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Pepsin, an aspartic proteinase produced by the hu-
m
z
t
(
m
a
i

t
s
u
h
i
u
t
c
c
i
v
a
D

m
t
c
n
s
t

m
w
s
P
t

u
h
a

The three-dimensional structure of human uropep-
in complexed with pepstatin has been modelled using
uman pepsin as a template. Uropepsin is an aspartic
roteinase from the urine, produced in the form of
epsinogen A in the gastric mucosa. The structure is
ilobal, consisting of two predominantly b-sheet lobes
hich, as observed in other aspartic proteinases, are

elated by a pseudo twofold axis. A structural compar-
son between binary complexes of pepsin:pepstatin
nd uropepsin:pepstatin is discussed. © 2001 Academic

ress

Key Words: aspartic proteinase; uropepsin; pepsta-
in; complex; model; structure.

Aspartic proteinases (EC 3.4.23) from one class of
roteolytic enzymes that can be found in different or-
anisms, ranging from humans to plants and retrovi-
uses. The best known sources are in the mammalian
tomach, yeast, and fungi, with porcine pepsin as the
rchetype, having been the first enzyme in this family
o be sequenced and crystallized (1).

The aspartic proteinases are characterized by the
resence of two aspartic acid residues at the active site.
hey tend to cleave between hydrophobic amino acids
ut secondary interactions are important in the defini-
ion of their specificity (2). The catalytic apparatus in
ll the aspartic proteinases is virtually the same and
he differences among these enzymes are due mainly to
he differences in specificity resulting from the struc-
ural evolution of the sites for substrate side chain
inding. The hypothesis that the aspartic proteinases
hare the same catalytic apparatus is supported also
y the fact that they are universally inhibited by pep-
tatin, a transition-state analogue inhibitor (3).

1 To whom correspondence should be addressed.
277
an gastric mucosa, can be found in seven different
ymogen isoforms. These have been subdivided into
wo types: pepsinogen A (PGA1-5), and pepsinogen C
PGC6 and 7), both consist of molecular variants (isozy-

ogens) that differ in net ionic charge (4). Pepsinogens
re not secreted merely into the gastric lumen but also
nto the systemic circulation (5).

Pepsinogens A and C are translocated from the pep-
ic cells into the circulation, and they are present in
erum (6). However, only pepsinogen A can be found in
rine by electrophoresis, indicating a different renal
andling of pepsinogen A and pepsinogen C (5). Stud-

es comparing the proteolytic activity of serum and
rine have shown that the amount of pepsinogens in
he urine correlate with the levels in serum. The con-
entration of pepsinogens in the urine, however, ex-
eeds serum levels by about 10–100 times (7), which
ndicates a high clearance rate from the blood (5). The
alues of molecular weights of these proteins are
round 40,000 Da for the zymogens, and about 35,000
a for the active enzymes.
Various enzymes are known to be secreted into hu-
an urine as normal components. Changes of the ac-

ivities of urinary enzymes are observed when our body
onditions are physiologically abnormal (8). The uri-
ary enzymes have not been studied in detail and
hould be characterized for their origin organs and
issues and their properties (9).

PGA and PGC are of medical interest as tumor
arkers. Low serum PGA levels are found in patients
ith atrophic gastritis or gastric cancer. Recent mass

creening also revealed that serum PGA levels and
GA/PGC ratio are potentially useful parameters for
he diagnosis of gastric cancer (10).

The properties of uropepsin obtained by activation of
ropepsinogen were considered to be similar to those of
uman gastric pepsin. There is evidence that some
mounts of the proenzyme produced in stomach tissue,
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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assing through the membranes of certain renal cells
ithout undergoing any serious modifications (9).
Human pepsin consists of up to four isoforms of

epsinogen A with differing enzymatic properties.
ropepsin is one of these, which has the substitution
eu 3 Val at the position 291. This substitution will

ikely affect the specificity at S93 and perhaps also at S91
11).

This article describes the modelling of the human
ropepsin with pepstatin inhibitor. The investigation
as made in order to gain further insight into the

hemistry and functions of this protein.

ATERIALS AND METHODS

Purification of uropepsin. Human uropepsin has been extracted
rom urine of healthy young individuals without renal disease. The
rine was stocked in bottles containing 6.0 M HCl solution. Five

iters of this urine was filtered and dialyzed against distilled water.
he solution was concentrated to the final volume of 50 ml and

yophilized. The uropepsin was purified using the same procedure
escribed for human pepsin (12). Briefly, uropepsin purification was
erformed by a three-step procedure: DEAE Bio Gel (Bio Rad) chro-
atography, Mono Q 5/5 HR column (Pharmacia) chromatography

FPLC), and gel filtration (FPLC) on a Superdex 10/75 Column
Pharmacia).

Catalytic activity. Kinetic parameters were measured by the hy-
rolysis of a synthetic fluorogenic peptide containing at the extrem-
ties the chromophore o-aminobenzoyl (Abz) and its quenching part-
er N-(2,4-dinitrophenyl) ethylenediamine (Eddnp) which are
eparated by eight amino acid residues including two consecutive
henylalanine residues (13). Cleavage of the peptide between these
ydrophobic residues results in a separation of the two peptide
ragments, and a consequent dequenching of the Abz which leads to
n increase in the fluorescence signal. Catalytic activity from pepsin
A shown the value for Km 1.53 6 0.11 mM and k cat 5.92 6 0.21 s21.
or uropepsin the value for Km is 1.76 6 0.09 mM and k cat is 6.01 6
.11 s21, using the Abz-Lys-Pro-Ile-Glu-Phe-Phe-Arg-Leu-Eddnp as
ynthetic substrate in 0.2 M acetate buffer (pH 5.0). Concentrations
f the substrate varied in the range 0.117–5.66 mM. K cat values were
alculated after titration of the active site with pepstatin.

Modelling. Several attempts of cocrystallizing the uropepsin
ith pepstatin did not produce crystals of high quality. A model of

he uropepsin complex has been constructed. The model was based
n the high-resolution crystal structure of pepsin complexed with
epstatin. Model building was carried out using model-by-homology
f the program Modeller (14). The atomic coordinates for human
epsin complexed with pepstatin (PDB access code: 1PSO) solved by
-ray crystallography were used as a starting model. Torsion angles
f the model were taken from the original structure whenever pos-
ible. Otherwise they were taken from a standard residue library.
here necessary the model was regularized. Reasonable positions

or side chains that showed considerable Van der Waals overlap were
btained in an iterative process of flipping through all x-angle rota-
ers. The pepstatin model was moved as a rigid body to approxi-
ately the same relative orientation of the pepstatin in the binary

omplex (1PSO), without any modification on the side chain positions
f the pepstatin. The resulting crude structure was further optimized
y means of variable target function method (VTFM) with conjugate
radient using Modeller.
Root-mean-square deviation (R.m.s.d.) differences from ideal ge-

metries for bond lengths, angles, and dihedrals were calculated
ith X-PLOR 3.1 (15) and are presented in Table 1. The overall

tereochemical quality of the final model for uropepsin was assessed
278
y the program Procheck (16). Atomic models were superposed using
he program LSQKAB from CCP4 (17).

ESULTS AND DISCUSSION

uality of the Model

The overall stereochemical quality of the final model
or the complex uropepsin:pepstatin was assessed by
he program Procheck (16) and indicates that 100% of
esidues are in the allowed regions.

verall Description

The model of the enzyme in the complex uropepsin:
epstatin is bilobal, consisting of two predominantly
-sheet lobes which, as observed in other aspartic pro-
einases, are related by pseudo twofold axis. The struc-
ure of human uropepsin follows closely the structure
f porcine pepsin described previously (18). The
ropepsin structure can be divided in three domains,
nalagous to the three domains of porcine pepsin (19).
he central domain consists of a six-stranded antipar-
llel b-sheet that serves as a backbone to the active site
egion of the molecule. It is made up of residues Val1-
eu6, Asp149-Val184, and Glu308-Ala326. The
-terminal lobe is composed of residues Glu7-Gln148
nd the C-terminal lobe is made up of residues Thr185-
rg307. The lobes consist of orthogonally packed
-sheets with the N- and C-terminal lobes having three
nd two layers, respectively.
We performed three superpositions: using all protein

toms (except for the atoms of the residue 291), using
he main chain atoms (C, Ca, N, O), and a-carbons. The
verall R.m.s.d. for superposition were 0.165 Å (all
toms), 0.146 Å (main chain atoms), and 0.103 Å (a-
arbons).

nteractions with Pepstatin and Substrate-Binding
Sites

It was observed that a total of 13 hydrogen bonds
etween uropepsin and pepstatin, most of them involv-
ng the catalytic aspartates (Asp32 and Asp215). The
ydrogen bonding pattern between the inhibitor and
he enzyme is well conserved in other structurally de-
ermined complexes with pepstatin (20). The distances
f hydrogen bonding between Asp32 and Asp215 in

Root-Mean-Square Deviation (R.m.s.d.) Differences
from Ideal Geometries

Observed deviation from ideal geometry Uropepsin Pepsin

Rms, bond lengths (Å) 0.005 0.008
Rms, bond angles (degrees) 1.23 1.79
Rms, impropers dihedrals (degrees) 2.84 4.28
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ropepsin and Sta404 in pepstatin are compatible with
he pepsin complex, however the hydrogen bonding
istances between Gly34-Ala405 and Gly217-Sta404 of
he uropepsin and inhibitor are greater than those
bserved for the complex of pepsin:pepstatin (Table 2).
s observed for crystallographic structures of com-
lexes of inhibitors bound to aspartic proteinases, pep-
tatin in the modelled complex adopts an extended
onformation with the first statyl hydroxyl oxygen oc-
upying a position in the active site between the car-
oxyl groups of Asp32 and Asp215. The specificity and
ffinity between enzyme and its inhibitor depend on
irectional hydrogen bonds and ionic interactions, as
ell as on shape complementarity of the contact sur-

aces of both partners (21).
The electrostatic potential surface of the native

ropepsin (PDB Accession code 1FLH) and the model
omplexed with pepstatin were calculated with GRASP
22). The same was performed with native and inhib-
ted pepsin 3A. Two molecular surfaces were compared
onsidering coordinates of the native and inhibited pro-
eins. There is a conformational change in the struc-
ure when the inhibitor binds in the active site. The
hange is relatively small, with an R.m.s.d. difference
n the coordinates of all the a-carbon atoms being 0.489

after superposition for pepsin 3 A and 0.850 Å for
ropepsin. It can be clearly seen as a relative move-
ent of the domains to enclose the inhibitor more

losely in both binary complexes (Fig. 1).
We could observe that the overall structure of

ropepsin and pepsin 3A are mostly negatively
harged. The structures have few residues of histidine

Intermolecular Hydrogen Bonds of Pepsin and Uropepsin

Hydrogen bonds between
active site and inhibitor Distance (Å)

Pepstatin Enzyme Uropepsin Pepsin

ta404 OH Asp215 Od2 2.5 2.7
Asp215 Od1 2.9 3.0
Asp32 Od2 3.4 3.4
Asp32 Od1 2.9 2.7

ta404 N Gly217 O 3.1 3.0
ta404 OH Gly217 O 3.7 3.5
la405 N Gly34 O 4.0 2.9
la405 O Tyr189 Oh 2.9 2.7
al402 N Ser219 Og 2.9 3.0
al402 O Ser219 N 3.0 3.0
al403 N Thr77 Og 2.8 3.1
al403 O Thr77 N 3.0 3.0

Gly76 N 2.9 3.0
ta404 O Gly76 N 3.4 3.0
ta406 N Thr74 O 2.9 3.0

Note. Atoms which present distances larger than 3.5 Å were not
onsidered as hydrogen bonded. Some of the distances are in italics,
ndicating that there are not hydrogens bonds in these positions in
ropepsin. They are presented for comparison.
279
trongly negative, as shown in Fig. 1. The contact sur-
aces for the binary complexes pepstatin:pepsin and
epstatin:uropepsin were calculated using Areaimol
nd Resarea (17), these contact areas show values of
48 and 601 Å2, respectively.
The binding sites from S4 to S93 are defined by the

nteractions of the residues P4 to P93 of the inhibitor
ith the enzyme. It is unlikely that there are addi-

ional binding sites beyond these sites. The main-chain
of the P93 residue forms a hydrogen bond to Thr 74.

he S4 pocket is flat and very accessible to solvent. The
ockets S1 and S3 are contiguous, with the carbonyl O
tom of Gly217 providing some separation of the two
ockets. The S1 pocket tends to be hydrophobic in na-
ure, whereas the S3 pocket is mainly polar. The S2 and
91 pockets are mainly hydrophobic. The S92 pocket is
learly defined by the P92 alanine residue (23).
The only difference in the primary sequence ob-

erved between pepsin 3A and uropepsin is the substi-
ution Leu 3 Val in the position 291, located in S93

FIG. 1. Electrostatic potential surface of the pepsin (a) without
nhibitor and (b) with inhibitor, and of the uropepsin (c) without
nhibitor and (d) with inhibitor, calculated with GRASP (22), shown
rom 250 kT and 150 kT. Uncharged regions are in white.
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ocket. It has been proposed that modifications on this
ocket will likely affect the specificity at S93 and per-
aps also at S91, which could affect the k cat values for
nzymes with mutations on this pocket (11). Neverthe-
ess, it seems that this substitution on the binding
ocket does not affect the k cat values, since the values
etermined of k cat for uropepsin and pepsin using the
ame substrate are 6.01 6 0.11 s21 and 5.92 6 0.21 s21,
espectively. Furthermore, the substitution Leu3 Val
eeps the hydrophobicity in the S93 pocket and the
osition adopted by the valine side chain does not
ffect the substrate binding.
The hydrogen bond between Gly34-Ala405 and
ly217-Sta404 observed for the pepsin:pepstatin com-
lex are not maintained for the complex uropepsin:
epstatin (Table 2). However, a close examination of
he binary complexes pepsin:pepstatin and uropepsin:
epstatin shows clearly that the inhibitor adopts the
ame orientation in both complexes (Fig. 2). Further-
ore the hydrogen bonds between Asp32 and Asp215

nd the inhibitor are conserved in both complexes.
able 3 shows a comparison of structural and activity
arameters between pepsin and uropepsin. The major

FIG. 2. Superimposed binding pockets of uropepsin:pepstati

TABLE 3

Structural and Activity Parameters
for Uropepsin and Pepsin

Parameters Pepsin Uropepsin

olvent accessible surface (Å2) 12587 13481
ontact surface between enzyme
and pepstatin (Å2) 348 601
umber of hydrogen bonds between
enzyme and pepstatin 15 13
ain residues involved on the
contact with pepstatin Asp32 Asp32

Asp215 Asp215
cat (s21) 5.92 6 0.21 6.01 6 0.11
m (mM) 1.53 6 0.11 1.76 6 0.09
280
tructural difference between the two binary com-
lexes is observed for the contact area between the
nzymes and pepstatin. This difference is probably due
o differences in the S39 pocket, however most of the
tructural parameters for these two complexes present
lose values. This structural similarity confirms the
ctivity similarity against pepstatin observed between
he two enzymes which strongly indicates that the
odifications on S39 pocket of aspartic proteinases

ave litle effect on the k cat and on the three-
imensional structure of these class of enzymes.
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