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Structure of a Pepsin/Renin Inhibitor Complex Reveals a Novel Crystal Packing 
Induced by Minor Chemical Alterations in the Inhibitor 
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Abstract 

The structure determination by molecular replace- 
ment methods of a monoclinic pepsin/renin inhibitor 
complex crystal, with two molecules in the asym- 
metric unit, is presented. The atomic model, consist- 
ing of two liganded pepsin molecules and 110 water 
molecules, has been refined to a final crystallographic 
R value of 0.139 for data between 8 and 2.9 A 
resolution. The structure reveals a previously 
undescribed pepsin dimer formed predominantly by 
polar interactions. Inhibitor binding induces global 
structural changes in the native enzyme similar, but 
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not identical, to the ones observed in other chemi- 
cally similar pepsin/renin inhibitor complexes crys- 
tallized in an orthorhombic form. A region of the 
polypeptide chain (residues 292-297) which was not 
visible in the orthorhombic crystal is well ordered in 
the presently described structure; possibly induced by 
crystal contacts. The crystal packing of native pepsin 
is compared with the two different crystal forms of 
the inhibited enzyme. 

Introduction 

Pepsin belongs to the class of enzymes known as 
aspartic proteinases. Members of this class are wide- 
spread in nature and are responsible for a myriad of 
important commercial and biomedical processes 
(Kostka, 1985; Davies, 1990). Renin is a particularly 
interesting example of the group because of its role 
in the first, and limiting, step of the angiotensin- 
angiotensinogen cascade, which regulates hyperten- 
sion in higher organisms. Highly purified renin from 
mammalian or recombinant sources has been difficult 
to obtain in large quantities and therefore porcine 
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pepsin has been used as a valuable model for the 
design of drugs controlling hypertension because of 
the high sequence identity (39%) (Sham, Bolis, Stein, 
Fesik, Marcotte, Plattner, Rempel & Greer, 1988; 
Bolis & Greer, 1989; Hutchins & Greer, 1991). 

Crystallographic studies of pepsin and several 
fungal enzymes of this class (Andreeva, Fedorov, 
Gustchina, Riskulov, Safro & Shutzkever, 1978; 
Hsu, Delbaere, James & Hofmann, 1977; James & 
Sielecki, 1983; Suguna, Bott, Padlan, Subramanian, 
Sheriff, Cohen & Davies, 1987; Blundell, Jenkins, 
Pearl, Sewell, Cooper, Tickle, Veerapandian & 
Wood, 1990) established the fold of the approxi- 
mately 330-residue polypeptide. It revealed a bilobal 
structure containing an approximate intramolecular 
dyad comprising a core of approximately 70 residue 
pairs with an r.m.s, deviation of 2.4A (Abad- 
Zapatero, Rydel & Erickson, 1990; Sielecki, 
Fedorov, Boodhoo, Andreeva & James, 1990). Each 
core contributes an essential aspartic acid residue to 
the catalytic site implying that the eukaryotic aspar- 
tic proteinases evolved by gene duplication of a 
primordial gene (Tang, James, Hsu, Jenkins & 
Blundell, 1978). This hypothesis has received further 
support by the structural characterization of two 
retroviral proteases which exist as dimers of identical 
subunits of approximately 100 residues each (Miller, 
Jaskolski, Rao, Leis & Wlodawer, 1989; Navia, 
Fitzgerald, McKeever, Leu, Heimbach, Herber, 
Sigal, Darke & Springer, 1989; Wlodawer, Miller, 
Jaskolski, Sathyanarayana, Baldwin, Weber, Selk, 
Clawson, Schneider & Kent, 1989) and which are 
structurally closely related to the larger monomeric 
enzymes (Rao, Erickson & Wlodawer, 1991). An 
intradomain pseudodyad was also found (Blundell, 
Sewell & McLachlan, 1979; Andreeva & Gustchina, 
1979) within each lobe, relating 26 equivalent C,, 
pairs in the amino domain with an r.m.s, deviation 
of 2.4A, but only 23 pairs (r.m.s. 2.7A) at the 
carboxy end (Abad-Zapatero, Rydel & Erickson, 
1990). 

During the last decade a great deal of effort has 
been directed to the design of renin inhibitors based 
on the knowledge obtained from the comparative 
modeling of aspartic proteinases and from the crys- 
tallographic analysis of several enzyme/inhibitor 
complexes, using the known structure of the fungal 
enzymes (Hutchins & Greer, 1991). No crystal struc- 
ture of a renin/inhibitor complex has yet been 
reported. However several high-resolution crystal 
structures of endothia pepsin/renin inhibitor com- 
plexes have been determined (Blundell, Cooper, 
Foundling, Jones, Atrash & Szelke, 1987; Foundling, 
Cooper, Watson, Cleasby, Pearl, Sibanda, Hem- 
mings, Wood, Blundeil, Valler, Norey, Kay, Boger, 
Dunn, Leckie, Jones, Atrash, Hallett & Szelke, 
1987; Sali, Veerapandian, Cooper, Foundling, 

Hoover & Blundell, 1989; Veerapandian, Cooper, 
Sali & Blundell, 1990). More recently the structure of 
an orthorhombic crystal form of pepsin/renin inhibi- 
tor complexes has been determined and refined to 
1.8 A resolution (Abad-Zapatero, Rydel, Neidhart, 
Luly & Erickson, 1992). 

An extensive analysis of the mode of binding of 
renin inhibitors to pepsin has been hindered by the 
existence of two separate crystal forms (Table 1). 
One form is orthorhombic (P2,2,2,) with cell con- 
stants a = 124.0, b = 65.0 and c = 36.2 A and one 
molecule of the pepsin/inhibitor complex in the 
asymmetric unit. Two structures of this class have 
been reported recently (Abad-Zapatero, Rydel, Neid- 
hart, Luly & Erickson, 1992) allowing an initial 
analysis of the mode of inhibitor binding and of the 
conformational changes induced by ligand. A mono- 
clinic crystal form (P2,, unique axis c, a = 54.0, b = 
74.3, c = 76.7/k, y = 100.89 with two molecules in 
the asymmetric unit was obtained almost simultane- 
ously, using similar crystallization conditions with 
inhibitors lacking an iodine at the P3 position (Table 
1, Fig. 1). 

This paper presents the structure determination of 
a pepsin/A62095 complex in the second crystal form 
by molecular replacement methods (Rossmann, 
1972). The structural alterations induced in the 
native protein by inhibitor binding are discussed and 
compared with the rearrangements observed in the 
orthorhombic pepsin/inhibitor complex. A brief 
discussion of the inhibitor binding is presented and 
the noncrystallographic dimer which forms the basic 
building unit of the crystal is described. The crystal 
packings of the two different crystal forms found in 
pepsin/inhibitor complexes are compared with each 
other as well as with native pepsin. 

Materials and methods 

Crystallization 

Porcine pepsin was obtained from Sigma Chemical 
Co. and prepared as described previously (Abad- 
Zapatero, Rydel & Erickson, 1990). Crystals of the 
enzyme/inhibitor complex were obtained by a small 
modification of the protocol used to grow crystals of 
the native enzyme (Andreeva, Zdanov, Gustchina & 
Fedorov, 1984; Abad-Zapatero, Rydel & Erickson, 
1990). The enzyme was dissolved in distilled water at 
approximately 20 mg ml I, adjusted to pH 2.0, and 
ethanol added to a concentration near 20% (v/v: 
ethanol/water). A concentrated ethanol solution of 
the inhibitor A62095 (Fig. 1) was added to achieve a 
stoichiometric enzyme/inhibitor ratio slightly over 
1:1. The crystals grew in a few days as prismatic 
rods, frequently aggregated. They were characterized 
by precession photography as monoclinic, with cell 
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Table 1. Crystal data of pepsin and its complexes with renin inhibitors 

Pepsin -~ A62095" + A61963" + A63218" + A66702" 
Space group P2, P2~ P2L P'2,2~2~ P2~2~2t 
a (A) 55.2 54.1 54.1 123.9 124.0 
b (A) 73.6 74.4 74.4 64.9 65.0 
c (A) 36.4 76.5 76.7 36.2 36.2 
y ( ) 104.0 100.8 100.8 
Volume (A~) 143 500 302 500 303 250 291 100 291 800 
Solvent content (%) 42 46 46 41 41 
Z 2 4 4 4 4 
Asymmetric unit Monomer Dimer Dimer Monomer Monomer 
Resolution (,/~) 2.3"t" 2.9"t" 2.9"t" 2.2 1.8 

* The structures corresponding to these c o m p o u n d  numbers  are presented in Fig. 1. 
t Available data,  not limit of  diffract ion pattern.  

constants a = 54.0, b = 74.3, c = 76.7 ,~ and y = 
100.8 ~ (c axis unique) and diffracting to at least 
2.9 A. The volume of the unit cell was essentially 
double that of the unit cell of the monoclinic native 
pepsin (Table 1), and therefore strongly suggested 
the presence of two pepsin/inhibitor complexes per 
asymmetric unit. 

Data collection and processing 

Data were collected using a Rigaku AFC-5 dif- 
fractometer, equipped with a graphite crystal mono- 

P3 P2 P1 PI' 

H o ~ H  OH"~  ov. 
Etoc-Leu-Leu-[C ha aminodiol] 0._..~ H ~ OH 

H o ~ H  OH"'~ 

Etoc-(4-1-Phe)-Leu-[Cha aminodiol ! H OH 

' H o ~ OH'r  ~ 

Eto~-I4-.P.eI-Leu-tLe~ arnino~.~,l ~ " O___~ 6H 

/ - - .  
I 

P3 P2 P1 PI' 

Fig. 1. Schematic representat ion of  the structure o f  several renin 
inhibitors co-crystallized with porcine pepsin. The  lattice ccll 
parameters  for the crystals of  the different complexes are pre- 
sented in Table  i. 

chromator and evacuated tunnel to reduce air 
scattering. A Rigaku RU-200 rotating anode, 
operated at 50 kV and 80 mA, was used as the X-ray 
source. Data were collected using the w-scan 
technique as described for the crystals of native 
pepsin (Abad-Zapatero, Rydel & Erickson, 1990). 
Background-corrected intensities were reduced to 
structure factors after applying Lorentz and polari- 
zation corrections as implemented by the integrated 
data-collection software TEXSAN (Molecular Struc- 
ture Corporation, 1989). Crystal decay was moni- 
tored by measuring a set of seven reflections 
throughout the course of data collection at regular 
intervals, typically after a block of 300 reflections. 
Decay was computed as a function of both time and 
resolution by fitting the structure factors to a linear 
function of time, multiplied by an exponential decay 
curve. Maximum observed decay ranged from 10 to 
25% for the low- and high-resolution standard 
reflections, respectively. The decay correction was 
computed from the least-squares-fitted equation and 
applied to each reflection. An absorption correction 
was applied after fitting a symmetrical curve to the 
W-scan measurements. Further data processing was 
carried out using the program PROTEIN 
(Steigemann, 1974). 

Crystals were soaked in 1 and 10 mM HgCI42 for 
7 days in attempts to prepare heavy atoms similar to 
the ones used in the original structure solution of 
pepsin (Andreeva, Zdanov, Gustchina & Fedorov, 
1984). The lower concentration soak did not ex- 
hibit any isomorphous changes and the high- 
concentration mercury derivative showed weak 
differences but the difference Patterson was not 
interpretable. 

An initial 3 A data set was collected from a thin 
(0.4 x 0.4 x 0.15 mm) crystal consisting of 13 550 
measurements which was reduced to only 7302 (F > 
3o) independent reflections because of severe 
radiation damage. Data were also collected from a 
larger crystal (0.5 x 0.5 x 0.3 mm) soaked in 
1 m M  HgC12- for 7 days. A total of 13 404 reflec- 
tions were collected which reduced to 11 751 (97% of 
theoretically possible to 3 A resolution) reflections 
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with an internal agreement of 5.4% for 926 
symmetry-equivalent reflections. Scaling of this 
putative HgCI4 z derivative to native showed that 
there had been no substitution and therefore these 
data were considered as native and merged in the 
final native data set. The 2.9 A resolution data set 
was recollected from a freshly grown complex crystal 
(0.3 × 0.4 × 0 .4mm) starting from the high- 
resolution shell and progressing towards the lower 
resolution. This set consisted of 13 460 observations 
which reduced to 12 353 unqiue reflections with an 
Rsy m = 3.4%. 

Merging of these three sets together showed that 
the best joint data set was obtained by merging only 
sets 2 and 3 to include 24 379 observations for 11 951 
unique reflections with a n  Rmerg e = 4.4%. This set 
comprised 11 951 reflections out of 13 736 possible 
(87%) within the 2.9/~ resolution sphere (95% com- 
plete to 3/k resolution). This set was used in the 
structure solution by molecular replacement. 

Structure determination 

The rotation and translation function searches 
were performed using the program packages 
M E R L O  T (Fitzgerald, 1988) and RO TRA N (Craven, 
1975). The self-rotation function had two peaks: (i) a 
broad peak at the x - - 4 0  section, approximately 
parallel to the crystallographic h axis (Fig. 2a); (ii) 
another, very sharp peak in the x = 180' section, on 
a plane perpendicular to the b axis and inclined 19.¢: 
with respect to the crystal c axis (Fig. 2b). These two 
peaks are related by the crystallographic 21 screw 
along c and either of them, independently, confirmed 
the presence of two pepsin molecules in the asym- 
metric unit. 

The search model consisted of all atoms of the 
well-refined pepsin/A66702 complex (R = 0.170 at 
1.8 A resolution; Abad-Zapatero,  Rydel, Neidhart, 

J 
/ 

\ 

• ~ . . . . _ ~ ,  . . . . . . . . .  

÷a 

(a) 

~, 

(o) 

Fig. 2. Stereographic  project ion o f  the best sell-rotation funct ion 
results for the pepsin/A62095 complex obtained using an inte- 
grat ion radius o f  30 A and resolution limits between 8 and 4 ,~. 
(a) x = 40 ', (h) x = 180 . The  origin peak, along thc crystallo- 
graphic c axis (x = 180 :, ~, = 0 ' )  in (h), is 50. Solid line con tours  
are drawn at intervals corresponding to 10% of  the origin. 

Table 2. Cross-rotation ./'unction results .['or search 
model (I) 

(a) Resolut ion limits: 8-5 A,; integration radius: 29.0 A 

Peak rank ot ( )  /3 ( )  y ( ')  Height 
I 142.50 50.00 145.00 100.0 (8.1o-) 
2 42.50 160.00 5.00 79.0 (6.4o-) 
3 37.50 160.00 0.00 77.8 (6.3o-) 
4 47.50 160.00 10.00 77. I (6.2o-) 
5 32.50 160.00 355.00 73.0 (5.9o.) 
6 144.45 84.47 126.51 71.2 (5.70-) 
7 142.23 61.55 131.87 69.7 (5.6o-) 
8 57.50 160.00 20.00 67.6 (5.4o-) 
9 27.50 140.00 335.00 65.3 (5.3o-) 

(b) Resolut ion limits: 8-4 A; integration radius: 23.0 A 
Peak rank a ( )  /3 (:) y ( )  Height 

1 137.50 50.00 150.00 100.0 (6.3o-) 
2 145.75 86.14 126.59 81.8 (5.1o-) 
3 I 15.00 155.00 115.00 70.0 (4.4o-) 
4 24.71 95.41 19.42 69.5 (4.4o.) 

Table 3. Cross-rotation function results jor search 
model (II) 

Resolution limits: 8 4 A; integrat ion radius: 23.0 A. 

Peak rank a ( ) /3 ( ) ~' ( ) Height 
1 72 0.00 0.00 0.00 100.0 (6.0o-) 
73 175.00 40.00 185.00 79.6 (4.8o-) 
74 0.00 40.00 180.00 67.0 (4.0o-) 

75 79 60.00 175.00 255.00 67.0 (4.0o-) 
80 80.00 45.00 85.00 66.4 (4.0o-) 

Luly & Erickson, 1992) except the iodo-Phe side 
chain of A66702 (Leu in A62095, Table 1). It was 
placed in an arbitrary 160 x 160 x 160/~, PI orthog- 
onal unit cell and structure factors were calculated to 
3.5 A resolution. The Euler angle search ranges for 
cross-rotation peaks were a 0 to 180, /3 0 to 180, ), 
0 to 360 ~ using a coarse grid of 5.ff ~, a radius of 
integration of 29 A and resolution limits between 8 
and 5 A. The highest peak (8.10.) was found at a = 
142.5, /3 = 50.0 and y - -  145.O, and was considered 
to be the solution for one (molecule A) of the two 
molecules in the asymmetric unit. However, at this 
resolution the solution for the second molecule (B) 
was ambiguous. The first two peaks in Table 2(a) 
were considered a tentative solution for the orienta- 
tion of the two independent molecules and their 
values refined using the Lattman rotation function 
(Lattman & Love, 1972). 

The translation function of Crowther & Blow 
(1967) was used to determine the translational com- 
ponents along the three axes for the two unknown 
molecules in the P21 unit cell. The translation func- 
tion results gave a distinct peak (6.20-) in the Harker 
section corresponding to the A-A'  intermolecular 
vector for resolution ranges between 8 and 5 A. 
However, the solution for molecule B was uncertain 
since the B'-B vector search results were noisy, 
varied with resolution and no distinct peak was 
found to correlate with the cross (A-B) vector 
search. 
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Table 4. Translation-function results 

R e s o l u t i o n  l imits :  8 - 5  A;  o r i e n t a t i o n  o f  m o l e c u l e  A: ot = 0 . 0 , / 3  = 0 . 0 ,  y = 0.0": o r i e n t a t i o n  o f  m o l e c u l e  B: or=  175.0 , /3  = 4 0 . 0 ,  y =  185.0 ~. 

Peak  Ax Ay Az H e i g h t  x y z 

A' A 1 0.00 0.00 50.00 100.0 (6.0o-) 0.00 0.00 A 
B' B 1 72.00 80.00 50.00 100.0 (6.5o-) 0.36 0.40 B 

B-A I 14.82 61.28 78.36 100.0 (9.1o') 
X A - -  - ~¢  t ~  )" A - -  Y t~ 7- A - -  Z t~ 

0.36 0.40 0.78 

Table 5. Rigid-body refinement q[" the molecular replacement solution 

F i n a l  r o t a t i o n  a n d  t r a n s l a t i o n  s o l u t i o n s  
M o l e c u l e  a ( )  /3 ( : )  y ( )  x y z 
A 0.0 0.0 0.0 0.005 0.0 0.0 
B 175.5 39.5 184.5 0.8518 0.3922 0.2164 

R i g i d - b o d y  r e f i nemen t  
R e s o l u t i o n  l imits :  8 - 2 . 9  A;  r .m.s ,  p o s i t i o n a l  shif ts :  0.62 A;  R ...... = 0.407; Rc , , , t -  0.336. 
G r o u p  a ( ) /3 ( ) y ( ) A x  ( ~ )  A y  ( A )  Az (A)  
Pepsin A - 0.16 - 0.19 0.79 -- 0.13 0.46 - 0.05 
Pepsin B - 0.49 0.91 - 2.05 -- 0.04 0.44 0.03 
Inhibitor A 0.03 0.03 0.01 - 0.39 0.72 0.05 
Inhibitor B 0.00 0.01 - 0.05 0.50 0.87 0.02 

The initial model was rotated and translated to the 
solution of molecule A and used as a new search 
model (model II) for the following rotation and 
translation searches under the same conditions as the 
original model (8-5 A; 29 ./k). The results also failed 
to locate molecule B. The cross-rotation function 
was calculated again using 8-4 A as resolution limits 
and 23 A for integration radius. A distinct (4.8o) 
second highest peak (No. 73, Table 3) was found 
that had an angular relationship with molecule A 
matching the self-rotation peak at ~0 = 90, 0 = 90 
and ~ - - 4 0 '  (Fig. 2a, ~0 angle starts at a* axis). 
The peak was assigned as the orientation of molecule 
B and a translation function search based on the new 
rotation solution unambiguously found the consist- 
ent molecular translations (Table 4) with only one 
peak being present in each of the three vector 
searches. The rotation and translation solutions for 
the two molecules were refined by the R-factor mini- 
mization to an R factor of 0.43 (8-5 A). The final 
orientations and positions of the two independent 
molecules are listed in Table 5. A check on the 
packing of the two molecules in the crystal revealed 
no bad intermolecular contacts. 

In retrospect, our difficulties in obtaining distinct 
solutions for the orientation and position of the 
second molecule could have been avoided by includ- 
ing the higher-resolution data in the initial cross- 
rotation searches (Cygler & Anderson, 1988a,b; 
Sheriff, Padlan, Cohen & Davies, 1990). After the 
structure was determined, the correct orientations for 
molecules A and B were obtained from the cross- 
rotation function calculated with an integration 
radius of 23 A and resolution limits of 8 and 4 A. 
The peak corresponding to the second molecule (B) 

(Table 2b) is essentially equivalent to peak 6 in the 
original cross-rotation function (Table 2a). 

Refinemen t 

The refinement of the molecular replacement 
model was carried out at 8-2.9 A resolution using 
the program package XPLOR (Brfinger, Karplus & 
Petsko, 1989). First, the two separate protein mol- 
ecules and the two associated inhibitor molecules 
were refined as rigid bodies reducing the R factor 
from 0.407 to 0.336 (Table 5). Excluding the inhibi- 
tors, the two polypeptide chains were then refined by 
a total of 160 cycles of conjugate gradient energy 
minimization without simulated annealing since the 
starting pepsin model from the pepsin/A66702 com- 
plex had been well refined at 1.8 ,~ resolution (Abad- 
Zapatero, Rydel, Neidhart, Luly & Erickson, 1992). 
Both the 2F,,-  E. and E , -  F, maps calculated after 
the refinement showed the electron density clearly for 
the two A62095 inhibitors. The maps also revealed 
that a loop region (residues 292-297) needed to be 
rebuilt (Fig. 3). This loop was not well characterized, 
either in the orthorhombic crystal form, or in the 
native pepsin (Abad-Zapatero, Rydel & Erickson, 
1990) because of disorder, but in the current struc- 
ture it had a well defined electron density associated 
with it. After fitting the inhibitors and rebuilding the 
loop, a few other minor adjustments were performed 
and the resulting model was refined again by energy 
minimization to an R factor of 0.173. Twenty cycles 
of restrained individual isotropic B factor refinement 
brought the R factor further down to 0.162. At this 
stage well ordered water molecules were located from 
the difference Fourier map ( E , -  E.) and added as O 
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atoms to the model only if they had a peak height 
over 3o in the difference density map and formed 
hydrogen bonds with protein atoms. A total of 110 
water molecules were found in this way. A final 
round of refinement completed the structure deter- 
mination with an R factor of 0.139 (8-2.9 A) and 
r.m.s, deviations from ideal bond lengths and angles 
of 0.014/k and 3.1T ~, respectively (Table 6).* 

Results and discussion 

Overall structure 

Two crystallographically independent molecules 
(A and B) of the pepsin/A62095 complex are 
obtained from the structure determination of this 
monoclinic crystal form. There are no contacts 
(< 4.1 A) between them. Nonetheless, by the crystal- 
lographic symmetry acting on B, two molecules (A 
and B') are closely associated via a 18if: rotation and 
a small translation with axial components (1.04, 0.34, 
-0 .40  ~) (Fig. 9). The rotation axis is inclined 19.4' 
with respect to the crystal c axis forming a noncrys- 
tallographic dimer. A total of 15 direct protein- 
protein hydrogen bonds participate in the association 

* A complete set of atomic coordinates for the two independent 
pepsin/A62095 complcxes in the asymmetric unit and the obscrved 
structure factors have been dcpositcd with the Protein Data Bank, 
Brookhaven National Laboratory (Reference: 1PSA, RI PSASF), 
and are available in machine-readable form from the Protcin Data 
Bank at Brookhaven. The data have also been deposited with the 
British Library Document Supply Centre as Supplementary Publi- 
cation No. SUP 37063 (as microfiche). Free copies may be 
obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 

, 

Fig. 3. Stereo diagram of the portion of the polypeptide chain near 
the loop 292-297. Thick lines depict the refined model for this 
part of the pepsin structure. Thin lines represent the conforma- 
tion of the same loop in the native pepsin structure [Protein 
Data Bank set 4PEP; Sielecki, Fedorov, Boodhoo, Andreeva & 
James (1990)]. The thin C,  tracing corresponds to the path of 
the chain assumed in the pepsin/A66702 complex where this 
region of the polypeptide chain was considered to be disordered. 

Table 6. Final statistics for the refinement of  the 
pepsin/ A 62095 complex 

R factor 0.139 
Resolution (A) 8--2.9 
Reflections II 284 
Non-H protein atoms 4858 
Non-H inhibitor atoms 76 
Water molecules II0 

R.m.s. deviations from ideality 
Bond lengths (A) 0.014 
Bond angles (') 3.2 
Dihedral angles ( ) 27.6 
Improper dihedral angles ( ) 1.3 

Table 7. Hydrogen-bond interactions in the noncrys- 
tallographic dimer 

Molecule A Molecule B' 
Residue Atom Residue Atom Distance (A) 

8Asn N 26Asp OD2 3.3 
8Ash O 54Ash ND2 3.3 
9Tyr OH 52Asp O 2.9 

I 0Leu N 54Asn OD I 3. I 
24Ala O 161Ser N 2.8 
26Asp N 159Asp O 2.9 
26Asp OD I 8Asn N 3. I 
52Asp O 9Tyr OH 2.9 
54Asn ND2 8Asn O 3.2 
54Asn OD I 10Leu N 2.9 
55Gin NE2 279Asp OD2 2.7 
55Gin N~2 278Asp ODI 3.3 

159Asp O 26Asp N 2.9 
161Ser N 24Ala O 2.9 

279Asp OD2 55Gin NE2 2.7 

(Table 7) and a total of 110 putative water molecules 
have been positioned associated with the dimer. 
Pepsin/inhibitor complexes which crystallize in the 
orthorhombic space group (Table 1) do not have 
noncrystallographic symmetry and exhibit a different 
packing arrangement (see below). To our knowledge, 
native pepsin is not known to dimerize, although an 
aspartic proteinase from C. albicans has been 
reported to form dimers under alkaline conditions 
and in the presence of pepstatin (Rfichel, 1981). 

There is good electron density for the entire length 
of the two polypeptide chains except for the loop 
Glu239-Glu244. In particular, the loop region 
Pro292-Glu297 was found to have good electron 
density (Fig. 3) in contrast to the uncertain confor- 
mation observed in the orthorhombic complexes 
refined previously at higher resolutions (Abad- 
Zapatero, Rydel, Neidhart, Luly & Erickson, 1992). 
The weakest density in the present structure is associ- 
ated with residues Asp278-Asp280. 

The r.m.s, deviation between the 326 equivalent 
Ca pairs of the two liganded pepsin molecules is 
0.34 A (Table 8). Superposition of either of them on 
the structure of the unliganded pepsin (set 4PEP; 
Sielecki, Fedorov, Boodhoo, Andreeva & James, 
1990) gives an r.m.s, deviation of approximately 
0.84 A for the complete chain (326 C, pairs), or 
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Table 8. Overall superposition between liganded and 
unliganded pepsin structures 

4PEP: native monoclinic pepsin (Sielecki, Fedorov, Boodhoo, 
Andreeva & James, 1990). PEPA: this crystal structure, molecule 
A. PEPB: this crystal structure, molecule B. 5PEP: pepsin/A63218 
orthorhombic complex (Abad-Zapatero, Rydel, Neidhart, Luly & 
Erickson, 1992). The tirst row of each entry of  the table is the 
root-mean-square deviation (,~) between the structures denoted by 
the corresponding row and column of the matrix. The integer 
number in the second row of each entry specifies the number of  C,, 
pairs in the comparison as specified in (a), (b) and (c). (a) All the 
residues !-326 for both. (b) Residues 1 199, 204 238, 245-249, 
254-276, 282-289 and 298-.326 for both. (¢) Residues 1-277, 
281-291 and 297- 326 for both. 

4PEP PEPA PEPB 5PEP 
4PEP 0.86 0.83 1.0 

326" 326" 326" 

PEPA 0.57 0.34 0.69 
299 I' 326" 326" 

PEPB 0.53 0.31 0.64 
299 ~ 299 h 326" 

5PEP 0.87 0.47 0.43 
318' 318' 318' 

0.55 A for the 299 C,  pairs which were more accur- 
ately determined. Plots of the distances as a function 
of the residue number for pepsin versus pepsin/ 
A62095 (Fig. 4a) and pepsin/A63218 versus pepsin/ 
A62095 (Fig. 4b) reveal that certain portions of the 
polypeptide have moved significantly upon ligand 
binding. 

A view of the present structure, and of the ligan- 
ded pepsin found in the orthorhombic form, super- 
posed on native porcine pepsin (set 4PEP) is 
presented in Fig. 5. As expected, the two iiganded 
structures undergo similar conformational changes 
upon inhibitor binding. Nonetheless, these two struc- 
tures also exhibit subtle differences, in spite of the 
close resemblance of the two inhibitors. The largest 
differences occur at the two short helices at the 
amino-end domain [helices aA (residues 48-52), aB 
(110-114); Abad-Zapatero, Rydel & Erickson, 1990], 
and in their vicinity. The inhibitors A63218 and 
A66702, which yielded the orthorhombic form, have 
the p-iodo substituent at the P3 position (iodo-Phe). 
This residue has a considerably longer and bulkier 
side chain than leucine (present in A62095) and 
apparently pushed helix aB upward (Fig. 5), pre- 
venting it from adopting a conformation similar to 
that of native pepsin. This perturbation was accom- 
modated by the neighboring residues in sheet (IV) 
[/3E3 (70-74), /3FI (79-83), /3G3 (105-106)] and by 
the nearby helix aA (48-52) in the pepsin structure. 
These alterations would explain the major differences 
observed in the vicinity of the active site between the 
enzymes in the two different complex forms (Figs. 
4b, 5). 

Apart from the ordering of the 292-297 segment, 
the largest differences in the carboxy-end domain 
occur at the most external loops of the flexible 
subdomain (Abad-Zapatero, Rydel & Erickson, 
1990), particularly residues 239-255 and 278-281. 
The latter residues are probably very mobile in view 
of their weak electron density. On the other hand, 
residues 239-255 are well defined and their different 
conformation probably reflects local distortions due 
to crystal contacts. 

Pepsin-inhibitor interactions 

The electron density corresponding to the inhibitor 
A62095 was readily interpretable as an extended 
conformation (Fig. 6). This conformation has been 
found previously in many other inhibitors bound to 
a variety of aspartic proteinases (Bott, Subramanian 
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Fig. 4. Plot of the C , , - - C ,  distance versus residue number between 

(a) the liganded and native pepsin after the overall least-squares 
superposition, (b) the orthorhombic (pepsin/A63218) and 
monoclinic (pepsin/A62095) complexes. The large distances in 
the 292-298 region in (b) are due to the uncertain conformation 
of  this fragment in the orthorhombic form where it was con- 
sidered to be disordered. Insets show the frequency distribution 
for the above distances. 
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Fig. 5. Stereo diagram of the polypeptide backbone fold for native pepsin (blue) superposed with the polypeptide conformation of the 
enzyme observed in the orthorhombic (pepsin/A63218, green) and monoclinic (pepsin/A62095, red) complexes. The view emphasizes the 
inhibitor cavity and the regions of maximum displacement at the amino and carboxy domains. 

i ~  YZ 

\ 

YZ i 

J 

Fig. 9. Stereo diagram of the packing arrangement of the pepsin/A62095 complex molecules in the monoclinic crystal viewed along the 
crystallographic b axis (labeled Y). O denotes the origin of the unit cell. Molecules of the same color are generated by the crystallographic 
screw axes. The inhibitor molecules are also shown in contrasting colors. Pairs of molecules of different color illustrate the non- 
crystallographic dimer with the dyad (shown in green) passing in between two molecules, inclined 19.4 ° with respect to the crystallo- 
graphic c axis (labeled Z). Boundaries of the unit cell are drawn in green and the location of the 21 screw axes is indicated by green-red 
lines. The green-purple lines along the four vertical edges of the unit cell result from the superposition of the cell boundaries (green) and 
the green-red lines used for the screw axes. The program TABLES (Abad-Zapatero & O'Donnell,  1987) was used to prepare this diagram. 
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Fig. 10. Stereo diagram of the packing arrangement of the pepsin/A62095 complex molecules in the monoclinic crystal viewed along the 
a axis (labeled X). Colors and conventions as in Fig. 9. 

Fig. 11. Stereo diagram of the pepsin dimer found in the packing arrangement of pepsin molecules. The view is along the dimer axis shown 
in green (center). The interdomain dyads penetrate each molecule at the midpoint between the illustrated (in green) side chains of Asp32 
and Asp215. They superpose approximately 70 residue pairs within each molecule, with an r.m.s, deviation of 2.4 A. The angle between 
the dimer axis and the interdomain dyads is approximately 15 °. Residue numbers for the second (red) molecule begin at 501. 
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& Davies, 1982; Suguna, Padlan, Smith, Carlson & 
Davies, 1987; Blundell, Cooper, Foundling, Jones, 
Atrash & Szelke, 1987; Foundling, Cooper, Watson, 
Cleasby, Pearl, Sibanda, Hemmings, Wood, 
Blundell, Valler, Norey, Kay, Boger, Dunn, Leckie, 
Jones, Atrash, Hallett & Szelke, 1987; Sali, Veera- 
pandian, Cooper, Foundling, Hoover & Blundeli, 
1989; Veerapandian, Cooper, Sali & Blundell, 1990). 
The mode of binding and the specific hydrogen 
bonds to the protein molecule are very similar to the 
ones found in the pepsin/A66702 complex (Abad- 
Zapatero, Rydel, Neidhart, Luly & Erickson, 1992; 
Figs. 7, 8 and Table 9). Only two hydrogen bonds, 
mediated via water molecules, are absent in the 
present complex when compared to the ortho- 
rhombic one. One relating Thr74 to the PI '  hydroxyl 
of the glycol hook, and the second one from the P4 
carbonyl (P4) to the carboxylic group of Glu287 
(Fig. 8). 

The number of non-bonded contacts (< 4.1 ~) 
between pepsin and the inhibitor is larger in the 
monoclinic than in orthorhombic form (35 versus 27; 
Abad-Zapatero, Rydel, Neidhart, Luly & Erickson, 
1992) even though the ligand present in the latter 
(A66702) has more atoms (Table 1). This suggests a 
more intimate contact between the protein and the 
inhibitor in the complex found in the monoclinic 
crystal. We have recently determined the structure of 
another pepsin/renin inhibitor complex, in the same 

. . / 5 {  
.. ; ' . ' . . ' ,  : 

Fig. 6. View of the electron density corresponding to the inhibitor 
in the final 2E, - F,. elcctron density map with the corresponding 
model for A62095. The contour level is l(r. 

monclinic form, and refined it at 2.0 A resolution. A 
detailed comparison among the different pepsin/ 
renin inhibitor complex structures refined so far will 
be published elsewhere (Chen & Abad-Zapatero, 
1992). 

Crystal packing 

The monoclinic crystals of the pepsin/A62095 
complex exhibit a packing pattern (Figs. 9, 10) quite 
different from those of pepsinogen (Sielecki, 
Fujinaga, Read & James, 1991), native pepsin in 
either the monoclinic (Sielecki, Fedorov, Boodhoo, 
Andreeva & James, 1990; Abad-Zapatero, Rydel & 
Erickson, 1990) or hexagonal crystal forms (Cooper, 
Khan, Taylor, Tickle & Blundell, 1990), and the 
orthorhombic pepsin/inhibitor complexes (Abad- 

), 

3 
Fig. 7. Stereo diagram of the mode of binding of the A62095 

inhibitor in the pepsin active site. The different subsites (P,) of 
the inhibitor are indicated. 

OD2 
, ' ~  D215 

$219 G217 , , '  
$220 OG NH 0 2.8 ~ ~ D 1  

N .  : '. '. ," ,-" 
• 3 0  ',2.9 '3 .2  ~ 1  ," . ' 3 0  OD2 

• o n  ' , ' ""  " ' 2 9  I 
• I"  . . . . .  , - - -  U , . -  . . . . .  .1__ 

28 . '"  "~.3 H I I  H OH . . . . .  3.4 om 
" , "  iO N ~ LEU N J ~  C 

= II H II ,-,~ / 
L O E , ,  O O.  .un  CH 3 

'¢ " ",,, 2 9  ' 
E287  3.0 , '" ~2.9 " :" .  13.3 

OG1 NH NH 
7"77 G76 774 

P4 P3 P2 Pl Pl '  

Fig. 8. Schematic representation of the hydrogen bonds formed 
between pepsin and the inhibitor A62095. The distances 
between acceptor and donor are given in /~ averaged over the 
two independent molecules. W~ denotes the approximate posi- 
tion of a tightly bound water molecule. 
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Table 9. Residues lining the inhibitor binding subsites in the pepsin~A62095 complex 

Numbers  in parentheses are distances from the amino-acid residue to the corresponding inhibitor subsite in ,~,. The first number refers to 
molecule A, the second to molecule B. -- indicates no distances less than 4.1 ,~. 

Inhibitor subsites 
ETO LEU LEU C H A  GL* 

P4 P3 t2, Pl  P l '  
Thrl2(4.0, ) Yhrl2(,3.9) Tyr75(4.1,3.7) lie30(,3.8) Gly34(3.6,3.5) 

Thr77(4.1,4. I ) Glu 13(4.0,3.9) Gly76(3.0,2.8) Asp32(2.9,2.8) Thr75(3.6,3.4) 
Ser219(3.4,3.6) lie30(-,4.0) Thr77(2.8,2.9) Gly34(,3.9) Gly76(3.4,3.2) 
Leu220(3.9,4.0) Thr77(3.9,3.7) Gly217(3.9, ) Tyr75(3.7,3.6) Try 189(3.9,3.5) 

W I (3.3,3.2) Phe I 11 (,3.5) Thr218(3.5,3.9) Thr77(3.0,3.0) lie213(3.6,3.5) 
Phe I 17( - ,3 .9 )  Thr222(,3.8) Phe 1 I 1(-,3.5) Asp215(3.4,3.5) 

G|y217(3.6,3.7) Glu287(4.0,3.9) Phel 17(3.7,3.7) 11e300(3.7,3.7) 
Thr218(3.3,3.4) Met289(3.5,3.4) lie 120(3.6,4.0) 
Ser219(2.8,2.9) I1e300(3.8, Asp215(2.7,2.8) 

W1(2.7,2.9) Gly217(3.0,3.2) 
Thr218(3.4,3.9) 

$4 $3 $2 SI SI '  
Pepsin subsitcs 

*GL denotes thc PI '  subsite of  the alkyl-diol inhibitor (Fig. 7). 

Zapatero, Rydel, Neidhart, Luly & Erickson, 1992). 
The crystallization conditions, the presence of the 
pro-peptide in the zymogen, and also the type of 
inhibitor, are all variables that influence the crystal 
packing. 

Monoclinic crystals of native pepsin were grown 
by slight variation of the batch procedure originally 
described by Northrop (1946) using ethanol as the 
precipitant in acidic (pH--2.0)  conditions (Abad- 
Zapatero, Rydel & Erickson, 1990; Sielecki, 
Fedorov, Boodhoo, Andreeva & James, 1990). The 
first protein crystals ever to be examined by X-rays 
were of a hexagonal form of pepsin (Bernal & 
Crowfoot, 1934). These crystals have been grown 
recently by slowly cooling a highly concentrated 
(280mgmi I) pepsin solution at pH 3.6, and the 
corresponding structure determined and refined at 
2.3 A resolution (Cooper, Khan, Taylor, Tickle & 
Blundell, 1990). Both the monoclinic and the hexag- 
onal forms have a single pepsin molecule in the 
asymmetric unit. Crystals of pepsinogen (monoclinic, 
C2) were grown at pH 6.1 by the hanging-drop 
method using Li2SO4 as precipitating agent (Sielecki, 
Fujinaga, Read & James, 1991). An orthorhombic 
form of pepsin was obtained upon co-crystallization 
in the presence of inhibitors containing p-iodo- 
phenylalanine at the P3 under conditions similar 
to those that produced the native monoclinic form 
(Abad-Zapatero, Rydel, Neidhart, Luly & Erickson, 
1992). The monclinic form described in this paper, 
with two molecules in the asymmetric unit, was 
obtained under the same conditions as the ortho- 
rhombic form with chemically similar inhibitors, 
containing either phenylalanine (A61963) or leucine 
(A62095) (Fig. 1, Table 1). Apparently, the presence 
of iodine in the para position of the phenylalanine 
ring at position P3 has a major influence in the 
crystal packing. 

The two independent molecules (A and B) found 
in the structure solution are related by rotation of 
38.T about an axis parallel to the crystallographic b 
axis. The distance between their centers of mass is 
approximately 50 A and the molecules do not inter- 
act. However, molecule B' (related to B by the 
crystal screw axis) is in intimate contact with mol- 
ecule A (approximately 1100 A2 of surface contact; 
Kabsch & Sander, 1983), forming a noncrystallo- 
graphic dimer (Figs. 9, 10). The noncrystallographic 
dyad (K = 180.0') lies in the plane perpendicular to 
the crystal b axis and is inclined 19.4 from the 
crystallographic 2j axis (Fig. 2h). This dyad is 
located between the interdomain axes of the two 
pepsin molecules. Each intramolecular dyad pierces 
the corresponding pepsin molecule at the midpoint 
between Asp32 and Asp215, and intersects the inter- 
domain sheet halfway between residues Phe151 and 
Thr311. The average angle between the dimer axis 
and the interdomain dyads is approximately 15 
(Fig. 11). 

Viewed along the b axis, the crystal packing con- 
sists of noncrystallographic dimers, with their axes 
inclined alternately on both sides of the crystallo- 
graphic c axis (Fig. 9). Viewed down the a axis, the 
crystal is made up of columns ot" pepsin molecules 
interacting along the crystallographic screw axes of 
the cell with the side contacts being provided by the 
noncrystallographic symmetry (Fig. I0). 

Each of the two molecules forming these dimers 
makes a total of approximately 400 direct contacts 
with protein atoms of seven neighboring molecules 
(< 4.1 /k) (Table 10c, Fig. 9). This number does not 
include the solvent-mediated hydrogen-bonding 
interactions that exist at the molecular interfaces. 
The largest number of contacts (214, 53%) are 
between the two molecules which form the noncrys- 
tallographic dimer. This contact area consists pre- 
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Table 10. Intermolecular contacts in crystals o/" native and liganded pepsin 

Residues at the interface T r a n s f o r m a t i o n  No.  o f  contac ts  
Molecule at x, y, z T r a n s f o r m e d  molecule ope ra to r  < 4.1 A (%)  

(a) Nat ive  pepsin" 

70 74, 127, 130 131,290 7, 158 162, 253, 326 (A) x, y -  I, z shortest axis translation 62 (27) 
74 79, 108 II1, 114,241 -243,245,286 287 158,236,238.241,246248,251,254,277 281 (B) -x ,y-~.--z2~axis  92(39) 

17, 23 24, 26, 60 44, 59, 68, 105 (C) - x , y - ~ ,  - z  + 1 2~axis 21 (10) 
199 202, 259, 266 193, 195, 207 -211. 295 (D) - x  ~- 1, y + ~, -z 2~ axis 29 (12) 

I, 147 148, 169 172, 193, 195, 207 -211,295 141-145 (E) - x ~- I , y -  ~, - - : +  1 2~axis 29 (12) 

(b) Pepsin/A63218 J' 

70-.74, 126--.127, 130- 131,290, 293, 297 7, 158 162, 253, 272 (A) x, y, z 1 shortest axis translation 81 (31) 
59, 61 65, 83, 105 109 I I I ,  114, 240 242 (B) x , y -  ~, - z  ~ ~2~axis 84 (32) 

24 27, 51 52, 54 55 248 250, 279 280 (C) -x,.v-~ ~, - z + ~ 2 ~ a x i s  33 (12) 
200 202, 251,259, 266 193, 207 211 (D) x + ~, - y, z + ~ 2~ axis 30 (11) 
170 173, 175, 177 179 141 144 (E) - x + ~ ,  - v +  l,z-~ !2~axis 36 (14) 

(c) Pepsin/A62095 '  
Molecule A at x, y, z T r a n s f o r m e d  molecule B' 

7 10, 17, 24 26, 43, 45, 52 55, 7-10, 19, 23 27, 43, 51 55, (A) x, y, z on B' (noncrystallo- 214 (53) 
60, 114, 158 161,278 279 60,114,158 161,278 279 graphicdimer) 

185 186, 193, 208 209, 211,294 296 185--186, 209- 21 I, 294 296 (B) x, y -  I, z on B' 48 (12) 
I 202 (C) x + 2 .  y +  1 , :  ÷ ~on B' 3 ( I )  

Molecule A at x, y, z T r a n s f o r m e d  molecule A 
65 67, 69, 132, 134 248, 250, 279 280 (D) x ~ 1, y, z on A 26 (6) 

172 173, 178 179, 181 225 226, 229, 239 243 (E) - x  ÷ I, - y , z  4-~onA 38 (9) 

Molecule B' at x, y, z T r a n s f o r m e d  molecule B' 
62--63.65 67,69,86, 141 142, 144 108 110,225,239,241 242,290 (F) - x  -~ I, y +  1,= ÷ ~ o n B '  39(10) 

I, 3, 171 173, 175 246. 248 250, 280-281 (G) x + 2 .  .v ~- l,z-~ ~ on B' 36 (9) 

Notes:  (a) Calcula ted  using the Protein Da ta  Bank set 4PEP  (Sielecki, Fedorov,  Boodhoo ,  Andreeva  & James,  1990). (h) F r o m  the 
s t ructure  of  the pepsin/A63218 complex  ( A b a d - Z a p a t e r o ,  Rydel,  Neidhar t ,  Luly & Erickson,  1992). (c) This  work.  

dominantly of polar residues within the 
amino-terminal domain (Table 7), with about one 
third of the interactions involving residues 52-55. 
Preliminary fluorescence polarization data of a 
pepsin solution (pH =2.0), in the presence of 
A62095 and 20% ethanol, suggest that a dimer is 
present prior to crystallization (Matayoshi & Abad- 
Zapatero, unpublished observations). Therefore, it is 
probable that the noncrystallographic dimer is the 
initial building unit of the crystal. Such a building 
unit has not been found in any of the crystal pack- 
ings of related pepsin structures. 

The crystal contacts along the shortest axis trans- 
lation are preserved between the monoclinic native 
pepsin and the orthorhombic complex form (opera- 
tor A, Table 10a,b), resulting in very similar cell 
constants for the shortest cell spacing of these two 
crystal forms (Table 1). However, the binding of the 
inhibitor disturbs the conformation of several con- 
tact surfaces (residues 40-60, 70-80, 100-115, 
235-245 and 275-285, Fig. 4a), and only two of the 
four remaining crystal contacts are partially main- 
tained between them (operators D, E, Table 10). 

In the pepsin/A62095 complex, the absence of a 
bulky substituent at the P3 position allows a closer 
interaction between the enzyme and the inhibitor 
(Fig. 5), and affects predominantly the contact areas 
near the P3 position (residues 70-80, 105-120) (Fig. 
4b). Surprisingly, this small alteration disrupts the 
numerous contacts which preserved the shortest cell 

axis (residues 70-74, operator A, Table 10) and a 
different crystal form is observed. In fact, these 
residues do not participate in any crystal contacts in 
the liganded monoclinic form, and only one interface 
is partially maintained between the two complex 
crystals (operator B in Table 10b and F in Table 
10c). 
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