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Abstract 

The three-dimensional structures of D-Phe-Pro-Arg-chloromethyl ketone-inhibited thrombin in complex  with Tyr- 
63-sulfated hirudin”-65 (ternary complex) and of thrombin in complex with the bifunctional inhibitor D-Phe- 
Pro-Arg-Pr~-(Gly)~-hirudin~~-~’ (CGP 50,856, binary complex) have been determined by X-ray crystallography 
in crystal forms  different from those described by Skrzypczak-Jankun et al. (Skrzypczak-Jankun, E., Carperos, 
V.E., Ravichandran, K.G., & Tulinsky, A., 1991, J. Mol. Biol. 221, 1379-1393). In both complexes, the interac- 
tions of the C-terminal hirudin segments of the  inhibitors binding to  the fibrinogen-binding exosite of thrombin 
are clearly established, including residues  60-64,  which are disordered in the earlier crystal form. The interactions 
of the  sulfate  group of Tyr-63 in the  ternary complex structure explain why natural  sulfated  hirudin binds with 
a 10-fold  lower Ki than the desulfated recombinant material. In this new crystal form, the autolysis loop of throm- 
bin (residues 146-150), which is disordered in the earlier crystal form, is ordered due  to crystal contacts.  Interac- 
tions between the C-terminal fragment of hirudin and  thrombin are not influenced by crystal contacts in this new 
crystal form, in contrast to  the earlier form. In the bifunctional inhibitor-thrombin complex, the peptide bond 
between Arg-Pro (Pl-Pl’) seems to be cleaved. 
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The serine proteinase thrombin plays a central role in the 
blood coagulation process. It activates  platelets as well as 
the blood coagulation factors V, VIII, and XI11 that  are 
essential for  formation of the blood clot. Moreover, po- 
lymerization of fibrin monomers that arise from limited 
proteolysis of fibrinogen by thrombin forms the basis  of 
this  clot (Jackson & Nemerson, 1980). Human a-thrombin 
consists of two polypeptide chains: an A-chain of 36 res- 

Reprint  requests to: Markus G. Griitter,  Department of Biotechnol- 
ogy, Pharmaceuticals Division, Ciba-Geigy Ltd., CH-4002 Basel, Swit- 
zerland. ’ Present  address: Ciba-Geigy Ltd., Horsham, England. 

Abbreviutions: PPACK, D-Phe-Pro-Argchloromethyl ketone;  DCCI, 
diisopropylcarbdlmide; DMA, dimethylacetamide; TFA, trifluoroace- 
tic acid; DIPE, diisopropyl ether; HOBt, I-hydroxyl-benzotriazole; 
PE, petroleum  ether; Pmc, 2,2,5,7,8-pentamethyIchromane-6-sulfonyl; 
ACN, acetonitrile; Fmoc, 9-fluorenyl-methoxycarbonyl; PEG, polyeth- 
ylene  glycol;  Trt,  triphenylmethyl;  tBu,  tertiary  butyl; DVB, divinylben- 
zene; HPLC, high-performance  liquid  chromatography; FAB-MS, fast 
atom bombardment  mass spectroscopy; rms, root mean square. The 
numbering of thrombin  is  based on that for chymotrypsin (Bode et al., 
1989). The  numbering for inhibitor  residues  corresponds to that of in- 
tact  hirudin and is  preceded by the  prefix “h.” 

idues and a B-chain  of 259 residues. There are three disul- 
fide bridges  within the B-chain, and one disulfide bridge 
is formed between the two  chains  (Bode  et al., 1989). The 
crystal structure of the PPACK-human a-thrombin com- 
plex  has  been  determined at 1.9 A resolution  (Bode  et al., 
1989). The analysis showed that  thrombin has the same 
fold as other trypsinlike  serine  proteinases. Thrombin dif- 
fers from trypsin by  having  several insertion loops, two 
of which narrow the substrate cleavage  site  of the enzyme 
(Bode  et al., 1989). The structures  of thrombin complexed 
with PPACK and three other low  molecular  weight non- 
peptidic active-site inhibitors have also been  described by 
Banner and Hadvary (1991). Crystal structures have  been 
solved for human fibrinogen complexed to both human 
thrombin (Stubbs et al., 1992) and to bovine thrombin 
(Martin et al., 1992). 

Hirudin is the most potent and specific natural throm- 
bin inhibitor  (Markwardt, 1970; Walsmann & Mark- 
wardt, 1981). It consists of a polypeptide chain of 65 or 
66 residues  with three disulfide bridges  (Bagdy  et al., 
1976; Dodt  et al., 1984,  1985). Its three-dimensional struc- 
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ture has been determined by two-dimensional NMR tech- 
niques (Clore et al., 1987; Folkers et  al., 1989; Haruyama 
& Wuthrich, 1989). Hirudin forms a compact N-terminal 
domain (residues 3-49) containing three disulfide bridges 
between  cysteine  residues 6 and 14,  16 and 28, and 22 and 
39 and  a long C-terminal tail composed of residues 50- 
65 that is disordered in solution. Hirudin inhibits throm- 
bin by forming a tight equimolar complex (Ki = M; 
Stone & Hofsteenge, 1986). The unique biochemical prop- 
erties of the  thrombin-hirudin interaction are evident 
from  the  structures of the complexes between human a- 
thrombin  and recombinant desulfato-hirudins -variant 1 
(Griitter et al., 1990) and  variant  2, Lys 47 (Rydel et al., 
1990, 1991)"as well as that between  bovine thrombin and 
recombinant desulfato-hirudins variant 1 (Vitali et al., 
1992). These structures reveal a mode of binding that had 
not been observed previously for a proteinase inhibitor. 
The unique features are:  (1)  extended areas of hirudin and 
thrombin are in close contact; (2) the primary specificity 
pocket of the enzyme is not occupied by any  part of hi- 
rudin; (3) the  three N-terminal amino acids of hirudin 
bind in the active  site and run in a direction that is exactly 
opposite to  that of the substratelike inhibitor  PPACK; 
and (4) the C-terminal fragment of hirudin binds to the 
fibrinogen-binding exosite of thrombin  (Fenton, 1981), 
making numerous electrostatic as well as hydrophobic in- 
teractions  that are responsible for the tight binding. A 
very detailed description of thrombin  and its interactions 
with PPACK  and with hirudin has been presented by 
Bode et al. (1992). 

It was clear from  the  structure of the complex that 
small synthetic bifunctional inhibitors or hirudin analogs 
exploiting the active site and  the exosite of thrombin, ei- 
ther unlinked or connected by a  linker, could be potent 
thrombin  inhibitors  and may be useful as therapeutic 
agents replacing hirudin. Independently, and without de- 
tailed structural knowledge, bifunctional inhibitors con- 
sisting of an active-site binding part, a linker, and  the 
C-terminal fragment of hirudin have been proposed as 
potent and specific inhibitors for  thrombin (Maraganore 
et al., 1990; Bourdon  et al., 1991). C-terminal fragments 
of hirudin unlinked to  an active-site inhibitor do not in- 
hibit hydrolysis of small synthetic substrates of thrombin 
(hence Ki cannot be determined) but do bind to the exo- 
site of thrombin (DiMaio et al., 1990) and cause a 50% 
reduction  in  plasma  clotting  time  at  concentrations 
around  1 nmo1/125 mM of diluted plasma (Maraganore 
et al., 1989). Linked active-site inhibitors and C-terminal 
fragments of hirudin do inhibit small synthetic substrate 
hydrolysis as well as fibrinogen cleavage by thrombin and 
have Ki values of around  1 nM (Bourdon et al., 1991; 
Yue et al., 1992). We report here the crystal structures 
of a  ternary complex of thrombin,  PPACK,  and  the 
C-terminal fragment of hirudin (residues 55-65, sulfated 
Tyr-63) analyzed at 2.5 A and  the complex of thrombin 
with an inhibitor  made by connecting  PPACK to a 

C-terminal fragment of hirudin (residues 53-65) with the 
linker Pro-(Gly), to 2.2 A resolution. Skrzypczak-Jankun 
et al. (1991) have described the  structures of two differ- 
ent binary complexes that  both crystallize in different 
crystal forms as compared to the complexes described in 
this paper.  In their hirulog structure, residues 60-64 of 
hirudin  are disordered (residue 65  is  missing) as is the 
autolysis loop of thrombin (residues 146-150). In their 
binary complex of thrombin with only hirudin residues 
55-64, again the autolysis loop is disordered. In  contrast, 
this  paper describes the  interactions of the  hirudin 
C-terminus with thrombin  up to residue 64 as well as a 
stable conformation  for  the autolysis loop in the  differ- 
ent space group that seems to be  governed by crystal  pack- 
ing forces. 

Results 

The ternary complex 

Tyr-63-sulfated hirudin fragment 
h54-Asp-h65-Gln interactions with thrombin 
The hirudin C-terminal peptide fragment h55-h65 in- 

teracts with thrombin as the same segment does in the 
hirudin-thrombin complex. The structure is of interest  (1) 
because of the higher resolution of the  diffraction  data 
of the  ternary complex crystals as compared to the hiru- 
din-thrombin complex of Grutter et al. (1990),  which 
diffracted only to a resolution of 2.95 A, (2) because the 
earlier work was carried out with recombinant desulfato- 
hirudin, and (3)  because of the difference in space groups 
compared to similar work carried out by Skrzypczak- 
Jankun et al. (1991). In addition to allowing a detailed 
description of the interactions that  are also valid for 
the  hirudin-thrombin  complex,  interactions  brought 
about by, or lost because of, crystal-packing forces can 
be examined. 

The C-terminal hirudin residues  bind to thrombin in the 
fibrinogen  exosite (Griitter et al., 1990;  Rydel et al., 1990, 
1991; Stubbs et al., 1992). This exosite, extending from 
the active-site cleft (Fig.  1;  Kinemage l), is flanked by the 
thrombin surface loops 70-80 on one side and 35-39 on 
the  other side having a high proportion of arginine and 
lysine residues. Interactions of these basic residues of 
thrombin with the acidic residues of the C-terminal frag- 
ment of hirudin are as follows: Arg-73 forms an ion pair 
with hAsp-55 of the hirudin fragment. Further  polar in- 
teractions are between  Arg-75 and Arg-17A and  the side 
chain of hGlu-57 of the peptide, also forming an inter- 
molecular ion pair. The peptide  amide  nitrogen of  hGlu-57 
also forms  a hydrogen bond with the main-chain oxygen 
of Thr-74 of thrombin. The side  chains of residues  hGlu-58 
and hGlu-61 of the inhibitor interact with the side chains 
of a symmetry-related thrombin molecule  (crystal contact 
forces). The side chain of residue hGlu-62 is free in solu- 
tion  but nevertheless seems to contribute to general elec- 
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trostatic interactions (Karshikov et al., 1992). In contrast, 
in the analogous structure of Skrzypczak-Jankun et al. 
(1991) the side chain of hGlu-57 forms an ion pair with 
a symmetry-related thrombin molecule while the side 
chains of hGlu-58 and hGlu-61 are disordered. 

Figure 2 shows the electron density around the sulfated 
hTyr-63  residue. The hTyr-63  in  native hirudin is sulfated, 
and this posttranslational modification causes a 10-fold 
lower K j  value for  natural hirudin as compared to the 
unsulfated recombinant hirudin (Braun et al., 1988; Dodt 
et al., 1988,1990). This  has also been found to be true  for 
hirudin C-terminal fragments (Maraganore et al., 1989). 
Contrary to expectations (Betz et al., 1991a),  only hydro- 
gen bonds mediate the interactions between the negatively 
charged SO3 group and thrombin. The side chain of Lys- 
8 1, the only positively charged group in the vicinity  of the 
sulfate, is disordered, implying that there is no interac- 
tion between the two groups.  Potential hydrogen bonds 
are formed between the oxygen atoms of the sulfate group 
with the amide nitrogen of residue 82, with the 0-group 
of  Tyr-76  of thrombin  and solvent molecule  317,  which 
is anchored by the amide nitrogen of residue 78 and  the 

Fig. 1. Entire C-terminal tail of hiru- 
din (solid bonds) of the  ternary com- 
plex in the exosite of thrombin (open 
bonds) with thin lines  representing  po- 
tential hydrogen bonds between them 
(&in = 3.5A). The  sulfate  group of 
hTyr-63 forms two  direct and two  wa- 
ter-mediated  hydrogen  bonds with 
thrombin.  The side chain of hGlu-57 
forms hydrogen bonds with the side 
chains of Arg residues 15 and 77A, 
while that of hGlu 55 forms one with 
the side chain of Arg-73. Only resi- 
dues h55 and h57 make main-chain 
hydrogen bonds with thrombin. 

carboxyl group of residue 80  of thrombin (Kinemage 1). 
These results corroborate  the  interpretations of Skrzyp- 
czak-Jankun et al. (1991). 

Hydrophobic interactions 
The residues hPhe-56, hIle-59, hPro-60, and hLeu-64 

form many hydrophobic interactions with the  bottom of 
the exosite canyon (Fig. 3; Kinemage  1). Table 1 lists the 
corresponding interaction partners of the C-terminal hi- 
rudin fragment and  thrombin. Thirty-one hydrophobic 
contacts are made by these residues, and it has been 
shown by mutagenesis analysis and exchange of the hy- 
drophobic residues what the relative contributions of 
these interactions are to the stability of the complex. 

PPACK interactions with the 
active site of thrombin 
The binding of PPACK is the same as described in the 

thrombin-PPACK  structure of  Bode et al. (1989) and 
Banner and  Hadvary (1991). PPACK forms  an  antipar- 
allel @-strand with  Ser-214-Gly-219  of thrombin (Fig.  4; 
Kinemage  1).  D-Phe occupies the S3 site of the enzyme 

Fig. 2. Electron density around the 
sulfated Tyr-63 of the  ternary com- 
plex. Thrombin is shown with open 
bonds,  the C-terminal tail of hirudin 
with solid bonds. Electron density is 
from a 2F0 - F,, LT, 2.2 A Fourier 
map (Read, 1986) contoured at 1 rms 
above the mean and is shown only for 
the hirudin part of the complex and a 
solvent molecule. Thin lines indicate 
potential hydrogen bonds between the 
sulfate group of Tyr-63,  solvent  mole- 
cule  317, and thrombin (&,in = 3.5 A). 
The side chain for Lys-81  of thrombin 
is disordered, and only the Cy  atom 
could be placed with confidence. 
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Fig. 3. Entire C-terminal fragment of hi- 
rudin (solid bonds) of the ternary complex 
in the exosite of thrombin with a dot sur- 
face at 1.5 x the van  der  Waals radii of the 
thrombin exosite atoms. The hydropho- 
bic side chains of hPhe-56, hlle-59, and 
hLeu-64 fit into hydrophobic pockets in 
the  thrombin exosite. 

(nomenclature of Schechter 8z Berger  [1967]), Pro the S2 The  binary complex 
site, and Arg is pointing into the S1  specificity pocket, in- 
teracting with Asp-189. Except for hirudin, this is the  The binding of CGP 50,856 to thrombin is  very similar 
mode of binding of all natural  inhibitors  or  substrates to  to  that  found in the  ternary complex, especially since it 
serine  proteinases  in their active  sites (Grutter et al., 1989;  seems that the inhibitor is  cleaved  between  Arg-3 and Pro- 
Bode & Huber, 1991). 4. Figure 5 and Kinemage 2 show  how the first three res- 

Table 1. Number of contacts (cutoff distance 4.0 A )  between  thrombin  residues and  hirudin-derived inhibitor  residuesa 

Hirudin-derived inhibitor residues 
Thrombin 
residue H57 Y60A W60D E97A N98 L99 Dl89 A190 C191 E192 G193 Dl94 S195  S214  W215  G216 G219 C220 (3226 Total 

Interactions  between inhibitor and active site of thrombin:  ternary-binary complex 
dPhe 1 /o 1/1 3/4  3/3  8/8 1/9 23/25 
Pro  7/2  3/3  6/0  2/3 o/ 1 212  2011 1 
Arg 1316 _5/j 816 3/3 1/1 j/3 1/1 16/12 6/2  6/4  6/5  3/4 1/1  1/1 71/57 

Total 20/8 4/3 6/0 111 3/4 5/6  5/8 816 3/3 112  113 1/1 16/12 8/4 14/12 13/14 3/4 1/1 1/1 114/93 

Hirudin-derived inhibitor residues 
Thrombin 
residue F34 K36 438 L40 L65  R67  R73 T74 R75 Y76 R77A K81 I82 M84 Total 

D-55 
F-56 
E-57 
E 5 8  
1-59 
P-60 
E-61 
E-62 
Y -63 
L-64 
4-65 

Total 

Interactions  between  C-terminal  tail of hirudin  and  thrombin:  ternary-binary-hirudin complex 
_5/0/_6 4/2/4 

5/5/2  2/6/0 1 /2/ 1 3/2/3 3/3/5 
o/ 1 /o 4 / 3 4  1/_6/j 8/6/0 _3/_4/0 
0/3/0 0/0/3 

7/4/9 
1/1/1 3/1/3  l/l/O 1 /2/0 

1/3/0  1/2/0 
31414 0/0/1 l/O/l 
5/0/0 

3/0/0 3/0/0 15/5/3 

5/5/2  9/7/4 2/10/1 1/2/1 31312 3/1/3 8/2/9 11/8/10 7/6/5 19/11/12 3/4/0  3/0/0 16/7/3 

9/2/10 
14/18/11 
22/20/6 

0/3/3 
6/5/4 
7/4/9 
o/o/o 

l/O/O 1 /o/o 
3/0/1  26/10/4 

4/4/6 
1/0/0 6/0/0 

5/0/1 95/66/53 

a For the active site, the  numbers refer to contacts between thrombin and the  ternary complex (PPACK and C-tail of hirudin) and thrombin 
and the binary complex (CGP 50,856). For the  contacts between thrombin and the C-tail of hirudin,  the number of  contacts for the  ternary com- 
plex/the binary  complex/and hirudin with thrombin  are shown. Interactions involving hydrogen bonds are printed in boldface. Interactions in- 
volving salt bridges (ion pairs) are printed in boldface and underlined. There  are covalent bonds between His-57 and Ser-195 in thrombin and  the 
Arg moiety of PPACK in the  ternary complex. Note that hTyr-63 is sulfated in the  ternary complex. The side chains for hAsp-55 and hGln-65 of 
the  binary complex could  not be unambiguously located. 
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idues are defined by the electron density in the active site 
of thrombin. Beyond what was presumably the nitrogen 
of the subsequent proline residue, no electron density 
could  be found, implying that this  actually  represented the 
cleaved inhibitor. This conclusion was also reached by 
Skrzypczak-Jankun et al. (1991). Qiu et al. (1992) have 
described the  structure of a similar binary complex in 
which the arginine in the  P1 position is replaced by ho- 
moarginine and is not cleaved. One clear difference be- 
tween the active-site inhibitor in the binary and  ternary 
complexes  is that it is not covalently bound to the enzyme 
as  in the ternary complex but is  held through electrostatic 
and hydrophobic interactions. Hydrogen bonds between 
Arg-3 and the thrombin catalytic residues  His-57 and Ser- 
195 replace the covalent bonds formed by PPACK. This 
difference is manifested by a slight rotation around x1 of 

Fig. 4. Superpositioning of the com- 
plex of thrombin  with  CGP 50,856 
(open bonds)  and  the  ternary  complex 
(solid bonds). The  PPACK  moiety of 
the  ternary complex forms covalent 
bonds with  the catalytic residues  Ser- 
195 and His-57 of thrombin. 

Ser-195 and a small  displacement  of the side chain of His- 
57, as well as a small movement  of the carboxylate group 
at the end of the inhibitor (Fig. 4). This configuration 
probably represents the last step in hydrolysis before the 
cleaved substrate leaves the active site (trapped product). 
The binding of the hirudin carboxyl tail is also very sim- 
ilar to  that in the ternary complex. The Pro-(Gly), linker 
has no influence and cannot even  be found in the electron 
density maps (which is also true for the ensuing residues 
hAsp-53 and hGly-54),  implying that this part of the pep- 
tide is not specifically interacting with thrombin  and is 
flexible after cleavage (Fig. 6). Again, ion-pair interac- 
tions between  hGlu-57  of the inhibitor and Arg-75 and 
Arg-77A  of thrombin  and hydrophobic interactions in- 
volving hPhe-56, hIle-59, hPro-60, and hLeu-64  of the in- 
hibitor make major  contributions to binding. The side 

Fig. 5. The active site of thrombin 
(open bonds) complexed with  CGP 
50,856 (solid  bonds)  and  electron  den- 
sity  for  CGP 50.856. All atoms of the 
inhibitor  are  clearly  defined  in  the 2.2 
2F0 - F,, uA Fourier map (Read, 
1986) contoured at 1 rms above the 
mean.  The  abrupt  termination of elec- 
tron  density  after  the  arginine  residue 
in  P1  implies  that  the  inhibitor  has 
been cleaved. Solvent molecules are 
indicated by a  circle and a cross. 
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chain for hAsp-55 is not well defined by the electron den- 
sity in the  structure of the  CGP 50,856-thrombin com- 
plex. For a similar structure in a different crystal form, 
Skrzypczak-Jankun  et  al. (1991) report  that residues 
hPro-60-hLeu-64 of the  hirudin  C-terminal  fragment 
(hAsp-55-hLeu-64) are disordered, implying that the con- 
tributions to binding by hIle-59, hPro-60,  and hLeu-64 
are not very large. In  the crystal form described here, a 
neighboring molecule is present that may help keep this 
segment more rigidly on the  thrombin molecule. This il- 
lustrates  the influence of crystal-packing forces on tem- 
perature  factors, which are  often interpreted in terms of 
interaction between enzyme and ligand. Having similar 
structures from different crystal forms available, the dan- 
ger of overinterpretation of results can be avoided. 

Conformational changes of thrombin 
(the  Trp-148  binding loop) 

Fig. 6. Residues h55-h58 of CGP 
50,856 (solid bonds) with electron 
density in the exosite of thrombin 
(open bonds). The 2.2 2F0 - F,, UA 

(Read, 1986) electron  density  con- 
toured at 1 rms above the mean  slowly 
fades away beyond the  amino side of 
residue h55, implying that the Pro- 
(Gly), linker of CGP 50,856 as well 
as residue  h54  extends out into the sol- 
vent in some disorderly fashion  after 
being cleaved. The side chain of  h55- 
Asp  could  also  not  be  interpreted 
from the electron density. 

tal  forms  the  loop composed of residues 146-150, also 
called the autolysis loop, possesses a different  and, in all 
three cases,  well-defined conformation (Fig.  7;  Kinemages 
1, 2). This loop  contains a five-residue insertion relative 
to chymotrypsin and was suspected of having high  flexi- 
bility based on its susceptibility to the proteinases tryp- 
sin (Fenton  et  al., 1977), pancreatic elastase (Kawabata 
et al., 1985), and cathepsin G or chymotrypsin (Brezniak 
et al., 1990) and its difference from  the canonical bind- 
ing conformation of inhibitors of serine  proteinases  (Bode 
et al., 1989). In the thrombin-hirudin complex, it was  be- 
lieved that the conformation change was due to binding 
of hirudin  (Grutter et al., 1990;  Rydel  et al., 1991). In 
the P21212 crystals reported here, it is clear that crystal- 
packing forces are  at least partly responsible for the con- 
formation of this loop (Fig. 8). In  the monoclinic crystal 
form of Skrzypczak-Jankun et al. (1991), this loop could 
not be located and presumably is disordered or flexible. 
This flexibility could explain why this loop is so easily 

These two  structures represent the  third crystal form cleaved by thrombin itself, despite thrombin’s high  spec- 
found for thrombin-inhibitor complexes. In all three crys- ificity relative to trypsin. 

Fig. 7. Conformation of the 149 loop 
in thrombin as found in three different 
crystal structures: PPACK-inhibited 
thrombin (open bonds; Bode et al., 
1989), hirudin-inhibited thrombin 
(striped bonds; Grutter et al., 1990), 
and  CGP 50,856-inhibited thrombin 
(solid bonds). 
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Fig. 8. The  interface between two 
thrombin molecules (open  and solid 
bonds)  in  the  P2,2,2 crystallographic 
unit cell. The  twofold axis is perpen- 
dicular to the plane of the paper, pass- 
ing through  the  center of the  picture. 
Theloop 144-150of thrombin (thicker 
bonds) makes many intimate contacts 
with the neighboring molecule. 

Discussion 

A number of mutants have been made in the C-terminal 
tail of hirudin to investigate its interactions with throm- 
bin (Braun et al., 1988; Stone et al., 1989;  Betz et al., 
1991a,b; Yue et al., 1992). These are summarized in Ta- 
ble 2. It is possible to interpret these results with  respect 
to the  structure of the complex of hirudin (Rydel  et al., 
1991) and  the structures described in this paper. Looking 
at the refined temperature factors of the binary complex, 
it appears that the C-terminal fragment of hirudin, despite 
the very tight binding constant, remains somewhat flexi- 
ble after binding to thrombin (Table 3). Its B-factors,  for 
both main-chain and side-chain atoms, are approximately 
50% higher than those for thrombin, as was also noted 
by  Rydel et al. (1991) for  the hirudin-thrombin complex 
and by Skrzypczak-Jankun et al. (1991) for the hirulog- 
thrombin complex in their crystal form.  In  contrast,  the 
B-factors of the PPACK moiety are similar or slightly 
lower than those for  thrombin, implying tight, specific 
binding, especially for the side chains. 

The C-terminal fragment of hirudin binds to the  fi- 
brinogen-binding groove of thrombin  through  both elec- 
trostatic  and  hydrophobic  interactions (Table 1; see 
Kinemages 1 and 2). Many  positively  charged  residues  line 
the  thrombin  groove, yet of the five residues in the 
C-terminal fragment that  are negatively charged only two 
form salt bridges to thrombin: hAsp-55 with Arg-73 and 
hGlu-57 with both Arg-75 and Arg-77A. These interac- 
tions  are  the same as those found in the  ternary complex 
of fibrinopeptide  A  and  the C-terminal fragment of  hi- 
rudin with human a-thrombin (Stubbs et d . ,  1992). In the 

Table 2. Change in binding energy due to amino acid 
substitution in the C-terminal fragment of hirudin 

Mutation AA (kcalhol) Reference 

hAsp-53 Ala -0.05 
hAsp-55 Asn +0.57 

GlY +0.35 
hPhe-56 Tyr -0.07 

TrP  +0.33 
Ala +0.45 
Leu +2.10 
Ile +2.08 
Val +2.51 
Thr +2.92 
GlY +1.91 

hGlu-57 Gln +1.41 
GlY + 1.91 

hGlu-58 Gln + 1.27 
G ~ Y  +OS4 

hIle-59 Gly +3.38 
hPro-60  Ala  +1.58 

G ~ Y  + 1.36 
G ~ Y  +1.15 

hGlu-61 Gln +0.31 
G ~ Y  +0.41 

hGlu-62 Gln +0.67 
G ~ Y  +0.95 

hTyr-63 Phe  +0.07 
Ala +0.53 
Glu +0.45 
Leu +0.74 
Val +1.22 

hLeu-64 Gly +1.15 
hGln-65 Gly +0.16 

GlY + 1.06 

Betz et  al., 1991a 
Betz  et al., 1991a 
Yue et  al., 1992 
Betz  et al., 1991b 
Betz et al., 1991b 
Betz et  al., 1991b 
Betz et  al., 1991b 
Betz  et al., 1991b 
Betz  et al., 1991b 
Betz et  al., 1991b 
Yue et  al., 1992 
Betz et  al., 1991a 
Yue et al., 1992 
Betz et al., 1991a 
Yue et al., 1992 
Yue et al., 1992 
Betz et  al., 1991b 
Betz et al., 1991b 
Yue et  al., 1992 
Braun et al., 1988 
Yue et  al., 1992 
Braun et al., 1988 
Yue  et al., 1992 
Betz et  al., 1991b 
Betz et  al., 1991b 
Betz  et al., 1991b 
Betz et al., 1991b 
Betz et al., 1991b 
Yue et al., 1992 
Yue et al., 1992 
Yue et  al., 1992 
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Table 3. Analysis of temperature (B) factors (in A') for the 
refined structure of the CGP 50,856-thrombin complex 

Moiety or residue Main  chain Side chain 

A. Average main-chain and side-chain B-factors for 
the various parts of the complexa 

Thrombin  A 32.0 (104) 42.1 (111) 
Thrombin B 26.3 (1,028) 35.2 (1,054) 
PPACK 30.0 (12) 24.3 (18) 
C-tail 44.6 (40) 51.1 (48) 
Solvent 43.9 (1  11) - 

B. Average B-factors for the individual residues of the inhibitorb 
hPhe-1 24.5 29.2 
hPro-2 27.0 25.0 
hArg  3 38.5 19.7 
hAsp-55 65.0 92.5' 
hPhe-56 42.4 46.7 
hGlu-57 29.2 48.1 

hIle-59 27.2 45.4 
hPro-60 38.1  29.1 

hGlu-62 53.6 71.2 
hTyr-63 43.5 32.9 
hLeu-64 76.4 66.7 

hGlu-58  28.9 59.9 

hGlu-61 41.4 49.8 

~. 

a The  number of contributing  atoms is indicated  in  parentheses. 
Unambiguous  atomic  positions  could  not  be  found for the linker 

hPro-(hGly),,  hAsp-53,  hGly-54,  hGln-65 or for the  side  chain of 
hAsp-55 beyond Cp. 

C@  only. 

binary complex, the side chain of hAsp-55  could not even 
be located, making it doubtful  that it forms  a salt bridge 
in  this  case. Mutant studies  (Table 2) also show that hGlu- 
57  is the most important of the charged residues in the 
C-terminal tail of hirudin with  Glu-58  being somewhat 
ambiguous and hAsp-55, hGlu-61, and hGlu-62 consid- 
erably less important in binding to thrombin (Betz et al., 
1991a;  Karshikov  et al., 1992),  which  is in  agreement  with 
the  structure.  In  the complex of bovine a-thrombin  and 
hirudin (Vitali et al., 1992) hAsp-55 forms  a salt bridge 
with Arg-73  of thrombin, while  hGlu-57 again forms  a 
salt bridge with  Arg-75 but not with Arg-77A. The side 
chains of hGlu-58, hGlu-61, and hGlu-62 do not interact 
with thrombin. In contrast to the very  specific interactions 
made by hydrophobic residues of the hirudin C-terminal 
fragment, those of the charged residues vary considera- 
bly according to local  environment  (crystal  packing).  This 
supports the idea that the function of the charged  residues 
is to facilitate long-range alignment of the molecules and 
not for specific, short-range interactions (Karshikov et al., 
1992). 

Contrary to expectations, the sulfate of hTyr-63  in the 
ternary complex does not form  a salt bridge with throm- 
bin, but rather  a very tight network of hydrogen bonds 
(Fig. 2;  Kinemage 1). The only nearby positive charge on 
thrombin is on the side chain of Lys-81, but its side chain 
could not be located in the crystal structure, implying ei- 

ther static or dynamic disorder and not a fixed conforma- 
tion anchored by a salt bridge to the  sulfate of hTyr-63. 
In the structure of Skrzypczak-Jankun et al. (1991),  Lys- 
81  is pointing away from  the  sulfate  group,  although its 
location is reported as being ambiguous. Otherwise, the 
interactions of the sulfate  group with thrombin  are simi- 
lar in the two structures. A large number of hydropho- 
bic interactions between thrombin and hPhe-56, hIle-59, 
hPro-60, hTyr-63, and hLeu-64 of  the C-terminal frag- 
ment of hirudin are made upon binding. Numerically, 
hPhe-56 makes the most contacts with thrombin,  and its 
loss through replacement  with alanine causes a 0.45-kcalI 
mol decrease in the free energy of binding (Betz et al., 
1991b). It can be  replaced  with tyrosine without loss, but 
tryptophan seems to be too large. Replacement with 
branched amino acids (Leu, Val, Ile, or  Thr) causes an 
even  larger  energy  loss. In general, replacement of amino 
acids in the C-terminal tail of hirudin with  glycine de- 
creases binding more than replacement by alanine (Yue 
et al., 1992), probably  due to entropic  effects  from loss 
of flexibility at the conformationally less restrained glycine 
upon binding. The largest effect is seen upon replacing 
hIle-59  with a glycine, although the number of contacts 
lost is small.  This  could again be due to both the increased 
flexibility at a critical point in the hirudin structure where 
it  changes from an extended conformation to a helical one 
and to the loss  of intermolecular interactions between 
hIle-59 and thrombin. The unsulfated tyrosine at position 
63 in hirudin makes only hydrophobic  contacts with 
thrombin, particularly with  Ile-82.  It can be  replaced  with 
a phenylalanine without loss of binding energy. Because 
hTyr-63 binds with only one face toward thrombin, re- 
placement with branched-chain amino acids (e.g., Val or 
Leu) does not cause as much disruption as it does for 
hPhe-56, which binds in a narrow hydrophobic pocket in 
thrombin. The  last hydrophobic residue of hirudin, hLeu- 
64, makes contact with the hydrophobic part of the side 
chain of Lys-36.  Both the number and strength of its con- 
tacts with thrombin seem to be  less than  other residues, 
as  evidenced by the relatively  small  loss of binding  energy 
upon replacement  with a glycine  residue and its high tem- 
perature  factors in the complex structures. hGln-65 does 
not seem to be  involved  in interactions with thrombin and 
in fact could not be located in the binary complex struc- 
ture  and had very  weak electron density for  the  ternary 
complex structure. Skrzypczak-Jankun et al. (1991)  were 
missing this residue  in both of their complex structures in 
a monoclinic crystal form and claimed that the loss  of its 
interactions in the unsulfated hTyr-63 C-terminal hirudin 
fragment is enough to prevent  the  last  five  residues (hPro- 
60-hLeu-64) from binding to  thrombin. It should be 
noted, however, that this residue itself is only poorly or- 
dered in those structures where it is present. In  addition, 
removal of this residue has very little effect on hirudin 
binding to thrombin (Yue  et al., 1992). In our orthorhom- 
bic  crystal form there is a neighboring thrombin molecule 
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interacting with hPro-60 and  hGh-61. These interactions 
may be sufficient to prevent the last five residues of the 
C-terminal end of hirudin from dissociating from  throm- 
bin in the crystals. 

The structures of thrombin complexed  with hirudin 
C-terminal fragments both linked and unlinked to active- 
site inhibitors demonstrate  that the mode of binding of 
the hirudin C-terminus is through  both hydrophilic (es- 
pecially  residues  hGlu-57 and sulfated hTyr-63) and hy- 
drophobic (residues hPhe-56,  hIle-59, and hLeu-64) 
interactions and remains essentially unchanged whether 
free or bound to the rest of hirudin or to small active-site 
inhibitors (Kinemages 1,2). The structures explain the ef- 
fects of mutations of the C-terminus of hirudin on bind- 
ing. It is possible to remove the entire core of hirudin and 
still retain specific binding to thrombin in the  nanomo- 
lar range, which  is encouraging for the search for low mo- 
lecular weight specific inhibitors of thrombin. 

This work also illustrates the possible effects of  crys- 
tal packing on the  structure of a protein or protein com- 
plex  solved crystallographically. The  interpretation of 
how important a role the last five  residues of the hirudin 
C-terminal fragment (h61-h65)  play depends on the form 
of the crystal. In the work of Skrzypczak-Jankun et al. 
(1991), it was concluded that, when unsulfated at  Tyr- 
h63, these residues do not bind to thrombin, while in the 
crystal form presented here, the presence  of a symmetry 
neighbor gives the appearance of binding of these  residues 
to thrombin, Likewise,  whether or not  specific  side  chains 
of hirudin interact with the thrombin is also dependent 
on neighboring molecules  in the crystal. The interaction 
of the C-terminal tail of hirudin with thrombin seems  es- 
pecially dependent on crystal-packing effects, especially 
in the structure of Skrzypczak-Jankun et al. (1991). A sec- 
ond crystal form allows more confidence in the  interpre- 
tation of the binding; interactions that  are  the same in 
different crystal forms are likely to be due to the intrinsic 
affinity of the two molecules for each other. Effects of 
crystal contacts can be detected by comparing different 
crystal forms of similar compounds. This analysis pro- 
vides a modified picture of binding of the C-terminal tail 
of hirudin to thrombin compared to that described be- 
fore.  In  a similar fashion,  the variety of conformations 
for the autolysis loop (residues 146-150)  is an example of 
the value of the analysis of different crystal forms in the 
investigation of protein structure-function relationships. 

Materials and methods 

Synthesis of (D-Phe)-Pro-Arg-Pro-(Gly),- 
Asp-Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu- 
Glu-Tyr-Leu-Gln (CGP 50,856) 

The peptide sequence was synthesized in a stepwise man- 
ner on a solid-phase using Fmoc (Carpino & Han, 1970) 
as a temporary a-amino protecting group and acid-labile 

side-chain protecting  groups  -Arg(Pmc),  Asp(tBu), 
Glu(tBu),  Tyr(tBu),  and  Gln(Trt) (Sieber & Riniker, 
1991). 4-Alkoxy-benzyl-alcohol  polystyrene  (cross-linked 
with 1070 DVB)  was esterified with Fmoc-Gln(Trt) using 
the 2,6-dichloro-benzoylchloride method (Sieber, 1987), 
and  amino acid derivatives were activated for coupling 
with DCCI/HOBt as described by Rink et al. (1989).  Re- 
peated washings of the resin  were done with DMA and 
isopropanol. The  kinetics  of the Fmoc cleavages (20010 pi- 
peridine in DMA) were monitored as described by Rink 
and  Ernst (1990). Average coupling yields  were  higher 
than 99%. The protected peptide was cleaved from  the 
resin  with TFA/water/ethanedithioI 93:5:2  (v/v)  (10 min), 
and the protecting groups were  removed  with the same  re- 
agent (60 min) at 25 "C. The peptide was precipitated with 
DIPE/PE 1 : 1 (v/v) and dried in vacuo. HPLC purifica- 
tion was performed with  40-mg batches on  a Nucleosil 
5C18 column (20 x 250 mm), using the following condi- 
tions: eluents: A 0.1 Vo TFAIwater,  B 0.1070 TFNACN; 
linear gradient fractions, containing the main peak, were 
collected, concentrated, and lyophilized. Purity was bet- 
ter than 98% (HPLC). FAB-MS  gave a molecular  weight 
of (MH+) 2,309.9  (expected:  2,310.4). 

Crystallization 

PPACK and Tyr-63-sulfated hirudin 55-65  were pur- 
chased from Bachem (Bubendorf, Switzerland). Human 
a-thrombin was prepared as described previously (Nod 
et al., 1988). Thrombin at a concentration of 4 mg/mL 
was inhibited by adding a 10-fold molar excess  of PPACK, 
then dialyzed against 2 mM morpholinophenyl sulfonic 
acid buffer, pH 7.0, containing 0.1 M NaCl and 0.05% 
NaN3 and concentrated to 6 mg/mL by the use of Cen- 
tricon 10 tubes (Amicon). A twofold molar excess of Tyr- 
63-sulfated h i r ~ d i n ~ ~ - ~ '  dissolved in water was added to 
form the ternary complex. Crystallization of the complex 
was  achieved by the hanging drop vapor diffusion tech- 
nique against 0.1 M sodium acetate buffer,  pH 4.0, con- 
taining between 6 and 12% PEG 6OOO. Long, thin needles 
appeared after 2-3  weeks and reached a maximum  size of 
0.2 X 0.2 x 0.5 mm. The  orthorhombic crystals belong 
to space group  P21212, with  cell  edges  of a = 80.9 A,  
b = 107.5 A, and c = 45.9 A, contain  one molecule per 
asymmetric unit, and diffract to a maximum resolution 
of 2.5 A. 

The complex of human a-thrombin with CGP 50,856 
was prepared by adding a fivefold molar excess  of CGP 
50,856 to human a-thrombin (5  mg/mL) predialyzed 
against 2 mM morpholinophenyl sulfonic acid buffer, 
pH 7.0, containing 0.1 M NaCl and 0.05% NaN,. Crys- 
tallization of the complex was achieved by the hanging 
drop vapor diffusion technique against 0.1 M sodium ac- 
etate  buffer, pH 4.0-5.0, containing between 6  and 10% 
PEG 6OOO. Crystals nearly isomorphous to the ones from 
the ternary complex were obtained, belonging to space 
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group P21212 and having cell dimensions of a = 80.5 A ,  
b = 107.1 A ,  and c = 45.8 A and  diffracting to 2.2 A 
resolution. 

Data collection and processing 

All X-ray data were collected using a FAST area detec- 
tor (Enraf Nonius,  Delft,  The Netherlands). Graphite- 
monochromatic  CuKa  radiation was provided by an FR 
57 1 rotating anode X-ray generator operated at 40 kV and 
70 mA with an  apparent focal spot of 0.3 x 0.3 mm2. 
Data  from  one crystal of the ternary complex of PPACK- 
inhibited thrombin with Tyr-63-sulfated hirudin 55-65 
were collected at  a crystal-to-detector distance of 70 mm 
with a swing-out angle of 15", allowing data collection to 
a maximal resolution of  2.5 A. The crystal was rotated 
about an arbitrary axis for 90" at one orientation and then 
for 60" after  rotation of the axis to 90" in order to col- 
lect the "blind" region of reciprocal space. Images with 
a width of 0.1" were exposed for 120 s. The data were 
evaluated on-line using the program MADNES (Mes- 
serschmidt & Pflugrath, 1987). The 35,785 measured in- 
tensities were processed and merged using the  CCP4 
program  package  (Daresbury  Laboratory) leading to 
13,404 unique reflections, corresponding to 93% of all 
possible unique reflections to 2.5 A resolution. The merg- 
ing R-factor (Rmerge), defined as C (IZ - <Z)I)/C Z, is 
0.080 for  data between 30 and 2.5 A. In  the case of the 
binary complex of thrombin with the bifunctional inhib- 
itor CGP 50,856, two crystals were  used to collect data. 
The crystal-to-detector distance was 60 mm and the swing- 
out angle 20",  giving data to a maximal resolution of 
2.2 A. The first crystal was rotated  about an axis approx- 
imately parallel to the longest dimension of the crystal for 
90", whereas the second crystal was rotated for 30" about 
an axis perpendicular to this orientation. Frames with a 
width of 0.1 " were taken with an exposure time of 120 s. 
The 43,768 measurements  provided data  for 18,572 
unique reflections, 89% of the  total  data set. The Rmerge 
is 0.086 for  data between 30 and 2.2 A. The occurrence 
of screw  axes  was established by examination of the in- 
tensities measured from crystals of both complexes along 
the h00, OkO, and 001 axes. 

Structure solution 

The  orientation  of  thrombin in the unit cell of the crystal 
of the  ternary complex was determined by the fast rota- 
tion function (Crowther, 1972) using data between 8.0 A 
and 4.0 A resolution and  the refined model of thrombin 
alone (Bode et al., 1989). Positioning of the  thrombin 
molecule was achieved using the  translation  function of 
Crowther and Blow  (1967) as  implemented  in the program 
TFSGEN.  The  translation  function provided a clear so- 
lution when applied in space group P21212. A peak (16 
rms above the mean) was obtained  that was  2.1 times 

higher than  the first noise peak. The translation function 
applied in related space groups (P212121 and P2221) gave 
no clear  peak above the noise,  confirming the space group 
as P21212, as was determined from  the  diffraction data. 
These rotation/translation results  were  also  applied to the 
PPACK molecule  in the original trial structure for an ap- 
proximate fit. To roughly position the C-terminal frag- 
ment of hirudin, the thrombin-hirudin structure (Griitter 
et al., 1990)  was fitted to the new structure on the basis 
of the  thrombin Ca  positions alone. Both the PPACK 
and C-terminal fragments were then precisely positioned 
using an F, - F, difference electron-density map. 

The crystals of the binary complex are isomorphous 
with those of the ternary complex. An F, - F, difference 
electron-density map, where F,, a, were calculated from 
the  thrombin molecule alone, was  used to fit the bifunc- 
tional inhibitor CGP 50,856. No electron density was ob- 
served for  the Pro-(Gly), linker of the inhibitor. 

Structure  refinement 

The structures were refined  with the restrained  refinement 
program  TNT  (Tronrud et al., 1987). For the ternary 
complex a new dictionary group for PPACK covalently 
bound to Ser-195 and His-57  of thrombin had to be cre- 
ated as well as a  sulfate  group  attached to a tyrosine for 
Tyr-63 of the hirudin C-terminal fragment. Molecular 
dynamics refinement was performed using the  program 
XPLOR (Briinger et al., 1987). The molecule  was  allowed 
to equilibrate at 3,000 K for 2,000 cycles  of 0.5 fs each, 
followed by slow cooling to 300 K in 1,000 cycles  of 0.5 
fs each. Throughout refinement, when  local  convergence 
had  occurred, visual inspection of electron-density maps 
and  manual correction were performed on  an Evans and 
Sutherland PS-390 computer graphics system  using the 
program FRODO (Jones, 1978). Both omit maps and uA 
maps (Read, 1986)  were used. Solvent  molecules  were lo- 
cated by examination of the highest peaks in F, - F, dif- 
ference maps (cutoff 4 . 0 ~  above the mean) with  respect 
to potential hydrogen bond formation with appropriate 
protein atoms or with previously accepted solvent mole- 
cules. Individual isotropic temperature factors were  re- 
fined for the structure of thrombin complexed  with CGP 
50,856.  Due to the lower resolution of the diffraction data 
from crystals of thrombin with PPACK  and  the 
C-terminal fragment of hirudin (2.5 A), only group tem- 
perature factors, where each residue constituted a  group, 
were refined. 

CY-Thrombin-PPACK-Tyr-63-sulfated 
(ternary complex) 

After  adding PPACK and  the C-terminal fragment,  the 
crystallographic R-factor was 0.432 for all data between 
10.0 and 2.5 A resolution. Six  cycles  of TNT refinement 
brought  the  R-factor down to 0.356 before reaching lo- 
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cal  convergence. Examination of a 2F0 - F, (Read, 1986) 
electron-density map indicated a few minor manual im- 
provements and that the active-site loop 146-150  possessed 
a  different  conformation  than  that in the  thrombin- 
PPACK complex trial  structure.  An omit F, - F, dif- 
ference electron-density map, where these residues were 
omitted  from the calculated structure  factors, allowed 
easy interpretation of the correct conformation of this 
loop.  Further restrained least-squares refinement with 
TNT  alternating with molecular dynamics refinement 
with XPLOR  brought the R-factor down to 0.255. Both 
F, - F, and 2F, - F,, oA maps were  used to make man- 
ual corrections and to locate solvent molecules. In addi- 
tion, strong electron  density  extending from the side chain 
of Asn-60G allowed addition of the first carbohydrate 
moiety, an N-acetyl glucosamine group. Alternating cy- 
cles of TNT refinement and  manual corrections on the 
computer graphic system  followed by group temperature 
factor refinement brought the R-factor down to 0.202 for 
all data between  10.0 and 2.5 A resolution with good ste- 
reochemistry (rms deviation of bond lengths and angles 
of  0.019 A and 3.4",  respectively). The final structure con- 
sists of 2,311 atoms  from  thrombin, 30 atoms  from 
PPACK, 104 atoms  from the C-terminal fragment of hi- 
rudin,  and 72 solvent atoms. 

a- Thrombin-CGP 50,856 complex (binary complex) 

Electron density in the  starting F, - F, map was quite 
clear for the first three residues (D-Phe-Pro-Arg) of the 
inhibitor CGP 50,586, as well as for residues  h56-h64, al- 
though some  fairly  large corrections were required for the 
latter. The starting model of thrombin plus inhibitor gave 
a crystallographic R-factor of 0.387. Eight cycles of TNT 
refinement brought this down to 0.316 before molecular 
dynamic refinement. XPLOR effected only slight im- 
provement in the R-factor, to 0.290,  with a large  improve- 
ment in reducing bad van  der  Waals contacts and  a slight 

worsening  of other stereochemical parameters. Four more 
cycles of TNT refinement brought the  R-factor down to 
0.274. Alternating individual temperature factor refine- 
ment with positional refinement brought the R-factor 
down to 0.223  with a concomitant improvement in stereo- 
chemistry. An F, - F, difference  map revealed weak 
electron density for hAsp-55  of the  inhibitor, but no res- 
idues further  toward the N-terminus could be found. 
Likewise, no electron  density  could be found beyond  Arg- 
3, although  that  for Arg-3 itself is quite clear and unam- 
biguous, implying that the inhibitor had been cleaved. As 
in the ternary complex, clear electron density extending 
from the side chain of Asn-60G  allowed the addition of 
one N-acetyl  glucosamine group of the carbohydrate moi- 
ety (Fig.  9). Solvent molecules  were added at this point, 
excluding any candidates near the missing inhibitor resi- 
dues. Alternating individual temperature  factor and po- 
sitional refinement with examination of electron-density 
maps on the computer graphics display resulted  in a final 
crystallographic R-factor of 0.177 for all data between 6.0 
and 2.2 A resolution with good stereochemistry (rms de- 
viation from ideal of bond lengths and angles  of  0.014 A 
and 3.0", respectively). The final structure consists of 
2,394 atoms  from  thrombin, 134 atoms  from the inhibi- 
tor  CGP 50,856, and 93 solvent atoms. 

In both  the  ternary and binary complex structures,  a 
number of  residues at  the termini of the A and B chains 
of thrombin had weak, ambiguous electron density, pre- 
sumably due to disorder, and could not be  placed  with 
certainty. Residues  1H-1C and 33-36 of the A chain and 
the last two residues of the B chain could not be located. 
In  addition,  the side chains of four lysine residues in 
thrombin could not be  fully located (81, 110,  149E, and 
236). The last residue of the C-terminal fragment, hGln- 
65, also could not be unambiguously  located  in the binary 
complex structure. A plot of the main-chain dihedral an- 
gles  shows only one  major violation, that  of Phe-7 in the 
A chain of thrombin (Fig. 10). 

Fig. 9. Electron density for thrombin 
(striped bonds) complexed with CGP 
50,856 around the glycosylation site 
Asn-60G. The first N-glucosamine 
unit is shown with solid bonds. The 
electron density is from a 2F0 - F,, 
uA 2.2 A Fourier map (Read, 1986) 
and is contoured  at 1 rms above the 
mean. 
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Fig. 10. @, $ Plot of the mainchain conformational angles of the CGP 
50,856-thrombin complex. Glycine residues are shown as dots, other 
residues as crosses. Only residue 7-Phe of the  A chain of thrombin is 
significantly outside  the allowed regions. 
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