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Abstract 

The  X-ray  crystal  structure of prethrombin2  (pre2),  the  immediate inactive precursor of a-thrombin,  has been 
determined  at  2.0 A resolution complexed  with hirugen.  The  structure  has been refined to  a final  R-value of  0.169 
using  14,211 observed reflections in  the  resolution  range 8.0-2.0 A. A total  of 202 water  molecules  have also been 
located in the  structure.  Comparison  with  the  hirugen-thrombin  complex  showed  that,  apart  from  the flexible 
beginning  and  terminal  regions of the  molecule,  there  are 4 polypeptide  segments  in  pre2  differing in conforma- 
tion  from  the  active  enzyme  (Pro 186-Asp  194, Gly 216-Gly 223, Gly  142-Pro 152, and  the  Arg 15-Ile 16  cleav- 
age  region).  The  formation of the  Ile 16-Asp 194 ion  pair  and  the specificity pocket  are  characteristic  of  serine 
protease  activation with the  conformation  of  the  catalytic  triad being conserved. 

With  the  determination  of  isomorphous  structures  of  hirugen-thrombin  and  D-Phe-Pro-Arg  chloromethyl ke- 
tone  (PPACK)-thrombin,  the  changes  that  occur in the  active  site  that  affect  the kinetics of chromogenic  sub- 
strate  hydrolysis  on  binding  to  the  fibrinogen  recognition  exosite  have been determined.  The  backbone  of  the 
Ala 190-Gly  197 segment  in the active  site has  an average RMS difference  of 0.55 A between the 2 structures  (about 
3 . 7 ~  compared  to  the  bulk  structure).  This  segment  has 2 type I1 0-bends,  the  first  bend  showing  the  largest  shift 
due  to  hirugen  binding.  Another  important  feature was the 2 different  conformations of the side chain of Glu 192. 
The  side  chain  extends  to  solvent in hirugen-thrombin, which is compatible  with  the  binding  of  substrates  having 
a n  acidic  residue  in  the P 3  position  (protein-C,  thrombin platelet receptor).  In  PPACK-thrombin,  the  side  chain 
of  Asp 189 and  the  segment  Arg 221A-Gly 223 move  to  provide  space  for  the  inhibitor,  whereas  in  hirugen- 
thrombin,  the  Ala 190-Gly 197 movement  expands  the active  site region.  Although 8 water molecules are expelled 
from  the  active  site  with  PPACK  binding,  the  inhibitor  complex is resolvated with 5 other  water molecules. 

Keywords: activation;  exosite  binding;  hirugen-thrombin;  PPACK-thrombin;  prethrombin2 

Prothrombin  activation  to  a-thrombin  by  the  prothrombinase 
complex  (Factor  Xa-Factor  Va-phospholipids-Ca*+) initially 
proceeds  through cleavage at  Arg 320 (Arg 15, chymotrypsin- 
ogen  numbering; Fig. 1) to  give  rise to  the  intermediate  prod- 
uct  meizothrombin  (Krishnaswamy  et  al., 1987; Mann, 1987). 

Reprint  requests to: A. Tulinsky, Department of Chemistry,  Michi- 
gan State University, East Lansing, Michigan  48824-1322;  e-mail: 
tulinsky@cemvax.cem.msu.edu. 

Abbreviations: pre2, prethrombin2; Pre2 (with a capital), hirugen- 
pre2  complex;  PPACK,  D-Phe-Pro-Arg  chloromethyl ketone; Throm, 
or-thrombin;  hirugen (Hir), hirudin  53-64; BPTI, bovine  pancreatic  tryp- 
sin inhibitor; DFP, di isopropylfluorophosphate; PEG, polyethylene- 
glycol;  DAPA,  dansyl-arginine  N-(3-ethyl-1,5  pentanediy1)amide. 

This is followed by cleavage at  Arg 271 to  produce  a-thrombin, 
which autolytically cleaves at  Arg 284 to  give a-thrombin (des 
Thr 272-Arg 284) (Downing  et  al., 1975). The  stable  form of a- 
thrombin is thus  composed of the  original  residues  from  pro- 
thrombin  Thr 285 to  Arg 320, which corresponds  to  the A chain, 
and Ile 321 to  Glu 579 in  the B chain.  In  contrast,  the  activa- 
tion  of  human  prothrombin  to  a-thrombin  by  the  catalyst  Fac- 
tor Xa-phospholipid-Ca'+ proceeds by cleavage at  Arg 271 
that leads to  the  noncovalently  associated  products,  prothrom- 
bin  fragment  1.2  (Ala 1-Arg 271) and  pre2  (Thr 272-Glu 579). 
Subsequently, the catalytically inactive pre2 is cleaved at  Arg 320 
to  a-thrombin  and, ultimately, to  the des Thr 272-Arg 284 cleav- 
age  product of a-thrombin.  Thus,  the  simplest  precursor  form 
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2 6 2 X  
GLU ASP  SER  ASP 

THR  ALA  THR S E R  GLU  TYR GLN THR  PHE  PHE  ASN  PRO 

GLU ALA ASP  CYS GLY LEU ARG PRO  LEU  PHE GLU LYS 
14M 

1 A  

271Y 
ARG ALA I L E  GLU  GLY ARG 
2 8 4 2  1 H  1D 
ARG THR PHE GLY SER GLY 

1 4 A  
LYS S E R  LEU GLU ASP  LYS 
320Y 1 6  20  

THR  GLU ARG GLU  LEU LEU GLU SER TYR I L E   A S P  GLY ARG I L E  VAL  GLU  GLY S E R  
3 6 A  37 

ASP ALA  GLU I L E  GLY MET SER PRO  TRP  GLN VAL MET LEU  PHE ARG LYS SER  PRO 
55 

GLN GLU LEU  LEU  CYS GLY ALA SER LEU I L E   S E R   A S P  ARG TRP VAL LEU  THR  ALA 
6 OA CHO 6 0 1  6 4  

ALA H I S  CYS  LEU  LEU  TYR  PRO  PRO  TRP  ASP  LYS  ASN  PHE  THR  GLU  ASN  ASP  LEU 
1 7 A  8 1  

LEU  VAL ARG I L E  GLY LYS H I S   S E R  ARG THR ARG TYR GLU ARG ASN I L E  GLU LYS 
9 7 A  98 

I L E   S E R  MET LEU GLU LYS I L E  TYR I L E  HIS PRO ARG TYR  ASN  TRP ARG GLU ASN 
116 

LEU  ASP ARG A S P   I L E  ALA LEU MET LYS  LEU  LYS  LYS  PRO VAL  ALA PHE SER  ASP 
1 2 9 A   1 2 9 C  131 

TYR I L E  HIS PRO VAL CYS  LEU  PRO  ASP ARG GLU THR ALA  ALA SER LEU  LEU GLN 
1 4 9  

ALA GLY TYR  LYS GLY ARG VAL THR GLY TRP GLY ASN  LEU  LYS GLU THR  TRP  THR 
1 4 9 A   1 4 9 E  162  
ALA  ASN VAL  GLY LYS GLY GLN PRO  SER VAL LEU GLN VAL VAL ASN  LEU  PRO I L E  

1 8 0  
VAL GLU ARG PRO  VAL  CYS  LYS  ASP  SER THR ARG I L E  ARG I L E  THR ASP  ASN MET 

1 8 4 A   1 8 6 A  1860 193 
PHE  CYS  ALA GLY TYR  LYS  PRO  ASP GLU GLY LYS ARG GLY ASP ALA CYS GLU GLY 

2 0 4 A 2 0 4 B  209 
S E R  GLY GLY PRO  PHE VAL MET LYS SER  PRO  PHE  ASN  ASN ARG TRP  TYR GLN 

218 2 2 1 A  226 
MET GLY I L E  VAL SER  TRP GLY GLU --- GLY CYS  ASP ARG ASP GLY LYS TYR GLY 

2 4 4  
PHE  TYR  THR HIS VAL PHE ARG LEU LYS  LYS  TRP I L E  GLN LYS VAL I L E   A S P  GLN 

PHE GLY GLU-OH 
57 9 

Fig. 1. Amino acid sequence of human pre2. Numbering based on chymotrypsinogen beginning at  Thr 1H (Bode et al., 1992); 
insertions with respect to chymotrypsinogen denoted with letters; X, N .  nigricollis cleavage site (Glu 262); Y ,  factor  Xa cleav- 
age sites (Arg 271, Arg 320); Z, thrombin cleavage site (Arg 284), all in prothrombin numbering; CHO, N-linked carbohydrate; 
underlined sequence is the  activation  domain. 

of  cy-thrombin available is pre2. This inactive precursor molecule 
of a-thrombin is most similar to other “simple” serine protease 
zymogens such as chymotrypsinogen and trypsinogen. 

It is difficult to prepare highly purified human pre2 in suffi- 
cient quantities for crystallization studies because the enzymes 
required and  formed,  Factor Xa and  thrombin, lead to hetero- 
geneous product mixtures (Mann, 1976). For this reason we have 
made use of a  protease recently isolated from  the venom of the 
snake Naja nigricollis nigricollis, which specifically cleaves hu- 
man  prothrombin between Glu 262 and Asp 263 (M.I.  Hassan, 
N.M. Omar, M. Ibrahim, & K.G. Mann, unpubl. results). The 
resulting,  reasonably  stable  product is 9 residues longer than 
pre2 and can be prepared at high  yield and high purity. This ma- 
terial was therefore used as a  starting protein for crystallization 
experiments. 

The kinetics of hydrolysis of various chromogenic substrates 
by thrombin has been found  to depend upon binding to  the fi- 
brinogen binding exosite (Dennis et al., 1990; Krstenansky et al., 
1990; Naski et al., 1990; Hortin & Trimpe, 1991; Liu et al., 

1991a, 1991b). A slight increase in the cleavage rate of a tripep- 
tidy1 substrate was reported by Krstenansky et al. (1990) to be 
due  to  the binding of a designed synthetic peptide based on  the 
C-terminal of hirudin that contained  nonconventional amino 
acid residues, whereas there is a  60% decrease in the Michaelis 
constant for D-phenylalanylpipecolyl arginyl-p-nitroanilide hy- 
drolysis in the presence of hirugen (Dennis et al., 1990). Other 
studies of amidolytic activity of thrombin (Liu et al., 1991a, 
1991b) have suggested active site conformational changes due 
to binding at  the exosite that produce both increased or de- 
creased cleavage rates of small peptidyl substrates of varied 
sequences. 

HPLC gel filtration and CD spectral studies showed confor- 
mational changes in thrombin in the presence  of hirugen; no CD 
change, however, was observed with the binding of PPACK 
(Konno et al., 1988; Mao et al., 1988). A decrease in the ellip- 
ticity of the  CD spectrum was found upon  hirudin-thrombin 
complex formation compared to  the additive  sum of the spec- 
tra of free thrombin  and hirudin,  but when thrombin was pre- 
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incubated with PPACK,  no deviation from additivity occurred. 
Conversely,  the  y-autolysis  loop  of  PPACK-Throm is about 
100-fold less susceptible to  chymotryptic cleavage than  the  free 
enzyme,  whereas Hir-Throm  shows a much smaller  effect  (only 
6-fold less) (Parry et al., 1993). 

The  structure  of  a-thrombin,  the  natural  and  most  catalyti- 
cally active form, has not yet been determined and  the likelihood 
of  this  accomplishment is not  promising because a-thrombin 
readily converts to  a less active  y-form by proteolysis  (Fenton 
et al., 1977; Chang, 1986;  Rydel et al., 1994). Although y- 
thrombin is active against small chromogenic  substrates  and its 
structure  has been determined  (Rydel  et  al., 1994), the  fibrino- 
gen recognition  exosite is completely  disrupted  by  the  autolysis 
and  cannot  bind  hirugen.  Therefore,  the  determination of the 
conformational  change with  hirugen  binding by crystallography 
can  at best only be accomplished indirectly. We have succeeded 
in growing  crystals  of  PPACK-Throm  that  are  isomorphous 
with Hir-Throm,  thus  circumventing differences  in intermolec- 
ular  packing  interactions  that  could  affect  the  molecular  struc- 
tures in  2 different  crystal  forms.  Originally,  PPACK-Throm 
was  obtained  as  orthorhombic  crystals  (Bode et al.,  1989; 
Skrzypczak-Jankun et ai., 1989), whereas  Hir-Throm  crystals 
are  monoclinic  (Skrzypczak-Jankun et al., 1991). 

We present  here  the  crystal  structure  determination  of  Pre2, 
a new improved  structure  of  Hir-Throm,  refined with diffrac- 
tion  measurements  that  are  the  average of 2 independent  inten- 
sity data sets and  the refinement of the  isomorphous monoclinic 
structure  of  PPACK-Throm  (also using average  data of 2 in- 
dependent sets) (Kinemage 1). A comparison of the  structure of 
Pre2 with Hir-Throm reveals that  the  activation  domain is  like 
that of trypsinogen  and  chymotrypsinogen (segments 11-19, 
142-153, 184-194, 216-222; Huber & Bode, 1978) and  the  con- 
formational changes  accompanying  catalytic  activation are  also 
similar to those of the latter and essentially involve the  formation 
of  the S1  specificity  site because  the  catalytic  triad of His  57, 
Asp 102,  Ser 195 (chymotrypsinogen  numbering;  Fig. 1) is al- 
ready  correctly  formed in the inactive precursor.  Unlike  tryp- 
sinogen  (Bode & Huber, 1978; Singh et al., 1980), but like 
chymotrypsinogen (Freer et ai., 1970; Wang et ai., 1985), the ac- 
tivation  domain is well-defined  in Pre2. A comparison  of  the 
isomorphous  structures  of  PPACK-Throm  and  Hir-Throm re- 
veals further  the  conformational  changes  that  occur  at  the  ac- 
tive center as a result of hirugen binding at  the fibrinogen exosite 
that  most likely affect  the kinetics of hydrolysis  of  small chro- 
mogenic  substrates. 

Results and discussion 

General 

There  are 308 residues in the  Factor  Xa cleavage product of  pre2. 
The N. nigricollis protease cleavage product contains a 9-residue 
peptide  extension  beyond  the  site of Factor  Xa cleavage. The 
stable,  activated  a-thrombin  product is the result of  combined 
Factor  Xa  and  thrombin cleavage and  corresponds  to  an a -  
thrombin  A-chain  that begins at  Thr  1H  and a  B-chain that be- 
gins  at Ile 16 (Fig. l).  In our studies,  the residues corresponding 
to  prothrombin  Asp 263-Arg 284 could  not  be  located in the 
electron  density  map, implying  either  flexible disorder  or cleav- 
age  and  removal  of  the  N-terminal  peptide.  This led to  the 
N-terminal  sequencing  of  the  crystal  of  Pre2 used for  the X-ray 

intensity data collection. The N-terminal pentapeptide sequence 
began at  Thr  1H  and was Thr  Phe Gly Ser  Gly.  Thus,  some 
thrombin was present in the  crystallization  solution  that liber- 
ated  the 22-residue N-terminal  peptide (Fig. 1). Almost all the 
remainder of Pre2,  however, is well defined in density,  includ- 
ing the  more flexible regions of the  activation  domain,  hirugen 
bound  in  the  fibrinogen  recognition  exosite,  and  the  first N- 
acetylglucosamine  of  the  carbohydrate  covalently  linked  to 
Asn  60G.  The  activation  domain  of  trypsinogen is completely 
disordered, even at  low temperatures  (Walter et al., 1982), 
whereas  that  of  chymotrypsinogen is well defined  but displays 
several different  conformations  among 3  independent molecules 
of 2 different  crystal  forms  (Freer et al., 1970;  Wang  et al., 
1985). 

The  Hir-Throm  structure  refined  here with an  averaged in- 
tensity  data set is very similar to  the  one previously reported 
(Skrzypczak-Jankun et al., 1991) except for  the presence of 2 
alternate  conformations of Arg 50 and  Arg 75 (one  of  the  lat- 
ter making  an  intermolecular  hydrogen  bond with Asp 5 5  of hi- 
rugen) and  the  appearance of the first  sugar of the  carbohydrate 
covalently  linked  to  Asn 60G in the new structure. A superpo- 
sition  of  the 2 Hir-Throm  structures gives an  RMS  difference 
of 0.25 A for 270 C,-atoms.  Parts of the  A-chain  of  both 
structures  (Thr 1H-Glu lC,  Asp 14L-Arg 15) and  the  C-terminus 
of  the B-chain did  not have good  electron  density,  as well as  the 
loop between Glu 146-Lys 149E,  carrying  the y-cleavage  site 
(Lys 149E-Gly 150). The  monoclinic  structure of PPACK- 
Throm is very similar to  Hir-Throm except  Arg 50 and  Arg 165 
have  2 conformations  (the second conformation of Arg 75  is not 
present in the  absence of hirugen). In addition,  unlike  ortho- 
rhombic PPACK-Throm (Bode et al., 1992), the y-cleavage loop 
is completely disordered in monoclinic PPACK-Throm because 
there  are no intermolecular  crystal  packing  interactions.  This is 
not  the case  in the  orthorhombic crystal form (Bode  et al., 1992) 
where the  loops of neighboring molecules are localized and  sta- 
bilized by hydrophobic  intermolecular  packing  interactions 
(Rydel  et al., 1991). In the  present  structure,  the loop is flexi- 
bly disordered  as in Hir-Throm. Otherwise, the molecular  struc- 
ture of monoclinic PPACK-Throm is practically the  same  as the 
orthorhombic  structure (RMSA = 0.29 A for 270 C,-atoms) 
and, except for active site changes, similar to  that of Hir-Throm 
(0.25 for 270 C,-atoms). These  comparisons  and  those  through- 
out  the  remainder of the  communication  that involve Hir- 
Throm or PPACK-Throm will be  with respect to  the new av- 
eraged  data set structures unless designated  differently. 

Most of the  polypeptide  segments  of  Pre2  differing in con- 
formation  from  thrombin were found  to possess relatively high 
temperature  factors.  These  regions  include:  Thr 1H-Glu 1C; 
Glu  14H-Glu 18; Glu 146-Gln 151 (y-loop);  Pro 186-Arg 187; 
Gly 219-Gly 223, and  the  C-terminal residues Asp 243-Glu 247. 
This indicates that  some of the regions of  the  precursor  protein 
become stabilized upon activation  because  their thermal  param- 
eters  are  normal in the  structures of PPACK-  and  Hir-Throm. 
Some,  however,  become less well defined or completely  disor- 
dered in the active enzyme  (Thr  1H-Glu  1C;  Asp 14L-Arg 15 
[newly formed  C-terminal of A-chain]; Glu 146-Lys 149E of  the 
autolysis  loop).  The C, structures  of  Pre2  and  Hir-Throm  are 
compared  in  Figure 2 and Kinemage 1, whereas  ribbon  draw- 
ings  (Priestle, 1988) of  the  secondary  structural  features  of  the 
two  are  shown in  Figure 3. A superposition  of  Pre2 (less the ac- 
tivation  domain)  and  Hir-Throm gives an RMS  difference of 
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Fig. 2. Stereo view  of C,.  superposition of  Pre2 and Hir-Throm. Solid  lines,  Pre2;  broken lines, Hir-Throm; hirugen  denoted 
551H-641H;  side chains of catalytic  triad (His 57, Asp 102, Ser 195) in bold;  primed numbers, Hir-Throm; 148‘ and 1 5 0  are 
C-  and  N-terminals of disordered  y-autolysis loop of Hir-Throm. 

0.25 A for 214 C,-atoms.  The largest number of differences oc- 
cur in the  C-terminal  barrel, which contains  3  segments of the 
activation  domain  and  the SI specificity site,  and in the  sepa- 
ration of Arg 15 and Ile 16 in thrombin  (Fig. 3). The N- and 
C-terminal regions of Pre2  and  Hir-Throm  are  also  different. 

Activation  domain 

The 21F,,! - 16.1 electron  density of the  Arg 15-IIe 16 cleavage 
region of the  activation  domain  of  Pre2, which is fairly  typical 
of the  latter, is shown in Figure  4A;  the  structure of the region 
is compared with that of Hir-Throm in Figure 4B. The  confor- 
mation of Pre2 begins to  differ  from  thrombin  at  Glu  14H, 
where i t  has  an  additional helical turn in thrombin  (Figs.  3,  4; 

Kinemage I ) .  In Pre2, this  segment is in a  more  extended loop 
conformation  and linked to Ile 16. The newly formed Ile 16 
N-terminal of thrombin is buried in the  active  center, where i t  
makes  a  hydrogen  bonded  ion  pair with Asp 194 (2.5 A). The 
deviations between Pre2  and  thrombin increase  steadily up  to 
the  amide  of Ile 16, which in Pre2 is about 15 A from  the  car- 
boxylate  group of Asp 194. The  conformations  of  the  2 mol- 
ecules become  similar  again  around  Ser 20. This  Factor  Xa 
cleavage site region of Pre2  displays  the largest deviations in 
structure between Pre2  and  thrombin  (Table 1). 

Equally important but somewhat  smaller  changes accompany 
activation between Ala  183-Pro 198 and Val 213-Phe 227 of the 
activation  domain  (Figs. 5, 6 ;  Table I ) .  The  peptide between 
Cys 191 and Cys 220  is involved in forming  the SI specificity and 

B 

Fig. 3. Ribbon  representation of the secondary structures of Pre2 (left) and  Hir-Throm (right). N- and  C-terminals of throm- 
bin numbered (IH, 247) in  addition to Arg 15-lle 16 eleavagc  site  and  position Trp 148 of disordered  autolysis  loop of Hir- 
Throm; catalytic triad. thin lines; only a small  number  of minor  changes in  the N-terminal  antiparallel  &sheet  barrel (16-1 15, 
to the right)  but many more in C-terminal barrel  (140-235,  to  the left). 
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Fig. 4. Final 21 F, I - I Fc 1 electron density map of the cleavage site Arg 14D-Gly  19 segment of the activation domain of Pre2 
and stereo view of its  superposition with Hir-Throm. A: Contoured at 0.80. B: Pre2  in bold; Hir-Throm with primed num- 
bers; Arg 15’ and Ile 16’ are C-  and N-terminii in activated molecule. 

S2 binding subsites (Schechter & Berger, 1967)  of the active site 
region and contains Ser 195 of the catalytic triad. In Pre2, it has 
a 310-helical turn between Ala 190 and Gly 193 (Venkatacha- 
lam, 1968; Crawford  et al., 1973) with Glu 192 buried in a  po- 
sition close to Ile 16 of thrombin.  The  turn leads to a hydrogen 
bond:  Ala 1900-Gly 193N  (3.2 A). Thrombin has a type I1 0- 
bend conformation here but between Cys 191 and Asp 194 
(Cys 1910-Asp 194N, 3.0 A), and both Pre2 and thrombin have 
a type I1 turn between Asp 194 and Gly 197 (Asp 1940-Gly 
197N, 2.8 and 3.0 A, respectively). The movement of the first 
turn results in a  different  conformation for the Cys 191-Cys  220 
region (Fig. 5 ;  Table 1). The  most critical event in the activa- 
tion of zymogen to active enzyme following the cleavage of the 
Arg 15-Ile  16 bond in Pre2  appears  to be the  formation of the 
ion  pair between the  N-terminal Ile 16 and  the carboxylate of 
Asp 194 (Kinemage l), similar to trypsinogen and chymotryp- 
sinogen activation (Freer et al., 1970), which is also accompa- 
nied by solvent exposure of buried Glu 192. The  unfolding of 
the  turn between Ala 190 and Gly 193 and its subsequent dis- 

placed reformation  at Cys 191-Asp  194 simultaneously forms 
most of the S1 specificity subsite. 

The hydrogen bonded  antiparallel  &strand  interactions ob- 
served in  Pre2 between Ser 214 and  Phe 227 are  not present in 
Hir-Throm (Table 2;  Fig.  6). Moreover, Pre2 has a  turn between 
Gly 219 and Arg 221A, which does not occur in thrombin. The 
Ser 214-Glu  217 stretch in the active site region is a crucial de- 
terminant of peptide substrate interactions with thrombin, with 
which Pl-P3 subsites of substrates generally form  an  antipar- 
allel &strand. A striking exception is Ile 1-Tyr 3 of hirudin, 
which makes a parallel 0-strand with Ser 214-Glu  217 (Rydel 
et al., 1991). The reorientation of Arg 221A (Fig. 6) appears to 
be equally crucial for  an ion pair interaction with acidic residues 
at  P3 that occurs with thrombin platelet receptor (Ni  et al., 1992; 
Mathews et al., 1994) and most likely protein C. 

The catalytic triad of thrombin, including its hydrogen bonding 
network (Skrzypczak-Jankun et al., 1991),  is already prearranged 
in Pre2  but  the oxyanion hole near Gly 193 (Henderson, 1970; 
Robertus et al., 1972) is not present. The RMS difference in the 
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Table 1. Large well-defined RMS differences between 
the structures of Pre2 and Hir-Throma 

All atoms Main  Side Sulfur 
Segment ( 4  (A) (A) (A) 

Arg  14D-Arg 15 9.9  (94)  8.5  (33)  10.7 (50) 
Ile  16-Asp 21 8.6  (42)  8.2  (18)  9.7 (18) 
Trp 141-Gln  146  6.6 (52) 5.1  (18)  7.6  (28) 
Gly 150-Val  154 1.8  (33)  1.5 (15) 2.1 (13) 
Ala 183-Gly  188 5.2 (82)  2.7  (33) 7.0 (38) 
Asp  189-Pro 198  4.7  (61) 3.4  (30)  6.6 (21) 4.3 (1) 
Val 213-Phe 227 3.7 (117) 2.3  (45)  4.6  (57)  2.3 (1) 
Gln 239-Glu  247 5.2 (75) 3.7  (27) 6.2 (39) - 

- 
- 
- 
- 

- 

a Number of atoms in comparison in parentheses. 

positions of His 57, Asp 102, and Ser 195 between zymogen and 
enzyme is about 0.37 A including  side-chain  atoms.  Superposi- 
tion  of  the  C,-structure  common  to  both (214  residues) gives 
the  same  RMS  deviation  for  the  catalytic  triad, which indicates 
that  the  triad is not  shifted  with  respect  to  the  conserved  struc- 
ture  during  activation  (Kinemage  l), in agreement  with  similar 
observations with chymotrypsinogen F a n g  et  al., 1985). Thus, 
as  with  other  serine  proteinases,  the  most  important  aspect of 
activation  of  Pre2  to  thrombin  appears  to  be  the  conversion  of 
a partially  formed specificity pocket  in  the  zymogen to  a  fully 
formed S1 site in the  enzyme. 

Like single chain tissue-type plasminogen activator,  Pre2  does 
not possess a “zymogen  triad”  of Ser  32, His  40,  Asp 194 of the 
chymotrypsin family but,  unlike  the  activator, it does  not  show 
catalytic  activity.  Introducing a Ser 32 and  His  40  in  the  plas- 
minogen activator reduces  catalytic  activity by a factor  of  about 
150 (Madison et al., 1993). These residues are Met 32 and Leu 40 
in  Pre2  and  along  with  Trp 141 form a hydrophobic  cavity 
around  Asp 194. The  charge  of  Asp 194 appears  to  be  compen- 
sated  only by the  nearby  polar presence  of Gln 30 and  Asn 143. 
Therefore,  the lack of  the zymogen triad is not sufficient to  pro- 
duce  catalytic  activity in Pre2. 

In  contrast  to  most  other  serine  proteases,  there is  a nonuni- 
form  distribution  of  charges  in  thrombin  where  an  electroneg- 
ative  active  center is between 2 discrete highly electropositive 
surface regions  (Rydel  et al., 1990; Bode et al., 1992; Karshikov 
et  al., 1992). One of  these cationic exosites is the fibrinogen rec- 
ognition site (Fenton, 1981, 1986), whereas  the  other is most 
likely the  heparin  binding site (Church  et  al., 1989; Karshikov 
et  al., 1992; Arni  et  al., 1993). The  fibrinogen  exosite lies be- 
tween surface  loops Leu 33-Leu 41 and  Arg 67-Lys 81 with 
Lys 109-Lys 110 nearby.  The positive charge is due  mainly  to 
Arg  73,  Arg 15,  and  Arg 71A  because the  other positive residues 
are involved in  salt  bridges  (Bode  et  al., 1992). The active  site 
has a net negative charge  resulting  from  Glu  97A,  Asp 102, 
Glu 146, Asp 189, Glu 192, and  Glu 217. 

The  fibrinogen  recognition  exosite  has been shown to be 
present  in  pre2, the  prothrombin  fragment 2-pre2 complex, and 
meizothrombin  (Liu et al., 1991b). Therefore,  not  surprisingly, 
NMR  measurements  also  show  partial accessibility to  the site  in 
prothrombin (Ni  et al., 1993). However,  studies with thrombo- 
modulin  and  autoantibody D demonstrate  that  the exosite is not 
accessible in  human recombinant  pre2 (Wu et al., 1994). In  Pre2, 
the  fibrinogen  binding  site is also  preformed,  like  the  catalytic 
triad,  and  has  practically  the  same  structure  as  that in Hir- 
Throm.  Moreover,  hirugen  binds  noncovalently  to  Pre2 in an 
identical  manner.  Thus, it may  be possible that  the  small size 
and  greater flexibility enable  hirugen to  bind  to regions on  Pre2 
that  are  not accessible to macromolecules  such as  thrombomod- 
ulin.  The  RMS  difference in main-chain  positions  of  hirugen is 
only 0.53 A; the  RMS  deviation of the  side  groups, which are 
solvent accessible, is somewhat  larger  at 1 .O A. Superposition 
of 214 common residues again gives the  same  deviations,  indi- 
cating  that  the  hirugen is not  shifted in the  precursor  structure. 
The limited  accessibility of  the site in  prothrombin  may  be  the 
result of partial  obstruction by the inter-kringle-catalytic domain 
peptide, which is missing  in the  crystal  structure  of  Pre2. 

Although  the  y-autolysis  loop  region  of  thrombin  was  in- 
cluded in the  activation  domain  of  trypsinogen  and  other ser- 
ine  proteinases by Bode  and  Huber (1978),  in many  respects 
(flexibility,  susceptibility to cleavage,  solvent exposure) it tends 
to  behave like an  autonomous-like  structure.  In  the  absence  of 

Fig. 5. Stereo view of superposition of Pro 186-Ser  195 of Pre2  and Hir-Throm. Pre2 in bold; primed  numbers  correspond 
to Hir-Throm. 
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Fig. 6. Stereo view of superposition of Trp 215-Lys 224 of Pre2  and Hir-Throm. Pre2 in bold; disulfide bond broken; primed 
numbers  correspond  to Hir-Throm. 

intermolecular  crystal  contacts,  the  autolysis  loop (Glu 146- 
Lys 149E) of  thrombin is generally disordered.  This includes 
monoclinic  crystals  grown  at  neutral pH such  as  Hir-Throm 
(Skrzypczak-Jankun et al., 1991) and related derivatives and iso- 
morphous  PPACK-Throm.  Orthorhombic  crystals of Hir- 
Throm-related  derivatives  (space  group  P21212)  grow  at  acid 
pH values  (-4.0) (Chirgadze et al., 1992; Priestle et al., 1993), 
where  the  y-loop of thrombin  has a well-defined conformation 
but interacts with symmetry-related  neighboring molecules. The 
same  occurs in  crystals  of hirudin-thrombin  and  orthorhombic 
PPACK-Throm  (Rydel et al., 1991). The  only  conformation- 
ally defined  autolysis  loop  of  thrombin  that is independent of 
intermolecular  contacts is found in  a thrombin platelet  recep- 
tor  peptide-thrombin complex (Mathews  et al., 1994). Another 
is in the  structure of Pre2 (Fig.  7A)  where  nearly  all the residues 
(except Thr  147N,  Trp  148CA  and  CB,  and  the side group of 
Thr 149) are located  in  electron  density. Because the  loop is part 
of the activation domain, however, its relevance to  the  structure 
of  thrombin  remains  to  be  shown.  The  fact  that it is ordered in 
Pre2 suggests that  the  loop is most likely ordered in prothrombin. 

Due  to  the  proximity  of  Asp 189-Asp 194 to the y-cleavage 
loop  and  hydrogen  bonding  interactions between Trp 141- 
Lys 145 and  Gly 193-Ser 195 (Table 2), the  shift in the  Pre2 
Ala 190-Gly 193 turn  to a type I1 6-bend  conformation  most 
likely causes the  turn  at Gly 142-Lys 145 (borderline between 
310 and type I with Gly 1420-Lys 145N, 3.1 A) to become more 
extended in thrombin (Figs. 2,7B).  The  absence  of a side  group 
and  the relative  mobility of a glycine (Gly 142) probably  aids  in 
the  movement of the  stretch  during  activation  that results in a 
large  difference between the 2 structures (RMSA = 6.6 A ;  Ta- 
ble l): in Pre2, Leu 144 is in the vicinity of  active site Glu 192 
of Hir-Throm.  Furthermore,  the guanidinium group of Arg 145 
appears  to play a role  of  stabilizing the internal  negative  charges 
of Asp 102 and  Asp 194 at  the  surface of chymotrypsinogen, 
which can  form  hydrogen  bonds  through  water molecules to  
both  His  40ND1  and  Ser  1950G  (Wright, 1973). This  does  not 
occur in Pre2 because Gly 142-Asn 143 of the  6-bend is between 

Lys 145 and  the negative groups.  The  different  structure is 
essentially the  result  of  the  different  conformation  of  the 142- 
152 region in the 2 zymogens;  in  chymotrypsinogen,  Trp 141- 
Tyr 146 is in an  a-helix. 

The  exposed y-cleavage loop  of  thrombin in  a  platelet  recep- 
tor peptide-thrombin  complex  has some side groups  that  are  not 
defined in electron  density  but  the  path of the  peptide  chain is 
clear  and  definite  (Mathews  et al., 1994). The  conformation, 
however, is very different  from  that of Pre2. In the  latter, it  as- 
sumes a more  open  loop  structure,  whereas in the  former it is 
much  more  compact  and even has a small  antiparallel  6-strand 
component  (Mathews  et  al., 1994). The RMS difference in the 
main-chain  positions between the  two is over  6.0 A. Whether 
the  conformation of the  loop in the  receptor  peptide-thrombin 
complex  is,  however,  the  only  stable  native  conformation  for 
the  active  enzyme  must still be  established. 

The  C,CN  conformation of Arg 15-Ile 16 of the  Factor  Xa 
activation cleavage  region of Pre2 (Fig.  4B; Table 3) was com- 
pared  to  the  putative scissile bond region of  BPTI in the  BPTI- 
trypsin  complex  (Huber et al., 1974) and  the  comparison was 
extended to the  6-cleavage  site of a-thrombin  and  the scissile 
bond of  chymotrypsinogen. Tri-  and tetrapeptide conformations 
around  the 0-cleavage  site  have structures  similar  to  the  bound 
conformation of BPTI in the active  site of trypsin. In addition, 
the  conformations  are close to  those  of  thrombin-bound  hiru- 
log 3  (Qiu  et al., 1992) and  hirutonin  (Zdanov et al., 1993). The 
binding of these 2 PI subsite-altered  inhibitors with  a nonhy- 
drolyzable  bond  at  the scissile position by thrombin is a close 
approximation  of a fibrinogen  exosite-occupied  enzyme- 
substrate  complex  prior  to catalysis. Thus,  the  thrombin  0-site, 
which is prone  to  attack,  has a conformation  favored  for  pro- 
teolysis. Another cleavage  site  may exist near  the 0-site between 
Arg 75 and  Tyr 76 (Rydel et al., 1994). The  conformation of this 
stretch is also  similar  to  that  of  bound  BPTI  (Table  3). 

The  optimal  conformation of the reactive  site loops of pro- 
tease  protein  inhibitors  for  binding  to  serine  proteinases is well 
documented crystallographically.  This  canonical structure, how- 
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Table 2. Comparison of the hydrogen bonds and salt 
bridges of the activation  domain of Pre2 and Hir-Throm 
_______ - 

Pre2 Hir-Throm 

Donor  Acceptor  Donor  Acceptor d(A) Donor  Acceptor d(A) 

Arg 14D NHI Glu 13 OEl 3.0b 
Arg 14D NH2 Tyr 145 OHa 2.9 
Glu 14E 0 Glu 14H N 3.2 
Glu 14E N Thr 14B 0 3.1 

OEl Lys 135 NZ 2.7b Lys 135 NZ 3.0b 
OE2 Asn 159 ND2 2.8 Asn 159 ND2 3.0 

Leu 14F 0 Ser 141 OG 2.7 
Leu 14G 0 Tyr 145 N 3.1 
Glu 14H 0 Asp 14L N 3.2 

Arg 15 0 Lys 135 NZ 2.6 
Arg 15 NH2 Phe204A OH 2.9 
Arg 15 OXT  Arg 173 Oa 2.8 
Ile 16 N Asp 194 OD1 2.5b 
Glu 18 OE2 Arg 187 NH2 2.gb 
Gly 19 0 Gln 156 NE2 3.0 

Gly 142 0 Lys 145 N 3.1 
Leu 1 4 4  N Gly I50 0 2.8 
Asn 149B OD1 Gln244 NE2a 2.8 

Lys 185 N Glu 186B OE2  2.6 
Arg 187 NHI Asp 222 OD2 3.2b 
Arg 187 NH2 Asp222 OD1 3.2b 
Asp 189 0 Val 17 N 2.8 

N Val 17 0 3.0 
Ala 190 0 Gly 193 N 3.2 
Cys 191 N Asp 194 OD1 2.9 

Glu 192 0 Asn 143 N 2.8 
Asp I94 0 Gly I97 N 2.8 Gly 197 N 3.0 

OD1 Asn 143 N 3.0 
OD2 Trp 141 N 3.0 Gly 142 N 2.8 

Ser 195 N Asn I43 OD1 3.1 

Ile212 0 Thr 229 N 3.0 
Ser 214 N Phe227 0 2.7 
Trp 215 0 Phe227  N 2.8 
Glu217  OEl Thr I72 OGI 3.0 
Glu217  OE2 Lys 224 NZ 3.2b 

N Tyr 225 0 2.6 

" 

OE2 Arg 15 NH2" 2.gb Arg 14D NHI  2.9b 

0 Asp I94 N 3.0 

~~~ ~ ~~ 

~~ ~ 

a Intermolecular hydrogen bond. 
Hydrogen  bonded  ion pair. 

ever,  does  not  occur  among  many limited proteolytic sites or 
nicksites, which have very different  conformations  that  are  also 
different  from  the consensus conformation of the  protein inhib- 
itors  (Hubbard et al., 1991, 1994). Modeling  results suggest that 
motions close to  the scissile bond  are  required  for  proteolysis. 
The  C,CN  conformations  of  the  Factor  Xa-Pre2 cleavage site 
(Arg 15-Ile 16) (Fig. 4B) and  that  of  chymotrypsinogen  and  the 
/3-site of thrombin  are  the  same,  but  only  after a 180" rotation 
of the  Pre2 site  with  respect to  the  bulk of the  protein  (Table 3). 
The  6-site  has been shown  to  be  readily  dockable in the  active 
site of  thrombin  (Rydel  et al., 1994).  Because the  active sites of  
thrombin  and  Factor  Xa  are similar (Padmanabhan et al., 1993), 

the  Pre2 site can be docked  in  the  active site of  Factor  Xa simi- 
larly,  but  only  after a reorientation of the  peptide involving the 
region of the scissile bond.  The  sequence  around  the scissile 
bond is Gly  Arg Ile Val Glu  Gly.  Docking,  however,  can  be 
achieved  with a conformational  change  of  about 150" around 
the glycine hinge points.  Activation  of Pre2,  and most likely pro- 
thrombin, by Factor  Xa  may  proceed  accompanied by such a 
change.  This  inference is especially intriguing in view of the sig- 
nificant  increase in the kc,, for  prothrombin  activation  that is 
realized  when Factor  Xa  acts  as a component of the  prothrom- 
binase complex. At physiologic protein  concentrations  the  pro- 
thrombinase complex is 5 orders of magnitude  more active than 
free  Factor  Xa  acting  on  prothrombin.  Although  part  of  this 
increase  in  efficiency  can  be  explained by the  membrane- 
influenced  concentration of Factor  Xa  and  prothrombin,  the 
most significant contribution is in the k,, associated with Fac- 
tor  Xa-prothrombin  peptide  bond cleavage. The  induction of 
significant alterations in the  conformation of the  substrate cleav- 
age site, the  enzyme active  site, or  both, in the  complex  may ex- 
plain this  aspect of prothrombinase efficiency. 

The  Arg 15-Ile 16 activation cleavage  within Pre2  that  pro- 
duces  thrombin is accompanied by an  intrinsic  fluorescence 
change of about  35% (Stevens & Nesheim, 1993). Examination 
of  the  structures of Pre2  and  Hir-Throm reveals that  these 
changes  are  most likely due  to  Trp 141, Trp 148, Trp 215, and 
possibly Trp 51. The side chain of Trp 215 of  the  Ser 214- 
Glu 217 stretch that generally forms  an antiparallel ("and with 
peptide  substrates  undergoes a change  in  orientation ( A x ,  = 
49", A x z  = 16")  and  Trp 141 does likewise but  to a lesser de- 
gree.  Both of the residues are  at  the beginning of  different seg- 
ments of the activation domain so some movement is inevitable. 
An even larger  contribution  to  the  fluorescence  change  may be 
the result of  structural  changes in the  immediate  environment 
of these indoles  and  that  of  Trp 51;  the  latter,  however, is po- 
sitionally  the  same in both  structures. Because Trp 148 is in an 
activation  segment, which is also very mobile, it must  contrib- 
ute  substantially to the fluorescence event.  None of the  remain- 
ing  indoles  nor  their  environment  are  different. 

Stevens  and Nesheim (1993) also  studied  the  modification of 
the  tryptophans in Pre2  and  thrombin by oxidation with N- 
bromosuccinimide.  They  concluded that  Trp 29 and  Trp 51 were 
more accessible in Pre2, whereas the accessibility of Trp 60D and 
Trp 207 or Trp 215 or both is somewhat  diminished.  However, 
the  tryptophan  residues of 51, 60D,  96, 141,  148,  215, and 237 
are all  readily  accessible  in both  structures, whereas those of  29 
and 207 are  buried.  Therefore,  the  apparent accessibilities of 
Trp 29 and  Trp  60D  to  oxidation in Pre2  are  probably related 
to  factors  other  than  steric  hindrance.  The  hindered accessibil- 
ity of Trp 215 in Pre2 is most likely the result of  the  ordered 
structure of the  nearby  y-autolysis  loop,  although  the region is 
relatively open in both zymogen and  enzyme. 

Most of the  activation  domain of Pre2  has high temperature 
factors (42-50 A 2 ) .  In  trypsinogen,  the  domain is completely 
disordered  (Bode & Huber, 1978), even at low temperatures 
(Singh et al., 1980; Walter et  al., 1982), whereas it shows sev- 
eral distinct conformations in  independent molecules of chymo- 
trypsinogen  (Freer et al., 1970; Wang  et  al., 1985). Contrary  to 
general  expectations  accompanying large  B-values, the  electron 
density  of  the  activation  domain of Pre2, representative in Fig- 
ures  4A  and  7A, is well defined. Because the  average  B-value 
of  the  domain is about 17 A' larger than  that of the  remainder 
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Fig. 7. Final 21 F, I - IF,I electron density map of the y-autolysis  loop  region (Gly 142-Pro 152) of Pre2 and stereo view of 
its superposition with Hir-Throm: A: Contoured at 0.80. B: Pre2 in bold;  Hir-Throm with primed numbers; Thr 149”Lys 149E’ 
of Hir-Throm  disordered. 

of the  Pre2 molecule (28 A’, which is comparable  to  Hir- 
Throm; Table 9), the difference must be due to a greater degree 
of disorder  rather than increased thermal  motion  correspond- 
ing to an additional RMS displacement of 0.45 A. The existence 
of good  electron density for  the region further suggests that a 
fairly high percentage of a  principal folding conformer must 
exist along with a lesser fraction of different, but  similar,  con- 
formations  rather than a  uniform  distribution of different con- 
formations. The  former  distribution would also produce  an 
increasing effect on B-values. The C-terminal of hirudin (Rydel 
et al., 1991) and hirugen itself (Skrzypczak-Jankun et al., 1991; 
and the present work) binding in the fibrinogen recognition exo- 
site of thrombin also have large B-values compared to  the en- 
zyme but show good electron density. In these cases, a skewed 
distribution with a principal binding conformation is the likely 
source of the effect. An alternative rationalization would  be par- 
tial occupancy of the binding site in crystals; this is, however, 
inconsistent with the extraordinarily tight binding constants of 
the ligands. 

Comparisons of the structures of chymotrypsinogen and chy- 
motrypsin also reveal large differences in the  conformations of 
all 4 segments  of the activation domain (Freer  et al., 1970;  Wang 
et al., 1985). The comparisons were additionally complicated be- 

cause there are 2  independent molecules of chymotrypsinogen 
in one crystal form  that showed differences in conformations 
due  to crystal packing (Leu 33-Thr 37 loop, undefined in one 
molecule; Gly 142-Asp  153;  Gly  216-Ser 221, different confor- 
mations) (Wang et al., 1985). Trigonal crystals of trypsinogen 
and trypsin are isomorphous  but the activation domain of tryp- 
sinogen  is  completely disordered (Bode & Huber, 1978). The dis- 
order persists at low temperatures (Singh et al., 1980) but did 
not affect the resolution of the position of a mercurated, reduced 
Cys 191-Cys  220 disulfide (Walter et al., 1982). The results of 
these structural studies and  that of Pre2 all point to a flexible 
and tenuously conformed activation domain. Whether the mo- 
bility of the  domain is from strain or  other  factors, it is unde- 
niably poised to undergo  change at  the Arg 15-Ile 16 cleavage 
provocation. 

A  number  of hydrogen bonding and ion pair changes occur 
with the reorganization of the activation domain of Pre2.  A 
comparison of likely hydrogen bonds in Pre2  and Hir-Throm 
is summarized in Table 2. Many of  these have already been  men- 
tioned and discussed. The activation domain of Pre2 has  3 salt 
bridges and  one is lost on activation to  thrombin; however, 3 
new ion pairs are generated in the enzyme, one of which  is dou- 
bly hydrogen bonded (Arg 187-Asp  222, Table 2). 
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Table 3. Comparison  of the conformations  of Factor Xa 
around the cleavage site of Pre2 and the 0-cleavage site 
of  a-thrombin with BPTI (Pro 13-Arg 17) in the 
BPTI-trypsin  complex  and the Arg 15-Ile 16 cleavage 
site with respect to chymotrypsinogena 

Molecule Cleavage site P2PlP1’  P2P1PlfP2’  P3P2PlPl’ 

Pre2 Gly 14M-Ile 16 0.8 
Gly 14M-Val  17 1.1 

a-Thrombin  Glu 77-Asn 78 0.7 
(P-site) Tyr 76-Asn 78 1.1 

Thr 74-Tyr 76 1 .O 

Pre2 CHT-gen BPTI 
Arg 15-Ile 16 Arg 15-Ile 16 Lys 15-Ala 16 

4 * 4 11. 4 11. 

P1 -34 105  -96 -3  -118  31 
P1’ - 107 76 -131 171  -76  172 

a RMSA in A; $,$, in deg; CHT-gen,  chymotrypsinogen. 

Active site changes in thrombin with exosite binding 

The  structure of Hir-Throm was optimally superposed to  the 
structure of  monoclinic PPACK-Throm  after  rotation  and 
translation (-0.91°, 0.18 A) with an RMS difference of 0.25 A 
for 270 C,-atoms;  the  corresponding difference between the 
monoclinic and  orthorhombic (Bode et al., 1992) forms of 
PPACK-Throm is 0.29 A, whereas the RMS deviation for 201 
positions (74%) with differences less than 0.25 A between Hir- 
Throm  and monoclinic PPACK-Throm is  0.15 A. In both Hir- 
Throm and monoclinic PPACK-Throm, the N-terminal binding 
regions  of the fibrinogen binding exosite make close contacts be- 
tween neighboring molecules related by a 2-fold rotation axis. 
The side chain of Lys  81 has different conformations in the 2 
structures.  In the  Hir-Throm, it makes a hydrogen bond to a 
water molecule (Lys 81NZ-0, 475, 2.8 A) that bridges to an 
oxygen atom of the sulfate  of Tyr 63 of hirugen (Tyr 63’) (0, 
475-Tyr 63’013,3.0 A). In PPACK-Throm, it  is exposed to sol- 
vent. In the originally reported Hir-Throm structure (Skrzypczak- 
Jankun et al., 1991), Lys 81 was suggested to have 2  alternate 
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conformations,  one of which is involved in ion pair formation 
with the sulfate of Tyr 63’. Except for these differences,  the fi- 
brinogen binding exosite is very similar in the  2  structures (Ta- 
ble 4). A  superposition of the exosites of Hir-Throm (including 
hirugen) and PPACK-Throm is shown in Figure 8 and Kine- 
mage 2, from which it can be seen that the exosite does  not  un- 
dergo a conformational change with binding of hirugen. 

The largest differences between Hir-Throm and PPACK- 
Throm  are in the active site region (Table 4; Figs. 9, 10; Kine- 
mage 2).  Although the differences of the backbone atoms  are 
not very large, their average RMS deviation of 0.55 A is about 
3 . 7 ~  of the remainder of the structure.  The  difference electron 
density between the  2  structures reflects the changes most dra- 
matically (Fig. 9). The deviations in the backbone in the active 
site increase from each end of the Ala 190-Gly  197 2-turn stretch 
toward the middle and reach a maximum of around 1 .O A near 
the Glu 192 position (Figs. 9, 10). This segment of peptide has 
2 well-defined back-to-back type I1 &bends  (Venkatachalam, 
1968; Crawford et al., 1973) in both molecules formed by Cys 
191-Asp  194 and Asp 194-Gly  197. The  plane of the first turn 
is at right angles to  the second and both bends have a glycine 
resident at  the third residue so the hydrogen bonding  patterns 
of the two are similar: the  plane of the amide between the sec- 
ond  and third residues is flipped so that the  carbonyl  points to- 
ward the side chains.  The  first bend undergoes the largest shift 
with the binding of hirugen (Table 3). It moves as a rigid body 
and expands the space in the active center and the immediate vi- 
cinity of the catalytic site (Figs. 9, 10). 

Only small changes, with differences of less than 0.3-0.4 A, 
occur between Hir-Throm and PPACK-Throm at  His 57 and 
between Pro 60B-Asp 60E of the active site region (Table 4). 
This is clearly not so for the negatively charged center of the S1 
specificity site side chain of Asp 189 and  the main and side 
chains of the  loop between Arg 221A and Gly 223. The  Asp 189 
side group moves away from  the incoming guanidinium group 
of the arginyl of PPACK,  as does the Arg 221A-Gly  223  seg- 
ment (Fig. 9). This expansion appears  to be directly related to 
steric effects of active site inhibitor binding. 

The side chain of Glu 192 has different conformations in the 
2 structures (Figs. 9, 10; Kinemage 2). In  PPACK-Throm, it 
bends around  and points toward the specificity pocket, whereas 
in Hir-Throm, it  is in  an extended configuration  pointing out 
toward solvent. This acidic residue is a glutamine in trypsin and 
is most likely related to  the broader selectivity of the enzyme. 

Table 4. Active site and exosite differences (RMS) between Hir-Throm and PPACK-Throma 

Region All atoms (A) Main (A) Side (A) Sulfur (A) 
Fibrinogen  exositeb 0.67 (247) 0.24 (84) 0.88 (135) 
Active site (10 A sphere)c 0.76 (245) 0.36 (102) 1.05 (109) 0.27 (3) 
Catalytic  triadd 0.39 (24) 0.21 (9) 0.47 ( 1  2) 
Cys 191-Asp  194 (type 11, &bend) 2.00 (27)  0.70  (12)  3.00  (11)  0.45  (1) 
Asp 194-Gly  197 (type 11, &bend) 0.41  (22)  0.39  (12) 0.44 (6) 
60 Insertion loop (Tyr 60A-Thr I) 0.55  (83)  0.33  (27)  0.67  (47) - 

- 

- 

- 

a Number of atoms  in comparison in parentheses. 
Leu  33-Leu  41; Arg 67-Lys 81; Lys  109-Lys  110. 
Leu  41-Gly  43; Ala 56-Cys  58; Glu 97A-Asp 102; Thr 139-Glu  146; Asp 189-Gly  197; Ser 214-Gly 219. 
His 57, Asp 102, Ser 195. 
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Fig. 8. Stereo view of superposition of Hir- and PPACK-Throrn in the fibrinogen recognition exosite. Hirugen in bold, Hir- 
Throm in thin lines and PPACK-Throm in broken; hydrogen bonds in bold broken lines. 

Acid residues at the P3 position of thrombin  substrates are ulin [Esmon, 19891; thrombin platelet receptor [Shaun Cough- 
known to beinhibitory (Erhlich et al., 1990). However, thrombin lin, pers. comm.]). A Glu 192- Gln mutation  in  thrombin  has 
becomes efficient in cleaving such peptides when accompanied been found to mimic the catalytic changes produced by throm- 
by binding at the fibrinogen exosite (protein C/thrombomod- bomodulin (Le  Bonniec & Esmon, 1991). The extended Glu 192 

. 
' I  

Q xa 

Fig. 9. Stereo view of the difference electron density between Hir-Throm and PPACK-Throm in the active site. Calculated 
with Fourier coefficients 1 I FHT I exp( - h H T )  - [I FpT I exp( - iapT) - I Fp IF exp( -iap)]) ,  where HT and PT are Hir-Throm and 
PPACK-Throm, respectively, and IFp[, and ap are the calculated amplitude and phase  of  PPACK;  contoured at f3o;  dark 
blue, positive; light blue, negative; red, Hir-Throm; yellow, PPACK-Throm; green, PPACK. 
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1 6 0  F 1 6 0  F 

Fig. 10. Stereo view of superposition of Hir- and PPACK-Throm in the active site region. Hir-Throm in solid; PPACK-Throm 
in broken;  PPACK in bold broken line. 

conformation,  distancing negative charge  from  the  binding re- 
gion,  therefore,  appears  accommodating  to  the  binding of sub- 
strate with a negative charge,  at least, from these  2  observations, 
at  the  P3  position. 

The  electron  density  of  Glu 192 is not always defined in dif- 
ferent  inhibitor  complexes  of  thrombin.  The  conformations  of 
Glu 192 in structures  where it is unambiguous  are given in Ta- 
ble 5 .  The  extended  conformation (Fig. 9), or a poorly  defined 
one is generally associated with fibrinogen exosite binding.  The 
X ,  and x2 angles  of  the  bent  Glu 192 conformation (Fig. 9) ac- 
companying  active site binding  are  more  consistent (x3 corre- 
sponds  to  the  orientation  of  the  carboxylate  group, which  is 
usually difficult to fix unequivocally in the electron  density). The 
bent  conformation  appears  to be the result of  binding  at  the  ac- 
tive site because  in  the  ternary  complexes of Hir-Throm  with 
cyclotheonamide  (Maryanoff  et  al., 1993) or with  DAPA 
(Mathews & Tulinsky, 1994), Glu 192 has a bent  conformation 
even though  the  complexes were prepared by adding  the  active 
site inhibitor to  Hir-Throm  (Table 5). Thus, active  site binding 
can  change  the  Glu 192 conformation of Hir-Throm.  However, 
a degree of caution is prudent  here because this  conformation 
may  not  be  that  of  native  a-thrombin  and  may be the result of 
PPACK  binding.  Chymotryptic cleavage of  the y-autolysis loop 
is known to be significantly impaired by PPACK binding (Parry 
et al., 1993). 

In  order  to resolve  this  issue, isomorphous crystals  of the ter- 
nary  thrombin  complex  with  PPACK  in  the active site  and hi- 
rugen  in  the  exosite  were  also  prepared  (hirugen  added  to 
PPACK-Throm).  The  diffraction  data were measured (isomor- 
phous  with  Hir-Throm)  and  the  structure was refined  at 2.5 A 
resolution ( R  = 13.8%).  Comparison of the  ternary  complex 
structure with that  of  isomorphous  PPACK-Throm revealed ab- 
solutely no differences  in  the  active  site  region,  indicating  that 
hirugen is not  capable  of  inducing a conformational  change 
when  the  active  site is occupied  (Table 5 ) .  A comparison  of  the 
active  site  region  of monoclinic  and  orthorhombic  (Bode  et  al., 
1992) PPACK-Throm  also  showed  no  significant  differences, 

further indicating that crystal  packing is not influencing the con- 
formation of the  active  site. 

A final  observation  of  note in Table 5 is that  the  ternary  Hir- 
Throm  complexes  with  CV863  and  thrombin  platelet  receptor 
peptide  show  Glu 192 in an exosite binding  conformation even 
though  there is binding  at  the  active site. In  the  case  of CV863, 
hirugen  was  added  to  the  inhibited  thrombin,  whereas  the re- 
ceptor  peptide was treated  with  Hir-Throm, which  cleaved the 
peptide,  liberated  the  LDPR  sequence  that  subsequently  bound 

Table 5 .  The conformation of Glu I92 in 
various inhibitor complexes of thrombin 

Complex X I  x 2  x 3  complex formation 
Order of ternary 

PPACK(M) -71 68 -165 
PPACK(0)a 
PPACK-Hir -73  61  -43 PPACK-Throm + Hir 
Hirulog Ib -72  49 -113 
DAPA-HirC -72  74 - 1  18 Hir + DAPA 
Cyclo T-Hird -78 68 -102 Hir + Cyclo T 
PPACK-CV768' -74  75  -149 PPACK-Throm + CV768 

- 

-81 70  -142 - 

- 

Hir -153  -151  -241 
Hirullin' 
LDPR-Hirg -141  -155  -155 Hir-Throm + LDPR 
CV-863h -99 -148 -250 Throm-CV863 + Hir 
Hirudin' -39  -151  -311 - 

- 

-161 -230 -166 - 

a Bode et  al. (1992). 

'Mathews  and  Tulinsky (1994). 

e Ace-FLLRNPNDKYEPFWEDEEKamide, Mathews et al. (1994). 
'Qiu et al. (1993). 

h BOC-DPR(C0-C0)-phenethyl, unpublished results  of the laboratory. 
' Rydel et  al. (1991). 

Skrzypczak-Jankun  et  al. (1991). 

Cyclotheonamide A, Maryanoff  et  al. (1993). 

LDPR-Throm-Hir,  Mathews et al. (1994). 



Table 6 .  Water molecules in the active site regions 
of Hir-Throm and PPACK-Throm 

~ 

~ 

Hir-Throm 

~ 

ow 

423 
429 
448 
462b 
466 
477 
478 
494 
519b 
555 
556 
578 
580 
588 
592b 

~ 

~ 

Occup B (A2) 
1 .oo 25 
1 .oo 25 
0.91 26 
0.82 29 
0.80 29 
0.76 34 
0.75 23 
0.71 37 
0.62 25 
0.54 28 
0.53 21 
0.50 32 
0.50 22 
0.50 17 
0.50 23 

PPACK-Throm 

A (A)a 0, Occup B (A2)  

0.5 
0.4 

0.3 

0.5 

1.2 

0.9 
1 .O 

417 
407 

408 

521 

536 

502 
428 
427 
496 
504 
544 
545 

1 .oo 30 
1 .oo 18 

1 .oo 17 

0.64 43 

0.60 34 

0.70 41 
0.98 22 
0.99 35 
0.72 11 
0.69 34 
0.58 27 
0.58 32 

- 
~ 

a Shift in position between Hir-Throm and PPACK-Throm. 
In S I  specificity site. 

in the active site closely resembling PPACK (Mathews et al., 
1994). Therefore, LDPR did not change the Glu  192 conforma- 
tion the way cyclotheonamide and DAPA can and the extended 
Glu 192 conformation was maintained. This could be the result 
of the presence of an aspartate at  the  P3 position. The same ar- 
gument is applicable to CV863 because it  also has an aspartate 
at  the  P3 position. All of this suggests that thrombomodulin- 
thrombin activation of protein  C may proceed faster because 
thrombomodulin exosite binding to  thrombin produces the ex- 
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tended conformation, which is more  amenable to  the presence 
of a negative charge at the S3 subsite. Although it appears fairly 
certain that  the bent conformation results from a  conforma- 
tional change that accompanies active site binding of substrates 
lacking an acid group at P3, nonetheless, it is also remotely pos- 
sible that it  is the  conformation native to  a-thrombin. 

There are  about 15 water molecules in the active site region 
of Hir-Throm and although 8 are expelled with PPACK bind- 
ing, somewhat surprisingly, there are still 12 water molecules in 
the active site region of PPACK-Throm (Table 6). This is be- 
cause the solvent-accessible surface of the  PPACK molecule is 
covered with a layer of 5 new water molecules (0, = 427,496, 
504, 544,  545; Table 6). Two of these make significant inter- 
actions between PPACK and thrombin: D-Phe 1’N-0, 427, 
2.9 A; Gly 219N-0,427,2.5 A and D-Phe I’N-0, 496, 3.1 A; 
0,496-Pro  2’0, 2.5 A; 0,496-Gly 1920E1, 2.6 A. Another 
water in PPACK-Throm (0, 504) bridges Glu 1460  and Glu 
1920E2 (3.1 and 2.7 A, respectively). The  latter  2 waters may 
be instrumental in stabilizing the bent conformation of  Glu  192. 

There are 5 water molecules in the S1 specificity site of Hir- 
Throm  and 3 are not present with PPACK binding (Table 6). 
Four of them form an intricate hydrogen bonding network among 
themselves and between Asp 1890D2  and Gly 2190 (Fig. 11). 
On binding PPACK,  the network is disrupted by the arginyl gua- 
nidinium group of PPACK, which forces out  0,448,0,462, 
and 0, 519. These are relatively weakly interacting with other 
water molecules and only form 1 or no hydrogen bonds with 
thrombin (0,448-Gly 2190,  0,462-Asp  1890D2). The wa- 
ters remaining in PPACK-Throm are  0,407  and  0,428  and 
they (1) bridge Arg 3’NH 1 (3.1 A) and  Phe  2270 (3.1 A); and 
(2) Arg 3’NE  (2.8 A), Glu 1920El (2.6A),  and Gly219N (2.7 A), 
respectively. It is noteworthy that  the  0,428 position doubles 
in occupancy with PPACK binding but shifts about 1 .O A from 
the 0, 592 in Hir-Throm. 

One of the most significant water molecules (0,423) is not 
only conserved in both  structures,  but  it also has the same 3 hy- 
drogen  bonding  interactions (with Glu 2170, Arg 221AN, 0, 
494 or, 0,521 in PPACK-Throm).  The 0,494 molecule hy- 
drogen  bonds with Asp 1890D1 (2.7 A), an interaction that is 
preserved in PPACK-Throm, but it additionally  hydrogen 

\ I89 
Fig. 11. Stereo view of the water cluster in the SI specificity site of  Hir-Throm. Water molecules designated by asterisks; hy- 
drogen bonds  by broken lines. 
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bonds with Arg 3’NH2 (2.7 A) of the inhibitor.  Another highly 
significant conserved water molecule (0,466) bridges Tyr 60A 
OH (3.0 A) and  Trp  960 (2.5 A). The 2 remaining conserved 
waters (0, 578, 0, 588) are less definite in their  interactions 
and their occupancy parameters are lower (Table 6); 0,588 ap- 
pears to move by about 0.9 A and  form a hydrogen bond with 
Arg 3’0 in PPACK-Throm. This could be the reason for the in- 
crease in the occupancy of 0, 502 in the latter structure. Two 
other displaced water molecules (0,477,0,556)  are of note: 
0, 477 hydrogen  bonds with His 570 and Lys 60FNZ of the 
S1’ subsite (Qiu et al., 1992) and 0, 556  is at the oxyanion hole 
position (Henderson, 1970; Robertus et al., 1972) and hydro- 
gen bonds with amido nitrogen atoms of Gly  193 and Ser 195 
of the active site. 

Summary 

As more or less expected from previous results obtained with 
chymotrypsinogen-chymotrypsin, in Pre2 there are 4  peptide 
segments forming the so-called activation domain  that differ 
markedly in conformation  and position to those in the activated 
enzyme thrombin: Pro 186-Asp  194,  Gly  216-Gly  t223,  Gly  142- 
Pro 152, and  the Arg 15-Ile 16 Factor Xa cleavage region. 

The active site residues are already in an active conformation 
in Pre2, as in chymotrypsinogen, with the exception of the oxy- 
anion hole-forming segment. 

Although  Pre2, like tissue-type plasminogen activator, does 
not possess a “zymogen triad” of Ser  32, His 40, Asp 194 as does 
chymotrypsin, so that Asp 194  is not fixed by exceptionally 
strong hydrogen bonds, this  does  not lead to premature cata- 
lytic activity. 

Hirugen is found  to bind at the fibrinogen recognition exo- 
site with a virtually identical conformation as that observed for 
the active enzyme. Experimental solution data are in conflict on 
this  point for pre2: hirugen binding is indicated  but  not  bind- 
ing of macromolecular  substrates. 

The changes that occur in the active site that affect  the kinet- 
ics of chromogenic substrate hydrolysis on binding to the fibrin- 
ogen recognition exosite have been shown to be primarily due 
to changes in the Ala 190-Gly 197 segment and possibly due  to 
the  conformation of Glu 192. The  latter extends to solvent in 
hirugen-thrombin  compatible with binding of substrates hav- 
ing an acidic sidegroup in the  P3 position. 

When the active site is “free” (water filled), hirugen binding 
expands the region. When the active site is occupied by substrate 
or an  inhibitor, Glu 192  is in a bent conformation over the spec- 
ificity pocket, except in the case when P3 is an acidic residue. 
The conformation is then  Hir-Throm-like. 

PPACK expels 8 water molecules from  the active site, but the 
inhibitor complex is resolvated with 5 other water molecules. 

Materials and methods 

Isolation of human pre2 

A  prothrombin fragment composed of  residues Asp 263-Glu  579 
was generated by cleavage of human prothrombin with a  puri- 
fied snake venom protease from N. nigricollis. The venom pro- 
tease was purified from crude venom using gel filtration on 
Sephadex G-100 and chromatography  on sulfopropyl Sephadex 
(Hassan, 1985). Fifty milligrams of human  prothrombin in 

20  mM Tris, 105 mM NaCI, 2 mM  CaC12, pH 7.4, was made 
1 mM DFP  and dialyzed against the same  buffer  without DFP. 
The  final  prothrombin  concentration was adjusted  to 1.1 
mg/mL and treated with 1/1,OOO (w/w)  of purified N. nigricollis 
enzyme at 37 “C for 8 h. The reaction was quenched with  EDTA 
( 5  mM final  concentration) and PPACK (50 pM  final concen- 
tration). The sample was  dialyzed against 0.025 M sodium phos- 
phate, 5 mM EDTA, pH 6.5, and chromatography carried out 
as described by Mann (1976). The  human pre2 analogue was 
judged to be pure by SDS-PAGE. 

Crystallization 

The pre2-hirugen complex was made with lyophilized pre2 by 
adding 10-fold molar excess of hirugen to a  solution  of about 
7  mg/mL pre2 in 0.375 M  NaCl and 0.05 M  sodium  phosphate 
buffer,  pH 7.3.  Crystals were grown by the vapor  diffusion 
hanging drop method. Typically, the protein complex  was  mixed 
with an equal volume of the precipitant  solution  containing 
0.1  M  sodium  phosphate, pH 7.3, 27% PEG 8K, and 1 mM 
NaN,. These conditions are also similar to those used to crys- 
tallize the Hir-Throm  complex  (Skrzypczak-Jankun et al., 
1991). Small rectangular-shaped crystals grow within a couple 
of  weeks. Macroseeding techniques were required to enlarge the 
crystals (Thaller et al., 1985). The crystals tend to dissolve  in 2-3 
weeks but can be stored for much longer periods by increasing 
the PEG concentration to 32% and keeping the crystals at 4 ‘C. 
The  crystal used for intensity data collection was 0.6 x 
0.2 x 0.1 mm. The crystals are isomorphous with Hir-Throm 
and belong to  the monoclinic space group  C2 with unit cell di- 
m e n s i o n s o f a = 7 2 . 8 5 , b = 7 1 . 3 2 , ~ = 7 2 . 6 3 A , P =  101.1’, 1 
molecule per asymmetric unit. 

Crystals of Hir-Throm (a  = 71.75, b = 72.39, c = 73.52 A, 
P =  101.3”) were prepared as described elsewhere (Skrzypczak- 
Jankun et al., 1991). The monoclinic form of PPACK-Throm 
was obtained while attempting to prepare a complex of PPACK- 
Throm with a  Factor VI11 peptide  fragment (Ace-GEDFDIY 
DEDEN, where Y is sulfated). A 10-fold molar excess of the 
peptide was added to frozen PPACK-Throm (1 mg/mL, 0.75 M 
NaCl), allowed to  thaw,  and concentrated to  about 5 mg/mL. 
Crystallization trials using conditions that produce orthorhombic 
PPACK-Throm (Bode et al., 1989; Skrzypczak-Jankun et al., 
1989) surprisingly did not yield any crystals. A  factorial search 
was made that produced crystals of similar morphology as Hir- 
Throm  from 0.2 M  sodium  acetate,  0.1  M  cacodylate, pH 6.5, 
and 25% PEG 8K. X-ray examination showed the crystals were 
monoclinic and isomorphous with Hir-Throm and Pre2: a = 
70.97, b = 72.50, c = 72.57 A, and /3 = 100.5’. Detailed X-ray 
analysis showed no evidence of the Factor VI11 peptide bind- 
ing to PPACK-Throm in the crystals. Because the same crys- 
tals grow without the  Factor VI11 peptide,  the peptide does  not 
behave like a crystallization additive, which often  can  affect 
crystal growth in unknown ways, to produce  PPACK-Throm 
isomorphous with Hir-Throm. 

Intensity data collection/processing 

Intensities of the  Pre2 crystal were measured with an R-AXIS 
I1 imaging plate  detector using 0.3-mm collimated graphite 
monochromated CuK, radiation from a Rigaku RU200 rotat- 
ing anode generator  operating at 5 kW power with a fine focus 
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Table 7. R-AXIS intensity data statistics of Pre2 

Shell Cumulative 

Resol (070) Rmerge 

(A) ( ( F 1 ' )  (IF12/u) Obs (Yo) Obs (070)  R-cum(%) 

15.00 860 26.1 66.7 2.3 50 66.7 2.3 
10.00 969 21.6 71.2 2.9 159 69.7 2.7 
7.50 627 19.7 81.5 3.4 406 76.5 3.0 
5.00 456 17.4 84.4 3.9 1,401 81.9 3.5 
3.50 541 15.3 89.0 4.7 4,181 86.5 4.3 
3.00 189 9.1 84.0 7.0 6,501 85.6 4.6 
2.75 102 5.9 76.9 9.6 8,220 83.6 4.9 
2.50 67 4.4 71.2 11.8 10,506 80.6 5.1 
2.25 45 3.1 61.4 14.6 13,427 75.4 5.4 
2.00 31 2.2 43.3 20.0 16,642 66.0 5.6 

~ 

filament (0.3 X 3.0 mm).  The crysta1;plate distance was 75 mm 
and  each  frame  was collected for  60  min  with  an  oscillation 
range of 2.5". The  total  scan  range  for  the  data  collection was 
75", the average  mosaic spread  of a reflection was 0.55" and  the 
total  exposure  time was less than 35 h.  The  unit cell was deter- 
mined by auto-indexing  (Higashi, 1990) and  the processing of 
the raw data was carried  out with the Rigaku R-AXIS  data pro- 
cessing software  package. A total  of 23,973 observations with 
IFI2 > 1.00 were made of which 16,642 were unique reflections 
in the 15.0-2.0-A resolution  range (Rmerge = 5.6%).  This  cor- 
responds  to  66% of the  total  number  of possible  reflections; the 
completeness  of  the  last  resolution shell  (2.3-2.0 A) is 43%. 
Some  of  the  intensity  data  statistics  and processing  results are 
summarized in Table  7. 

The  Hir-Throm  and  monoclinic  PPACK-Throm  intensity 
data  sets were measured  with a Siemens X-1000 multiwire  area 
detector using protocols  similar  to  those  described previously 
(Qiu et al., 1992). Independent data sets from 2  different crystals 
were measured  for  both  Hir-Throm (83% at 2.3 A resolution) 
and  PPACK-Throm  (75%  at  2.4 A resolution).  The IF12- 
values (Rmerge = 3.1 and  3.5%,  Hir-Throm;  3.3  and  5.2%, 
PPACK-Throm) were averaged after matching reflections to de- 
termine a scale factor  and  average  B-value  that  produce  nearly 
identical lF12 distributions.  The  R-values between the  indepen- 
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dent sets are  6.8%  for 15,157 reflections  of  Hir-Throm  and 
5.4%  for 13,404 reflections of PPACK-Throm.  The R-value be- 
tween Pre2  and  Hir-Throm is 28%  (AB of +9.0 A 2  applied  to 
Pre2),  whereas  that between PPACK-Throm  and  Hir-Throm 
is 22%  (AB = 0). 

Structure refinement 

Pre2 
The  isomorphous  structure of Hir-Throm (less hirugen) with 

an average  B-factor  of  30 A 2  was taken  as  the  starting  model 
for  pre2. A  rigid body  refinement  with  the  program  X-PLOR 
(Brunger, 1990) with data between 10.0 and 3.OA resolution be- 
gan  at a  relatively high R = 42.5%  but  reduced  to  36.2%.  The 
IF, 1 - IF, I difference  electron  density  map  calculated with 
these phase angles  showed negative density for  Thr 1H-Glu lC,  
Glu  14H-Gly 19,  Gly 142-Glu 146, Gly  150-Pro  152, Lys 185- 
Asp 194, Trp 215-Lys 224,  and  Gln 244-Glu 247 (71 total resi- 
dues)  indicating  that these segments,  most of  which correspond 
to  the  pre2  activation  domain,  have  different  conformations 
from  those  of  Hir-Throm.  The  regions  (along  with  Ala  18, 
Arg 14D-Leu 14G,  and  Trp 141) were removed  from  the  model 
and  the rigid body  refinement was repeated, which gave a sig- 
nificantly  better  R-value of 32.8%.  Positional  refinement with 
X-PLOR using 7,602  reflections (IFI2 > 1.00)  between  10.0 
and 2.8 A  resolution reduced R to  25.9%. Electron density maps 
calculated  with  2(F01 - IF,I and IF,I - IF,\ were  used to  
model 36 of  the missing residues  into  the  structure  along with 
the  inhibitor  hirugen  molecule  bound  in  the  fibrinogen recog- 
nition exosite (Table 8). The remainder  of the missing Pre2 struc- 
ture  emerged in  stages during  refinement with PROLSQ  and 
PROFFT  and was  included into  calculations  gradually. A sum- 
mary of the progress and  the refinement  of the  structure is given 
in  Table 8.  

Water molecules  were located  and  added periodically  in the 
refinement  by  examining IF, 1 - IF,[ maps  in 2 different reso- 
lution ranges: 10.0-2.5 A and 7.5-2.5 A. Larger  peaks common 
to  both  and  also  the 21F0 1 - IF,\ maps  that were within 4.0 A 
of  protein  atoms were usually selected as  water molecules. The 
coordinates  and  occupancies  (but  not B-values) of  water oxy- 
gen atoms were refined  first  along with protein  coordinates  and 
B-values;  the  occupancies were then held constant  and  the 

Table 8. Progress of the structure determination and refinement of Pre2 
~. ~~ 

Resolution No. of No. of 
Round  range  (A)  reflections R(%) waters  Additional residues added 

1 10.0-2.8 7,602 25.9 - Ala 1B-Glu 1C;  Arg 14D-Tyr 145; Ile 16-Gly  19; Trp 141-Glu 146; Pro 152; 

2 10.0-2.8 7,602  21.6 - Thr 147; Gln 151; Gly 186C; Gly 188; Asp 221-Gly 223 
3 10.0-2.5 10,346 20.3 34 Gly 1D-Thr  1H; Ile 14K-Arg 15; Trp 148-Ala 149A; Val 149C-Gly 150 
4  10.0-2.5 10,346 18.1 120 
5  9.0-2.2 13,854 19.1 148 Arg 187, Asn 149B, N-acetyl-glucosamine 
6 8.0-2.0 16,311 17.8 202a Gln 244-Glu 247 
7 8.0-2.0 14,211 16.9 202 

- ~ ~~ 

Lys 185-Glu 186B; Asp 189-Asp 194; Trp 215-Cys 220; Lys 224; hirugen 

-~ 
~~ ~~ 

aOccupancies > 0.5. 
IFo[ > 3u, with variable weights in refinement (see Table  9). 
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Table 9. Target refinement parameters and statistics 

Hir-Throm 
Target u Pre2 RMSA  PPACK-Throm 

Distances (A) 
Bond  distance 
Angle  distance 
Planar 1,4 distance 

Nonbonded  distance (A) 
Single  torsion 
Multiple  torsion 
Possible H bond 

Torsion  angles  (deg) 
Planar 
Staggered 
Orthonormal 

Planar  groups (A) 
Chiral  centers ( A 3 )  

Thermal  restraints (A') 
Main-chain  bond 
Main-chain  angle 
Side-chain  bond 
Side-chain  angle 

Average  bond  angle  (deg) 
RMS  deviation 
Atoms/asymmetric  unit 
Water  molecules" 
R-factor (070) 
Overall B (A') 
Mean  positional  error ( A ) b  

Diffraction  pattern: u(lF,I) = A + B[sin(B)/h - 1/61 
A 
B 
(IF01 - IF,+  

0.022 
0.035 
0.050 

0.50 
0.50 
0.50 

3 
15 
20 
0.03 
0.15 

I .5 
2.0 
2.5 
3.0 

0.022 
0.053 
0.058 

0.25 
0.35 
0.30 

4 
25 
34 
0.03 
0.21 

1.2 
2.1 
2.6 
3.7 

116.9 
2.8 

2,690 
202 

16.9 
30.6 
0.21 

26 
-85 

59 

0.022 
0.052 
0.059 

0.22 
0.28 
0.28 

4 
21 
28 
0.03 
0.18 

1.2 
1.9 
2.6 
3.5 

117.2 
2.7 

2,656 
204 

14.0 
27.7 
0.17 

23 
-1 10 

49 

0.020 
0.050 
0.058 

0.22 
0.30 
0.30 

4 
22 
28 
0.03 
0.21 

1.4 
2.3 
3 .O 
4.2 

116.8 
2.8 

2,596 
194 
13.9 
27.6 
0.17 

22 
-1 10 

49 

a Occupancy > 0.5. 
Luzzati (1952). 

B-values of the water molecules  were refined along with the pro- 
tein for a few more cycles. 

Hir- Throm and PPA  CK- Throm 

The new, averaged data set of Hir-Throm was  used to refine 
the originally reported  Hir-Throm  structure (Skrzypczak- 
Jankun et al., 1991)  with PROLSQ  and PROFFT.  The refine- 
ment started with 7.0-2.8-A data  and an average B-value, but 
individual B-values were introduced shortly thereafter. The res- 
olution was then extended to 2.5 A and water molecules were 
included.  The water molecules were found  and refined as de- 
scribed for the  Pre2  structure. Finally, resolution was increased 
to its limit. The R-value began at 28.5% and ultimately con- 
verged to 14.0% (Table 9). The PPACK-Throm refinement was 
carried out in a similar fashion using the final Hir-Throm struc- 
ture, less hirugen, as the  starting model. With PPACK-Throm, 
additional  restraints were introduced  for the tetrahedral link of 
the methylene of PPACK to His 57NE2 and  the hemiketal 
formed with the carbonyl  carbon by Ser 1950G. The R-factor 
began at 27.6% and finally converged at 13.9%.  The  final tar- 

get values and RMS deviations from model values of the 3 re- 
fined structures are given  in Table 9. 

The  coordinates of Pre2 (IHAG), the new Hir-Throm struc- 
ture  (lHAH),  and monoclinic PPACK-Throm  (1HAI) have 
been deposited in the Brookhaven Protein Data Bank. 
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