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ABSTRACT: The X-ray crystallographic structure of Ac-(D)Phe-Pro-boroArg-OH [DuP7 14, Ki = 0.04 nM; 
Kettner, C., Mersinger, L., & Knabb, R. (1990) J.  Biol. Chem. 265, 182891 complexed with human 
a-thrombin shows the boron atom covalently bonded to the side-chain oxygen of the active site serine, 
Ser195. The boron adopts a nearly tetrahedral geometry, and the boronic acid forms a set of interactions 
with the protein that mimic the tetrahedral transition state of serine proteases. Contributions of the arginine 
side chain to inhibitor affinity were examined by synthesis of the ornithine, lysine, homolysine, and amidine 
analogs of DuP714. The basic groups interact with backbone carbonyl groups, water molecules, and an 
aspartic acid side chain (Asp189) located in the thrombin S1 specificity pocket. The variation in inhibition 
constant by 3 orders of magnitude appears to reflect differences in the energetics of interactions made 
with thrombin and differences in ligand flexibility in solution. Kinetic and crystallographic data are reported 
for the following thrombin inhibitors: DuP714 (space roup C2, a = 70.8 A, b = 72.3 A, c = 72.6 A, 
0.24 nM, C2, a = 70.3 1, b = 71.9 A, c = 71.9 A, /3 = 100.9", R-factor = 0.201 to 2.35 resolution); 
Ac-(D)Phe-Pro-boro-homoLys-OH (Ki = 8.1 nM, C2, u = 70.3 A, b = 71.9 A, c = 71.9 A, p = 100.9", 
R-factor = 0.212 to 2.4 8, resolution); Ac-(D)Phe-Pro-boroOrn-OH (Ki = 79 nM, C2, a = 70.4 A, b = 
72.2 A, c = 72.2 A, p = 100.1", R-factor = 0.195 to 2.25 A resolution); and Ac-(D)Phe-Pro-boro-n- 
butylamidinoGly-OH (Ki = 0.29 nM, C2, a = 70.8 A, b = 72.4 A, c = 72.2 A, ,8 = 100.3", R-factor = 
0.197 to 2.25 A resolution). 

K /? = 100.6", crystallogra hic R-factor = 0.204 to 1.95 x resolution); Ac-(D)Phe-Pro-boroL s-OH (Ki = 

Many factors, including the formation of favorable van 
der Waals, hydrogen-bonding, and electrostatic interactions, 
the entropically disfavored immobilization of ligand and 
protein on complex formation, and the role of solvent 
molecules, determine the overall interaction energy between 
a ligand and its macromolecular target. The extent to which 
these factors can be estimated by summing the contributions 
of individual atoms in the ligand is important for understand- 
ing protein:ligand interactions in general (Jencks, 1981; Kati 
et al., 1992) and forms the basis for many computational 
methods for the analysis of 1igand:macromolecular interac- 
tions (e.g., Bash et al., 1987; Wilson et al., 1991; Kollman, 
1994). Given the complex interplay of affinity-influencing 
factors such as inhibitor solvation and desolvation (Warshel 
et al., 1989; Schellman, 1990), the development of predictive 
computational methods critically depends on detailed binding 
and structural analyses of ligands or inhibitors having 
relatively minor chemical changes. Reliable quantitative 
expectations for the effects that chemical modifications may 
have on inhibitor affinity can then guide synthesis in a drug 
discovery effort. Moreover, differences between expected 
and observed changes in inhibitor affinity for analogs within 
a chemical series provide feedback regarding the possibility 
of an alteration in the ligand binding mode (Andrews et al., 
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1984), a situation typically difficult to detect in the absence 
of structural analysis. 

Thrombin is a serine protease responsible for the cleavage 
of soluble fibrinogen into insoluble fibrin in the last protease- 
mediated step of the coagulation cascade (Stubbs & Bode, 
1993). Compounds that inhibit thrombin, such as the 65- 
residue protein hirudin isolated from the medicinal leech, 
are effective inhibitors of blood clotting. Clinical advantages 
exist for the use of low molecular weight thrombin inhibitors 
in place of the high molecular weight complex of antithrom- 
bin I11 and heparin because such molecules are effective in 
both blockage of arterial thrombosis (Hanson & Harker, 
1988) and venous blood clot accretion (Jackson et al., 1993; 
Tapparelli et al., 1993). For these reasons, intense research 
is aimed at the discovery of safe, orally active, synthetic 
thrombin inhibitors (Fenton et al., 1991; Doorey et al., 1992). 

One of the most potent synthetic thrombin inhibitors, 
H-(D)Phe-Pro-boroArg-OH, binds thrombin with a picomolar 
inhibition constant (Ki < 4 pM; Kettner et al., 1990). Similar 
to the interactions of other boronic acid inhibitors with serine 
proteases (Matthews et al., 1975; Tulinsky & Blevins, 1987; 
Bone et al., 1987, 1989; Bachovchin et al., 1988; Tsilikounas 
et al., 1993), part of the high affinity for thrombin is expected 
to result from the formation of a tetrahedral adduct between 
the active site serine, Ser195, and the inhibitor boron. 
Indeed, the crystal structure of the DuP714:thrombin com- 
plex, the first boronic acid inhibitor of thrombin studied by 
X-ray crystallography, shows covalent bond formation 
between inhibitor and enzyme and provides further evidence 
that boronic acids bind to serine proteases in a manner that 

0006-2960/95/0434-3750$09.00/0 0 1995 American Chemical Society 



Structures of Thr0mbin:Inhibitor Complexes Biochemistry, Vol. 34, No. 11, 1995 3751 

1 I 

I 

FIGURE 1: Chemical structures of DuP714 (top) and its amidine, 
lysine, homolysine, and ornithine analogs (second from top to 
bottom, respectively). 

mimics the tetrahedral complex formed during normal 
substrate hydrolysis. An additional contributor to high 
affinity for this sequence is the packing between the Phe 
and proline rings that NMR data indicate form in solution 
prior to complexation with thrombin (Lim et al., 1993). 
Similar preorganization of these residues may account for 
the relatively high thrombin affinities found for the aldehyde- 
containing (Bajusz et al., 1978) and chloromethyl ketone- 
containing (Kettner & Shaw, 1979) analogs of the (D)Phe- 
Pro-Arg peptide. 

To examine the contributions of the arginyl side chain to 
the high affinity of DuP714, a number of analogs having 
basic side chains were synthesized and analyzed kinetically 
and by X-ray crystallography. Here, we also report the 
thrombin inhibition constants and crystallographic complex 
structures of the lysine, homolysine, and ornithine analogs 
of DuP714 and an amidine analog where the NE nitrogen of 
arginine was changed to a carbon (Figure 1). Comparison 
of the X-ray crystallographic structures of each of these 
inhibitors bound to thrombin revealed an overall similar 
mode of binding, especially for the Ac-(D)Phe-Pro-boronic 
acid portion. As discussed here, despite their similarities in 
chemical structure and in many of their interactions with 
thrombin, the variation in inhibitor affinity is surprisingly 
wide and likely reflects energetic differences in the interac- 
tions made by the basic groups of these inhibitors, as well 
as differences in inhibitor flexibility. 

EXPERIMENTAL PROCEDURES 

Chemical Synthesis. Peptide analogs of Ac-(D)Phe-Pro- 
boroArg-OH, where the side chain of the boronic acid was 
varied, were prepared. The preparation of Ac-(D)Phe-Pro- 
NH-CH[(CHZ)~B~]-BOZ-CIOHI~ and its conversion to Ac- 

FIGURE 2: (2F0 - Fc) electron density maps for DuP714 (a) and 
its amidine (b), lysine (c), homolysine (d), and ornithine (e) analogs 
calculated using phases derived from the final model. Contours 
represent electron density within 2 8, of inhibitor atoms. Density 
near the boronic acid groups appears jagged because of nearby 
solvent molecules and covalent bonding to the active site serine 
(not shown). 

(D)P~~-P~O-NH-CH[(CH~)~NHZ]-BOZ-CIOHI~ have been de- 
scribed previously (Kettner et al., 1990). Note that C10H16 
is the abbreviation for the pinanediol boronic acid ester. Ac- 
(D)P~~-P~~-NH-CH[(CHZ)~B~]-BO~-CIOHI~ and Ac-(D)Phe- 
P~O-NH-CH[(CH,)&IHZ]-BOZ-C~OH~~ were prepared by an 
analogous series of reactions from a precursor containing 
an additional methylene. AC-(D)P~~-P~O-NH-CH[(CH~)&]- 
BO~-CIOHI~ was converted to the corresponding nitrile by 
treatment with tetra-n-butylammonium cyanide, which in turn 
was reduced by hydrogenation at atmospheric pressure in 
the presence of 10% PdfC to yield Ac-(D)Phe-Pro-NH-CH- 
[(CHZ)~NHZ]-BOZ-C~OH~~. The corresponding amidine was 
also prepared from the nitrile using the Pinner synthesis, 
followed by treatment with ammonia (Neilson, 1975). 
Studies with boroArg and boroLys were conducted with the 
free boronic acid, while the pinanediol ester was used for 
the remaining studies. Almost identical behavior is obtained 
with the ester that is in rapid equilibrium with the free 
boronic acid. For the two compounds studied as the free 
boronic acid, the pinanediol group was removed by trans- 
esterification with phenylboronic acid (Kettner et al., 1990). 

A detailed description of the syntheses along with analyti- 
cal data is given in the supplementary material. 

Enzyme Assays. Inhibitor binding constants were deter- 
mined at 25 "C in 0.10 mh4 sodium phosphate buffer (pH 
7 3 ,  containing 0.20 M sodium chloride and 0.5% poly- 
(ethylene glycol) MW 6000. Assays were conducted with 
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Table 1: Summary of Binding and Crystallographic Data for Thrombinhhibitor Complexes 

X 

NHC(NH)NHz CH2C(NH)NH2 "2 CHzNH2 CHzCH2NH2 
8.1 f 3.6 K, (my 0.04b 0.29 f 0.13 79 f 2 0.24 f 0.09 

molecular weight' 458.8 457.8 416.8 430.8 444.8 
unit cell parameters 

a (A) 70.8 70.8 70.4 70.3 70.3 
72.3 72.4 72.2 71.9 71.9 
72.6 72.2 72.2 71.9 71.9 

b (A) 

P (de& 100.6 100.3 100.1 100.9 100.9 
REym (on I )  0.077 0.064 0.071 0.064 0.079 
resolution range (A) 6- 1.95 6-2.25 6-2.25 6-2.35 5.5-2.4 
no. of reflectionsd 20071 (3a) 12435 (20) 11468 (20) 12128 (la) 8634 ( la )  

no. of atomse 

c (A) 

crystallographic R-factor 0.204 0.197 0.195 0.201 0.212 

solvent 115 115 121 111 100 
ligand 33 33 30 31 32 

rms deviation in 
bond distance (A) 0.014 0.01 1 0.010 0.01 1 0.010 
angle distance (A) 0.026 0.022 0.021 0.021 0.019 
planar group distance (A) 0.025 0.019 0.018 0.018 0.017 
chiral volume (A31 0.208 0.182 0.173 0.186 0.175 

a-carbons 0.16 0.21 0.22 0.32 
all atoms 0.36 0.38 0.38 0.59 

rms difference i d  

Ki values were measured at pH 7.5 and 25 "C as described in the Experimental Procedures section. The homolysine (CHzCH2NH2) analog was 
tested as the free boronic acid, while the remaining compounds were introduced as their corresponding pinanediol esters. Ki values are reported 
as the averages of at least duplicate measurements with values of standard deviation. Kettner et al., 1990. Molecular weight of the boronic acid 
form. Reflections having a u value less than that indicated in the parentheses were eliminated from the crystallographic refinement. e Each model 
contains 2288 protein atoms. f Structures were superimposed on the DuP714:thrombin complex using 249 a-carbons of residues 1B-145 of the 
thrombin A-chain and 16-146 and 150-245 of the B-chain. Deviations are also reported for all 2018 atoms of these residues. 

human a-thrombin (specific activity 2340 NIH unitdmg) at 
a concentration of 0.2 nM and the chromagenic substrate 
H-(D)Phe-Pip-Arg-pNA (S2238; Kettner et al., 1990). K, 
values were measured over a substrate range of 20-200 pM. 
Ki values, determined by allowing the enzyme to react with 
substrate and inhibitor for 30 min, are given in Table 1. 
Velocities measured in the time frame of 25-30 min readily 
fit the equation for competitive inhibition. 

Crystallographic Studies. Human a-thrombin (3.5 mg/ 
mL) was purchased from Enzyme Research Laboratories 
(South Bend, IN) and used without further purification. 
Crystals of human a-thrombin having the active site free of 
inhibitor or substrate were grown by vapor diffusion 
techniques using conditions described by Skrzypczak-Jankun 
et al. in 1991. For X-ray diffraction studies of thrombin: 
inhibitor complexes, 2.0 mg of inhibitor was added to 250 
pL of crystal stabilization buffer (0.058 M sodium phosphate 
(pH 7.2), 33% poly(ethy1ene glycol) MW 8000, and 0.05 
mM NaN3) either as a solid or as a concentrated DMSO 
suspension. To allow complete complex formation in the 
crystalline state, thrombin crystals were soaked in the 
inhibitor-containing solution for at least 24 h prior to 
mounting crystals in capillaries for X-ray data collection. 

X-ray diffraction data for the thrombin:inhibitor complexes 
were collected on either a Siemens imaging proportional 
counter mounted on an Elliott GX-21 rotating anode genera- 
tor operating at 40 mA and 12 kV or an R-axis Image Plate 
system mounted on a Rigaku RU-200 rotating anode genera- 
tor operating at 100 mA and 50 kV. Proportional counter 

data were reduced to integrated intensities using XENGEN 
data reduction software (Howard et al., 1987), and image 
plate data were similarly reduced (Higashi, 1990; Sat0 et 
al., 1992). Crystals were sufficiently stable in the X-ray 
beam, so that only one crystal was needed to collect a 
complete data set on each complex. Table 1 lists the 
crystallographic data parameters for thr0mbin:inhibitor com- 
plex crystals. 

Coordinates of the ternary complex of human a-thrombin, 
the C-terminal hirudin peptide (Skrzypczak-Jankun et al., 
1991), and (D)Phe-Pro-Arg-chloromethyl ketone (PPACK; 
Bode et al., 1992) were used as the starting model for 
crystallographic refinement by restrained least-squares meth- 
ods (Hendrickson & Konnert, 1980; Finzel, 1987). For the 
crystal structure of thrombin complexed with DuP7 14, 
positions of solvent molecules were reassigned, and some 
minor adjustments in the protein and peptide conformations 
were made, as indicated by the presence of negative den- 
sity in (Fo - Fc)~alc  electron density maps visually in- 
spected at a computer graphics terminal (Jones, 1982). 
Residues corresponding to the thrombin A-chain from 1B 
to 14K (thrombin residues are numbered according to 
homology with chymotrypsinogen; Bode et al., 1989), the 
B-chain from 1 to 146 and from 150 to 247, and the hirudin 
peptide from 54 to 60 were clearly defined in the electron 
density maps. 

For thrombin complexed with the DuP7 14 analogs, refine- 
ment at 2.5 A resolution was initiated using the thrombin: 
hirudin peptide: solvent model obtained in the refinement of 
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Table 2: Interactions between Thrombin and Inhibitors 

/OH Ac- (D)Phe- Pro - N-CH--B, 
H I  OH 

(7H2)3 

X 

X 
hydrogen-bonding interactions NHC(NH)NHz CHX(NH)NHz “2 CHzNHz CHzCHzNHz a 

Ser195 N-01 3.2 3.1 2.9 3.2 2.8 2.9 
Gly193 N-01 
His57 Nc2-02 
Watl-02 
Watl-K60F N{ 
Wat2-01 
Wat3-02 
Wat3-Pro 0 
Gly214 O-boroX N 
Gly216 N-(D)Phe 0 
Gly216 O-(D)Phe N 
Asp102 061-His57 N61 
His57 Nc2-Ser195 Oy 
Trp215 C62-(~)Phe C61 
Trp215 Ct2-(o)Phe Cc1 

3 .O 
2.6 
2.4 
2.9 
2.7 
2.8 
3.2 
3.2 
3.2 
2.9 
2.8 
2.7 
3.6 
4.6 

3.2 
2.5 
2.3 
3.0 
2.4 
2.7 
2.9 
3.3 
3.1 
2.9 
2.8 
2.7 
3.4 
4.2 

3.3 
2.8 
2.4 
3.3 

3.2 
3.0 
2.7 
2.8 
3 .O 
3.7 
4.7 

2.9 
2.7 
2.7 
2.5 
3.0 
2.9 
3.5 
3.1 
3.3 
3.2 
2.8 
2.7 
3.5 
4.2 

3.0 
2.6 
2.7 
3.4 

2.6 
2.4 
2.9 
2.8 
2.8 
2.6 
3.1 
3.3 
3.9 

2.6 
2.7 
3.3 

3.3 

3 .O 
3.0 
2.9 
2.8 
3.0 

angle 
Ser195 CP-Serl95 Oy-B 
Ser195 Oy-B-01 
Ser195 Oy-B-02 
Ser195 Oy-B-boroX C a  
0 1  -B -02 
Ol-B-boroX C a  
02-B-boroX C a  
B-boroX Ca-boroX N 

134 
104 
101 
106 
104 
119 
120 
110 

135 
102 
97 

124 
110 
108 
115 
111 

129 
110 
98 

116 
107 
111 
114 
110 

130 133 135 
110 110 99 
101 106 93 
112 118 104 
107 106 115 
108 108 117 
118 117 121 
111 116 111 

Bone et al., 1987. Convention for labeling of water oxygen atoms, 0 1  and 02, was taken from this reference. See also Figure 3. 

the DuP7 14:thrombin complex. Crystallographic refinement 
was gradually extended to near the h i t  of diffraction, where 
the average reflection intensity was nearly twice the mag- 
nitude of the background. Models of the inhibitors were 
built using standard peptide geometry and minimized by 
steepest descent methods (InsightII, Biosym Technologies, 
San Diego, CA). In these models, groups bonded to the 
boron were arranged in a tetrahedral geometry. Inhibitor 
geometric restraints for refinement were taken from the 
standard model and incorporated into the refinement program 
PROFFT (Finzel, 1987) using a program kindly provided 
by Dr. S. T. Freer. Inhibitor atoms were fitted into the 
positive electron density of (Fo - Fc)&dc maps calculated 
using the refined coordinates of the inhibitor-free model. As 
input to the crystallographic refinement procedure, the boron- 
to-oxygen distance was restrained to be 1.55 A. In general, 
inhibitors were clearly defined in the original omit maps and 
(2F0 - Fc)&dc electron density maps (Figure 2). Solvent 
positions and protein and peptide electron density were 
checked prior to the completion of crystallographic refine- 
ment. Final refinement statistics are listed in Table 1. 

RESULTS 

Inhibition Constants. Although DuP7 14 and its analogs 
(Figure 1) share the Ac-(D)Phe-Pro-boronic acid sequence 
attached to a basic side chain, the thrombin inhibition 
constants varied by 3 orders of magnitude from 79 to 0.040 
nM (Table 1). Reaction velocities, measured 25-30 min 

after thrombin was mixed with substrate and inhibitor, read- 
ily fit the equation for competitive inhibition. While DuP714 
is a slow-binding inhibitor of thrombin (Kettner et al., 1990), 
the remaining inhibitors whose affinities for thrombin are 
lower did not appear to exhibit significant slow-bind- 
ing properties. No greater than a 3-fold difference was 
observed in comparing the initial and steady state ve- 
locities. 

Boronic Acid:Thrombin:Solvent Interactions. The boronic 
acid group of these inhibitors is extensively bonded to 
thrombin and associated water molecules (Table 2). Indica- 
tive of bond formation, the electron density between the 
boron atom of the inhibitor and the side-chain oxygen of 
Ser195 is continuous. While the boron atom does become 
tetracoordinate upon complex formation, as expected for this 
mimic of the transition state, its geometry is more trigonal 
than that of the tetrahedral model used to generate the 
crystallographic restraints. Lack of perfect tetrahedral 
geometry was also apparent by inspection of the electron 
density maps at various stages of the crystallographic 
refinement process, including the original maps calculated 
before the inhibitor was included in the model and the final 
electron density maps. Slightly distorted tetrahedral geom- 
etries have also been observed for the boronic acid groups 
of peptide-like inhibitors of a-lytic protease (Bone et al., 
1987, 1989), although in the complexes of subtilisin with 
benzeneboronic acid (Matthews et al., 1975) and of a-chy- 
motrypsin with 2-phenylethaneboronic acid (Tulinsky & 
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hydrophobic pocket lined by the side chains of Leu99 and 
Ile174 and the main-chain carbonyl oxygen atoms of Am98 
and Leu99. The (D)Phe aromatic ring forms a favorable 
edge-to-face stacking interaction (Cox et al., 1958; Janda et 
al., 1975) with the side chain of Trp215 located at the base 
of the pocket. Similar to the interaction observed by solution 
NMR (Lim et al., 1993). the (D)Phe aromatic ring is also 
within van der Waals contact of the proline ring, suggesting 
that the high affinity of this tripeptide sequence may arise, 
in part, because of its propensity to adopt similar packing 
arrangements in solution and when bound to thrombin. 

Overall, the packing interactions and hydrogen bonds made 
by DuP714 with thrombin are similar to those observed in 
the complex between PPACK and thrombin (Bode et al.. 
1992). However, the electronic differences in the chloro- 
methyl ketone (CMK) and boronic acid groups result in 
subtle differences in their interactions with thrombin. Unlike 
the boronic acid, which when bound to the Ser195 side chain 
acts as a transition state mimic, the CMK group of PPACK 
is covalently linked to the protein by the formation of a 
hemiketal adduct, which involves bonding to both the Ser195 
and His57 side chains (Bode et al., 1992). As a result of its 
covalent interaction with only Ser195 of the catalytic triad, 
the entire DuP714 molecule is shifted slightly toward the 
active site serine and the oxyanion hole relative to PPACK. 
The shift is sufficiently small, so that the packing interactions 
between thrombin and the inhibitor proline and Phe aromatic 
rings and the charge-charge interaction between inhibitor 
guanidino and the Asp189 of thrombin (described in the 
following) are present in both complexes. 

Basic Side Ckain:Thrombin:Solvent Interactions. The 
basic PI side chain of each inhibitor binds in a relatively 
extended conformation in the thrombin SI specificity pocket 
(Figure 3). However, differences in the chemical nature of 
the basic group and the composition and length of the spacer 
between it and boronic acid result in variations in binding 
interactions and the role of solvent in stabilization of 
inhibitor:thrombin interactions. 

The guanidino side chain of DuP714 forms a bidentate 
hydrogen-bonding interaction with the side chain of Asp189 
located at the bottom of the S1 specificity pocket. As shown 
in Figure 4a, the terminal nitrogens, NHI and “2, are 
roughly equidistant from the side-chain carboxylic oxygens 
of Asp189. Each NH nitrogen is additionally hydrogen 
bonded to the protein, one through a water-mediated 
hydrogen bond to the backbone carbonyl of Phe227 and the 
other to the backbone carbonyl of Gly219. The guanidino 
NE nitrogen is hydrogen bonded through a water molecule 
to the backbone carbonyl of Gly219. The terminal nitrogens 
of the amidine analog are similarly hydrogen bonded to both 
the Asp189 side chain and the carbonyl oxygens of Phe227 
and Gly219. However, substitution of a carbon for the NE 
nitrogen of the guanidino group results in the loss of the 
water-mediated hydrogen bond between the inhibitor side 
chain and Gly219 backbone carbonyl. 

The homolysine side chain is also directly bonded to the 
Asp189 with the terminal nitrogen about 3 8, from each 
carboxylate oxygen. The terminal nitrogen also forms longer 
hydrogen bonds (3.6 and 4.1 A, respectively) to the backbone 
carbonyl oxygens of Ala190 and Gly219. A weak, water- 
mediated hydrogen bond is made between a solvent molecule 
(Wat4, Figure 4d) that is 3.8 8, from the homolysine terminal 

FIGURE 3: Schematic representation of DuP714 bound at the active 
site of Ihromhin. A narrow ribbon (Kraulis. 1991) outlines the 
thrombin Sold. Shaded circles indicate carbon atoms, white circles 
oxygen atoms, and solid circles nitrogen atoms. Solid bonds 
interconnect Dum14 atoms. and dashed lines indicate hydrogen 
bonds. 1nhibitor:thrombin interactions are described further in the 
text. 

Blevins, 1987) the boron adopts a tetrahedral geometry. This 
suggests that the geometry about the boron atom is influenced 
by the other interactions made between inhibitor and pro- 
tease. For smaller inhibitors. the boron can assume a 
tetrahedral geometry, whereas for the larger, peptide-like 
inhibitors, whose interactions with thrombin are more 
extensive, the lack of tetrahedral geometry reflects a com- 
promise between the optimization of boron:active site 
interactions and other inhibitor:protein interactions. 

The boronic acid hydroxyl groups are extensively hydro- 
gen bonded to both the protein and the solvent (Figure 3, 
Table I ) .  One interacts with backbone amide hydrogen bond 
donors of the oxyanion hole (Gly193 and Ser195; Kraut, 
1977) and with a water molecule hydrogen bonded to the 
backbone carbonyl of Leu41. The other is hydrogen bonded 
to the His57 side chain and a water molecule. Taken 
together, the short boron-to-Serl95 Oy distance, the nearly 
tetrahedral geometry about the boron, and the stabilization 
of boronic acid binding by hydrogen bonding to the oxyanion 
hole suggest that the carboxy terminal boronic acid group 
acts as a mimic of the transition state of serine proteases 
(Kraut, 1977). 

General Features of Thrombin:Inkibifor Interactions. The 
Ac-(D)Phe-Pro portions of these inhibitors bind with the 
tripeptide backbone in an extended conformation and form 
three hydrogen bonds (Table 2) with thrombin main-chain 
,!%sheet atoms located at the base of the substrate binding 
site (Figure 3). The hydrophobic proline ring adopts a nearly 
planar conformation and packs in a narrow pocket lined on 
either side by the side chains of Ty60A and Trp60D. The 
aromatic ring of the (D)Phe residue is packed into a relatively 



Structures of Thrombin:Inhibitor Complexes Biochemistry, Vol. 34, No. 11, 1995 3155 

Phe227 

2.8 ..... 
2.7 3.0 .... 

Gly219 ........ ........ 

2.51 j2.7 

a 

Gly219 

'" ....... 3.2 .......... )= .... 
2.9 ...-.a" .......... 

Ai61 W /2.6 

C +la9 

....... 
3.0 

? Asp1 89 

Pho227 

7 
N-acelyl{D)Phe-PrP N 

Phe227 

2.8 ..... .,.." 
....... 2.6 

Gly219 "". 

2.6 j 12.6 

b 

Ph.227 Gly219 

\ 

d +la9 

2.8; 

owat4 
2.8 .: 

................. 

..... 3.1 
............... 

f \ASP189 

FIGURE 4: Schematic illustration of interactions formed by DuP714 (a) and its amidine (b), lysine (c), homolysine (d), and ornithine (e) 
analogs in the S1 specificity pocket of thrombin. Dashed lines indicate hydrogen bonds and charge-charge interactions. Distances (in 
angstroms) are also shown. For the lysine analog (c), the distance between the NE nitrogen and the As 189 side-chain oxygen not involved 

distances are 4.3 and 4.5 A, respectively. The terminal nitrogen atom of the homolysine side chain (d) is within 4.1 8, of the backbone 
carbonyl of Gly219, 3.6 8, of the backbone carbonyl of Ala190, and 3.8 8, of an immobilized water molecule (Wat4). Part f shows the 
interactions made by the lysine side chain of bovine pancreatic trypsin inhibitor bound in the S1 specificity pocket of trypsin (Ruhlmann 
et al., 1973). Comparison of parts c and f shows that the water-mediated interactions between inhibitor lysine side chains involve different 
side-chain oxygen atoms in trypsin and thrombin. 

in the water-mediated hydrogen bond is 3.5 A, and the distance to the other side-chain oxygen is 3.9 i . For the ornithine analog (e), these 

nitrogen and 2.9 8, from the backbone carbonyl oxygen of 
Phe227. 

Unlike the guanidino, amidine, and homolysine analogs, 
neither the lysine nor ornithine side chains interact directly 
with Asp189. Instead, these basic side chains are hydrogen 
bonded to both solvent molecules and backbone carbonyl 
groups (Figure 4c,e). The interaction between terminal 
nitrogen and the Asp189 carboxylate is mediated by a water 
molecule, which along with an additional solvent molecule 
participates in a hydrogen bond network with the backbone 
carbonyl oxygen of Phe227. Similar to the homolysine case, 
the lysine and Ornithine terminal nitrogens are hydrogen 

bonded to the backbone carbonyl of Ala190. A water- 
mediated interaction between the inhibitor lysine side chain 
and the protease aspartate side chain has also been observed 
in the complexes of trypsin with bovine pancreatic trypsin 
inhibitor (Ruhlmann et al., 1973) and (carbobenzy1oxy)lysl 
chloromethyl ketone (Marquart et al., 1983). The substitution 
of Ala190 in thrombin for a serine in trypsin results in a 
subtle difference in the interaction of inhibitor lysine side 
chains within the S1 specificity pockets of thrombin and 
trypsin. The lysine side chain of the trypsin inhibitors is 
hydrogen bonded to the side-chain oxygen of Serl90, not 
the backbone carbonyl of the residue at this position, as in 
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the case with thrombin. This alteration in hydrogen bonding 
from the backbone to the side chain of residue 190 situates 
the lysine side chain of the trypsin idubitors more deeply 
in the protein interior, and in addition to other hydrogen- 
bonding changes diagrammed in Figure 4c,f, the water- 
mediated hydrogen bond between the inhibitor lysine and 
protein aspartate involves opposite aspartate oxygens in 
thrombin and trypsin. 

DISCUSSION 

An objective of this study was to determine how relatively 
conservative changes in the basic side chain of DuP714 
would influence its thrombin binding properties. Taken 
together, the binding and crystallographic data show that 
despite changes that alter inhibitor molecular weights by only 
42, whose variation in chemical structure is confined to a 
single part of the molecule and whose variation in chemical 
structure retains a positively charged moiety that in the 
thr0mbin:inhibitor complex is similarly oriented in the S1 
specificity pocket, the affinity for thrombin changed by a 
factor of nearly 2000. While the enumeration of all factors 
and their relative energetic contributions to account for this 
surprising variation in affinity is difficult, several that may 
contribute to the measured differences can be identified. 

Increases in inhibitor flexibility can decrease affinity. 
Here, several examples, where minor changes in chemical 
structure resulted in side chains expected to be more flexible 
in solution, are presented. For example, side-chain flexibility 
was increased by substitution of the guanidino Nr nitrogen 
of DuP714 for a carbon in the amidine analog and by the 
addition of a methylene group into the lysine side chain to 
form the homolysine analog. In both examples, the similar 
side-chain B-values observed in the crystal structures of the 
inhibit0r:thrombin complexes suggest that entropically dis- 
favored side-chain immobilization contributes to the de- 
creased affinity of the more flexible molecules. 

Loss of hydrogen-bonding capability can decrease inhibitor 
affinity. The greater than 6-fold difference in affinity 
between the guanidino and amidine analogs may be due, in 
part, to a decrease in the number of hydrogen bonds formed 
between inhibitor and protein. 

Bidentate interactions between oppositely charged groups 
are more stable than monodentate interactions. Consistent 
with a number of ligand binding studies that show that the 
higher affinity of compounds capable of forming bidentate 
interactions, whose enhanced stabilization arises from their 
ability to form alternate, nearly isoenergetic hydrogen- 
bonding patterns (Sapse & Russell, 1984), the stronger 
thrombin complex formed by the amidine analog compared 
to the homolysine may reflect the ability of the former to 
make an energetically more favorable bidentate charge- 
charge interaction with the aspartate side chain at the bottom 
of the thrombin S1 specificity pocket. 

Longer hydrogen bonds can decrease inhibitor affinity. 
The same groups participate in hydrogen bonding to both 
the lysine and ornithine analogs (Figure 4c,e). The increased 
affinity of the lysine analog relative to the ornithine can be 
due to the fact that all of the hydrogen bonds are shorter in 
the lysine analog complex. 

Increased basicity may promote binding. The guanidino 
group has a higher pK, (13.6 vs 12.4 for the amidine analog; 
Pate1 1975, 1991), so that, at the same pH, a greater fraction 

of the guanidino-containing inhibitors is fully charged than 
for the corresponding amidine analog. This difference in 
charge, although slight at the assay pH, may also contribute 
to the higher affinity of the guanidino-containing compound. 

Bound solvent molecules can provide excellent interaction 
sites for inhbitors. Given all of the preceding pairwise 
comparisons, the lysine analog has an unusually high affinity 
for thrombin. This analog interacts with the thrombin 
aspartate only through a water-mediated hydrogen bond, 
while the homolysine analog, which binds with a 33-fold 
lower affinity, interacts directly. One might have expected 
that the homolysine analog, which in addition to forming 
the direct electrostatic interaction also displaces an additional 
bound water molecule (Wat6, Figure 4), might form the 
tighter complex with thrombin. However, as mentioned 
earlier, relative to lysine, the binding of the homolysine side 
chain involves the immobilization of an additional methylene 
group. It appears that the entropically favorable displacement 
of water from the S1 specificity pocket by the homolysine 
may be offset by unfavorable side-chain immobilization. In 
protein engineering studies of rat trypsin, an unexpected high 
affinity for a water-mediated lysine-to-aspartate interaction 
has also been observed (Perona et al., 1993). 

In conclusion, for DuP714 and the analogs studied here, 
seemingly minor modifications in inhibitor structure pro- 
duced large changes in binding affinity, despite the preserva- 
tion of many interactions with the target enzyme, as shown 
by crystallographic structures of the inhibitors complexed 
with thrombin. Taken together, these studies again demon- 
strate the delicate balance between many individual enthalpic 
and entropic factors that contribute to the overall affinity 
between inhibitor and protein. 

SUPPLEMENTARY MATERIAL AVAILABLE 

Detailed description of the chemical syntheses along with 
analytical data for compounds used in this study (5 pages). 
Ordering information is given on any current masthead 
page. 
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