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ABSTRACT. Hirudin is the most potent and specific inhibitor of thrombin, a key enzyme in the coagulation
process existing in equilibrium between its procoagulant (fast) and anticoagulant (slow) form. In a previous
study, we described the solid-phase synthesis of a Trp3 analogue of fragméntaf hirudin HM2,

which displayed~5-fold higher thrombin inhibitory potency relative to that of the natural product [De
Filippis, V., et al. (1995Biochemistry 349552-9564]. By combining automated and manual peptide
synthesis, here we have produced in high yields seven analogues of fragmehtantaining natural

and non-natural amino acids. In particular, we have replaced Valltenttbutylglycine (Bug), Ser2

with Arg, and Tyr3 with Phe, cyclohexylalanine (Cha), TepnaphthylalaninedNal), andg-naphthyl-
alanine fNal). The crude reduced peptides are able to fold almost quantitatively into the disulfide-
cross-linked species, whose unique alignment (Cys6-Cys14, Cys16-Cys28, and Cys22-Cys37) has been
shown to be identical to that of the natural fragment. The results of conformational characterization
provide evidence that synthetic peptides retain the structural features of the natural species, whereas thrombin
inhibition data indicate that the synthetic analogues are all more potent inhibitors of thrombin. In particular,
Val — tBug exchange leads to a 3-fold increase in binding, interpreted as arising from a favorable reduction
of the entropy of binding, due to the presence of the more symmetric side ch@ngfelative to that

of Val. The S2R analogue binds 24- and 125-fold more tightly than the natural fragment to the fast or
slow form of thrombin. These results are explained by considering that Arg2 may favorably couple to
Glu192, a key residue involved in the slow to fast transition, thus stabilizing the slow form. Replacement
of Tyr3 with more hydrophobic residues having different side chain orientations and electronic structures
improves binding by 240-fold, suggesting that nonpolar interactions and shape-dependent packing effects
strongly influence binding at this position. Overall, these results provide new insights for elucidating the
mechanism of hirudinnthrombin recognition at the molecular level and highlight new strategies for
designing more potent and selective inhibitors of thrombin.

Thrombin is a key enzyme in the coagulation cascdgle ( form is anticoagulant since it specifically activates protein
and accomplishes two opposite roles in hemostasis. TheC (4). The slow to fast transition is triggered by Nainding
procoagulant role entails conversion of fibrinogen into fibrin  to a site located in the loop connecting the last fvstrands
and enhancement of its own production from prothrombin of the B-chain of thrombin §). Under physiological
through feedback activation of proteases upstream in theconditions of Na concentration, temperature, and pH, the
coagulation cascade. The anticoagulant role encompasseslow and fast forms are almost equally populat8dsp the
activation of protein C through site-specific proteolysis. procoagulant and anticoagulant activities of thrombin that
Activated protein C rapidly inactivates factors Va and Vllla, are crucial for effective hemostasis are balanced. In this
both of which are involved in thrombin generatio?).( It respect, the possibility of indentifying molecules that modu-
has been recently demonstrated that thrombin is an allosteridate the procoagulant and anticoagulant activities of thrombin
enzyme existing in two conformations, the slow and fast is an attractive strategy for developing novel anticoagulant
forms 3). The fast form exerts a procoagulant activity by agents 6).
specifically cleaving fibrinogen into fibrin, while the slow Hirudin is the most potent and specific inhibitor of

thrombin, with a dissociation constant of 22 fM)( NMR
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Ficure 1: (A) Amino acid sequence of the N-terminal fragment H Ej Ej

1-47 of hirudin HM2 fromH. manillensig58). The three disulfide i i 3-Cyclohexyl-L-alani L-Phenvialani
bridges between residues 6 and 14, 16 and 28, and 22 and 37 are L-Tyrosine yelohexyl--alanine enyiaianine
indicated by plain lines. (B) Schematic representation of the model

structure of natural fragment47 of hirudin HM2. The model is
based on the coordinates of the NMR solution structure of the N\
homologous HV1 variant frorhl. medicinalis(8; PDB entry code \

5HIR). Ribbons with arrows indicat@-strands and rope loop

; : . c ’ H
regions. Numbers define amino acid segments injfs¢ructure.  L-Tryptophan 3-(1-Naphthyl)-L-alanine  3-(2-Naphthyl)-L-alanine
'(I'5h9§ ribbon drawing was generated using the program Molscript Ficure 2: Chemical structure of the amino acid side chains of the

natural fragment £47 and of its synthetic analogues at positions
1-3 Fi 1).
on thrombin (1, 12). Interestingly, either fragment-149 (see Figure 1)
and fulllength hirudin HV1 bind-30 times more tightly to recognition between hirudin and thrombin. Taking advantage
the fast form of thrombin than to the slow formd), fthe versatility of solid-phase synthesis, we have produced
suggesting that the structural determinants of this preferential;, high yields seven analogues of fragment4 of hirudin
binding reside in the N-terminal domain.  HM2 containing natural (Arg, Phe, and Trp) and non-natural
Much effo_rt ha§ been put forth to prod_uce hlr_udm (tert butylglycine, cyclohexylalanine, and andg-naphthyl-
analogues displaying more potent antithrombin activity by janine) amino acid residues at the level of the N-terminal
using genetic methodg4—17). Spe_C|aI attention was also. tripeptide (Figure 2). The inhibitory activiies of the
devoted to the chemical synthesis of divalent thrombin synthetic analogues toward the slow and fast forms of
inhibitors, hirulogs 18), and hirunorms19), based on the thrombin were compared to that of the natural species and

C-terminal sequence of residues—38b of hirudin. Both  jnerpreted on the basis of the different physicochemical
hirulogs and hirunorms bind through their N-terminal seg- properties of the mutated residues.

ment to the active site of thrombin and through the

C-terminal tail to exosite I. Amino Acid Replacements
In a previous paper, we described the chemical synthesis
of a Trp3 analogue of fragment-17 of hirudin HM2 from The X-ray structure of the complex of bovine and human

Hirudinaria manillensis(see Figure 1) displaying-5-fold o-thrombin with the hirudin HV1 or HV2 variantl(l, 12)
higher thrombin inhibitory potency2(). In this study, we indicates that the three N-terminal residues of hirudin are
extend the chemical and analytical methods previously completely buried in the active site of the enzyme and form
developed to further elucidate the mechanism of molecular a parallel3-sheet with Ser214Gly219 of thrombin. More-
over, the N-terminal tripeptide makes about half of the total
1 Abbreviations: ASA, accessible surface area; CD, circular dichro- contacts observed for the binding of the N-terminal core
ism; ChClI, choline chloride; EDT, ethanedithiol; Fmoc, 9-fluorenyl- domain 49 to thrombin {1) and accounts for~30% of
methyloxycarbonyl; HBTU, 2-(#-benzotriazol-1-yl)-1,1,3,3-tetra-  the total free energy of bindind.{). Hence, the first three

methyluronium hexafluorophosphate; HOBt, 1-hydroxybenzotriazole; . . . . . .
HPLg’ high-pressure ”qlﬁ’id Cﬂromatography; BF’DEG'V poly(ethylene @Mino acid residues of hirudin represent a suitable target for

glycol); RP, reverse-phase; TFA, trifluoroacetic acid; UV, ultraviolet; quantitative studies of hirudin recognition by thrombin.
HM2 and HV1, hirudin variants isolated from the leecl#gudinaria Vall. The N-terminal end of hirudin is very sensitive to

?naggggg 'Z??gg'r':éﬂ? {Tsdc;?'ﬁﬁﬂzigeap,\ﬁgt'i\f%iZ}?&gl’lSﬁ’g;hgggn structural modifications. Acetylation or addition of an extra

replaced bytert-butylglycine (Bug); S2R, mutation of Ser2 with Arg; ~ Gly residue at the N-terminat-amino group almost abol-
Y3F and Y3W, sequence-#7 of hirudin HM2 in which Tyr3 has  ishes the anti-thrombin activity of hirudinl4), while

been replaced by Phe and Trp, respectively; Y3ChayNa, and P ;
Y3pNal, analogues obtanined by replacing Tyr3 with cyclohexylalanine substitution of Vall with neutral (Gly) or polar (Ser, Glu,

(Cha), a-naphthylalanine Nal), and s-naphthylalanine fNal), re- or LY_S) residues decrea§es binding by—]].QOO-_fold_, re-
spectively. spectively 7). NMR studies conducted on the hirudin HV1




Synthetic Analogues of Hirudin Fragment47
(8, 9, 21, 22) and HM2 variant 10) indicate that Vall
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To probe the S3 site of thrombin, we have replaced Tyr3

(present in both isoforms) is almost fully exposed to solvent with natural (Phe and Trp) and non-natural (Chblal, and
and highly flexible. Conversely, in the bound state, Vall is SNal) amino acids (see Figure 2). Since these residues are

completely buried in the active site of the enzyme and fixed
in a single side chain conformatioa, 12). In particular,
the a-NH, group of Vall forms a hydrogen bond withyO

all more hydrophobic than Tyr, as seen in wateoctanol
transfer data 43), and display different physicochemical
properties, it is possible to produce hirudin fragmentgl1

of the catalytic Ser195, while its side chain makes numerouswith relatively large structural and chemical diversity at

hydrophobic contacts with His57 of the catalytic triad and
closely interacts with Tyr60A and Trp60D of the 66A

insertion loop. This loop, absent in other homologous
trypsin-like proteases, defines the S2 specificity site on

position 3 (i.e., hydrophobicity, electronic structure, side
chain volume, and orientation).

MATERIALS AND METHODS

thrombin and narrows the access to the active site such that Fragment +47 of hirudin fromH. manillensis(variant

only small apolar residues are allowed.
Considering the structural properties of hirudin in the free

HM2) was obtained by limited proteolysis with trypsin of
the 64-residue chain of hirudin HM3@). Humana-throm-

and bound state and the steric requirements at the S2 site obin (EC 3.4.21.5) was purified and tested for activity as

thrombin, we replaced Vall witkert-butylglycine ¢Bug)
(see Figure 2). In fact, both Val anBug have comparable
side chain volumes2Q), disfavor helix formation 24, 25),
and have strong3-forming propensities 26, 27), with
minimum energy points ap,;y = —90°,100 for Val and
¢,y = —130°,14C for tBug (26). On the other hand, the
addition of a methyl group to £ of valine is expected to
restrict the backbone conformations availabletBaug to
about one-third of those allowed to V®).

described previoush3j. The chromogenic substratePhe-
Pro-Argp-nitroanilide (FPR) was synthesized by the liquid-
phase method. Fmoc derivatives of the non-natural amino
acids reported in this work were prepared using the method
previously described3(). Protected amino acids, solvents,
and reagents for peptide synthesis, as well as those for
peptide and/or protein sequence analysis, were from Applied
Biosystems (Foster City, CA). Cyclohexylalanine (Cha),
tert-butylglycine (Bug), a-naphthylalanine Nal), and

Ser2 Mutagenesis studies conducted on the hirudin HV1 g-naphthylalanine{Nal) were purchased from Sigma (St.

variant indicate that substitution of Val2 with Arg leads to
a 9-fold improved binding 7). Analysis of the three-
dimensional (3D) structure of the hirudithrombin complex

Louis, MO). Trifluoroacetic acid (TFA) and phenyl isothio-
cyanate (PITC) were purchased from Pierce (Rockford, IL);
poly(ethylene glycol) (PEG) 6000 and dithiothreitol (DTT)

reveals that position 2 of hirudin is located at the entrance were from Fluka (Basel, Switzerland). All other reagents
to, but does not enter, the S1 site, formed by two large loopsand organic solvents were of analytical grade and obtained

comprising Cys182Serl95 and Val213Tyr228 (11).

from Fluka or Merck (Darmstadt, Germany).

Hence, the occupancy of the S1 site is not strictly required Peptide SynthesisThe analogues of fragment-47 of

for binding. The improved binding of the Val2Arg mutant
in hirudin HV1 was interpreted by considering that the side
chain of Arg is long enough to favorably interact with
Asp189 at the bottom of the S1 site of thrombin. However,
alternative binding modes implying interaction of Arg2 with
Glul92 or Asp194 thereby were not excluddd)( Here

hirudin HM2 were synthesized by the solid-phase Fmoc
method 82) in two sequential steps. In the first step, the
peptide chain corresponding to the sequence of residues
4—47 was assembled stepwise using an Applied Biosystems
automated peptide synthesizer (model 431) qradkoxy-
benzyl ester polystyrene resin (0.52 g, 1% divinylbenzene

we have replaced Ser2 with Arg to evaluate the effects of cross-linked) 83) derivatized with Fmoc-Lys (0.48 mequiv/

perturbation of the S1 site on the binding efficiency of hirudin

fragment 47 to the slow and fast forms of thrombin.
Tyr3. Contrary to the high conformational flexibility

observed for the first two residues of hirudin, Tyr3 has a

g). After the assembly of the peptide chain of residued 4
was completed, the side chain-protected peptidyl resin (1.8
g, ~0.14 mmol of peptide) with théN*-Fmoc protecting
group still bound was divided into aliquots (220 mg20

well-defined conformation both in the free and in the bound umol). Thereafter, theN*-Fmoc was removed, and the

state (0—12, 21). In the hirudin-thrombin complex, the
side chain of Tyr3 projects into the apolar binding site of
thrombin (the S3 site), formed by a large hydrophobic cavity
comprising residues Trp215, Leu99, and lle114)( The
importance of position 3 is confirmed by the fact that Tyr3
is highly conserved through the hirudin famil®8), and its
substitution or chemical modification significantly affects
thrombin binding. In particular, Tyr> Ala exchange and
nitration of Tyr3 dramatically reduce bindindg, 17). On

the other hand, replacement of Tyr3 in hirudin HV1 with
the more hydrophobic Phe and Trp improves bindihg).(
Similar results were obtained with fragment47 of hirudin
HM2, where Tyr3— Trp exchange led to a 5-fold increase
in binding 20). Conversely, chemical modification of Trp3
with the bulky and hydrophobig-nitrophenylsulfenyl (NPS)
group almost abolishes the affinity for thrombin, suggesting

coupling of the remaining amino acids was accomplished
by manual chemical synthesis, using essentially the same
protocol that was used for the automated synthetic procedure.
The coupling reaction was performed with the HBTU/HOBt
acivation procedure3d), using a 4-fold molar excess of
protected amino acids. A double-coupling cycle was re-
quired only for the incorporation of the sterically hindered
tert-butylglycine (Bug) at the N terminus. After the
assembly of the analogues of hirudin fragment4¥Z was
completed, the side chain-protected peptidyl resin was treated
for 90 min at 0°C with a 2 mLmixture of TFA/HLO/EDT
(95:2.5:2.5, viv). In the case of the S2R analggae! h
TFA treatment was used to maximize deprotection of the
Mtr group (4-methoxy-2,3,6-trimethylbenzenesulfonyl) from
the Arg side chain32). The crude reduced peptide was
dissolved (2 mg/mL) in 0.1 M NaHCgbuffer (pH 8.3) and

that the molecular shape and steric hindrance at position 3allowed to fold for 24 h under air oxidation conditions in

are crucially important for binding2).

the presence of 10(kM pS-mercaptoethanol36). The
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refolding mixture was fractionated using an analytical Vydac
(The Separations Group, Hesperia, CA) C18 column (4.6
mm x 150 mm, 5um particle size) eluted with a linear
acetonitrile/0.05% TFA gradient. For preparative purposes,
aliquots (2-3 mg) of crude refolded peptide were injected
onto a semipreparative Vydac C18 column (1 gn25 cm,

10 um particle size). The analytical characterization of the
synthetic peptides and the determination of disulfide pairing
were conducted as previously described for the Y3W
analogue Z0).

Spectroscopic Measurement3he concentration of the
analogues of fragment-47 was determined by ultraviolet
(UV) absorption at 280 nm on a double-beam model
Lambda-2 spectrophotometer from Perkin-Elmer (Norwalk,
CT). Extinction coefficients at 280 nm for the natural
fragment and for the analogues tBlig, S2R, Y3Cha, Y3F,
and Y3W were calculated utilyzing a molar absorption
coefficient of 1280 M* cm* for tyrosine, 5690 M* cm™t
for tryptophan, and 120 M cm™? for cysteine 86), and
taken to be 0.67 mg cnv for the natural fragment-147
and for analogues \tBug and S2R, 0.41 md cn¥ for Y3F
and Y3Cha, and 1.57 mgcn¥ for the Y3W analogue. The
extinction coefficients for the naphthylalanine-containing

De Filippis et al.

polar and apolar groups that are shielded from water upon
hirudin—thrombin associationAGgesor). An estimate of
AGgesoy IS Obtained from the equatiofAGgesoy =

=2 A0 AASA (41, 42), whereAASA, is the change in the
accessible surface area (ASA) for atom type 1 upon binding
of hirudin analogues to thrombin amily;, also called the
atomic solvation parameter (ASP), is the solvation free
energy change per unit area that becomes buried upon
binding. ASPs are those reported by Eisenberg and
McLachlan @3) [Ao(C) = 16 cal mott A=2 Ao(N/O) =

—6 cal mol* A=Z and are based on water octanol transfer
data for amino acid residues obtained at°25(23). ASA
calculations were carried out on the natural and synthetic
peptide analogues in the free and thrombin-bound state by
using tge program ACCESS&4) and using a probe radius

of 1.4 A.

RESULTS

Synthesis and Characterizatiohe analogues of frag-
ment 47 of hirudin HM2 from H. manillensis were
obtained by following essentially the procedure previously
established for the synthesis of the Y3W analog2@.(In

peptides were obtained by using a molar absorption coef- all cases, high yields of synthesis (560%) were obtained.

ficient of 6200 Mt cm™ for aNal (37, 38) and 5380 M*
cm ! for SNal (39), and calculated as 1.67 and 1.50 thg
cn? for Y3aNal and Y3Nal, respectively.

The crude reduced peptide analogues were allowed to fold
for 24 h under air oxidation conditions at pH 8.3 in the
presence off-mercaptoethanoBb). The oxidative folding

Circular dichroism (CD) spectra were recorded on a Jascoreaction of all the synthetic peptides-47 proceeded with

(Tokyo, Japan) model J-710 spectropolarimeter equippedan efficiency similar to that observed for the natural fragment
with a thermostated cell holder and a NesLab (Newington, and for its Y3W analogue, while the correctness of the
NH) model RTE-110 water circulating bath. Far- and near- disulfide pairing was established by the peptide mapping

ultraviolet CD spectra were recorded at 20 in 10 mM

strategy previously reporte®@. The homogeneity and

phosphate buffer (pH 7.0) at a peptide concentration rangingchemical identity of the disulfide-oxidized-47 analogues

from 20 to 100uM, using 1 or 5 mm path length quartz
cells in the far- and near-ultraviolet region, respectively.

Fluorescence emission spectra were recorded &C2gh
a Perkin-Elmer model LS-50B spectrofluorimeter, at a
peptide concentration of-510 uM in 10 mM phosphate
buffer (pH 7.0).

Thrombin Inhibitory Actiity. Binding of hirudin N-
terminal fragments was quantified from analysis of the
competitive inhibition of substrate hydrolysisl3 40).
Measurements were carried out atZ5in 5 mM Tris (pH
8.0) containing 0.1% (w/w) PEG 6000. The ionic strength
was kept constant at 200 mM with NaCl for the fast form or
with ChCIl when the slow form was being studied. The
active thrombin concentration was 50 pM when the fast form
was being studied and 200 pM when the slow form was.
The properties of the fast form were derived as the
extrapolation at [N&] — « at a constant ionic strength of
200 mM.

Computational Methods The structure of the synthetic
analogues of fragment-347 of hirudin HM2 in the free and
thrombin-bound state was modeled on the NMR solution
structure of hirudin HV1, showing-75% sequence homol-
ogy with hirudin HM2 @; PDB entry code 5HIR), or on the
X-ray structure of the hirudinthrombin complex11; PDB
entry code 4HTC), by following essentially the procedure
previously described3().

The contribution of hydrophobicity to the free energy
change of binding AG,) was obtained by calculating the

were accessed by a number of analytical criteria, including
RP-HPLC, capillary zone electrophoresis, amino acid and
N-terminal sequence analysis, and electrospray mass spec-
trometry, giving experimental values consistent with theoreti-
cal data (not shown).

Absorption and fluorescence properties of the synthetic
1-47 analogues reflect their specific content of aromatic
residues. For instance, the UV absorption and fluorescence
emission spectra of Y&\al are shown in Figure 3. Both
spectra are dominated by the contribution of the naphthyl
chromophore and are similar to those previously reported
for model compounds afNal (37, 38). Far-UV CD spectra
of the synthetic +47 analogues share common features of
p-like secondary structuret§), with a negative absorption
centered at 220 nm and an intense positive band at 193 nm
(Figure 4A). However, some differences exist between the
natural fragment and the synthetic products in terms of both
signal intensity and wavelength shift. As previously estab-
lished for the Y3W analogue?(), these differences can be
interpreted on the basis of the different contributions of the
aromatic chromophores to the CD signal in the far-UV region
and not of secondary structure alterations that might have
been caused by the mutation that was introduced. Near-
UV CD spectra of the synthetic peptide analogues have shape
and ellipticity values similar to those of the natural fragment
1-47 (Figure 4B), with a prominent positive absorption at
about 260 nm, due to the contribution of disulfide bonds
(46) and some fine structure in the 28800 nm region, due

difference in the free energy change due to desolvation of to the contribution of the different aromatic residues present
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Ficure 3: Ultraviolet absorption (curve 1) and emission fluores- B
cence spectra (curve 2) of the ¥Ral analogue. Spectra were taken
at 20°C in 10 mM sodium phosphate buffer (pH 7.0) at protein e
concentrations of 100 and BM for the UV absorption and s
fluorescence spectra, respectively. £
B

at position 347). Moreover, the positive sign and ellipticity g Y
values of the 260 nm band indicate that in all the peptide > B e o
analogues studied the three disulfide bonds are in a right- 2 *
handed conformatiord@). This result compares favorably ©
with the NMR solution structure of hirudir8( 10, 21, 22) %
and with the crystallographic analysis of the hirudin z
thrombin complex 11). As shown in Figure 4B, the
spectrum of Vi1Bug is almost superimposable with that of

the natural fragment-247, whereas that of Y@\al displays
some difference in the 24B00 nm region, assigned to the
contribution of the naphthyl chromophore. The difference Wavelength (nm)

spectra obtained by subtracting the spectrum of Y3Cha from Ficure 4: Far- (A) and near-UV (B) CD spectra of YAug (—),
that of Y3uNal or V1tBug (Figure 4, inset) account for the ~Y3Cha ¢ —), and Y3uNal (—-—). As a reference, CD spectra of
contribution of Tyr &7) or aNal (38). the natural fragment147 (---) are also included. All measurements

were carried out at 20C in 10 mM sodium phosphate buffer (pH
Overall, the results of CD measurements lead us to the 7o) at a protein concentration of 20 or 19M, in the far- and

conclusion that the native fold of hirudin fragment47 is near-UV regions. The inset shows the difference spectra obtained
retained upon incorporation of natural (Phe, Trp, and Arg) by subtracting the spectrum of Y3Cha from that of the natural
or non-natural {8ug, Cha,aNal, and SNal) amino acid fragment 147 (curve 1) or that of the Y#\al analogue (curve
residues and that the observed differences in the far- andz)'
near-UV CD spectra can be ascribed solely to the different . . .
A . X . results of N-terminal sequence analysis (not shown) provided
intrinsic spectroscopic properties of the mutated residues. . :
) s e A . clear-cut evidence that the S2R analogue is not degraded by

Thrombin Inhibition  Binding of hirudin N-terminal thrombin. This resistance to proteolytic degradation is in
fragments to thrombin was quanified from the analysis of IR 1O E B B S e of
the competitive inhibition of the hydrolysis of the substrate thrombin in a nonsubstrate mod&1y
D-Phe-Pro-Arge-nitroanilide (FPR), as described in Materials '
and Methods. The relevant properties of the synthetic Replacement of Tyr3 with the more hydrophobic residues
analogues analyzed in this study are summarized in TableCyclohexylalanine (Cha) and phenylalanine (Phe) enhances
1. The mutated species display from 2- to 40-fold more binding by 1.6- and 16-fold, respectively. Notably, despite
potent inhibitory activity toward the fast form of thrombin  the fact that Cha is more hydrophobic than Phe and possesses
and up to 125-fold more potent activity toward the slow form, roughly the same side chain volum@3|, the Y3Cha
compared to the natural product. In particular, introduction derivative inhibits the fast form of thrombin 10-fold less
of a methyl group at 8 of Vall leads to a 3-fold higher  efficiently than Y3F (see Table 1). In addition, the substitu-
affinity for the fast form, while replacement of Ser2 with tion of Tyr3 with more hydrophobic and bulkier residues
Arg enhances binding to the fast and slow form by 24- and such as TrpaNal, andsNal improves binding to thrombin,
125-fold, respectively. If it is considered that Arg2 may be with K4 values in the low nanomolar range, and slightly
susceptible to proteolytic attack by thrombin by interacting enhances the selectivity of the peptide analogues for the fast
with its primary specificity site (S1 site¥8), a sample of ~ form. Interestingly, althouglaNal andfNal are isosteric
S2R used in the thrombin inhibition assay was recoverd by and isophobicZ3), replacement of Tyr3 witl$Nal leads to
RP-HPLC and tested for chemical identity. The lack of a 6-fold increase in binding relative to that of thenaphthyl
fragmentation peaks in the RP-HPLC chromatogram and theisomer (Nal).

250 270 290 310 330 350
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Table 1: Thermodynamic Data for the Binding of Synthetic lle 174
Analogues 47 to the Fast and Slow Forms of Thrombin
fast form slow form
AAG, AAGy AG.
synthetic Ky (kcal/ Ky (kcal/  (kcal/
analogue (nM) mol)° (nM) mol)®  mol)°
natural 41+ 2 - 1500+ 100 - 21
Y3F 25+ 0.2 —1.65 230+ 10 -111 27
Y3Cha 25£2  —029 1500660 0  —2.4 Tyr 60A
Y3W 6.6+0.7 —1.08 550+ 40 -0.60 -2.6
Y3aNal 6.4+04 -1.10 530+ 30 -0.62 -2.6
Y3pNal 1.1+ 0.1 —2.14 94+ 4 -1.64 26
V1tBug 14+ 04 —-0.63 1000+80 —0.24 -—-25
S2R 1.7+0.07 -1.88 1242 -2.86 -—1.1
a All measurements were carried out at 25 in 5 mM Tris (pH
8.0) containing 0.1% PEG in the presence of 200 mM NaCl when the Trp 60D

fast form or 200 mM ChCIl when the slow form was being studied
(see Materials and Method$)AAG, is the difference in the free energy

change of binding to thrombin between the synthetic analofy@*)

and the natural fragmenAG,™): AAG, = AGy* — AGp™. A negative Glu 192
value of AAGy indicates that the mutated species binds more tightly to
thrombin than the natural fragment. Errors &r@.1 kcal/mol or less.

¢ AG; is the free energy of coupling to thrombin, measured\&g =

AGp fast— AGp siow (13, 40). The value ofAG. is negative if the inhibitor

binds to the fast form with a higher affinity than it does to the slow
form.

Ficure 5: Schematic representation of the interaction of the
N-terminal tripeptide of hirudin HM2 (black) with the active site
of thrombin (gray). The model structure of hirudin HM2 bound to
thrombin was based on the coordinates of the X-ray structure (2.3
DISCUSSION A resolution) of the complex between humasthrombin and the
hirudin HV2 variant, possessing an lle at position 1 and a Val at

TR : : ; position 2 (L1). Only the amino acid side chains of thrombin that
The major limitation of the protein engineering approach interact with the N-terminal tripeptide of hirudin are indicated. For

by genetic methods resides in the fact that the structural or gjarity, His57, Asp102, and Ser195 of the active site are not shown.
functional diversity that can be generated into a given Tyr60A and Trp60D define the S2 site, while Trp215, Leu99, and
polypeptide chain is limited to the repertoire of the 20 1lel74 form the apolar binding site (the S3 site) on thrombin.

genetically coded amino acids. In this view, the possibility Glul192 of the allosteric core of thrombiB4) is also indicated.

of effectively modulating the physicochemical properties (i.e.,

hydrophobicity, electronic structure, side chain volume, and
shape) of peptide ligands through the rational incorporation
of non-natural amino acids with tailored side chains repre-
sents a promising approach for studying the determinants of
protein folding and stability, as well as for shedding light

'(I)'E threr]m(:le;:ruliarh?fail; (;(fjIKlg\;/aﬁdefcienatrordasisr?0|f1\tl<r31r1ﬂ;]9)£ al mol. This result is unprecedented, considering that almost
€ most straightiorwa ay o oducing non-natural. o, jtations at this position reported so far dramatically

moieties into proteins is chemical synthe&g)( even though decreased bindinglg, 17)

other approaches such_ as enzyme-catalyzed semisynthesis Model building stu'dies indicate theBug can be accom-

(5L, 5.2) and b|osynthet|.c procedureé_a) have alsp_bepq modated at the S2 subsite without steric hindrance and that

exploited. HOWGV?“ solid-phase pgptlde synthe5|§ IS [|m|ted the improved binding of the fBug analogue does not arise

by the peptide chain lengt), and in the case of disulfide- from the burial of a larger amount of hydrophobic surface

containing proteins, the problem is further complicated by area upon association or from added interactions due to the

the poor recovery of peptide material possessing the correct,, ;.- mathvl aroun (see Eigure 5). Moreover. the presence
disulfide bonds. yl group (see Figure 5). , the p

of a CH; at G5 of valine is expected to have only a marginal
The results reported in this study demonstrate that it is effect in restricting the backbone conformations of fragment
possible to produce in high yields and in a homogeneous 1-47 in the free state, since Vall is at the N-terminal end
form analogues of fragment-47 of hirudin HM2 containing of the molecule (see Figure 1). Hence, we propose that the
non-natural amino acid residues by combining automated andimproved binding of V1Bug is due to the higher symmetry
manual solid-phase peptide synthesis. Moreover, the resultsf the tert-butyl group oftBug compared to that of the
of conformational characterization provide evidence that the isopropyl side chain of Val. NMR data indicate that all three
synthetic peptides retain the overall structure of the natural most stable rotamers (trans, gauchand gauche) about
species, allowing us to interpret the differences in binding ' are observed for the side chain of Vall in the solution
to thrombin on the basis of the different physicochemical structure of free hirudind2), but only the trans rotamer binds
properties of the mutated residues and of the impact of aminoproperly to thrombin 11, 12). In the case otBug, there
acid exchanges on the structure of the hiruetitirombin are three equivalent positions for the three ;Cdtoups
complex. In this respect, it should be pointed out that the attached to theg-carbon. This means that there are three
structure of thrombin used in this study is that relative to energetically equivalent side chain rotamersRfg that are
the fast form, since crystallization of the hirudithrombin able to bind thrombin into the functionally active conforma-

complex was achieved in the presence of-@%5 M Na
(11, 12).

Vall—tBug As reported in Table 1, replacement of Vall
with tert-butylglycine (Bug) enhances the affinity of frag-
ment =47 for the fast form of thrombin by about 3-fold,
with a gain in the free energy of bindingG,) of 0.63 kcal/
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tion, leading to a reduction of the entropy change of binding 3.0 — T T T
compared to that of Val XS, va-wug). An estimate of

AS, var-sug Can be obtained from the equatid®, var-tsug 251 Nal
=R In(yb,tguglyb,\,m) =R In(3/1) (53), Whereyb,tgug and)/b,\/eu 0O

are the number of functionally active conformations allowed = 20 Phe .
for tBug and Val, respectively, in the hiruditthrombin £ 0

complex. Thus, a relative stabilization AfSyai—wsug Which ® 15¢ T
equals—TAS/a-wug (—0.65 kcal/mol at 298 K) is expected = o Tg’ o

for the V1tBug analogue over the natural species, consistent o [ aNal T
with the experimental valueAGya—wug = —0.63 kcal/mol) 5;1 0s L _‘
reported in Table 1. Our results suggest that proper ' o

introduction of symmetric groups into amino acid side chains 00 L Tg Cha -
can significantly improve binding by increasing the entropy

of the ligand in the bound state, thus reducing the overall 05 Loy
change inAS,. With this respect, amino acid substitutions 02 00 02 04 06 08 10 12 14
such as valine— tert-butylglycine or leucine— tert- -AAG,,,,, (kcal/mol)

butylalanlne_ repre§ent rathe_r _safe mut_atlons,_enabllng m FIGURE 6: Plot of AAGy, VS AAGgeso for the Tyr3— X analogues
provement in binding with minimal Ste”(_: reqwrt—_}ments. of hirudin fragment +47. AAG, is the difference in the free energy
Ser2— Arg. Replacement of Ser2 with Arg induces a change of binding to the fast form of thrombin, as obtained from
strong enhancement of the affinity of fragment4 for the experimental data reported in Table\NGgesonis the difference
thrombin (see Table 1), partly anticipated by mutagenesis in the desolvation free energy change calculated from the difference

: ) PR in the polar and apolar accessble surface areas (ASA) that become
studies conducted on the full Iength_hlrudln H\./l’ Wher_e V_al2 buried upon binding (see Materials and Methods). B, and
— Arg exchange led to a 9-fold increase in the binding AAG....are calculated relative to the natural species. Data points

constant {7). A reasonable hypotesis, based on molecular (except that relative to Phe) are fitted to a line with a slope of
modeling studies, suggests that Arg2 of fragmerd1 may 1.84, giving a correlation coefficiemtof 0.95.

interact with thrombin in a nonsubstrate mode by coupling

electrostatically with Glu192 (€—Co. distance of~5 A), form. Hence, an increase in the hydrophobic character at

thereby explaining the higher affinity of the S2R analogue position 3 of hirudin remarkably improves binding and seems

for either the slow or fast form. to slightly stabilize the fast form over the slow form,
The data reported in Table 1 also show that SeArg compared to the natural fragment.

exchange enhances binding more to the slow form of Considering the nonpolar character of the mutated side
thrombin than to the fast form. In particular, the S2R chains, we tried to correlate the free energy change of binding
analogue bhinds 24 and 125 times more tightly than the naturalto thrombin (AG,) to the variation of hydrophobicity at
species to the fast and slow form of thrombin, respectively, position 3. Data reported in Figure 6 clearly indicate that
with a difference in coupling free energfG.) of 1.0 kcal/ there is a linear proportionality between the experimentally
mol. The value ofAG. measures the difference NGy determinedAG, and the calculated desolvation free energy
between the fast and slow formAG; = AGtast — AGsiow), of binding (AGgesor), Mainly contributed by desolvation of
and the residues on thrombin that are energetically linked apolar surfaces that become buried when hirudin binds to
to the slow to fast transition can be mapped from the effect thrombin (see Materials and Methods). These results provide
of their mutation on the value AG; (13, 40). Hence, it a reasonable physical interpretation for the enhanced inhibi-
may be proposed that Glu192 is involved in the slow to fast tory potency of the synthetic analogues at position 3 and
transition and that its perturbation by electrostatic coupling suggest that the hydrophobic effect is an important factor in
to Arg2 in the S2R analogue preferentially stabilizes the slow driving ligand-receptor association. However, the variation
form of thrombin relative to the natural fragment. This is of hydrophobicity alone does not account quantitatively for
in line with the results of previous studies conducted by Di the differences iMAG, reported in Table 1. For instance,
Cera and co-workers demonstrating that Glu192 is part of Y3Cha and Y3F bury approximately the same amount of
the “allosteric core” of thrombin through which events apolar surface area upon complex formation, and as expected,
originating at the Né&-binding loop propagate to other regions they have very close desolvation free energies of binding
of the enzyme, thus regulating the transition between the (see Figure 6). Nevertheless, experimental data reported in
slow (anticoagulant) and fast (procoagulant) forg¥)( Table 1 indicate that Y3Cha is 10-fold less active than Y3F,
However, since the direct structural evidence for the binding with an unfavorablAAG,, relative to Y3F of 1.36 kcal/mol.
mode of Arg2 to thrombin is not yet available, our hypothesis Analysis of the 3D structure of the hiruditthrombin
awalits structural verification. In this respect, the alternative complex indicates that Tyr3 interacts in a favorable edge-
possibility of Arg2 interacting with Asp189 of thrombin in  to-face conformation with Trp215 at the S3 site of thrombin

the S1 cavity can also be considered. (11, 12) (see Figure 5), and similar structural features have
Tyr3— X. In this study, we have probed the S3 site of been observed betweemPhe and Trp215 in the X-ray
thrombin by replacing Tyr3 of hirudin fragment-#7 with structure of thrombin complexed with the inhibitosPhe-

mononuclear (Phe and Cha) and binuclear (Brdal, and Pro-Arg-chloromethyl ketone5f). Aromatic-aromatic
pNal) amino acid residues. Thrombin inhibition data interactions have been identified as important factors for
reported in Table 1 indicate that the mutated analogues areprotein stability and binding (see r66 for a review), since
2—40-fold more potent than the natural species in inhibiting edge-to-face interaction of two aromatic side chains allows
the fast form, and up to 16-fold more potent than the slow the 6™ hydrogen atoms of the edge of one aromatic ring to
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approach thé~ s-electron cloud of the other ring, leading
to a favorable free energy change of interaction betwe@

and —1.3 kcal/mol 67). Hence, in our case, the improved
binding of Y3F relative to that of Y3Cha is primarily due to
the stabilizing interaction of Phe3 with Trp215, which is
possible only for the aromatic side chain of Phe and not for
its saturated analogue (Cha).

Experimental data reported in Table 1 reveal that while
Trp is less hydrophobic thamNal, as determined by water
to octanol transfer dataAGrr(Trp) = —3.0 kcal/mol;
AGrgr(o-Nal SNal) = —4.2 kcal/mol] 3), Y3W and Y3xNal
display very close antithrombin activities. Conversely,
althoughoNal andBNal have the same hydrophobicity value,
Y3pNal is 6-fold more potent than Y¥aNal in inhibiting the
fast form of thrombin, with a difference inGy, of —1.0 kcal/
mol. Model building studies and accessible surface area
(ASA) calculations provide a reasonable explanation for these
results. In fact, both Trp andNal have similar side chain
orientations and bury approximately the same amount of
apolar surface area upon complex formation, giving similar
values 0fAGgeso (Figure 6). In addition, Y3W and Y@&\al
share a common binding mode, since the aromatic moiety
of both Trp andoNal can contact at one end Tyr60A and
Trp60D of the S2 site while at the other end can interact
edge-to-face with Trp215 of the S3 site (see Figure 5). The
improved binding of the YB8Nal analogue relative to that
of Y3aNal can be explained by considering the different
side chain orientation ofi- andSNal (see Figure 2) in the
free and bound state. In the free state, the naphthyl ring of
BNal protrudes into the aqueous solvent, leading to a larger
amount of apolar surface area that is buried upon binding,
and thus to an increased valueX®Bgeson (Figure 6). When
bound to thrombin, the side chain gNal does not point
toward the S2 site (as in the caseadflal), but it harbors
the side chains of Leu99 and llel74 at the S3 site through

favorable van der Waals contacts and interacts edge-to-face

with the indole ring of Trp215 (see Figure 5).

An important aspect emerging from this study is that the
intrinsic aversion of nonpolar groups for water is the
dominant driving force for ligand binding only when the

removal of these groups from the aqueous solvent leads to 13,

favorable specific interactions with the receptor binding
site(s), suggesting that ligandeceptor association is strongly

influenced by both hydrophobic and shape-dependent pack-

ing effects. If a reasonable estimate of the hydrophobic effect

can be obtained by calculating the free energy change due

to desolvation of apolar surfaces that become buried upon
ligand—receptor association, packing effects are much more
difficult to evaluate and predict, since they are mediated by
weakly polar interactions (e.g., aromatiaromatic and van

der Waals) whose strength is strongly dependent on the
orientation and distance of the interacting groups, such that

even subtle perturbations in the ligand or receptor structure
may dramatically alter binding.

In summary, the results of this study prove that solid-phase
chemical synthesis is a convenient method for the efficient
incorporation of non-natural amino acids into the N-terminal
domain 147 of hirudin, enabling us to obtain analogues
more potent than the natural counterpart. Moreover, it is
shown that the rational incorporation of non-natural moieties
into hirudin can lead to inhibitors that preferentially exert
their action on either the procoagulant (fast) or anticoagulant

De Filippis et al.

(slow) form of thrombin. Synthetic analogues of hirudin
therefore can be used not only to shed light on the molecular
recognition phenomenon between thrombin and hirudin but
also as anticoagulant agents of potential therapeutic interest.
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