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Abstract 

The three-dimensional crystal structure of human pepsin and  that of its complex with pepstatin have been solved 
by X-ray crystallographic  methods. The native pepsin structure has been refined with data collected to 2.2 A res- 
olution to  an  R-factor of 19.7%. The pepsin:pepstatin structure has been refined with data  to 2.0 A resolution 
to an R-factor of 18.5%.  The hydrogen bonding interactions and the  conformation  adopted by pepstatin are very 
similar to those found in complexes of pepstatin with other aspartic  proteinases.  The enzyme undergoes a  con- 
formational change upon inhibitor binding to enclose the inhibitor  more tightly. The analysis of the binding sites 
indicates that they form  an extended tube without distinct binding pockets. By comparing the residues on the bind- 
ing surface with those  of the  other human  aspartic  proteinases, it has been possible to rationalize  some of the ex- 
perimental data concerning the different specificities. At  the S1 site, valine at position 120 in renin instead of 
isoleucine, as in the  other enzymes, allows for binding of larger hydrophobic residues. The possibility of multiple 
conformations  for  the P2 residue makes the analysis of the S2 site difficult.  However,  it is possible to see that 
the specific interactions that renin makes with histidine at P2 would not be possible in the case of the  other en- 
zymes. At the S3  site, the smaller volume that is accessible in pepsin compared to  the other enzymes is consistent 
with its preference for smaller residues at  the  P3 position. 
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Pepsin, the well-known aspartic  proteinase, is produced by the 
human  gastric mucosa in seven different zymogen isoforms 
(Samloff, 1969; Foltmann, 1981). These have been subdivided 
into two types: pepsinogen I (pepsinogen A), consisting of 
PGA 1-5, and pepsinogen I1 (pepsinogen C or progastricsin), 
consisting of PGC 6 and 7. Three major species of pepsinogen 
A - PGA 3,  4, 5 -have been sequenced; these sequences show 
that  PGA 3 and 5  differ only in the propart so that  after con- 
version to  the  mature enzymes, the resulting pepsins are identi- 
cal (Sogawa et al., 1983; Evers et al., 1988,  1989). 

Among the  other aspartic proteinases produced by human tis- 
sue are renin,  cathepsin D, and cathepsin E. Renin is a highly 
specific enzyme  involved  in the regulation of blood pressure and 
sodium and volume homeostasis. It cleaves angiotensinogen to 
produce angiotensin I ,  which  is subsequently cleaved by the an- 
giotensin converting enzyme (ACE) to produce angiotensin 11. 
Angiotensin I1 is one of the most potent vasoconstrictors known. 

Reprint requests to: Michael N.G. James,  Department of Biochem- 
istry, University of Alberta, Edmonton, Alberta T6G  2H7, Canada; 
e-mail: miik@biochem.ualberta.ca. 

It also  stimulates the release of aldosterone resulting in sodium 
and water retention  (Cody, 1994). Cathepsin D is a widespread 
lysosomal enzyme involved in protein  catabolism. It has also 
been implicated in disease states such as Alzheimer @-amyloid 
formation (Cataldo & Nixon, 1990) and metastasis of breast can- 
cers (Rochefort, 1990). Cathepsin E corresponds to the electro- 
phoretically slow-moving protease found in gastric mucosa and 
has been found as well in the erythrocyte  membrane  (Tarasova 
et al., 1986). Its function has not been well characterized but re- 
cently it has been shown to be responsible for some antigen pro- 
cessing (Bennett et al., 1992) and it may also have a role in the 
production of the vasoconstrictor, endothelin (Lees  et al., 1990). 

The structural study of human pepsin and other aspartic pro- 
teinases has great applicability in drug design. To insure oral bio- 
availability and specific action of drugs aimed at inhibiting 
aspartic proteinases such as renin or HIV  protease, the com- 
pound must not bind to pepsin or other  aspartic  proteinases in 
the body. To this end, it  is important  to understand the origin 
of subsite specificities and the differences among the specifici- 
ties of the human enzymes. We have determined the crystal 
structures of human pepsin alone and in  complex  with an aspar- 

960 



Human pepsin and pepsin:pepstafin conlp1e.v 

tic proteinase  inhibitor,  pepstatin.  The  analyses of these struc- 
tures  have given insights into  the different specificities of human 
aspartic  proteinases. 

Results 

Refinelnent results 

The  refined  structure  for  the  native  human pepsin consists of 
2,438 protein  atoms  and 102 water molecules. The  R-factor is 
19.7%  for  the 21,303 reflections between 30  and 2.2 A resolu- 
tion.  The  occupancies  for  the residues Val 1, Ser 241, Asp 242, 
Gly 243, Ser 295, and Gly 296 have been set to zero because there 
is insufficient  electron  density to assign  their positions.  The  hu- 
man pepsin:pepstatin  complex consists of  2,438  protein atoms, 
48 inhibitor  atoms,  and 308 water molecules. The final R-factor 
is 18.5%  for  the 30,584 reflections between 30  and  2.0 A reso- 
lution.  The  occupancies of residues Val I ,  Glu  239,  Asn 240, 
Ser 241, Asp 242,  Gly 243, and  Glu 294 were also set to zero. 
These  atoms with zero occupancy still affect the behavior of  the 
refinement  through  their stereochemical restraints with the rest 
of  the molecule. However,  the lack of  information  from  the 
X-ray  diffraction  data  often results in unfavorable  conforma- 
tions  for these  regions. The positions of the  atoms with zero  oc- 
cupancies  are  considered to be  indeterminate. 

Qualify of the models 

The  qualities of the  structural  models were assessed by the 
PROCHECK  suite of programs  (Laskowski et al., 1993). Fig- 
ure I shows  the @-$ plots. In both  cases,  90% of the residues 
fall within the most favored  regions.  There is only  one  residue, 
Glu 279, in native pepsin that lies in the  generously allowed re- 
gion.  This residue has high B-factors  and its  position is not well 
determined.  Tables 1 ,  2,  and 3 summarize  the  mean  and  stan- 
dard deviations of stereochemical parameters, bond  lengths, and 
bond  angles, respectively. 

The  overall  error in the  coordinates was estimated using u, 
plots (Read, 1986) as  shown in Figure  2. They indicate an RMS 
error of 0.27 A for  native pepsin and 0.23 A for pepsin:pepsta- 
tin complex. 

The reliability  of the  structure  determination  along  the poly- 
peptide  chain  can  be  obtained  from  the real space f i t  (Jones 
et al., 1991; Jones & Kjeldgaard, 1993) or the B-factor. Figure  3 
shows  the  two  plots  superposed for each  structure.  The  corre- 
lation between the  two  representations is evident.  This  may be 
expected  because both  are  measures of the  amount of electron 
density  around  the  atomic  position. Most of the  poorly  fitting 
regions  correspond to loops in the  protein  that tend to be more 
mobile. In particular,  the high degree  of disorder  and  the resul- 
tant lack of reliability of  the regions around residues 242 and 
295 are clearly  seen. 

As an  example of the  quality of the  model,  the  electron  den- 
sity corresponding  to  the region  of the  pepstatin molecule is 
shown in Figure  4.  The  central  part  of  the molecule is well de- 
fined, but the  density is rather poor for  the Iva residue  and  the 
terminal  Sta  residue.  These residues  must adopt  multiple  con- 
formations because the f i t  of the model cannot be made  con- 
vincing. These residues have  average B-factors of 42 and 64 A', 
respectively. 

96 I 

i 
90 1 

I 
1 

1 1  -r I 

Phi (degrees) 

' I  

Fig. 1. +-$ plots as produced by the PROCHECK program (Laskowski 
et al., 1993). Glycine  residues are  shown as triangle$, all the others as 
squares.  The  different  regions, in decreasing  darkness,  correspond to 
most  favored  regions,  additional  allowed  regions,  generously  allowed 
regions,  and  disallowed  regions. A: Native pepsin. W: Pepsin:pepstatin 
complex. 

Overall  descripfion 

The  overall fold of the  aspartic  proteinases  has been well doc- 
umented  (Bott et al., 1982; James & Sielecki, 1983; Blundell 
et al., 1985). In particular,  the  structure of human pepsin fol- 
lows closely the  structure of  porcine pepsin described previously 
(Sielecki et al., 1990). As was done  for porcine pepsin, the struc- 
ture will be divided into  three  domains (see  Kinemage 1). The 
central domain consists of a six-stranded antiparallel 6-sheet that 
serves as a backbone to the active-site  region of the molecule. 
I t  is made  up of residues Val I-Leu 6, Asp 149-Val 184, and 
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Table 1. Statistics of stereochemical parameters 
- 

Stereochemical parameter 

4-$ in most favored regions of Ramachandran plot 
xI  Dihedral angle (") 

Gauche minus 
Trans 
Gauche plus 

x2 Dihedral angle (") 
Proline 4 torsion angle (") 
Helix 4 torsion angle (") 
Helix $ torsion angle (") 
x3 (S-S bridge) (") 

Right-handed 
Left-handed 

Disulfide bond  separation (A) 
w Dihedral angle (") 
Main-chain hydrogen bond energy (kcal/mol)b 
C a  chirality: { "virtual" torsion angle (") (Ca-N-C-CO) 

Ideal" mean (SD) 

>90% 
~- 

64.1 (15.7) 
183.6 (16.8) 

-66.7 (15.0) 
177.4 (18.5) 

-65.4 (1 1.2) 
-65.3 (11.9) 
-39.4 (1 1.3) 

96.8  (14.8) 
-85.8 (10.7) 

2.0 (0.1) 
180 (5.8) 
-2.03 (0.75) 
33.9  (3.5) 

Native pepsin mean (SD) 

90.2% 

61.5 (10.3) 
184.8 (12.2) 

171.5 (14.8) 
-64.4 (10.9) 

-66.8 (7.4) 
-65.1 (12.2) 
-37.1  (11.9) 

92.9 (22.1) 
-96.2 (0.0) 

2.0 (0.0) 
177.7 (5.6) 
-2.1 (0.8) 
33.9 (1.8) 

Pepstatin:pepsin complex 
mean (SD) 

89.8% 

63.7  (9.4) 
184.4 (11.3) 

173.5 (13.8) 
-64.6 (1 1.5) 

-67.2 (8.8) 
-66.5 (11.2) 
-36.4 (11.8) 

89.0 (17.7) 
-95.1 (0.0) 

2.0 (0.0) 
177.8 (6.2) 
-2.1 (0.7) 
34.0  (1.8) 

a Morris et al. (1992). 
bAs defined by Kabsch and Sander (1983). 

Gln 308-Ala  326. The  N-terminal lobe is composed of residues 
Glu 741x1 148 and the  C-terminal  lobe is made  up of residues 
Thr 185-Arg 307. The lobes consist of orthogonally packed 
@-sheets, with the N- and C-terminal lobes having three and two 
layers, respectively. The overall structure and its division into 
three domains can be appreciated in Figure 5, which shows the 
main-chain atoms with the associated hydrogen bonds. 

Interactions with pepstatin and substrate binding sites 

As observed for other complexes of inhibitors  bound to  aspar- 
tic proteinases, pepstatin adopts  an extended conformation with 

the first statyl hydroxyl oxygen occupying a position in the ac- 
tive site between the carboxyl  groups of Asp 32 and Asp 215. 
This is a  position occupied by a conserved water molecule in 
native structures of  all aspartic proteinases. The hydrogen bond- 
ing pattern between the  inhibitor and  the enzyme (Fig. 6; Ta- 
ble 4) is also well conserved in other structurally determined 
complexes with pepstatin (Suguna et al., 1992; Bailey  et al., 
1993;  Baldwin  et al., 1993). The residues making van der Waals 
contact with the side chains of pepstatin are listed in Table 5 .  
It  should be noted  that designations for Pl', P2', and P3' 
(Schechter & Berger, 1967) are only approximate because the sta- 
tine residue has two  carbon atoms more  compared to a  normal 

Table 2. Statistics of bond length (A) 

Bond Ideala mean (SD) Native pepsin mean (SD) Pepstatin:pepsin complex mean (SD) 

C-N 
Except Pro 1.329 (0.014) 1.328 (0.007) 1.328 (0.008) 
Pro 1.341 (0.016) 1.340 (0.006) 1.342 (0.006) 

c-0 1.23 1 (0.020) 1.228 (0.006) 1.228 (0.006) 

C"-c 
Except Gly 1.525 (0.021) 1.535 (0.009) 1.534 (0.009) 
G ~ Y  1.516 (0.018) 1.535 (0.008) 1.531 (0.01 1) 

C"-C$ 
Ala 1.521 (0.033) 1.530 (0.005) 1.530 (0.008) 
Ile, Thr, Val 1.540 (0.027) 1.540 (0.007) 1.543 (0.009) 
The rest 1.539 (0.020) 1.533 (0.007) 1.534 (0.008) 

N-C" 
Except Gly, Pro 1.458 (0.019) 1.476 (0.007) 1.477 (0.008) 

Pro 1.466 (0.015) 1.478 (0.005) 1.473 (0.005) 
GlY 1.451 (0.016) 1.475 (0.007) 1.477 (0.008) 

a Engh and Huber (1991). 
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Table 3. Statistics of bond angles (") 

Angle Ideala mean (SD) Native pepsin mean (SD) Pepstatin:pepsin complex mean (SD) 

C"-C-N 
Except Gly, Pro 116.2 (2.0) 115.2 (1.7) 115.7 (1.8) 
GlY 116.4  (2. I )  114.9 (1.9) 115.6 (2.1) 
Pro 116.9 (1.5) 115.6 (1.4) 116.4 (1.2) 

0-C-N 
Except Pro 123.0 (1.6) 123.6 (1.1) 123.2 (1.2) 
Pro 122.0 (1.4) 123.4 (0.7) 122.7 (1.0) 

C-N-C" 
Except Gly, Pro 121.7 (1.8) 123.3 (1.4) 122.9 (1.6) 

Pro 122.6 (5.0) 122.7 (1.3) 122.7 (1.2) 
GlY 120.6 (1.7) 123.2 (1.2) 123.2 (1.7) 

ca-C-0 
Except Gly 120.8 (1.7) 120.8 (1.2) 120.7 (1.5) 
GlY 120.8  (2.1) 120.8 (1.2) 120.6 (1.8) 

C f l - P - C  
Ala 110.5 (1.5) 110.0 (1.5) 109.8 (1.7) 
Ile, Thr, Val 109.1 (2.2) 111.1 (2.2) 11 1 .o (2.2) 
The rest 110.1 (1.9) 110.1 (2.1) 110.2 (2.2) 

N-C"-C 
Except Gly, Pro 11 1.2 (2.8) 11 1.3 (2.7) 11 1.0 (2.7) 

Pro 111.8 (2.5) 112.1 (2.3) 112.0 (2.5) 
GlY 112.5 (2.9) 113.0 (2.1) 112.9 (2.5) 

N-C"-CD 
Ala 110.4 (1.5) 109.9 (1.1) 110.3 (1.2) 
[le, Thr, Val 111.5 (1.7) 11 I .5 (2.0)  11  1.6 (2.3) 

The rest 110.5 (1.7)  110.4  (1.6) 110.4 (1.9) 
Pro 103.0(1.1) 105.1 (1.0) 104.9 (1.0) 

a Engh and Huber (1991). 

amino acid residue. Most of the interactions are made with the 
residues P1, P2, and P3. The relatively  large number of contacts 
made by the P3' Sta should be considered with less weight be- 
cause this residue is disordered. The structures of pepstatin 
bound to cathepsin D, rhizopuspepsin,  endothiapepsin, and  to 
human pepsin have been superposed in Figure 7. It shows that 
the inhibitor binds in a very similar conformation to all enzymes 
except for  the extremities. 

I 

-0.8" ....' . .... .... . .. . . . . . -. 

- 1  ' " ' 1 ' ' ' ~ / ' ' ' ' ~ ' ' " ~ ' " '  
0 0.01 0.02 0.03  0.04 0.05 

sin2e/h2 

Changes on binding 

There is a conformational change of pepsin on binding pepsta- 
tin. The  change is relatively small, with an RMS difference in 
the  coordinates of all the a-carbon atoms being 0.33 A after su- 
perposition. Nevertheless, it can be clearly seen as a relative 
movement of the domains to enclose the inhibitor more closely. 
The nature of the movement can best  be appreciated as  an ani- 

Fig. 2. Analysis of coordinate error using a ua plot (Read, 1986). Least-squares lines have been fitted to the solid points. 
A: Native pepsin. B: Pepsin:pepstatin complex. 
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Fig. 3. Real space  fit  (Jones et al., 1991; Jones & Kjeldgaard, 1993) and 
average  B-factor  along  the  polypeptide  chain.  Residues  for  which  the 
occupancies  were set to  zero were given a B-factor of zero  for  the  pur- 
pose  of  this  plot  only. A: Native  pepsin. B: Pepsin:pepstatin  complex. 

Table 4. Intermolecular hydrogen bonds between 
pepsin and pepstatha 

Pepstatin 

Val  12 N  Ser 219 0”’ 2.9 (2.8)’ 
Val I2 0 Ser219 N  3.0  (3.1) 
Val  13 N Thr 77 O y l  3.1 (4.0) 
Val  13 0 Gly 76  N  3.0  (3.5) 

Thr 77 N 3.0 (4.1) 
Sta 14 N Gly217 0 2.9  (3.0) 
Sta 14 OH  Gly217 0 3.5  (3.9) 

Asp 32 0” 2.6  (2.6) 
Asp 215 0” 2.8  (2.8) 
Asp 215 06‘ 3.0  (2.8) 

Sta I4 0 Gly 76 N 3.0  (3.6) 
Ala  I5 N Gly 34 0 2.9 (2.9) 
Ala  I5 0 Tyr 189 On 2.7 (2.2) 
Sta 16 N Thr 74 0 2.9  (3.3) 

~~ ~ 

~ ~~ 

~~ ~ ~- 
~~ 

Pepsin  Distance (A) 

~ -~ 

~~~ ~~ ~~~ ~ - 

~ ~ _ _ _ _ _ ~  ~~ 

~ ~ 

~ ~~ 

a Hydrogen  bonds  have  been  defined  as  those  iateractions  between 
donors  and  acceptors  with  a  distance less than 3.5 A and  an  angle  at  the 
hydrogen  atom (where the  position is unambiguous) of greater  than 110” 
and  the  angle  at  the  acceptor  atom  greater  than  80”. 

Numbers  in  parentheses  are  the  distances  that  pepstatin  would 
make if the  structure of native  pepsin  were  superimposed on  the  com- 
plex structure. 

.” 

Table 5. Inhibitor side-chain van der Waals 
contacts to pepsin 

Inhibitor 

P4 Iva I I  
~- 

p3 Val I2 

P2 Val I3 

PI  Sta I4 

P2’ Ala I5 

P3’  Sta 16 

Total  number 
Enzyme of contacts 

~~ 

Met 12 
Ser 219 
Gln 287 

Met 12 
Thr 77 
Phe 111 
Gly 217 
Ser  219 

Gly 76 
Thr 218 
Gln 287 
Met  289 

Val 30 
Asp 32 
Tyr  75 
Thr 77 
Ile 120 
Gly 217 

Ser 25 
Gly 34 

Thr 74 
Tyr 75 
Gly 76 
Leu 291 

3 

8 

4 

12 

2 

6 

mation (Kinemage l) ,  where the  correlated  movements  are best 
seen. However,  such a representation  suffers because what  one 
perceives as  movement is dependent  on  how  the  superposition 
of the  two molecules is done.  An unbiased  analysis can be made 
with  a difference  diagonal  distance  matrix (Fig. 8). This  plot 
shows  the  absolute values  of the  differences in the  interatomic 
distances between  all a-carbon  atom  pairs. Rigid domains  are 
expected  have  small  values and  movements of one  domain with 
respect to  another will show  up  as high values.  In  either  case, 
it can be seen that  the  C-terminal  domain  makes a large move- 
ment  with  respect to the  rest  of  the  molecule,  whereas  the 
N-terminal and  the central domain move to a smaller extent with 
respect to  each  other.  This  larger  movement  or  the flexibility of 
the  C-terminal  domain  has been noted  for  other  aspartic  pro- 
teinases (Sali et al., 1989, 1992; Abad-Zapatero et al., 1990; Sie- 
lecki  et  al., 1990). In  the  case of penicillopepsin,  the  binding of 
an  inhibitor results  in an  opening  of  the  enzyme with the cen- 
tral  and  C-terminal  domains  moving  together  and  away  from 
the  inhibitor.  For  rhizopuspepsin,  no  movement was reported 
but  an  analysis using animation  as was done with Kinemage 1 
indicates a very small movement  toward  the  inhibitor.  Figure 8 
and Kinemage 1 also indicate that  one of the largest changes oc- 
curs in the region of the  “flap” (residues 71-82). This region also 
undergoes a drastic  reduction in the  B-factor  upon  binding  the 
inhibitor (Fig. 3). The large number of noncovalent interactions 
that this loop  makes with pepstatin  (Tables 4, 5) presumably are 
responsible  for  the  conformational  change  and  the loss of flex- 
ibility. The  different  kinds of movement seen indicate  that  the 
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Fig. 4. Stereogram  showing  the  pepstatin 
molecule  and  its  associated  electron  density. 
Electron  density  was  calculated  with  coeffi- 
cients (2mIF01 - DIF,.I, a,) (Read, 1986) 
and  contoured  at la. 

enzyme is capable  of  adjusting  to  fit  optimally  to  an  inhibitor. 
These  data still do  not  answer  whether  a  particular  conforma- 
tional  change is required  for  catalysis,  as  has been  suggested 
(Fruton, 1976), because  these  movements  are seen  when an in- 
hibitor,  not  a  substrate, is bound. 

Comparison with other human enzymes 

The  amino acid  sequence of human pepsin is compared to those 
of the  other  human  aspartic proteinases as well as  to  that of por- 

cine  pepsin in Figure 9. The  similarities of human  pepsin  to  the 
other enzymes range  from 28% identity with  renin to  53% with 
cathepsin E and 84% with porcine  pepsin.  The  structural simi- 
larities among  the enzymes for which the  structures have  been 
determined  are  summarized in Table 6. It  shows  the RMS devi- 
ations of the equivalent a-carbon  atoms  after superposition with 
the  program 0 (Jones & Kjeldgaard, 1993). The  structural sim- 
ilarity  correlates  with the similarity in the sequences. This would 
imply that  for  the  comparative  model  building of cathepsin E, 
the  structure  of  human pepsin would serve as  the best starting 
point  because  this  has  the highest sequence  identity. 

Fig. 5. Stereogram  showing  the  overall 
structure  of  human  pepsin.  Main-chain 
atoms  are shown with the associated hy- 
drogen  bonds  shown  with  broken lines. 
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Fig. 6 .  Stylized representation of the  po- 
tential hydrogen bonding  interactions 
(dashed) between pepsin and pepstatin. 

Discussion 

Comparison of binding sites with other human enzymes 

There are limited data available for  the specificities of the  hu- 
man  aspartic proteinases and many of these have been summa- 
rized in Table 7. These data have been obtained from binding 
studies of peptide-based inhibitors. 

As a  starting  point in trying to rationalize the binding data 
in structural  terms, solvent-accessible surfaces were calculated 
(Kleywegt & Jones, 1994) and displayed as chicken wire repre- 
sentations using 0 (Jones & Kjeldgaard, 1993) for the  three  hu- 
man enzymes, pepsin,  renin, and cathepsin D, for which the 
structures are known (Fig. IO). It is immediately obvious that 

the binding sites form a continuous tube  and  that separate pock- 
ets for each subsite cannot easily  be discerned. In addition, what 
may be called sites SI and S3 communicate with each other  and 
likewise for sites S2 and SI'. This implies that  the specificity at 
S3, for example, will depend on the residue at P1. The dangers 
of assuming independence of  binding  sites  have  been pointed out 
recently for  the case of inhibitor binding to renin (Epps et al., 
1990). Such dependence could also result if binding at one site 
affects the  conformation of the inhibitor in such a way as to 
modify the binding at another site. Another consequence of the 
ill-defined binding sites is that a  particular residue can bind in 
more than one conformation. This has actually been observed 
for  the P2 residue where different  conformations of a histidine 
residue have been observed in inhibitor complexes with endo- 

Fig. 7. Stereogram showing the superposition 
of structures of pepstatin  bound to pepsin 
(thick lines), to endothiapepsin (Bailey  et al., 
1993), to rhizopuspepsin (Suguna  et al., 1992), 
and  to cathepsin D (Baldwin et al., 1993). 
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Table 6. Structural alignments" 
-~ ~ ~~~~ .~ ~ _ _ ~  . -  ~ ~~~ ~ ~ ~. ~ ~ _ _  -. ~- ~ .~___ 

Porcine 
Pepsin:  Renin  Cathepsin  D  pepsin 

Pepsin  pepstatin  (Irne)  (Ilyb)  (4pep) 
~ _ _ _ _ _ "  

Pepsin 
~ "" 

0.33 1.43 1.10 0.60 
(326) (311) (315) (325) 

Pepsin:pepstatin 100% I .35 I .06 0.65 
(31 I )  (321) (325) 

Renin 28%  28% 1.15 I .44 
(3 15) (304  

Cathepsin  D 34%  34%  38% 

Porcine  pepsin 84%  84%  34%  41% 
~~~ ~~ 

~ .___ ~ " 

a Upper  triangle  shows  RMS  deviations (A) and  number of a-carbon 
atoms  superimposed in parentheses.  Lower  triangle gives the  sequence 
homology in terms of percent  identity. 

" ~ 

thiapepsin  and with rhizopuspepsin  (Foundling et al., 1987; 
Suguna et al., 1992). 

The visual inspection  of the accessible surfaces  also  shows that 
pepsin and  cathepsin D are very similar, with cathepsin D hav- 
ing a slightly larger S3. Renin, on  the  other  hand,  has a much 
larger S3 and  smaller SI' than  either pepsin or cathepsin D. 

Hydrophobic residues are  preferred by all the enzymes at P 1. 
Renin  prefers  large  hydrophobic residues, whereas all the  oth- 
ers except gastricsin  bind  smaller  hydrophobic residues better. 
Gastricsin  has a  mixed  specificity at P1 favoring  Phe  over Leu 
but  not  over a cyclohexylalanyl residue. Valine at  position 120 
in human renin compared to isoleucine in the  other enzymes  al- 
lows this enzyme  to  accommodate larger residues at PI. It is not 

' q  -40 

' .* 

60 

Fig. 8 .  Difference  distance plot. Each  point  represents  the  absolute 
value of the  difference in the  distance between the  ith andjth  a-carbon 
atom  coordinates in the  native  and  the  complex  structures  (i.e., 
Id,,,(native) - d;.,(complex)l). The  darker  the  points,  the  larger  the 
magnitude in the  difference. 

clear  how the mixed specificity of gastricsin arises. The only  dif- 
ference in this region would be the  Asn  at  position I 1  1 that re- 
places a Phe in pepsin,  but it is not evident how these changes 
could result  in the  observed PI specificity of  gastricsin. 

As  mentioned above,  the multiple conformations observed for 
P2  residues in several of  the  inhibitors  make  the analysis of  the 

Table 7. Enzyme specificities" 

P3 

Pepsin  Ala >> Phe' 

Gastricsin Phe > Ala (slight preference)' 

Renin Phe >> Alah 

Cathepsin  D  Phe >> Ala' 
Ile > Alad 

Cathepsin E Phe >> Ala' 

~~ . ~ __ ~~ 

a CH,  cyclohexylalanyl. 
Jupp et al. (1990). 
Baxter et al. (1990). 
Scarborough et al. (1993). 

P2  PI  
____ ~~~ ~ 

Tyr >> Ala >> His' 
Phe >> His' Leu > C H h  
Val >> Phe > Glu >> Ala >> Lysc 

Tyr = Ala >> His' Phe > Leu > CH' 
Phe >> His' Leu >> CHh 
Glu >> Lys r, Ala > Phe >> Val (pH 1.7F 
Lys > Lys >> Ala > Phe >> Val (pH 4.5)' 

His >> Tyr >> Ala' CH >> Phe >> Leu' 
His >> Phe' CH >> Leu' 

His > Ala >> Tyr' Leu > CH >> Pheh 
His >> Phe' Leu >> CH' 
Leu > Glu > Ile > Ala > Val > Ser > Asp > Gln > Arg > Lys > Hisd 
Leu > Glu > Asp > Ala > Ser > Arg > Lysd 

Tyr = Ala >> His' CH > Leu > Phe' 
Phe >> Hish Leu >> CH' 

. " 

Leu >> Phe > CH' 

___-  
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PP 
hP 
ga 
rn 
cd 
ce 

PP 
hP 
ga 
rn 
cd 
ce 

PP 
hP 
ga 
rn 
cd 
ce 

PP 
hP 
ga 
rn 
cd 
ce 

PP 
hP 
ga 
rn 
cd 
ce 

PP 
hP 
ga 
rn 
cd 
ce 

"""""_ IGDEPLENYLDTEYFGTIGIGTPAQDFTVIFDTGSSNLWVPSVYCSSL- 
"-"""" VDEQPLENYLDMEYFGTIGIGTPAQDFTWFDTGSSNLWVPSVYCSSL- 
-"""--" SVTYEPMAYMDAAYFGEISIGTPPQNFLVLFDTGSSNLWVPSVYCQSQ- 
_"" LTLGNTTSSVILTNYMDTQYYGEIGIGTPPQTFKWFDTGSS~PSSKCSRLY 
-"""--_ GPIPEVLKNYMDAQYYGEIGIGTPPQCFTWFDTGSSNLWVPSIHCKLLD 
IQFTESCSMDQSAKEPLINYLDMEYFGTISIGSPPQNFTVIFDTGSSNLWVPSVYCTSP- 

* * *  * . *  * * * . *  * * * . * * * * * * * * * * * *  * 
1 10 20 30 40 

-ACSDHNQFNPDDSSTFEATSQELSITYGTGSMTGILGYDTVQVGGISDT-----"--- 
-ACTNHNRFNPEDSSTYQSTSETVSITYGTGSMTGILGYDTVQVGGISDT---------- 
-ACTSHSRFNPSESSTYSTNGQTFSLQYGSGSLTGFFGYDTLTVQSIQVP---------- 
TACVYHKLFDASDSSSYKHNGTELTLRYSTGTVSGFLSQDIITVGGITVT---------- 
IACWIHHKYNSDKSSTYVKNGTSFDIHYGSGSLSGYLSQDTVSVPCQSASSASALGGVKV 
-ACKTHSRFQPSQSSTYSQPGQSFSIQYGTGSLSGIIGADQVSVEGLTW---------- 

* *  * . * * .  . . * . * . . . *  * . *  
50 60 70 80 90 

-NQIFGLSETEPGSFLYYAPFDGILGLAYPSISASGATPVFDNLWDQGLVSQDLFSVYLS 
-NQIFGLSETEPGSFLYYAPFDGILGLAYPSISSSGATPVFDNI~QGLVSQDLFSVYLS 
-NQEFGLSENEPGTNFVYAQFDGIMGLAYPALSVDEATTAEGALTSPVFSVYLS 
--QMFGEVTEMPALPFMLAEFDGWGMGFIEQAIGRVTPIFDNIISQGVLKEDVFSFYYN 
ERQVFGEATKQPGITFIAAKFDGILGMAYPRISVNNVLPVLMQQKLVDQNIFSFYLS 
-GQQFGESVTEPGQTFVDAEFDGILGLGYPSLAVGGVTPVFD~QNLVDLPMFSVYMS 

* * *  * * * * * . . * .  . . .  . . * *  x 

100 110  12 0 130 140 150 

SND--DSGSWLLGGIDSSYYTGSLNWVPVSVEGYWQITLDSITMDGET-IACSGGCQAI 
ADD--QSGSWIFGGIDSSYYTGSLNWVPVTVEGYWQITVEG~QITVDSIT~GEA-IACAEGCQAI 
NQQG-SSGGAWFGGVDSSLYTGQIYWAPVTQELYWQIGIEEFLIGGQASGWCSEGCQAI 
RDLG----GQIVLGGSDPEHYEGNFHYINLIKTGVWQIQMSVGSST-LLCEDGCLAL 
RDPDAQPGGELMLGGTDSKYYKGSLSYLNVTRKAYWQVHLSGL-TLCKEGCEAI 
SNPEGGAGSELIFGGYDHSHFSGSLNWVPVTKQAYWQIALDNIQVGGTV-MFCSEGCQAI * * *  * *  . .  * *  * . * * * .  . 

160 170 180 190 200 210 

VDTGTSLLTGPTSAIANIQSDIGASENSDGEMVISCSSIDSLPDIVFTIDGVQYPLSPSA 
VDTGTSLLTGPTSPIANIQSDIGASENSDGD~SCSAISSLPDIVFTINGVQYPVPPSA 
VDTGTSLLTVPQQYMSALLQATGAQEDEYGQFLVNCNSIQNLPSLTFIINGVEFPLPPSS 

VDTGTSLMVGPVDEVRELQKAIGAVPLIQGEYMIPCEKVSTLPAITLKLGGKGYKLSPED 
VDTGTSLITGPSDKIKQLQNAIGAAP-VDGEYAVEC~L~PDVTFTINGVPYTLSPTA 
* * * * . *  . * , *  . . *  . .  

VDTGASYISGSTSSIEKLMEALGAKK-RLFDYWKCNEGPTLPDISFHLGGKEYTLTSAD 

. .  * *  
220 230  240  250  260 270 

YILQDDDS----CTSGFEGMDVPTSSGE-LWILGDVFIRQYYTVFD~KVGLAPVA-- 
YILQSEGS----CISGFQG"LWILGDVFIRQYFTVFD~~QVGLAPVA-- 
YILSNNGY----CTVGVEPTYLSSQNGQPLWILGDVFLRSYYSVYDLGNNRVGFAT~-- 
YVFQESYSSKKLCTLAIHAMDIPPPTGP-TWALGATFIRKFYTEFDRRNNRIGFALAR-- 
YTLKVSQAGKTLCLSGFMGMDIPPPSGP-LWILGDVFIGRYYTVFDRD~RVGFAE~RL 
YTLLDFVDGMQFCSSGFQGLDIHPPAGP-LWILGDVFIRQFYSVFDRGNNRVGLAPAVP- 
* * * * * *  * .  . . .  . * * * *  . *  * 

280 290  300 310 320 

Fig. 9. Sequence  alignment of hu- 
man  aspartic proteinases and porcine 
pepsin. The multiple  alignment was 
done with the  program CLUSTALV 
(Higgins  et  al., 1992). pp,  porcine 
pepsin  (Tang  et al., 1973; Moravek 
& Kostka, 1974); hp,  human pepsin 
(Sogawa  et  al., 1983); ga,  gastricsin 
(Hayano et al., 1988); rn, renin (Imai 
et  al., 1983); cd,  cathepsin D (Faust 
et  al., 1985); ce, cathepsin E (Azuma 
et al., 1989). 

specificity at this  position more difficult. The specificity for histi- 
dine  at this  position by renin is assured by the hydrogen  bonding 
interactions  made  from  the  imidazole  to  Ser 76 and  to  Ser 222. 
Position 76 is occupied by glycine in  all  the  other  enzymes,  and 
residue 222 is a threonine except  in cathepsin D where it is a va- 
line. In  order  for  the  threonine  to  make  the  equivalent  hydro- 
gen bond, it would  have to  adopt  an  unfavorable  conformation. 
The possibility of  multiple  conformations  may be responsible 
for  the  surprising mix of specificities observed  for  some  cases. 
For  example,  the  ability  of  gastricsin  and  cathepsin D to  bind 
both a charged  residue  and a hydrophobic  residue  at  this  posi- 
tion indicates that these residues may be interacting with the en- 

zyme in different ways. From  the  analysis  of  the accessible 
surface  area  and  similarity  in  sequence,  one  may expect  a  simi- 
lar  P2 specificity for  pepsin  and  cathepsin D and E. It is diffi- 
cult to  pinpoint  the  cause  of  the  rather  different  profile  for 
cathepsin D. One possibility is that in  cathepsin D, the S2  region 
packs  against a loop  containing  Gln 242 and  Glu 244,  which is 
disordered in pepsin.  The  acceptance  of  charged  residues  at  P2 
in  gastricsin may be aided by the presence of  threonine  at  posi- 
tion 289 that is either a methionine or a  leucine  in the  other  en- 
zymes (Fig. 9). 

The  data  for  the specificity at S3 are  more  straightforward  to 
interpret.  The  preference  exhibited by pepsin for  alanine over 
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Fig. 10. Stereograms  showing  the  solvent-accessible  surfaces  of (A) pepsin, (B) cathepsin D, and (C) renin.  The  molecule  of 
pepstatin as bound to pepsin is shown  as  a  reference  in  all  the  figures.  Molecules  of  cathepsin D and renin  were  superposed on 
the  structure of pepsin  using  the  program 0 (Jones & Kjeldgaard, 1993) to  facilitate  the  comparison. 

phenylalanine is due  to  Phe 11 1 ,  which limits severely the size group. Nevertheless, the SI’ site should be in the  neighborhood 
of  this  binding site. In  the  other enzymes, there is a  smaller res- of  the  carbonyl oxygen atom of the  central  Sta;  the  Ala  and  the 
idue  (Asn,  Thr, or Pro) at  this  position,  allowing for the  bind-  Sta  residue  that  follow  should  occupy  the S2’ and S3’ sites, re- 
ing of a larger  hydrophobic  residue. spectively. As  was  pointed  out  previously,  the S1’ site in  renin 

The  binding sites that  are  C-terminal to the scissile bond  are is much smaller than in the  other enzymes (Fig. IO) and this cor- 
not well defined by the  interactions with pepstatin  due  to  the ex- responds well with  the presence of valine at  this  position in  its 
tra  two  carbon  atoms inserted along  the main chain of the  statyl  natural  substrate,  angiotensinogen. 
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Other isoforms 

Human pepsin is known to consist of up  to  four isoforms with 
differing enzymatic properties (Tarasova et  al., 1994). The re- 
ported  substitutions  of Gln 160 to Lys, Asn  230 to Lys, and 
Ala 203 to  Thr  are  not likely to modify the specificity of pep- 
sin because these changes are located far from the binding sites. 
The  third  changes, Leu 291 to Val  will likely affect the specific- 
ity at S3' and perhaps also at Sl'. All  genetically  evolved isoforms 
of pepsin can be phosphorylated at Ser 68. In either the native 
or  the complexed pepsin structure determined  here,  there is no 
evidence  of a phosphate group attached to this  serine. Phosphor- 
ylation probably  does not influence the activity because its lo- 
cation is far  from  the active site. 

Materials and methods 

Materials 

Human pepsin was obtained  from  stomach  mucosa, essentially 
as described previously (Tarasova et al., 1994). Stomachs were 
obtained  during dissection no later than 3  h after death certifi- 
cation and kept at -70 "C before use. To  start the  purification, 
the stomachs were thawed at  room temperature.  Mucosa was 
separated with scissors; the tissue was homogenized with 4 vol- 
umes of 0.02 M Tris-HC1 buffer,  pH 7.2, and centrifuged at 
50,000 X g. Pepsinogens were batch-absorbed  on  DEAE- 
cellulose DE-23 (Whatmann)  and eluted in a column with 0.5 M 
NaC1. The zymogen peak was passed through  Cibacron Blue 
2GA-agarose to remove the main contaminant, serum albumin, 
and dialyzed against 0.02 M  Tris-HCI, pH 7.2. The  mixture of 
pepsinogens and progastricsin was obtained after chromatog- 
raphy on DEAE-cellulose DE-52 with elution in a  gradient of 
0-0.5 M NaCI. The zymogens were dialyzed against water and 
freeze-dried. For  activation, pepsinogens were dissolved in dis- 
tilled water to give a  concentration of 3 mg/mL and  the  pH was 
adjusted to 3.0 with 1 M HCl.  After incubation for 15 min at 
37 "C, the  pH was brought to 5.0 with 1  M  Na  acetate and  the 
protein was dialyzed against 0.02 M piperazine-HC1, pH 5.0. Fi- 
nal purification of isoforms was achieved by FPLC  on a  1 X 

20-cm MonoQ column in a  gradient of 0.15-0.3 M NaCl in 

Table 8. Data collection parameters 

0.02 M piperazine-HC1 buffer,  pH 5.0. Three  major  isoforms 
were isolated, designated Pn3a,  Pn3b,  and Pn3c (Peek et al., 
1989). The major isoform Pn3b was used for crystallization. 

Pepstatin was obtained  from Sigma (St. Louis, Missouri; lot 
128F-0666). 

Crystallization 

The crystals of human pepsin A were obtained by the hanging 
drop technique at room  temperature with (NH4)2S04 as the 
precipitant. Drops of pepsin solution (5 pL) at a  protein con- 
centration of 20 mg/mL in water were  mixed  with the well solu- 
tion (2.5 pL) containing 40% saturated  (NH&S04 in  100  mM 
Na acetate, pH 5.0, and  5% 2-methyl-2,4-pentanediol. Crystals 
appeared  after approximately 1 week and grew in a few days to 
a maximum size of 1.2 x 0.4 X 0.2 mm. 

For crystallization of the enzyme:pepstatin complex, 10 pL 
of pepsin solution in water at a concentration of 20 mg/mL were 
mixed with 2 pL of 5 mM pepstatin  solution in methanol. The 
crystals of the pepsin:pepstatin complex grew in the same  con- 
ditions as described above for  the pepsin. They reached a size 
of 1.5 x 0.4 x 0.2 mm and were isomorphous with native crys- 
tals. The unit cells and space group  are given  in Table 8. 

Data collection 

Intensity data were collected on a  San Diego multiwire detec- 
tion system (Xuong et al., 1985) and the  parameters of the ex- 
periment are shown in Table 8. The data were processed using 
the San Diego software (Howard et al., 1985). Figure 11 shows 
the completeness of the  data collected as a  function of resolu- 
tion. It also shows the completeness of the data  for reflections 
with Z > 3a(Z). 

Structure solution and refinement 

The structure  solution was achieved by the method of molecu- 
lar replacement (Rossmann, 1972), using as the search model, 
the structure of porcine pepsin (Sielecki et al., 1990). The fast 
rotation  function  (Crowther, 1972), as implemented in the pro- 
gram  almn in the  CCP4 suite (CCP4, 1994), was  used to obtain 

Crystal Native pepsin Pepsin:pepstatin complex 

Number of crystals used 1 1 

Resolution of data collected 1.78 A 1.97 A 

Total number of reflections collected 99,655  166,144 

Number of unique reflections 33,057  31,184 

Merging R 

Space group 

Cell parameters 

7.5% 

p21212, 

a = 71.97 A 
b = 151.59 A 
c = 41.15 A 

5.4% 

p212121 

(I = 72.07 A 
b = 150.97 A 
c = 40.85 A 

a X-ray source: Rigaku RU-200 rotating anode X-ray generator, 40 kV, 150 mA; graphite monochromated  Cu KCY; 0.7-mm  collimator. 
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pepsin:pepstatin,  measured 
""" ". pepsin:pepstatin, I > 3 o( l )  

0 
5.5  5  4.5 4 3.5 3 2.5  2  1.5 

resolution (A) 

Fig. 11. Completeness of data is shown as a  function of resolution.  The 
plot  also  shows  the  percentage  of  reflections  with I > 30(I ) .  

the  rotational parameters. Data between 30 and 2.5 A were  used 
with the integration limits of 4-20 A. The highest peak was ob- 
tained at 7.1 u above the mean with the second highest peak be- 
ing 3.80 above  the mean. The  translational  parameters were 
obtained using the program  BRUTE  (Fujinaga & Read, 1987). 
The searches  were done as two sectional searches  using the screw 
symmetries in x and z directions. The translational search  results 
are summarized in Table 9. 

Structure refinement was done using the crystallographic ex- 
tension  to  GROMOS (van Gunsteren & Berendsen, 1987; 
Fujinaga et al., 1989). Rounds of refinement interspersed with 
manual model refitting using FRODO (Jones, 1978) were per- 
formed. For the pepsin crystal, all data between 30 and 2.2 A 
resolution were used, whereas for the pepsin:pepstatin complex, 
data between 30 and 2.0 A were used. 
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