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Abstract 

Crystal  structures of the  complexes  of Streptomyces  griseus proteinase B (SGPB) with three PI  variants  of  tur- 
key ovomucoid  inhibitor  third  domain  (OMTKY3),  LeuL8,  AlaI8,  and  GlyI8,  have been determined  and  refined 
to  high  resolution.  Comparisons  among these structures  and of each with native,  uncomplexed SGPB reveal that 
each  complex  features a unique  solvent  structure  in  the SI binding  pocket.  The  number  and  relative  positions  of 
water molecules bound in the SI  binding  pocket vary according  to  the size of  the  side  chain  of  the P I  residue. Wa- 
ter molecules in  the SI binding  pocket of SGPB  are  redistributed in response  to  the  complex  formation,  proba- 
bly to optimize  hydrogen bonds between the enzyme and the  inhibitor. There  are extensive water-mediated  hydrogen 
bonds in the  interfaces  of  the  complexes.  In  all  complexes,  Asn 36 of OMTKY3  participates  in  forming  hydrogen 
bonds,  via  water  molecules,  with residues lining  the SI binding  pocket  of  SGPB.  For a homologous series  of ali- 
phatic  straight  side  chains, Gly", Ala",  Abu",  Ape",  Ahx",  and  Ahp"  variants,  the  binding  free energy is a 
linear  function of the  hydrophobic  surface  area  buried in the  interface of the  corresponding  complexes.  The re- 
sulting constant of proportionality is 34.1 cal mol" A - 2 .  These  structures  confirm  that  the  binding  of  OMTKY3 
to  the  preformed SI pocket in SGPB involves no  substantial  structural  disturbances  that  commonly  occur in the 
site-directed  mutagenesis  studies of interior residues in  other  proteins,  thus  providing  one  of  the  most  reliable  as- 
sessments of the  contribution of the  hydrophobic  effect  to  protein-complex  stability. 
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inhibitor  third  domain  from  Japanese  quail;  OMSPV3, ovomucoid in- 
hibitor third  domain  from silver pheasant;  Abu,  a-amino butyric acid; 
Ape,  a-amino pentanoic acid (norvaline); Ahx,  a-amino hexanoic acid 
(norleucine); Ahp,  a-amino  heptanoic  acid;  Hse,  homoserine; K,, as- 
sociation equilibrium constant; k,,,, first-order catalytic rate  constant; 
K,,,, Michaelis-Menten constant; P I ,  the residue contributing  the  car- 
bonyl portion to the reactive-site peptide bond; S I ,  the preformed cav- 
ity in the enzyme to which the PI residue binds. 

In recent years,  many  proteins  from diverse sources  have been 
shown to be  inhibitors  of a variety  of  proteinases.  Thus  far, 20 
or  so families  of  protein-proteinase  inhibitors  have been iden- 
tified (reviewed by Bode & Huber, 1992). Proteinase  inhibitors 
are classified into  different families on  the basis of  their  target 
enzymes,  their  inactivation  mechanisms,  their  primary  se- 
quences,  and  their  tertiary  structures.  Protein  inhibitors of the 
serine  proteinases  exhibit a standard  mechanism  of  inhibition 
(with  the  serpin  and  hirudin families as  the  only  known excep- 
tions),  despite their unrelated sequences and  three-dimensional 
structures  (Laskowski & Kato, 1980). These so-called canoni- 
cal  inhibitors  bind  to  their  cognate enzymes in the  same  man- 
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ner  as a good  substrate,  but  are cleaved  extremely  slowly. The 
inhibitors resemble good  substrates in two aspects:  they  display 
extremely  tight  binding (with K, up  to 10I2 M") and have very 
strict specificity  (as measured by kcu,/K,n) for  their cognate en- 
zymes. X-ray  structures of these substrate-like  inhibitors have 
revealed that  the reactive-site loops  of  the  inhibitors  are  chem- 
ically and  geometrically  complementary to the  active sites of 
their cognate enzymes and  that  the complexes are  noncovalent 
(reviewed by Read & James, 1986). These  intrinsic structural fea- 
tures of protein  inhibitors  confer  them with  exceptionally  high 
binding  affinities  for  their  cognate  enzymes. 

The  primary specificity determinant of a given inhibitor is the 
residue at  the PI position,  the residue contributing  the  carbonyl 
portion  to  the  reactive-site  peptide  bond  (nomenclature of 
Schechter & Berger, 1967). Substitution of the P I  residue re- 
sults in  a dramatic  change in K O ,  by six orders of magnitude in 
some cases, corresponding  to  free energies of binding of up  to 
8 kcal/mol,  as  displayed by the  variants of the  ovomucoid  inhib- 
itor  third  domain  from  turkey (Bigler  et al., 1993; Lu, 1994). 
OMTKY3 is one of the  best-studied  protein  inhibitors. Native 
OMTKY3  has 56 amino acids; the peptide bond between Leu 18 
and Glu 19 is the scissile bond  and  thus is termed the reactive-site 
bond. OMTKY3 is a potent  inhibitor of chymotrypsin (Kc, = 1.9 x 
10" "I). When  the PI  residue, Leu 18, of OMTKY3 is re- 
placed by lysine, the resulting variant becomes a strong inhibitor 
of trypsin.  Similarly,  the Glu" variant is a strong  inhibitor  of 
the  Glu-specific Streptomyces griseus proteinase  (Komiyama 
et al., 1991). The  Arg''-Lys''-Arg''  variant of OMTKY3 is a 
good  inhibitor of human  furin (Lu et  al., 1993). 

A  wealth of kinetic and  thermodynamic  data makes OMTKY3 
an attractive  model to study  the inhibitory mechanism used by pro- 
tein inhibitors. An overexpression system for  OMTKY3  has been 
established (Lu et al., 1993). This facilitates the  generation and pu- 
rification of various mutants of  interest. So far, the Pi residue, 
which is Leu 18 in the  naturally  occurring  OMTKY3,  has been sub- 
stituted by the  other 19 coded amino acids and 5 noncoded amino 
acids (Hse,  Abu,  Ape,  Ahx,  and  Ahp).  The K, values of all these 
recombinant PI  variants were measured  for six proteinases: 
SGPA,  SGPB, chymotrypsin,  porcine  pancreatic  elastase, human 
leukocyte  elastase, and subtilisin (Bigler et  al., 1993; Lu, 1994). 
These data have  established an extensive characterization of the 
P, preference  of the six well-studied enzymes. Thorough analysis 
and correlation of these valuable data  to detailed X-ray structures 
will greatly  extend our knowledge about proteinase-inhibitor in- 
teractions  and subsequently will benefit inhibitor design. 

SGPB is a chymotrypsin-like  proteinase with respect to its sub- 
strate specificity. Measurements of the binding  equilibrium con- 
stants have  shown that leucine is most favored  at  the P ,  position 
of OMTKY3, with a K, of 5.6 x 1O"'M" (Bigler et al., 1993; Lu, 
1994). Proline is least favored, with a KO of 3.6 X I O 4  "I. In 
addition,  the P I  position  prefers amino acids with straight  and 
7-branched side chains  over  those of P-branched of an  equal 
number of atoms.  The SI  binding pocket  (the  preformed cavity 
in the  enzyme  into which the P I  residue inserts) of SGPB is 
charge-phobic,  as  the  introduction of positively or negatively 
charged residues at  the P I  position shows deleterious  effects on 
K , .  Interestingly, valine and lysine have  completely  different 
polarities  and  volumes, but display  comparable K ,  values and 
are essentially "isofunctional"  as  the PI  residues of  OMTKY3. 
Although  modeling  may  provide insights for some of the results, 
most  interpretations  are  far  from  quantitative  and  convincing. 

Crystal  structures of OMTKY3 have been determined in com- 
plexes with SGPB  (Read et al., 1983), a-chymotrypsin  (Fujinaga 
et al., 1987), and  human  leukocyte  elastase  (Bode et al., 1986). 
The  crystal  structures of two closely related inhibitors,  ovomu- 
coid inhibitor  third  domains  from  Japanese  quail  and  from sil- 
ver pheasant, have been solved both in free,  intact form  (Weber 
et al., 1981; Papamokos et al., 1982; Bode et al., 1985) and in 
the scissile bond-cleaved form  (Musil et al., 1991). We have  un- 
dertaken crystal structure  determinations of all the recombinant 
PI  variants of OMTKY3 (excluding noncoded  amino acid vari- 
ants) in complex with SGPB.  The scope  of our project is to  pro- 
vide detailed  structural  data  to assist in the  explanation of the 
kinetic and  thermodynamic  data.  One of our ultimate objectives 
is to be able  to predict the  free energy of  binding  for a given in- 
hibitor  and  proteinase by computational  simulation,  and there- 
after  to  evaluate  the  contribution  of  each  individual residue 
involved in the complex formation. Accurate  prediction of bind- 
ing constants  demands  correct modeling of  the  conformational 
change  induced by the  protein-ligand  association  and realistic 
estimation of the  interaction energy in that system (reviewed by 
Kollman, 1994). Therefore, precise information concerning pos- 
sible conformational  changes  and  the  solvation  state of inter- 
acting residues is required  and  thus  far  can only be obtained 
reliably from detailed  X-ray crystallographic  studies. 

In this  study, we report  the  crystal  structures of three 
OMTKY3  variants, Leu", AlaIx,  and GIy", in complex with 
SGPB.  These  variants  span a  large range of K, values (4.7 x 
IO'-fold change) in their association with SGPB (5.6 x IO"' 
M", 3.6 X 10' M", and 1.2 x lo7 M", respectively). In  ad- 
dition to the substitutions  at the P I  position, these  recombinant 
variants  differ  from  native  OMTKY3 in that  the first five resi- 
dues of the  N-terminus  have been removed. Kinetic measure- 
ments have  shown that  the deletion of  the first five residues has 
no effect on K ,  (Wieczorek et al., 1987). The previously  re- 
ported structure of  native  OMTKY3 in complex with SGPB also 
showed  that  the first six residues could  not be located  reliably 
in the  electron  density  map,  presumably because they were dis- 
ordered  or highly mobile  (Read et al., 1983). We have also re- 
determined  the  structure of the  recombinant  LeuIX  variant 
(residues 6-56) to  ensure  that small structural differences in the 
active site regions  displayed by the  different  variants were not 
due  to  the  truncation of the N-terminus. We show that there are 
small  but important  conformational  changes in the  active site 
of SGPB  upon  the  association with the  OMTKY3  variants. In 
adjusting  to  the size of the P I  residue,  water molecules bound 
in the S, pocket  are  redistributed,  presumably to optimize  the 
enzyme-inhibitor interactions, Water-mediated  hydrogen bond- 
ing networks, as  observed in the complexes of DNA with DNA- 
binding proteins (Kim & Burley,  1994; Shakked et al., 1994), 
peptides with MHC class I molecules (Madden et al., 1992), and 
peptides  with oligopeptide  binding  protein  OppA  (Tame et al., 
1994), are  also  present in our  enzyme-inhibitor complexes. 

Results 

Qunliry of the complex  struclures 

The  crystallographic  R-factors  and  the final  stereochemical  pa- 
rameters  of  the  current  models  are listed  in Table l .  The  final 
R-factors  for  the  complexes of SGPB with the  Leulx,  Ala", 
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Table 1. Statistics of structural refinement 
~ ~~ ~ - ~ - 

~ ~~~~ - ~ -~ ~ __ _ _ - ~  ~ 

Leu" Alat8 Gly" 
Refinement  complex  complex  complex 

No. of  reflections used 17,165 30,412 13,120 
Resolution  range (A) 20.0-1.8 20.0-1.4 20.0-1.9 
R-factor" (070) 13.9  17.1  13.2 
No. of protein  atoms 1,697 1,694 1.693 

~~ ~~~ ~- ~~ ~ - -~ -~ -~ 

No. of water atoms 169 
No. of  phosphate  anion 1 

RMS  deviation  from  ideal  stereochemistry 
Bond  distance (A) 0.022 
Bond  angle (")  2.4 
Planar  groups (A) 0.022 

~~~~ - ~- 
~~ ~ ~~~ ~- ~ 

"R-factor = Z,fL,llF,,l - \ F c ~ ~ / ~ h L , ~ F , , ~ .  

I82 168 
1 1 

0.023 0.023 
2.4 2.5 
0.022 0.021 

and  GlyIX  variants  are  13.9%  (1.8 A), 17.1%  (1.4 A), and 
13.2%  (1.9 A), respectively. Figure 1 is a  representative  electron 
density  map  at  1.4 A resolution,  showing  the reactive-site loop 
and  water  molecules  bound in the SI  binding  pocket in the 
complex  of  SGPB  and  the  Ala"  OMTKY3  variant. 

N-terminal  truncation of OMTKY3 has no effect 
on the reactive-site conformation 

All the 5 1 residues of the  OMTKY3  variants  can  be  located in 
the  electron  density  map.  Figure 2 shows  the  superposition of 
the  main-chain  atoms  of native OMTKY3 (residues 1-56, Read 
et al., 1983) with the  Leu"  variant of OMTKY3 (residues 6- 
56). The  RMS  difference  (RMSD)  for  the 200 common  main- 
chain atoms (residues 7-56)  is 0.18 A. There  are significant  shifts 
(greater than 2  times the RMSD) in the region  of the N-terminus 
(Asp  7-Pro 12) and  the  neighboring residues  of the  a-helix 
(Cys 38-Glu 43) disulfide-bridged  to  the  N-terminus.  The  larg- 
est shift is 0.8 A at  the N atom of residue Asp 7. Elsewhere there 
are virtually no noticeable  changes in other  regions,  including 
the reactive-site loop.  The  three  variants used in this  study  show 
better  agreement with one  another.  The  RMSD of the 200 back- 

Ser214 & 

G l y 2 1  

1987 

bone  atoms is 0.15 A for  Leu'' versus Ala"  variants  (the  larg- 
est difference is 0.52 A at  Pro 14 o), 0.14 A for Leu''  versus 
Gly18 variants  (the largest difference is 0.50 A at  Pro 14 01, and 
0.12 A for Ala'' versus Gly"  variants  (the  largest  difference is 
0.27 A at  Ser 9 0). These  RMSDs  are close to  the  experimental 
positional  errors  of  crystallographically  determined  structures 
at  the  corresponding  resolutions.  It is interesting to note  that, 
although  the  first six residues of the  N-terminus  are  disordered 
in the previously reported structure, their presence, however,  has 
an impact  on  the  conformation of the  inhibitor. Nevertheless, 
the  conformations of the reactive-site loops  are  not  affected by 
the  N-terminal  truncations, which is consistent with the  fact 
that  the KO's for native OMTKY3  and  the  truncated Leu'' vari- 
ant of OMTKY3  are virtually  identical  (Wieczorek  et al., 1987). 

Con formafional changes of one substrate 
binding loop of  SGPB 

Figure 3 is a  main-chain atom superposition  of  the  uncomplexed 
SGPB (crystallized at its enzymatically  optimal  pH, pH 7.4, in 
a cubic  crystal  form;  refined  at 1.8 A resolution)  (Codding et 
al., 1974; H. Blanchard & M.N.G.  James, in  prep.), with SGPB 
in the complexed state with the Leu'' variant of OMTKY3. The 
RMSD  for  the 740 main-chain  atoms  of  SGPB is 0.27 A. The 
most  significant  difference between the  two structures is the shift 
of the residues forming  one side of  the SI specificity pocket 
(Gly 21 5-Ser 21 7). This  segment of polypeptide makes only  a few 
direct  contacts with the PI residue  (the closest contact is 3.8 A 
between Gly 215 C" of SGPB  and Leu 18 C*' of  OMTKY3). In 
response to  the  binding  of  the  inhibitor,  this  loop moves from 
the  native  position in a  concerted manner closer to  the side  chain 
of Leu 18 of OMTKY3  as if drawn by it. The C atom of Gly 216 
of SGPB  makes  the largest shift,  0.7 A toward  the side chain 
of Leu 18 of OMTKY3. 

It should  be  noted  that  this  conformational  change in SGPB 
takes place only in the  Leu"  variant  complex.  There  are  two 
SGPB molecules per asymmetric  unit in the uncomplexed SGPB; 
in them  the  conformations of the SI  binding  loops (Gly 215- 
Ser 217) are  virtually  identical.  In  the complexes  of SGPB  with 
the  Ala''  and Gly" variants,  loop Gly 215-Ser 217 remains in 
the  same  position  as in the  uncomplexed  SGPB. 

Fig. 1. Electron  density  map  showing  part of 
the active site of the  complex of SGPB with  the 
Ala"  variant  of OMTKY3. The  map  shows 
the  catalytic  His 57 of SGPB, the  residues 
flanking  the scissile bond of OMTKY3, and 
four  water  molecules  bound  in  the SI  binding 
pocket. The  map is computed  with  coefficients 
(2mlFol - dlF,.l)exp(ia,,/) (Read, 1986) and 
calculated  phases  and is contoured  at  the 1 S O  

level. 
Gly2164 
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A phosphate binding site in the interaction region 

A difference  map  (coefficients ( 1  F, 1 - 16. J)exp( icrcu,)), where 
1 E, 1 and 16.1 are, respectively, the  observed  and  calculated 
structure  factor  amplitudes,  and a,[ the  calculated phases) un- 
ambiguously  indicates  that a phosphate  binding site is present 
(Fig. 4). It is identified in all the  three complexes,  in the  periph- 
eral region of the  complex  interface,  at a position  equivalent to 
W32 in the previously determined  structure  (Read et al., 1983). 
The  phosphate is refined with  a half  occupancy  and  B-factors 
around  40 A'. Figure 4 shows  the  coordination  of  the  phos- 
phate  anion.  The  phosphoryl oxygen atoms  form  hydrogen 
bonds  to O9 of  Tyr  32, N' of Arg 42 of  SGPB,  and  to  water 
molecules W146 and W147. It should be noted that  the observed 
phosphate  binding site may merely be an  artifact of the crystal- 
lization conditions (50 mM of phosphate  buffer was used). Phos- 
phate was not  present  in  the  measurement  of  the  binding 
constants (Bigler  et al., 1993; Lu, 1994). The presence of a par- 
tially occupied phosphate  anion in the complex should  not have 
a  significant  effect on  the  strength  of  the binding affinity. In  ad- 

Fig. 2.  Superposition of the Leu18 variant 
of OMTKY3  (thick  lines)  with  native 
OMTKY3  (thin lines) (Read  et  al., 1983). 
Only main-chain atoms  and disulfide bridges 
are  shown.  The  RMS  deviation for. the 200 
common  main-chain  atoms is 0.18 A. There 
is no noticeable  difference in the reactive-site 
loop. 

dition, its  presence  in  these structural  studies  should have  little 
i f  any  effect on the active-site conformations. 

Comparison of common water molecules 
in the complexes 

In order  to  compare  solvent  structures in the S,  pocket  of  dif- 
ferent  complexes, it is necessary to set up a distance  criterion 
within  which water molecules from  different  crystal  structures 
are considered equivalent. For this purpose, crystallographically 
determined  water molecules  were placed  into  three  groups  on 
the basis of  their  refined thermal  factors  (B-factors).  The  three 
B-factor shells include all water molecules, those with B-factors 
lower than 1.5 Bavcrage, and  those with B-factors lower than 
Bavcrage, respectively. Water molecules within the  same  B-factor 
shell  were then  compared in  a  pairwise manner.  Table 2 gives 
the RMSDs  of the superpositions. The average B-factors  are  ap- 
proximately 13.5 A' for  main-chain  atoms, 17.5 A 2  for side- 
chain  atoms,  and 37 A *  for solvent  molecules of  the  three  com- 
plexes,  respectively. 

Fig. 3. Superposition of the  uncomplexed 
SGPB (thin  lines) (H.  Blanchard & M.N.G. 
James,  in  prep.) with SGPB in complex with the 
Leu'8  variant  (thick  lines).  Residue  Gly 216 is 
labeled to highlight  the  conformational  change 
of  the  segment GlyZ15-Ser 217. Gly 216 C" of 
SGPB moves 0.7 A toward  the  side  chain of 
Leu 18 of  OMTKY3. 
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Fig. 4. Phosphate  binding  site  in  the  Leu'x 
variant  complex,  superimposed on  a difference 
electron  density  map.  The  map  contour level  is 
30. Dashed  lines  represent  possible  hydrogen 
bonds.  Residues of OMTKY3 are labeled with 
an "1" following  the  sequence  number  to  dis- 
tinguish  them  from  those of SCPB. 

To facilitate pairwise comparisons of water  molecules,  the 
numbering of water molecules  in the  three  complexes  was uni- 
fied,  following  that  of  the previously reported  structure  (Read 
et al., 1983). A water molecule  was  assigned if  there was asso- 
ciated  density  for it at  a 1 .Oa level on  the  refined 21 F,  1 - I F,. 1 
map  and i f  it had  a  refined  B-factor lower than  60.0 A'. If a 
water  molecule was  present with an  identical  ID in  all the  three 
complexes, it  was considered  as  a  common  water molecule in 
the  three  complexes.  There  are 146 such  common  water mol- 
ecules that  are observed in all the  three complexes, with the larg- 
est RMSD of 0.41 A (AlaI8 versus GlyI8 variants,  Table 2). 
Therefore,  a  positional  difference of 0.8 A (2 times the  RMSD) 
is significant  enough  and will be used as  the  distance  cutoff in 
the following  analysis of  solvent structures.  When  comparing 
two structures, water molecules that superimposed  within 0.8 A 
are  considered  bound to an identical site  and assigned an  iden- 
tical ID; differences  greater  than 0.8 A are considered bound  to 
different  positions i f  different  hydrogen  bonding  patterns  are 
also  observed. 

Redistribution of water molecules 
in the S ,  binding pocket 

Comparisons  among  the  three  complexes  and of each with the 
uncomplexed SGPB  structure (H. Blanchard & M.N.G.  James, 

in prep.) reveal significant  differences  in  the solvent distributions 
in the S, binding  pocket.  Figure 5 (Kinemage 1) represents  the 
superposition of the  four  structures,  centering  on  the S, bind- 
ing pocket. Water molecules bound in the SI binding  pocket are 
summarized in Table 3. The  numbering system for  the solvent 
molecules of the  uncomplexed  SGPB follows that of H. Blan- 
chard  and  M.N.G.  James (in prep.), which is independent from 
that of the three complexes. In the SI binding  pocket of the  un- 
complexed SGPB,  there  are five water  molecules, B438, B440, 
B471, B529, and B543. These five water molecules are conserved 
in the two  noncrystallographically related molecules in the asym- 
metric unit of  the  uncomplexed  SGPB  (the  RMSD  for  the five 
water  molecules is 0.46 A), therefore  only  one of the  two  SGPB 
molecules has been  used in the  structural  comparisons  and  fol- 
lowing discussion. 

Upon binding of  the Leu" variant  of  OMTKY3,  three  water 
molecules (B438, B471, and B543) of the  uncomplexed  SGPB 
are excluded from  the SI pocket by the side chain  of Leu 18 of 
OMTKY3  (Fig. 5 ;  Kinemage 1). The  remaining  two water  mol- 
ecules (B440 and BS29) are actually  equivalent to W42 and W71 
of  the Leu18 variant  complex. In addition,  two  water  mol- 
ecules,  W15 and W67 of the Leu18 variant  complex,  that were 
not  observed in the  uncomplexed  SGPB,  are present in the S, 
binding  pocket. 

Table 2. Comparisons of solvent  structures in  the three complexes 
~~ ~~ -~ ~~~~ .~ ~~ ~ ~ ~ 

~~ ~- ~~ ~~~~ -~ ~~ 

Average  E-factor (A') 
~ ~ ~~~~ ~ 

Main-chain  Side-chain Water  molecules 
.~ 

~~ .~ ~ 

LcuIX variant  complex 13.28  17.75 36.80 
AlaIx variant  complex 13.71 17.68 31.47 
Gly" variant  complex 13.49 17.38 36.63 

Number of common 
water molecules:' 

~~ ~~. 

RMSDs (A) 
Leu"  versus Ala'8 
LeuiX versus G I ~ ' *  
Alaix versus Cly iX  

146 I24  64 

0.38 
0.34 
0.41 

0.3 
0.29 
0.36 

0.24 
0.20 
0.25 

~. __ "~ -~ -~ __ ~ __ ~__  ~ _ _  ..__ - ~ ~ _ _  ~~~~~ ~__.   .~__ __ ~ 
~ _ _ ~ ~ _ _ _  __ -~ _ _  ~ 

"Numbering of  water  molecules in the  three  complexes  follows  that of the  previously  reported  structure  (Read  et al., 1983), provided  there is 
associated  electron  density  for it at  a 1.0 u level in  the  refined 21F,I - 1 F,.I map  and  a  refined  B-factor  lower  than 60.0 A'. If a  water  molecule 
is present in the  three  complexes  with  an  identical ID, i t  is considered as  a  common  water  molecule. 
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Fig. 5. Redistribution of water  molecules 
bound in  the SI binding pocket. Super- 
position of four structures:  the uncom- 
plexed SGPB (in cyan), complexes of 
SGPB with  the  Leu18  variant (in green), 
the Ala'' variant  (in magenta), and  the 
Gly" variant (in  yellow). Residues of 
OMTKY3 are  labeled  with  an "I" follow- 
ing  the sequence number to distinguish 
them  from those of SGPB. The  picture  is 
centered on the S I  binding pocket to 
show  the  different  positions of bound  wa- 
ter molecules in each SGPB structure. 

The complexes of the Ala" and  GlyL8 variants display an al- 
most identical solvent structure in the SI binding pocket (Fig. 5; 
Kinemage 1). Upon binding of the Ala'' (Gly") variant to free 
SGPB,  three water molecules (B471, B529, and B543) are ex- 
cluded from  the SI  binding  pocket.  Water molecule B438, 
which was excluded by the Leu18 variant  of OMTKY3, is  in a 
position identical to W202 of the Ala'' and GlyI8 variant com- 
plexes. Whereas water molecules W42 and W67 are conserved 
among the  Leu'8,  AlaL8,  and G I Y ' ~  variant complexes, W15 
and W71 are not observed in the  AlaI8 and Gly" variant  com- 
plexes. Three water molecules (W201, W203, and W204), none 
of which is observed in either the Leu" variant complex or the 
uncomplexed SGPB, are newly introduced to  the Ala" and 
Gly18 variant complexes. W42 (B440) is the only water mol- 
ecule that is conserved in the uncomplexed SGPB and  the three 
complexed SGPB molecules. 

Water  molecule B438  of the uncomplexed SGPB, which  is also 
present in the Ala" and Gly18 variant complexes (equivalent to 
W202), is excluded from  the Leu18 variant complex (Fig. 5; Ki- 
nemage 1). This event may be coupled with the relatively small 
conformational change of loop Gly 215-Ser  217  of SGPB in the 
Leu18 variant complex. Gly 216 C of SGPB advances by 0.7 A 

toward the side chain of Leu 18 of OMTKY3 in the complex. 
Consequently, B438 is excluded from  the SI binding pocket to 
avoid the otherwise too close contact  (<3.0 A) with the  C atom 
of Gly 216. An  alternative  explanation might be that  the exclu- 
sion of water molecule B438  by the side chain of Leu 18 of 
OMTKY3 results in a vacant space, thereby triggering the  in- 
ward shift of that  loop of  SGPB. 

Water  molecules participate in  the 
enzyme-inhibitor association 

In an attempt to appreciate the redistribution of  water  molecules 
in the SI binding pocket, we have examined the possible hydro- 
gen bonds involving these water molecules. We found  that all 
the water molecules that  are newly introduced to  the SI binding 
pocket are engaged in bridging hydrogen bonds between SGPB 
and OMTKY3. Table 4 lists all the possible hydrogen bonds ob- 
served  in the interface of the complexes of SGPB and OMTKY3 
variants, as well as those observed in the SI  binding  pocket of 
the uncomplexed SGPB. Figure  6 (Kinemage 2) shows the pos- 
sible hydrogen  bonds between the Leu18 variant of OMTKY3 
and SGPB, bridged by water molecules W 15, W67, and W71. 

Table 3.  Water  molecules bound in the S ,  binding pocket of SGPB 

Crystal  structure Bound water moleculesa 

Uncomplexed SGPB 
B-factor (A2) 

Leu18  variant complex 
B-factor (A2) 
Mal8 variant complex 
E-factor (A2) 
Gly" variant complex 
B-factor (A2) 

B440 
41.91 

W42 (B440) 
26.60 

W42 (B440) 
17.78 

W42  (B440) 
21.35 

B529 
64.75 

W71 (B529) 
27.20 
W67 
26.31 
W67, 
23.53 

B438 
47.50 
W15 
17.60 
w201 
17.68 
w201 
22.05 

B47 1 
65.04 
W67 
21.57 

W202 (B438) 
22.05 

W202 (B438) 
31.41 

B543 
55.17 

W203 
37.65 
W203 
53.55 

W204 
41.68 
W204 
44.43 

a Numbers  in  parentheses denote equivalent water molecules in  the  uncomplexed SGPB (H. Blanchard & M.N.G. James, in prep.). 
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Asn 36 N6' of OMTKY3 forms indirect hydrogen bonds with 
the carbonyl oxygen of Gly 216 of SGPB, via water molecule 
W15. Asn 36 O*' of OMTKY3 forms indirect hydrogen bonds 
with the carbonyl oxygen atoms of Ala 192 and Gly 218 of 
SGPB, via water molecules W67 and W7 1. Both W 15 and W67 
are newly introduced to  the SI binding pocket upon  the bind- 
ing of the Leu" variant. W71, which is equivalent to B529 of 
the uncomplexed SGPB, migrates by a distance of 0.5 A, pre- 
sumably to optimize these hydrogen  bonding  interactions. 

Figure 7 (Kinemage 3) shows the  probable hydrogen bonds 
observed in the Ala" and Gly" variant complexes, focusing only 
on those mediated by water molecules in the SI binding pocket. 
The indirect  hydrogen bonds between  Asn  36  of  OMTKY3 and the 
carbonyl-oxygen atoms of  Gly  216, Ala 192, and Gly  218 of SGPB, 
as observed in the Leu" variant complex, are also present in the 
Ala'' and Gly" variant complexes. They occur via water mol- 
ecules W201, W202, W203, W204, and W67. Note that water 
molecules W201, W203, and W204 are only present in the Ala" 
and Gly" variant complexes; there are  no equivalent solvent 
sites in either the uncomplexed SGPB or the Leu" variant com- 
plex. These water molecules are introduced to  the SI binding 
pocket to fill the vacant space resulting from  the small side chains 
of Ala 18 and Gly 18 and, perhaps  more importantly,  to bridge 
the hydrogen bonding interactions between SGPB and OMTKY3. 

Correlation of binding free energy with the hydrophobic 
surface area buried in the complex interface 

SGPB is a  chymotrypsin-like serine proteinase with respect to 
its substrate specificity. The SI binding pocket in SGPB is  hy- 
drophobic in nature  and relatively large in size. Therefore, P I  
residues with bulky hydrophobic  side  chains are preferred over 
those with small or polar side chains. Noncoded amino acids, 
Abu, Ape, Ahx, and  Ahp, were introduced into the PI position 
of OMTKY3 to probe systematically the binding profile of the 
SI pocket. The negative binding free energy (-AAG? increases 
with the increasing number of side-chain atoms of the P I  resi- 
due (Lu, 1994; Table 5 ) .  Due to the relatively low  yields and high 

cost of chemical synthesis, the available quantities of the non- 
coded amino acid variants (Abu,  Ape, Ahx, and Ahp) were not 
sufficient for conducting crystallization trials. Therefore, we 
have resorted to atomic models of the complexes of SGPB with 
these noncoded variants, in an effort to understand the SI spec- 
ificity profile of SGPB. The torsion angles with which the PI 
side  chains were constructed are listed in Table 5. The PI side 
chains of these variants can adopt  favorable rotamers without 
causing any unacceptably close contacts with SGPB. The models 
were built on the basis of the Ala" variant complex. The inward 
shift of residues Gly  214-Gly 216, as observed in the Leu" vari- 
ant complex, does  not cause any  unfavorable  contacts and has 
negligible effects on the subsequent calculation of accessible sur- 
face area. A few water molecules bound in the SI pocket, such 
as W 15 and W71 in the Leu" variant complex, or W201,  W203, 
and W204  in the Ala"/Gly" variant complex, are expected to be 
displaced by Ahp  and possibly by Ahx. 

The solvent-accessible surface area was calculated for each 
complex, the free SGPB  and  the free OMTKY3 variants using 
the  corresponding  coordinates. The coordinates for  the free 
SGPB and the free OMTKY3 variants were extracted from their 
complexes. The total solvent-accessible surface  area that is bur- 
ied  in the enzyme-inhibitor interface is defined as: ( S ,  + SI - 
S E I )  A', where S E ,   S I ,  and S,, are the total solvent-accessible 
surface areas of the free SGPB, the free OMTKY3, and  the 
SGPB-OMTKY3 complex, respectively. 

Figure  8 is a plot of the binding free energy (-AAG', rela- 
tive to that of the Gly" variant) versus the buried hydrophobic 
surface area,  for  the six variants having straight  aliphatic side 
chains.  The increase in -AAGo is directly correlated with the 
increase in the hydrophobic  surface area buried in the complex 
interface. The resulting constant of proportionality  (the slope 
of the  fit) is  34.1 cal mol" k 2  for hydrophobic atoms (carbon 
and sulfur). 

As expected, similar correlations are also  found for com- 
plexes of the same set of variants with a-chymotrypsin and 
SGPA and have comparable  constants of proportionality (36.9 
cal mol-' A-' for a-chymotrypsin and 40.4 cal mol" A-' for 

1 

sa 2l7 i l r  

Fig. 6. Water-mediated  hydrogen bonds 
in the complex of SGPB with  the  Leu'' 
variant of OMTKY3.  Dashed  lines  repre- 
sent  possible  hydrogen bonds. Residues of 
OMTKY3  are  labeled  with  an "I" follow- 
ing the sequence number to distinguish 
them from those  of  SGPB.  The Leu" 
variant complex (shown in yellow) is su- 
perimposed  with  the  uncomplexed SGPB 
(shown in cyan), to emphasize that  water 
molecules  W15, W67, and  W71,  which  are 
not present in the uncomplexed SGPB, 
are all engaged in bridging hydrogen 
bonds  between  SGPB and Asn 36 of 
OMTKY3. 
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Table 4. Hydrogen bonding and nonbonded interactions (within 4. I A )  in the interface 
of the complexes of SGPB and OMTKY3 variants 

~~ 

~ - -~ ~~ 

SGPB 
Thr 39 
Arg 41 
Arg 41 
Tyr 171 
Gly 193 
Asp 194 
Ser 195 
Ser 195 
Gly 216 
Gly216 

SGPB 
Ala 192 
Ala 192 
Ala 192 
Ala 192 
Ala 192 
Gly 216 
Gly 216 
Gly 216 
Ser 217 
Ser 217 
Ser 217 

Gly 218 

Asn 219 
Thr 225 
Thr 226 

OMTKY3 
Asn 361 
Asn 361 
Asn 361 
Asn 391 

Water 
W15 
W15 
W26 
W 42 
W67 
W201 
w202 
W204 

cly 218 

cly 218 

H-bonding  partners 
- 

0 
N 
0 
0 
N 
N 
N 
0 7  

N 
0 

N 
0 
0 
0 
0 
0 
0 
N 
0 
0 
N 
0 
0 
0 
N 
0 
01 I 

N 62 

NA2 
Oh' 
N 

0 
0 
0 
0 
0 
0 
0 
0 

Uncomplexed SGPB 
Ala 192 N 
Ala 192 0 
Ala 192 0 
Glu 192A 0 
Ser 217 0 
Gly218 0 
Thr 225 0 
Thr 226 0 7 '  

8438  (W42) 0 
B438 (W42) 0 
B438  (W42) 0 
B543 0 
B543 0 

~~ ~~~ -~ 
~ ~~ - 

~~ ~- - ~ 

OMTKY3 
Arg 211 
Tyr 201 
Tyr 201 
Lys 131 
X181 
X181 
X181 
X181 
Cy5 161 
Cys 161 

Water 
W42 
W42 
W71 
W202 
W203 
W15 
W204 
W202 
W42 
W202 
W202 
W67 
W l  I 
W42 
W42 
W202 
W42 

Water 
W15 
W201 
W67 
W26 

Water 
W26 
W7 1 
W204 
W202 
W7 1 
W203 
W203 
W203 

Water 
B440 (W42) 
8440  (W42) 
B529 (W71) 
B47 1 
B440 (W42) 
8529  (W71) 
8438  (W202) 
B438 (W202) 

B440  (W42) 
B529  (W71) 
8543 
847 1 
B529 (W71) 
-~ ~~ 

~~ ~~ ~- 

~~ 

~ ~~ 

- 

N q2 

0 
N 
N' 
0 
0 
0 
N 
0 
N 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

~ - ~ "  -~ ~ 

~~~ ~ ~~ ~ ~~ ~ 

~ ~. 

Leu'*  variant 
~~ 

3.16 
3.10 
2.96 
2.88 
2.50 
3.3" 
3 .OS 
2.83 

2.99 
2.98 

2.82 
3.12 
2.59 
N /A 
N /A 
2.99 
N/A 
N/A 
2.82 
N /A 
NiA 

2.74 
3.99 
4.03 
N /A 
3.45 

3.08 

3.17 
N /A 
2.86 
3.40 

3.17 
2.90 
N/A 
N/A 

N/A 
N/ 

N/A 

2.85 

- ~ ~- 
~ ~ ~~ ~ ~~ ~ ~ 

~~ ~ ~ ~ ~~ 

H-bond  distance (A)  

Ala 'x  variant GIy'* variant 

2.93  2.95 
3 .OO 3.13 
2.89  3  .00 
3.19  3.18 
2.61  2.47 
3.23"  3.29" 
2.94  3.12 
2.91  2.89 
2.96  3.13 
2.83  2.80 

2.89 2.85 
2.80  2.84 
NiA  NiA 
3.71  3.54 
3.23  3.65 
N /A N/A 
3.14  3.04 
3.48  3.49 
3.02  2.99 
3.57  3.87 
3.38  3.56 
3.03  2.92 
N/A N /A 

3.29  3.41 

2.81 3.96 

3.28  3.43 

3 .on 3.42 

N /A N/A 
2.93  3.07 
2.79  3 .on 
3.40  3.55 

N /A N i A  
NiA N/A 

3.20  3.25 
N/A  N /A 
2.69  2.56 
2.75  2.52 
3.41  3.29 

3.18  3.31 

Uncomplexed SGPB 

3.03 
3.20 
3.  I4 
3.21 
2.72 
2.61 
3.16 
2.91 

2.70 
3.36 
2.39 
3.39 
2.98 

'Asp 194 N  of SGPB is in close  contact with the X181 0 of OMTKY3, but  the  value of the  N-H. .O angle  precludes  the  formation of a  hy- 
drogen  bond. ASP 194 NH is hydrogen-bonded to C!u 192A CO. 

N/A  refers to distances  that  are  longer  than 3.6 A. 
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Fig. 7. Water-mediated  hydrogen  bonds 
in the complex of SGPB with  the Ala1' 
variant of OMTKY3. Dashed  lines  repre- 
sent  possible  hydrogen  bonds.  Residues of 
OMTKY3 are  labeled  with  an "I" follow- 
ing  the sequence number to distinguish 
them from those of SGPB. The  Ala1* 
variant complex  (shown  in  magenta)  is su- 
perimposed  with  the  uncomplexed  SGPB 
(shown  in cyan), to emphasize  that  water 
molecules W201,  W203, and W204, which 
are  not  present  in  either  the  uncomplexed 
SGPB or the  Leu18  variant complex, are 
all engaged in  bridging  hydrogen bonds 
between SGPB and  Asn 36 of OMTKY3. 

SGPA, data not shown). SGPA exhibits a  substrate specificity 
very similar to  that of SGPB. The observed strong correlations 
attribute  the KO variations to the amounts of the hydrophobic 
surface  areas that  are in contact in the enzyme-inhibitor inter- 
face. It indicates that the primary determinant of the binding 
free energy is the desolvation energy of the hydrophobic P I  side 
chain of the  inhibitor and the hydrophobic SI  binding pocket 
in these  enzymes,  when no conformational strains are involved. 

Discussion 

The combination of the available thermodynamic data with the 
atomic structures showing the interactions of the P I  variants of 
OMTKY3  with SGPB provides an excellent  system to study the 
contribution of hydrophobic interactions to protein-protein as- 
sociations. The currently used measurements of the  hydropho- 
bic strength, by cavity-creating substitutions of interior residues, 
suffer from the complication of potential  conformational dis- 
turbance of the protein structure (reviewed  by Fersht & Serrano, 
1993; Matthews, 1993). In  contrary, the  transfer of the P,  res- 

idue to the  preformed, relatively rigid SI pocket involves only 
displacement and redistribution of water  molecules, thus provid- 
ing a clean  measurement of the unit contribution of hydrophobic 
interactions (hydrophobic strength) to protein and protein-com- 
plex stability. 

There has been a large discrepancy (reviewed by Fersht & 
Serrano 1993; Matthews, 1993) over the value of the hydro- 
phobic strength between the microscopic measurements (20- 
30 cal mol" k 2  as derived from  solute  partition experiments 
[Chothia, 1974; Eisenberg & McLachlan, 19861) and macro- 
scopic measurements (70-75 cal mol" A - 2  by surface tension 
measurement [Aveyard & Haydon, 19651). Substitutions of res- 
idues in the hydrophobic cores of proteins and subsequent as- 
sessments of the  unfolding energy of the  mutant proteins gave 
an estimate of 45-60 cal mol-' k 2  (Kellis  et al., 1989; Shortle 
et al., 1990), which  is  close to the macroscopic  value. Theoretical 
calculations applying size-difference correction (De Young & 
Dill, 1990; Sharp et al., 1991) and curvature effects (Nicholls 
et al., 1991) tend to support  the macroscopic measurement. Our 
estimate (34-40 cal mol" A-2) is higher than  the solvation pa- 

Table 5 .  Binding equilibrium constants (Lu, 1994) and calculated buried surface areas for a selection 
of complexes of SGPB and OMTKY3 variants 

Surface area (A2) Torsion angles of the PI side chain 
No. of - A G O  - A A G O  
atoms PI K,, ("I) (kcal mol")  (kcal mol") Apolar Total XI  x 2  x 3  x4 

0 G ~ Y  1.2 X 107 9.49 0 662' 1,16Sa 

2 Abu 2.3 x lo9 12.55 3.06 7 4 9  1,253 -56" 
3 Ape 1.2 x 10" 13.51 4.02 772' 1 ,277b -56" 
4 Ahx 2.1 x 10" 13.84 4.35 784' 1,292' -56" 
5 Ahp 2.8 x 10" 14.00 4.51 801b 1,306b -56" 

1 Ala 3.6 x lo* 11.47  1.98  719a  1,226= 
- 
- 

-50" 
-50" 170" 
-50" 170" 164" 

a Calculated from crystal  structure. 
Calculated from model structure. 
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rameters (20-30 cal mol" A p 2 )  for  hydrophobic  atoms  that 
were derived from  experimental  measurements of  transferring 
free  amino  acids  from  water to an  organic solvent (Chothia, 
1974; Eisenberg & McLachlan, 1986), but  lower than  the  hydro- 
phobic  strength (49-61 cal  mol" A - 2 )  estimated  from  substi- 
tutions of interior residues of  barnase (Kellis et  al., 1989). It 
would appear,  therefore,  that  the SI pocket of  SGPB is not  as 
hydrophobic  as  the  interior cavity in the  core  of  a  protein.  This 
phenomenon  can  be  understood by the  unique  chemical  nature 
of the  enzyme-inhibitor  interface.  Unlike  the  substitution- 
created  interior cavities that  are usually completely  depleted 
of water  molecules, the S, binding pocket is partially hydrated, 
as  ordered  water molecules are  observed  crystallographically. 
This  partial  hydration  may  account  for  the reduced hydropho- 
bicity of  the SI pocket.  On  the  other  hand,  the  apparently re- 
duced  hydrophobicity  may  also have to   do with the  fact  that, 
when an  interior residue is substituted by a smaller amino  acid, 
the  surrounding residues tend  to relax to  fill the  substitution- 
resulting cavity,  a process  in which the  change  of  free  energy 
may be considerable.  Consequently,  the  substitution-resulting 
change  of  the  unfolding energy is highly position-dependent. For 
example,  the  changes in the  unfolding energies associated with 
the Leu to Ala  substitutions in T4 lysozyme vary considerably 
from site to site,  ranging  from 1.9  kcal/mol to  6  kcal/mol 
(Eriksson et al., 1992). In the case of the SGPB-OMTKY3  com- 
plex,  burial of the P ,  side  chain  brings  only  displacement 
and/or redistribution of water molecules and  minor, if any, con- 
formational  disturbances in the s, binding pocket. For this  rea- 
son,  the  SGPB-OMTKY3 system should  provide  one of the 
most  realistic measurements of the  hydrophobic  strength.  The 
constants of proportionality  determined  for  SGPB, oc-chymo- 
strypsin,  and  SCPA  are  comparable (34-40 cal  mol" A - 2 ) ,  

indicating  that our assessment  of  the  hydrophobic  strength is 
reliable. 

The  homologous series of  aliphatic,  straight-chain PI vari- 
ants, Gly", AlaI8,  Abu",  ApelX, Ahx", and  Ahp'*, provides 
a  good system to estimate  the  contribution  of  a  methyl group 

SI"- 4 Le"'* * 

Y = - 22.4787 + 0.0341~ R = 0.99 

600 700 800 900 

Buried hydrophobic surface area (A2) 
Fig. 8. Linear  correlation of the  binding  free  energy -AAG" with  the 
hydrophobic  surface  area  buried  in  the  interface of a  selection  of  com- 
plexes of SGPB with OMTKY3 variants.  The  constant of proportion- 
ality is 34. I cal  mol" A - 2 .  The Leu18 variant (position shown  by  an 
"*") was not  included in the  line  fitting. 

to protein-protein  association  and  stabilization.  The  energetic 
contribution of a  methyl  group  estimated  from Gly to Ala  sub- 
stitution is higher  than  that  estimated  from  Ala  to  Abu  substi- 
tution (2.0 kcal/mol versus 1.1 kcal/mol).  The  discrepancy  of 
0.9 kcal/mol may  be  due to the  additional  conformational flex- 
ibility of  the P I  glycine residue  relative  to  those  amino  acids 
having  side  chains. However,  the observed correlations between 
the  binding energy and  the  buried  surface  area suggest that  the 
effect  of  the  additional  conformational  variability of  glycine is 
actually  minimal.  Otherwise, the Glyl'  variant would be off  the 
correlation  curve by a  considerable  amount.  The  crystal  struc- 
tures of the  Glyl8  and  the  Ala1*  variant complexes are virtually 
indistinguishable,  thus glycine does  not seem to behave  differ- 
ently from  the  other  amino acids. It is mainly  the relatively large 
increase in the  buried  hydrophobic  surface  area  (an  8.6%  in- 
crease  for Gly to  Ala  substitution versus the  3.6%  increase  for 
Ala to Abu  substitution)  that  accounts  for  the increase in bind- 
ing energy with the  addition of a methyl group to glycine. 

The observed  differences  in the solvent structures  for  the  dif- 
ferent  complexes lead to  the conclusion that,  during  the process 
of  SGPB-OMTKY3 complex formation, bound water molecules 
in the SI binding pocket are not simply  displaced by the  inhib- 
itor, but that  there is an  accompanying redistribution of solvent 
binding  sites, synchronous with the  conformational  change o f  
loop Gly 215-Ser 217 of SGPB. We believe that these two events 
are to avoid unfavorable  nonbonded contacts and, perhaps more 
importantly,  to reinforce  enzyme-inhibitor  interaction by intro- 
ducing  hydrogen  bonds between SGPB and  OMTKY3.  Water- 
mediated  hydrogen  bonding  interactions  are  implicated in sta- 
bilizing a variety of other molecular  complexes.  Water-mediated 
hydrogen bonds have been observed in the recognition and for- 
mation of the  DNA  and trp repressor  complex  (Shakked et al., 
1994), and  the  DNA  and TATA binding  protein complex  (Kim 
& Burley,  1994). In these protein-DNA  complexes,  bound wa- 
ter  molecules become  part  of  the recognition motif of the DNA 
sequence. In the case  of protein  and  peptide  association, it has 
been shown  that  water molecules play  important roles in form- 
ing stable  complexes  of  the  OppA  protein,  an  oligopeptide- 
binding protein, with peptides of varying  sequences and lengths 
(Tame et al., 1994).  In the  study of  L-arabinose-binding protein, 
i t  was found  that  bound water molecules can  modulate  the spec- 
ificity and  affinity of the  protein  toward  different  sugar  sub- 
strates (Quiocho et al., 1989). Additionally, Madden et al. (1992) 
have  observed that  a few conserved water molecules participate 
in forming key hydrogen  bonds between the class I MHC  mol- 
ecule HLA-B27  and its bound peptide. Furthermore,  Arnez  and 
Steitz (1994) have proposed  that  pseudo-uridinylation may sta- 
bilize tRNA'"" through  water-mediated  linking of the  pseudo- 
uridine to the  backbone  phosphate.  The absence of these bound 
water molecules in the unmodified tRNA'"'"' structure  may 
account  for  the reduced thermal  stability  of  the  unmodified 

In our  study, we have  demonstrated  that water mol- 
ecules provide key interactions linking SGPB  and  the several 
OMTKY3  inhibitors.  Taken  together,  the roles  played by wa- 
ter molecules  in protein-ligand  recognition  and  association  are 
extensive and  should  not be underestimated. 

The  water-mediated  hydrogen  bonds  observed in the  three 
complex  structures  show  that Asn 36 of  OMTKY3 is invariably 
involved in forming  water-bridged  hydrogen  bonds to residues 
of SGPB.  Thus,  a  mutation of Asn 36 to  the isosteric amino acid 
leucine  could  provide a measure of the impact on binding by the 
observed  water-mediated  hydrogen  bonds.  However,  the  ener- 
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getic contributions  of  these  bound  water molecules are  not ex- 
pected  to  be  high.  Comparisons  among  avian  ovomucoid 
inhibitor  third  domains  from  different species indicate that  mu- 
tations  Asn 36 to  Asp,  Asn 36 to Ser, and  Asn 36 to  Ala  do  not 
result  in much variation  in the binding with SGPB (less than 0.9 
kcal/mol;  Lu, 1994). The  functions  of  these  bound  water mol- 
ecules perhaps  are  to fill the  vacant  space left in  the  interface 
and  to satisfy the hydrogen bonding potentials of protein atoms. 
The  gain of favorable  enthalpic energy by forming  hydrogen 
bonds  may  be  comparable  to  the loss of unfavorable  entropic 
energy by ordering  the  water molecules  in the  interface.  The 
most  desirable  situation  would be that  the  ligand  displaces all 
the previously bound  water molecules  (entropically favorable), 
while concomitantly  forming  hydrogen  bonds or van der Waals 
contacts with the  enzyme  (enthalpically  favorable). 

Protein-protein  associations usually involve large contact sur- 
face  areas (600-1,800 A') and  from 10 to 30 residues from either 
side.  Mutagenesis  studies in many systems  have demonstrated 
that  not all residues involved in the  associations are energetically 
important.  Usually,  only  a few of the residues are  critical  for 
tight binding. For example,  two  tryptophan residues constitute 
the  "functional  epitope" of the  human  growth  hormone recep- 
tor,  accounting  for nearly three-quarters of the  binding  free en- 
ergy (Clarkson & Wells, 1995). The  functional  epitopes of the 
hormone receptor are  analogous to the specificity determinant, 
the P I  residue  of OMTKY3, in terms of energy contributions as 
well as  their  geometrical  disposition relative to  the  main  body 
of the  protein  (Trp 104 and  Trp 169 project  from two adjacent 
loops).  Large  hydrophobic  amino  acids  are increasingly  impli- 
cated in protein-protein  association.  The crystal structure  of N 
cadherin suggests that  a  tryptophan residue  may play an  impor- 
tant role in cadherin  dimerization,  a process thought  to  enhance 
cell adhesion  (Shapiro et al., 1995). Accordingly,  large  surface 
depressions that  accommodate those  bulky  hydrophobic residues 
become  interesting  when improved specificity and/or  enhanced 
affinity  are  concerned.  Such  surface  depressions  bear  a  strong 
physical resemblance  to  the SI binding  pocket of SGPB. Be- 
cause  functional  epitopes  are  the  primary  targets  for  inhibitor 
design, knowledge obtained  from  OMTKY3  may be applicable 
to designing  ligands  targeting hormone receptor proteins,  MHC 
molecules, and  other  functionally  important  proteins. We have 
demonstrated  that  the P I  substitution-associated  changes in 
buried hydrophobic  surface  area  are  the direct cause of the varia- 
tions in the  binding energy  of OMTKY3 with SGPB,  a-chymo- 
trypsin,  and  SGPA. It is reasonable to  believe that  the  buried 
hydrophobic  surface  area-binding free  energy correlation is gen- 
eral  to  other  molecular complexes in which  large hydrophobic 
depressions are involved. It would be very interesting to see what 
values the  constant of  proportionality would be in other systems, 
to  identify  the  factors  that  influence  the  hydrophobic  strength. 
It will help to  resolve the  controversy  over  the values of the 
unit  contribution of hydrophobic effect and  further our under- 
standing  about  the  nature of the  hydrophobic  effect  to  protein 
stability. 

Materials and  methods 

Crystallization 

SGPB,  purified  according  to  the  procedure of Jurasek et al. 
(1971), was kindly provided by Dr. L.B. Smillie. The  cloning, 
overexpression  system,  and  the  purification  procedures  for 

OMTKY3  have been described (Lu et al., 1992; Lu, 1994). In 
addition  to  the P I  substitutions,  the  recombinant  variants  are 
five amino acids shorter  at  the N-terminus than native  OMTKY3. 
The 1:1 stoichiometric  complexes  of SGPB-OMTKY3 variants 
were prepared by mixing SGPB with each OMTKY3 variant  in a 
1: 1.05 molar  ratio of enzyme to inhibitor. Crystals of the complex 
were grown by hanging drop  methods,  under  conditions similar 
to  those  reported previously (Read et al., 1983). Each drop  con- 
tained 3  +L of protein  solution (10 mg/mL)  and  an  equal volume 
of reservoir solution (2% of PEG  6000,50mM sodium/potassium 
phosphate  at  pH  6.5). Seeding was usually required to get good 
crystals. The crystals  reach  their  final size ( I  .O x 0.3 x 0.1 mm3) 
in about  a week. These  crystals are  isomorphous to  those of the 
complex of SGPB with native  OMTKY3.  Unit cell parameters of 
the crystals of the  three complexes (Leu'*,  AlaL8,  and Gly18) are 
listed in Table  6. 

Duta collection 

X-ray diffraction  data  for  the Leu" variant  and  the  Glyl* vari- 
ant  complexes were  collected on San  Diego  Multiwire System 
twin area  detectors.  Graphite  monochromated  Cu K, radiation 
was generated with a Rigaku  rotating  anode  generator  RU- 
200BH operating at 40 kV and 150 mA.  The 1.8-A data set was 
collected from a single crystal of the Leu" variant  complex,  the 
1.9-A data set was  collected from  a single crystal of the Gly" 
variant  complex. Data collections were carried out  at 24 "C, each 
lasting about 2 days.  The  1.4-A  data set of the  Ala"  variant 
complex was  collected at  beam-line 18B of the  Photon  Factory 
in Japan  (room  temperature 18 "C), using  Weissenberg geom- 
etry  with  a  crystal-to-image-plate  distance  of  286.50  mm 
(Sakabe, 1991). The  recorded  reflections were  indexed and in- 
tegrated by profile  fitting with the  program  WEIS  (Higashi, 

Table 6. Statistics of datu collection 
.~ .~ ~ .. ~ ~. ~ 

~ ~~ - ~. ~ ~ ~~ 

Space  group:  P2, 
Cell dimensions: a (A)  b (A) c (A) P (")  
.. 

Leu" 
complex  45.53  54.66  45.59 119.19 
Ala" 
complex  45.38  54.62 45.47 119.20 

complex  45.48  54.68  45.55  118.99 

~.. ~ ~. . ~ ~ ~ ~ ~~ 

Cly'X 

- ~ - ~" -~ "" " ~ ~. ~ ~~ 

Leu'X  Alalx Gly'* 
Data  collection  complex  complex  complex 

Maximum  resolution (A) 1.8  1.4  1.9 
No. of crystals used 1 1 1 
No. of total observations  41,124  83,250 36,307 
No. of unique  reflections  17,183  30,783  13,125 
Average  redundancy 2.4 2.7 2.8 
Completeness of data 

Overall (070)  94.3 80.3 84.9 
Highest  resolution 51.1  56.0  36.5 

-. ~~~ - ~- ~ -~ -. 

shell ( 0 7 0 )  (2.0-1.8 A) (1.5-1.4 A )  (2.0-1.9 A )  

R t ? I C I K P B  (070) 5.29  7.33  4.29 
~~ ~ - "  _ _ _ ~ _  
""" ~ 

" ~ , , ~ ~ ' , p ~ = C h ~ , ~ ~ C , l ~ , - ~ 0 I ~ C , I , 1 -  
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1989). Data-collection  statistics for all these complexes are given 
in Table 6. 

Structure  determination  and refinement 

The phases for  the complexes  of SGPB with the  three  OMTKY3 
variants were taken from those  of the complex  of SGPB with na- 
tive OMTKY3  (Read et al., 1983). A (21F,I - lF,.l)exp(ia,,u,) 
map, where 1 F, 1 is the observed structure-factor  amplitudes of 
the  variant  complex, 1 F,. 1 and  are  the  structure-factor  am- 
plitudes  and  phases  calculated  from  the  structure of Read et al. 
(1983), was calculated with the program  SIGMAA  (Read, 1986) 
and displayed with FRODO  (Jones, 1985). The PI residue Leu 18 
was replaced by the  appropriate P I  amino acid side  chains to fit 
best the observed  electron  density. The  starting  R-factor  for  the 
LeuI8,  AlaI8,  and  Gly'*  variant complexes were 36.4070, 42.590, 
and  35.9%, respectively, and were improved  to 20.6070, 22.8070, 
and 20.8%, respectively, after  energy  minimization  and  simu- 
lated  annealing with XPLOR  (Brunger, 1986). The  model was 
then  subjected  to  TNT  refinement  (Tronrud, 1992). All  reflec- 
tions with d,,,,, < 20.0 A were  used for  the  refinements.  After 
I O  cycles of TNT  refinement, a new 2 )  F, 1 - I F , .  I map was made 
for visual inspection. Special attention was given to regions 
where there were noticeable  conformational  disparities with the 
previously reported  structure  and  where  atoms  displayed high 
thermal  factors. Up to  this  stage,  no water  molecules were built 
into  the  complex  model. A (IC,) - lF,.l)exp(iacg/)  difference 
map was made  to assign  water  molecules.  Water  molecules that 
were  present in the previously reported  structure were built into 
the variant complex model if there were associated  densities for 
i t  above  the 2.50 contour level in the  difference  map.  The  man- 
ually adjusted  model was subjected to  another 10 cycles of TNT 
refinement.  Afterward,  water molecules  with B-factors higher 
than 50 A 2  were examined closely.  A  water  molecule  would be 
deleted if there was no associated  density  at the 1 o contour level 
on a 21&,l - 16.1 map  and if the  B-factor was greater  than 
60 A'. New water molecules were added if there was electron 
density  above  the 2.50 level on a 1 F,I - 1 FcI difference  map. 
The geometry of potential hydrogen bond  donor  or  acceptor  at- 
oms was also checked to  assure  that it was meaningful to intro- 
duce a water molecule in that  region.  Refinement was judged 
to reach convergence typically after a total of 30 cycles of  TNT 
refinement. 

Structure comparison 

Superpositions  of  the several structures were done in a pairwise 
manner  using  the Isq commands in the  program "0" (Jones 
et al., 1991). The RMSDs for  common  atoms were obtained sub- 
sequently  from  the  program.  Crystallographically  determined 
water molecules  were grouped  into  three shells on the basis of 
their  thermal  factors.  The  three  B-factor shells include all wa- 
ter molecules,  water molecules  with B-factor  lower  than  the 
Elaveragc, and  those  lower  than 1.5 Baverage, respectively. Water 
molecules  within the  same  B-factor shell are  compared. 

Modeling of the noncoded amino acid 
variants of OMTK Y3 

The  currently  available  quantities of the  noncoded  amino  acid 
variants (Abu,  Ape,  Ahx,  and  Ahp) were not sufficient for  con- 

ducting  crystallization  trials.  Accordingly, we have built mod- 
els of the  four  complexes on the basis of the crystal  structure 
of the  complex between SGPB  and  the  Ala"  OMTKY3 vari- 
ant. In  doing so, the side  chains  of the PI  residues were rotated 
to most favorable  rotamer  conformations while maintaining  fa- 
vorable van der Waals contacts.  The modeling was very straight 
forward,  no energy minimization was required  or  applied. 

Calculation of solvent-accessible surface area 

Solvent-accessible surface area was calculated using the  program 
MS (Connolly, 1983). The  probe radius for water molecules was 
1.4 A. Van der Waals  radii for  protein  atoms  are  the  default of 
the  program.  Sulfur is treated  as  hydrophobic. Solvent-acces- 
sible surface  areas  for  the  free  SGPB  and  the  free  OMTKY3 
variants were calculated with the  coordinates extracted from  the 
corresponding  complexes,  under  the valid assumption  that  the 
binding process is close to a rigid-body  association. 

Coordinates 

The  atomic  coordinates have been deposited with the  Protein 
Data  Bank.  The ID  codes  are  ISGP  (Leu"OMTKY3-SGPB 
complex), ISGQ (Ala180MTKY3-SGPB  complex),  and  lSGR 
(GlyIROMTKY3-SGPB complex). 
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