993)Biochemistry 322947-2953.
Horton, N., & Lewis, M. (1992)Protein Sci 1, 169-181.
Thermodynamic analysis of the nonpolar interactions Janin, J. (1995Biochimie 77 497—505.
between the FRE of thrombin and the hirudin-based inhibi- Karshikov, A., Bode, W., Tulinsky, A., & Stones, S. R. (1992)
tors provides detailed information of the molecular associa- _ Protein Scil, 727-735.
tion. The nonpolar interactions of &, Prd*&, Tyr3 and Krstenansky, J. L., Broersma, R. J., Owen, T. J., Payne, M. H.,

. . - Yates, M. T., & Mao, S. J. T. (1990jhromh Haemostasis 63
Leu® side chains are enthalpy-driven such that van der 20 214 (19909 8

Waals interactions play the major role in the molecular Krug, R. R., Hunter, W. G., & Grieger, R. A. (1976a) Phys
association. The Gly substitution of Ptigis exceptionally Chem 80, 2335-2341.
entropy-driven, and molecular modeling predicts a large Krug, R. R., Hunter, W. G., & Grieger, R. A. (1976b) Phys
conformational change of P741(F56G) to compensate the loss Chem 80, 2341-2351.

. _Lefkovits, J., & Topol, E. J. (1994Circulation 99 1522-1536.
of the benzyl group. Nevertheless, a strong compensatlonl_umry’ R.. & Rajender, S. (197@iopolymer 9 1125-1227.

between enthalpy and entropy is observed in all Gly 5 hatadze, G. I., & Privalov, P. L. (1993)Mol. Biol. 232 639
substitution analogs. A careful investigation of the thermo- 59,

dynamic parameters and the structure of the Gly substitution Markwardt, F. (1989)Semin Thromb Hemostasis 15269-282.
analogs shows, for the first time, a very good correlation Morrison, J. F., & Stone, S. R. (1988pmments MolCell Biophys
between the affinity of the molecular association and the 2, 347—368.
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