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that, in a 100°C mixed hydrothermal solution, 
the net synthesis of the amino acids consti- 
tuting 1 mol of this protein releases 722 kJ. 
The values of AG,. for the net amino acid 
synthesis of this and eight other thermophilic 
proteins (Table 4) are all negative (exer- 
gonic). Combined with the conclusion that 
peptide bond formation is energetically fa- 
vored with increasing temperature (12), an 
argument can be made that thermophilic che- 
moautotrophs, such as those occupying the 
deepest branches in the universal tree of life, 
expend considerably less energy for the syn- 
thesis of macromolecules, such as proteins, 
than do their mesophilic counterparts. De- 
pending on the amino acid composition of the 
protein, the synthesis of the monomers from 
CO,, Hz, and other inorganic precursors in 
hot, red~lced aqueous solutions may provide 
substantial surplus energy that can be har- 
nessed to drive intracellular synthesis of en- 
zymes and other polymers. 

Our results might start to explain the phe- 
nomenal rates of biomass production around 
hydrothermal vents (21) and also how hyper- 
thermophilic Archaea in natural or laboratory 
high-temperature systems are able to synthesize 
all required intracellular biomolecules in time 
periods ranging from minutes to hours as their 
population doubles. Our calculations can be 
used as a template in concert with constraints 
on the flow of energy through early hydrother- 
mal systems to determine the potential of such 
systems as environments where amino acid and 
protein synthesis, primitive metabolisms, and 
even the universal ancestor of all extant life 
emerged. Calculations representing early Earth 
hydrothermal systems must reflect the differ- 
ences in geochemistry and geophysics from 
active analogs. For example, sensitivity tests 
show that lower 0, concentrations in seawater 
and ultramafic host rocks enhance the potential 
for hydrothermal organic synthesis (13), and 
the same should be expected for amino acid and 
protein synthesis. 
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Crvstal Structure of the 
Catalytic Domain of Human 

Plasmin Complexed with 
Streptokinase 

Xiaoqiang Wang, Xinli Lin, Jeffrey A. Loy, Jordan Tang, 
Xuejun C. Zhang* 

Streptokinase is a plasminogen activator widely used in treating blood-clotting 
disorders. Complexes of streptokinase with human plasminogen can hydro- 
lytically activate other plasminogen molecules to plasmin, which then dissolves 
blood clots. A similar binding activation mechanism also occurs in some key 
steps of blood coagulation. The crystal structure of streptokinase complexed 
with the catalytic unit of human plasmin was solved at 2.9 angstroms. The 
amino-terminal domain of streptokinase in the complex is hypothesized to 
enhance the substrate recognition. The carboxyl-terminal domain of streptoki- 
nase, which binds near the activation loop of plasminogen, is likely responsible 
for the contact activation of plasminogen in the complex. 

The activation of human plasminogen (Plg) domain (1 ) .  Plg activation by physiological 
to plasmin (Pm) in blood plasma is the central activators, for example, tissue-type plasmin- 
event that results in the dissolutioil of the ogen activator (TPA), is accomplished by the 
fibrin clot by proteolysis. Human Plg, a sin- hydrolysis of the Arg5"-Va1562 bond in Plg 
gle-chain protein of 791 residues, contains (2). Plg activators, TPA and streptokinase 
five luingle domains and a serine protease (SK), are widely used as thrombolytic agents 
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for treatments of blood-clotting disorders, 
such as acute myocardial infarction. SK is a 
414-residue protein secreted by hemolytic 
strains of Streptococci (3). Unlike TPA, SK is 
not a protease. It forms a stoichiometric com- 
plex with either Plg or Pm. The complexes 
can hydrolytically activate other Plg mole- 
cules, a property endowed to neither Plg nor 
Pm alone (4). This mechanism of zymogen 
activation by tight protein-protein binding is 
shared with staphylokinase (SAK), a staphy- 
lococcal Plg activator (3, and several key 
proteins in blood coagulation (6). However, 
only limited structural information is avail- 
able on such systems. Both Plg and SK are 
made up of multiple domains (7), which 
account for the difficulty in crystallizing 
them for structural studies. The catalytic do- 
mains of Plg (that is, the region of residues 
542 to 791) and Pm are commonly called 
microplasminogen (yPlg) and microplasmin 
(yPm), respectively. Because P l g  can bind 
and be activated by SK (a), it should contain 
the essential structural information for under- 
standing SK activation. The strategy we de- 
vised for recombinant production of the pro- 
teins and successful crystallization (9) of 
yPlg complexed to SK included (i) the re- 
placement of the active-site residue Ser741 
with Ala to reduce the autolysis of the com- 
plex and (ii) the formation of the complex by 
refolding of recombinant yPlg and SK con- 
comitantly. During the crystallization pro- 
cess, some low-level proteolytic activity 
cleaved SK and also converted yPlg to yPm 
(1 0). The x-ray diffraction data of the crystal 
were collected up to 2.9 A. The structural 
solution was obtained mainly with the multi- 
ple isomorphous replacement (MIR) method 
(I  1). (Table ). 

The catalytic domain of Pm has dimen- 
sions of about 40 A X 45 A X 50 A. Its 
overall structure is similar to that of other 
trypsin-family enzymes. For example, the co- 
ordinate root-mean-square deviation (rmsd) 
between yPm and the two-chain TPA (12) is 
0.74 A for 177 C, atoms (with a 1.5 A 
cutoff). yPm consists of two six-stranded P 
barrels and a COOH-terminal a helix (Fig. 
1). The electron density of the active-site 
residues confirmed the Ser741 to Ala substi- 
tution. Four Pm-specific NH2-terminal resi- 
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dues, Val-Val-Gly-Gly (residues 562 to 565), impairing the catalytic mechanism. 
are accommodated in the activation pocket SK appears in the complex as three do- 
and are stabilized by a solvent-inaccessible mains (beginning at the NH2-terminus, the a, 
salt bridge between the amino group of the P, and y domains) of similar folding, sepa- 
NH,-terminus and the carboxylate group of rated by two coiled coils (Fig. l). Domains CY 

Asp740. It is well known that the conforma- and fi each contain a major P sheet of five 
tional change induced by this salt bridge is mixed P strands and an a helix, a typical 
responsible for the formation of catalytic el- structure of the P grasp folding class (IS). 
ements including the oxyanion hole and the 
S, specificity pocket (13). Among the six 
disulfide bonds in the f l m  structure, the 
Cys558-Cys566 pair is unique to Plg and Pm. 
This disulfide bond knots the seven-residue 
activation loop in Plg and possibly constrains 
the loop conformation for activation specific- 
ity. A genetic clotting disorder is linked to a 
mutation of Ala601, whose side chain tightly 

The coordinate rmsd between these two do- 
mains is 1.7 A for 81 residues (with a 4.0 A 
cutoff). The y domain has only four P strands 
and contains a long coiled coil segment in- 
stead of an CY helix. The functionally dispens- 
able terminal regions, that is, the NH2-termi- 
nal 15 and the COOH-terminal 32 residues 
(16), are among the several disordered re- 
gions. Others include residues 46 to 70 in the 

packs against the imidazole ring of active-site CY domain and two short stretches in the P 
His603. The larger mutant Thr601 side chain domain. 
(14) would seriously disrupt the essential hy- The extent of interactions of the SK do- 
drogen bond between His603 and Asp646, thus mains with pPm in the complex is in the 

Table 1. Summary of data collection, data statistics, and MIR phasing. 

Data set 
Resolution Complete No. of (PP)$ Major 

(A)  (%I reflections Rsym* RisOt acenlcen sites 

FOM# (3.4 a) 0.60 

*R,, = xhk,ll - (l)IIPI, where I is the observed intensity and (I) is the average intensity from observations of 
symmetry-related reflections. tRi, = Zh,((FpH I - I Fp ((12 (IF,, I + I Fp I), where Fp and FpH are the structure factor 
amplitudes from the protein and the heavy atom derivative, respectively. S(PP) acenlcen: the phasing power for both 
acentric and centric reflections. $All heavy-atom soaking experiments were performed in the standard mother liquor 
of 1.2 M sodium citrate, 0.2 M Hepes (pH 8.0), and 1% glycerol (vlv). lip-Hydroxy-mercury-benzoate. TSoaked 
in 1.4 mM K,PtCI, for 1 day followed by soaking in saturated p-hydroxy-mercury-benzoate for 4 days. #FOM: figure 
of merit. 

Fig. 1. Stereoview o f  the crystal structure o f  human pPm-SK complex in C, traces. The pPm 
molecule is shown in blue with the NH,-terminal short peptide in dark blue. The a, P, and y 
domains o f  SK are shown in yellow, green, and purple, respectively. The chymotrypsin equivalences 
o f  the labeled yPm residues are 15 (561 in Pm), 16 (562), 57 (603), 102 (646), and 195 (741). 
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. . interact with the kringles of Plg in the acti- 
vator complex and with the substrate Plg. The 
average crystallographic thermal factor is 80 
A2 for the SK P domain, compared with 29, 
48, and 43 A2 for pPm, the SK a domain, and 
the SK y domain, respectively. This mobility 
is apparently due to the absence of crystal 
contact between the SK P domain and sym- 
metry-related protein molecules. 

The structure of the SK-pPm complex 
provides insight into how the binding of SK 
extends the activity of Pm from fibrin hydro- 
lysis to Plg activation. A view into the active 
site of the complex reveals the concave sur- 

blue and SK in orange. The side chains involved in the interactions are also shown as stick models face of a "three-sided crater," with the active 

and Labeled. Also labeled are the secondary structures in the SK a and y domains. Abbreviations for site kPm On the crater and SK form- 
the amino acid residues are as follows: A, ALa; D, Asp; E, Clu; F, Phe; H, His; K, Lys; L, Leu; N, Asn; ing the crater rim. Docking of a model of the 
P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. pPlg substrate, with its activation bond 

Arg561-Va1562 positioned in the catalytic site 
descending order a, y, and P, with 1650, 1500, and the "autolysis loop" (residues 692 to 695) of the pPm-SK complex, results in extensive 
and 950 A2, respectively, of buried interfaces and on the SK side are the major coiled coil contacts between the pPlg substrate and the 
between each domain and pPm. The SK a region and the strands YPl and YP2. The three domains of SK on the rim (Fig. 3). The 
domain binds to pPm mainly through interac- participation of the calcium-binding loop in substrate pPlg interacts most extensively 
tions between the *PI and "p, strands of SK this interaction suggests that the substantial with the enzyme pPm and the SK a domain 
and a loop region (residues 713 to 721) of pPm sequence difference observed in this region and least with the SK y domain. Not only is 
(Fig. 2A), in which pPm Arg719 (1 7) forms salt between human and bovine Plg may contrib- the size of the SK rim nearly a perfect fit for 
bridges to SK Glu39 and G I u ' ~ ~  and has a van ute to the inability of SK to activate the latter. the substrate, but also regional interactions 
der Waals contact to SK Val19 (18). The SK a There is no direct interaction of SK with the are rational. These regional interactions in- 
domain also interacts with Plg near the catalytic pPm "activation loop" (residues 558 to 566). clude several potential salt bridges, hydrogen 
triad residues His603 and Aspa6. The mode of The closest interaction involves pPlg bonds between the @P2 strand of SK and 
interaction between SK a domain and pPm and SK Ala342. residues 625 to 629 of the substrate Plg, and 
differs from those involving the other P grasp The interaction of the SK P domain with a projected interaction between the mobile 
folding proteins, which is primarily P sheet kPm in this structure is relatively meager region of residues 45 to 50 in SK (20) and 
formation (19). However, the current model does not exclude kringle 5 of the substrate Plg. Kinetic data are 

The SK y domain binds to pPm near the the possibility that the $ domain may directly 
activation cleavage site of Plg (Fig. 2B). Ex- 
tensive charged and hydrophobic interactions 
are seen. Taking part on the pPm side are the 
"calcium-binding loop" (residues 622 to 628) 

Fig. 4. Two activation mechanisms of Plg. (A) Structural basis of activation by proteolytic cleavage 
of Plg. The picture on the top shows the structure of pPm (blue) in which the activation pocket 
(yellow-green) and the cleaved activation loop (red) are enlarged below. In this mechanism, the 
generation of Pm activit is triggered by the formation of a salt bridge between the amino group 

Fig. 3. Docking of a ~ P l g  substrate into the of the NH,-terminal VaJ62 and the carboxyl group of Asp7m. The Lys6g8 side chain (green) points 
active site of a SK-kPm complex. The enzyme, away from the salt linkage. (B) A hypothetical model for binding activation of pPlg. The picture 
bPm, is shown in blue, SK is shown in green, on the top shows the complex of the SK y domain (magenta) with pPlg (blue) in which the 
and the substrate, ~ P l g ,  is shown in red. Select- important region is enlarged below. In this activation mechanism, the activation loop (red) is 
ed residues, including the active-site residue, uncleaved. The binding of the SK y domain in the vicinity of the activation loop is hypothesized 
Ser741, from the enzyme and the activation to  change the side chain position of residue Lys6" (green), which forms a salt linkage to  Asp7m 
bond P, residue, Arg561, from the substrate, are and triggers the activation of catalysis. Note the structural similarity of the salt linkages in (A) and 
labeled. (B). 
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cons is ten t  with t h e  i d e a  that Plg a c t i v a t i o n  by 
t h e  P m - S K  c o m p l e x  i s  a s s i s t e d  by additional 
i n t e r a c t i o n s  p r o v i d e d  by S K .  Although t h e  

M i c h a e l i s  c o n s t a n t  (K,) v a l u e s  for t h e  s m a l l  

substrate D-Val-Leu-Lys-p-nitroanilide a r e  

1.3 mM for Pm and 0.5 mM for t h e  S K - P m  

c o m p l e x ,  t h e  Km v a l u e  o f  Plg a c t i v a t i o n  by 
t h e  S K - P m  c o m p l e x  i s  0.15 yM (21). T h i s  

s t rong  i n t e r a c t i o n  i s  s u p p o r t e d  by a v e r y  sta-  

b l e  a c t i v a t i o n  c o m p l e x  o f  Plg and S K ,  w h i c h  

has  a d i s s o c i a t i o n  c o n s t a n t  n e a r  1 nM (22). 
F u r t h e i ~ n o r e ,  s y n t h e t i c  i n t e r n a l l y  d i s u l f i d e -  

l i n k e d  c y c l i c  p e p t i d e s ,  containing t h e  a c t i v a -  

t i o n  loop s e q u e n c e  o f  Plg, a r e  not c l e a v e d  by 
TPA (23). T h e  implication i s  that. in a Plg 
substrate. t h e  c o n f o r m a t i o l l  o f  t h i s  loop i s  

s t r a i n e d  s o  that a s t r o n g  i n t e r a c t i o n  o f  Plg 
subs t ra te  with e i t h e r  S K - P l g  or TPA inay b e  

r e q u i r e d  to m a k e  it s u s c e p t i b l e  to h y d r o l y s i s .  

How does  S K  a c t i v a t e  Plg by binding to i t?  

T h e  m o s t  p l a u s i b l e  h y p o t h e s i s  r e s u l t i n g  from 
t h e  S K - y P m  s t ruc tu re  i s  that binding o f  t h e  S K  

y domain i n d u c e s  a c o l l f o r m a t i o n a l  c h a n g e  in 
t h e  a c t i v a t i o n  p o c k e t  o f  Plg. T h e  e q u i v a l e n t  

r e g i o n  in a t y p i c a l  h -yps inogen- l i ke  z y m o g e n  i s  

known to u n d e r g o  a c o n f o i ~ n a t i o n a l  c h a n g e  

upon t h e  activation c leavage  (13). Among t h e  

t r y p s i n - l i k e  se r ine  p ro tease  family. a f e w  zymo- 
gens, for e x a m p l e ,  TPA (24) and v a m p i r e - b a t  

Plg a c t i v a t o r  (25), a re  i n t r i l l s i c a l l y  ac t i ve .  In t h e  

c r y s t a l  s t ruc tu re  o f  TPA, an essen t ia l  L y s 1 j 6  

r e s i d u e  (26) f o r m s  a sa l t  l i n k a g e  in t h e  ac t i va -  

tion p o c k c t  at a p o s i t i o n  e q u i v a l e n t  to that 
o c c u p i e d  by t h e  M I , - t e r m i n i  o f  a c t i v a t e d  ser ine  

proteases.  In t h e  SK-y~m c o m p l e x ,  t h e  ac t i va -  

tion p o c k e t  c o n t a i n s  t h e  NH,- terminal  Val562, 
w h i c h  f o i l n s  t h e  c i i t i c a l  sa l t  l i n k a g e  to Asp740.  

H o w e v e r ,  a l y s i n e  res idue  at p o s i t i o n  698 i s  

l o c a t e d  in t h e  activation p o c k e t  in s u c h  a way 
that it c a l l  r e p l a c e  Val562 to form t h e  sa l t  link- 
a g e  in t h e  absence o f  t h e  la t te r  (Fig. 4). T h e  

m o d e l  o f  s u c h  a r e p l a c e m e n t  p r o d u c e s  a s t ruc -  

t u r e  virtually i d e n t i c a l  to t h e  s a m e  r e g i o n  o f  
TPA. T h e s e  c o m p a r i s o n s  sugges t  that, in a Pm 
or a f ree  Plg m o l e c u l e ,  t h e  s ide  c h a i n  o f  Lys698  

stays away from Asp740 (Fig. 4A). T h e  binding 
o f  t h e  S K  y domain to t h e  a u t o l y s i s  loop r e g i o n  

o f  Plg may cause a c o n f o r m a t i o n a l  c h a n g e  o f  
Lys6", r e s u l t i n g  in t h e  formation o f  t h e  c r i t i c a l  

sa l t  l i n k a g e  (Fig. 4B) and t h e r e b y  t h e  a c t i v a t i o n  

o f  Plg ca ta ly t i c  apparatus.  

T h e  c o n t a c t  a c t i v a t i o n  s y s t e m  m o s t  s i m i -  

lar to S K - m e d i a t e d  Plg a c t i v a t i o n  i s  Plg a c t i -  

vation by S A K .  w h i c h  i s  only o n e - t h i r d  t h e  

s i z e  o f  S K .  T h e r e  i s  no d e t e c t a b l e  s e a u e n c e  

homology b e h e e n  t h e m .  T h e  c r y s t a l  s t n ~ c -  

t u r e  o f  S A K  (27), h o w e v e r ,  IS s i m l l a r  to that 
o f  t h e  S K  a domaln but l e s s  s o  to that o f  t h e  

S K  y d o m a i n .  T h e  c o o r d i n a t e  i m s d  b e t w e e n  

t h e  a domain and S A K  i s  1.8 A for 91 C, 
a t o m s  (with a 4.0 A cu to f f ) .  T h e  s t r u c t u r a l  

s i m i l a r i t y  o f  S A K  and t h e  S K  a domain 
sugges ts  that t h e y  may bind to t h e  s a m e  s i t e  

on Plg or Pm. A s s u m i n g  a f u n c t i o n  a l l a l o g o u s  

to that o f  t h e  S K  IY. domain, t h e  S A K  m o i e t y  

in a S A K - P m  c o m p l e x  s h o u l d  p r o v i d e  s u b -  

s t ra te  r e c o g n i t i o n  and t h u s  b e  a b l e  to a c t i v a t e  

t h e  Plg subs t ra te .  An e x t e n s i o n  o f  t h i s  l i n e  o f  
r e a s o n i n g  would a l s o  p r e d i c t  that t h e  S A K -  

Plg c o m p l e x  c a n n o t  a c t i v a t e  Plg s u b s t r a t e  

b e c a u s e  o f  t h e  lack o f  t h e  y domain to a c t i -  

v a t e  Plg m o i e t y  in t h e  c o m p l e x .  T h i s  hypoth- 
es is  i s  s u p p o r t e d  by t h e  following o b s e r v a -  

t i o n s :  (i) t h e  a c t i v a t i o n  o f  Plg by S A K  r e -  

q u i r e s  t h e  p r e e x i s t i n g  Pm (28), (ii) S A K  and 
t h e  S K  IY. domain s h a r e  t h e  s a m e  t a r g e t  r e g i o n  

on t h e  Plg s u r f a c e  (1 7, 29). and (iii) s o m e  

s t r u c t u r a l l y  e q u i v a l e n t  r e s i d u e s  in S A K  and 
S K  a r e  f u n c t i o n a l l y  s i m i l a r  (18. 30). 
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