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The three-dimensional structure of human uropep-
sin complexed with pepstatin has been modelled using
human pepsin as a template. Uropepsin is an aspartic
proteinase from the urine, produced in the form of
pepsinogen A in the gastric mucosa. The structure is
bilobal, consisting of two predominantly B-sheet lobes
which, as observed in other aspartic proteinases, are
related by a pseudo twofold axis. A structural compar-
ison between binary complexes of pepsin:pepstatin
and uropepsin:pepstatin is discussed.
Press
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Aspartic proteinases (EC 3.4.23) from one class of
proteolytic enzymes that can be found in different or-
ganisms, ranging from humans to plants and retrovi-
ruses. The best known sources are in the mammalian
stomach, yeast, and fungi, with porcine pepsin as the
archetype, having been the first enzyme in this family
to be sequenced and crystallized (1).

The aspartic proteinases are characterized by the
presence of two aspartic acid residues at the active site.
They tend to cleave between hydrophobic amino acids
but secondary interactions are important in the defini-
tion of their specificity (2). The catalytic apparatus in
all the aspartic proteinases is virtually the same and
the differences among these enzymes are due mainly to
the differences in specificity resulting from the struc-
tural evolution of the sites for substrate side chain
binding. The hypothesis that the aspartic proteinases
share the same catalytic apparatus is supported also
by the fact that they are universally inhibited by pep-
statin, a transition-state analogue inhibitor (3).
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Pepsin, an aspartic proteinase produced by the hu-
man gastric mucosa, can be found in seven different
zymogen isoforms. These have been subdivided into
two types: pepsinogen A (PGAL-5), and pepsinogen C
(PGC6 and 7), both consist of molecular variants (isozy-
mogens) that differ in net ionic charge (4). Pepsinogens
are not secreted merely into the gastric lumen but also
into the systemic circulation (5).

Pepsinogens A and C are translocated from the pep-
tic cells into the circulation, and they are present in
serum (6). However, only pepsinogen A can be found in
urine by electrophoresis, indicating a different renal
handling of pepsinogen A and pepsinogen C (5). Stud-
ies comparing the proteolytic activity of serum and
urine have shown that the amount of pepsinogens in
the urine correlate with the levels in serum. The con-
centration of pepsinogens in the urine, however, ex-
ceeds serum levels by about 10-100 times (7), which
indicates a high clearance rate from the blood (5). The
values of molecular weights of these proteins are
around 40,000 Da for the zymogens, and about 35,000
Da for the active enzymes.

Various enzymes are known to be secreted into hu-
man urine as normal components. Changes of the ac-
tivities of urinary enzymes are observed when our body
conditions are physiologically abnormal (8). The uri-
nary enzymes have not been studied in detail and
should be characterized for their origin organs and
tissues and their properties (9).

PGA and PGC are of medical interest as tumor
markers. Low serum PGA levels are found in patients
with atrophic gastritis or gastric cancer. Recent mass
screening also revealed that serum PGA levels and
PGA/PGC ratio are potentially useful parameters for
the diagnosis of gastric cancer (10).

The properties of uropepsin obtained by activation of
uropepsinogen were considered to be similar to those of
human gastric pepsin. There is evidence that some
amounts of the proenzyme produced in stomach tissue,
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come into the blood stream and finally into the urine,
passing through the membranes of certain renal cells
without undergoing any serious modifications (9).

Human pepsin consists of up to four isoforms of
pepsinogen A with differing enzymatic properties.
Uropepsin is one of these, which has the substitution
Leu — Val at the position 291. This substitution will
likely affect the specificity at S; and perhaps also at S}
(12).

This article describes the modelling of the human
uropepsin with pepstatin inhibitor. The investigation
was made in order to gain further insight into the
chemistry and functions of this protein.

MATERIALS AND METHODS

Purification of uropepsin. Human uropepsin has been extracted
from urine of healthy young individuals without renal disease. The
urine was stocked in bottles containing 6.0 M HCI solution. Five
liters of this urine was filtered and dialyzed against distilled water.
The solution was concentrated to the final volume of 50 ml and
lyophilized. The uropepsin was purified using the same procedure
described for human pepsin (12). Briefly, uropepsin purification was
performed by a three-step procedure: DEAE Bio Gel (Bio Rad) chro-
matography, 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-
drolysis of a synthetic fluorogenic peptide containing at the extrem-
ities the chromophore o-aminobenzoyl (Abz) and its quenching part-
ner N-(2,4-dinitrophenyl) ethylenediamine (Eddnp) which are
separated by eight amino acid residues including two consecutive
phenylalanine residues (13). Cleavage of the peptide between these
hydrophobic residues results in a separation of the two peptide
fragments, and a consequent dequenching of the Abz which leads to
an increase in the fluorescence signal. Catalytic activity from pepsin
3A shown the value for K,, 1.53 = 0.11 uM and K, 5.92 = 0.21 s
For uropepsin the value for K,, is 1.76 = 0.09 uM and K, is 6.01 =
0.11 s, using the Abz-Lys-Pro-lle-Glu-Phe-Phe-Arg-Leu-Eddnp as
synthetic substrate in 0.2 M acetate buffer (pH 5.0). Concentrations
of the substrate varied in the range 0.117-5.66 uM. K, values were
calculated after titration of the active site with pepstatin.

Modelling. Several attempts of cocrystallizing the uropepsin
with pepstatin did not produce crystals of high quality. A model of
the uropepsin complex has been constructed. The model was based
on the high-resolution crystal structure of pepsin complexed with
pepstatin. Model building was carried out using model-by-homology
of the program Modeller (14). The atomic coordinates for human
pepsin complexed with pepstatin (PDB access code: 1PSO) solved by
X-ray crystallography were used as a starting model. Torsion angles
of the model were taken from the original structure whenever pos-
sible. Otherwise they were taken from a standard residue library.
Where necessary the model was regularized. Reasonable positions
for side chains that showed considerable VVan der Waals overlap were
obtained in an iterative process of flipping through all y-angle rota-
mers. The pepstatin model was moved as a rigid body to approxi-
mately the same relative orientation of the pepstatin in the binary
complex (1PSO), without any modification on the side chain positions
of the pepstatin. The resulting crude structure was further optimized
by means of variable target function method (VTFM) with conjugate
gradient using Modeller.

Root-mean-square deviation (R.m.s.d.) differences from ideal ge-
ometries for bond lengths, angles, and dihedrals were calculated
with X-PLOR 3.1 (15) and are presented in Table 1. The overall
stereochemical quality of the final model for uropepsin was assessed
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TABLE 1

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

Observed deviation from ideal geometry Uropepsin Pepsin
Rms, bond lengths (A) 0.005 0.008
Rms, bond angles (degrees) 1.23 1.79
Rms, impropers dihedrals (degrees) 2.84 4.28

by the program Procheck (16). Atomic models were superposed using
the program LSQKAB from CCP4 (17).

RESULTS AND DISCUSSION
Quality of the Model

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

Overall Description

The model of the enzyme in the complex uropepsin:
pepstatin is bilobal, consisting of two predominantly
B-sheet lobes which, as observed in other aspartic pro-
teinases, are related by pseudo twofold axis. The struc-
ture of human uropepsin follows closely the structure
of porcine pepsin described previously (18). The
uropepsin structure can be divided in three domains,
analagous to the three domains of porcine pepsin (19).
The central domain consists of a six-stranded antipar-
allel B-sheet that serves as a backbone to the active site
region of the molecule. It is made up of residues Vall-
Leu6, Aspl49-Vall84, and GIlu308-Ala326. The
N-terminal lobe is composed of residues Glu7-GIn148
and the C-terminal lobe is made up of residues Thr185-
Arg307. The lobes consist of orthogonally packed
B-sheets with the N- and C-terminal lobes having three
and two layers, respectively.

We performed three superpositions: using all protein
atoms (except for the atoms of the residue 291), using
the main chain atoms (C, Ca, N, O), and a-carbons. The
overall R.m.s.d. for superposition were 0.165 A (all
atoms), 0.146 A (main chain atoms), and 0.103 A (a-
carbons).

Interactions with Pepstatin and Substrate-Binding
Sites

It was observed that a total of 13 hydrogen bonds
between uropepsin and pepstatin, most of them involv-
ing the catalytic aspartates (Asp32 and Asp215). The
hydrogen bonding pattern between the inhibitor and
the enzyme is well conserved in other structurally de-
termined complexes with pepstatin (20). The distances
of hydrogen bonding between Asp32 and Asp215 in
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TABLE 2
Intermolecular Hydrogen Bonds of Pepsin and Uropepsin

Hydrogen bonds between

active site and inhibitor Distance (A)

Pepstatin Enzyme Uropepsin Pepsin

Sta404 OH Asp215 0% 25 2.7

Asp215 O* 2.9 3.0

Asp32 0% 3.4 3.4

Asp32 O™ 2.9 2.7
Sta404 N Gly217 O 3.1 3.0
Sta404 OH Gly217 O 3.7 35
Ala405 N Gly34 O 4.0 2.9
Ala405 O Tyrl89 O 2.9 2.7
Val402 N Ser219 O” 2.9 3.0
Val402 O Ser219 N 3.0 3.0
Val403 N Thr77 O” 2.8 3.1
Val403 O Thr77 N 3.0 3.0

Gly76 N 2.9 3.0
Stad404 O Gly76 N 3.4 3.0
Sta406 N Thr74 O 2.9 3.0

Note. Atoms which present distances larger than 3.5 A were not
considered as hydrogen bonded. Some of the distances are in italics,
indicating that there are not hydrogens bonds in these positions in
uropepsin. They are presented for comparison.

uropepsin and Sta404 in pepstatin are compatible with
the pepsin complex, however the hydrogen bonding
distances between Gly34-Ala405 and Gly217-Sta404 of
the uropepsin and inhibitor are greater than those
observed for the complex of pepsin:pepstatin (Table 2).
As observed for crystallographic structures of com-
plexes of inhibitors bound to aspartic proteinases, pep-
statin in the modelled complex adopts an extended
conformation with the first statyl hydroxyl oxygen oc-
cupying a position in the active site between the car-
boxyl groups of Asp32 and Asp215. The specificity and
affinity between enzyme and its inhibitor depend on
directional hydrogen bonds and ionic interactions, as
well as on shape complementarity of the contact sur-
faces of both partners (21).

The electrostatic potential surface of the native
uropepsin (PDB Accession code 1FLH) and the model
complexed with pepstatin were calculated with GRASP
(22). The same was performed with native and inhib-
ited pepsin 3A. Two molecular surfaces were compared
considering coordinates of the native and inhibited pro-
teins. There is a conformational change in the struc-
ture when the inhibitor binds in the active site. The
change is relatively small, with an R.m.s.d. difference
in the coordinates of all the a-carbon atoms being 0.489
A after superposition for pepsin 3 A and 0.850 A for
uropepsin. It can be clearly seen as a relative move-
ment of the domains to enclose the inhibitor more
closely in both binary complexes (Fig. 1).

We could observe that the overall structure of
uropepsin and pepsin 3A are mostly negatively
charged. The structures have few residues of histidine

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

(1), lysine (0), and arginine (3). The active sites are
strongly negative, as shown in Fig. 1. The contact sur-
faces for the binary complexes pepstatin:pepsin and
pepstatin:uropepsin were calculated using Areaimol
and Resarea (17), these contact areas show values of
348 and 601 A? respectively.

The binding sites from S, to S} are defined by the
interactions of the residues P, to P} of the inhibitor
with the enzyme. It is unlikely that there are addi-
tional binding sites beyond these sites. The main-chain
N of the P; residue forms a hydrogen bond to Thr 74.
The S, pocket is flat and very accessible to solvent. The
pockets S, and S; are contiguous, with the carbonyl O
atom of Gly217 providing some separation of the two
pockets. The S, pocket tends to be hydrophobic in na-
ture, whereas the S; pocket is mainly polar. The S, and
S’ pockets are mainly hydrophobic. The S} pocket is
clearly defined by the P} alanine residue (23).

The only difference in the primary sequence ob-
served between pepsin 3A and uropepsin is the substi-
tution Leu — Val in the position 291, located in S;

FIG. 1.
inhibitor and (b) with inhibitor, and of the uropepsin (c) without
inhibitor and (d) with inhibitor, calculated with GRASP (22), shown
from —50 kT and +50 kT. Uncharged regions are in white.

Electrostatic potential surface of the pepsin (a) without
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FIG. 2. Superimposed binding pockets of uropepsin:pepstatin complex (thick line) and pepsin:pepstatin complex (thin line).

pocket. It has been proposed that modifications on this
pocket will likely affect the specificity at S} and per-
haps also at S}, which could affect the k., values for
enzymes with mutations on this pocket (11). Neverthe-
less, it seems that this substitution on the binding
pocket does not affect the k., values, since the values
determined of k., for uropepsin and pepsin using the
same substrate are 6.01 = 0.11s " and 5.92 + 0.21s ",
respectively. Furthermore, the substitution Leu — Val
keeps the hydrophobicity in the S; pocket and the
position adopted by the valine side chain does not
affect the substrate binding.

The hydrogen bond between Gly34-Ala405 and
Gly217-Sta404 observed for the pepsin:pepstatin com-
plex are not maintained for the complex uropepsin:
pepstatin (Table 2). However, a close examination of
the binary complexes pepsin:pepstatin and uropepsin:
pepstatin shows clearly that the inhibitor adopts the
same orientation in both complexes (Fig. 2). Further-
more the hydrogen bonds between Asp32 and Asp215
and the inhibitor are conserved in both complexes.
Table 3 shows a comparison of structural and activity
parameters between pepsin and uropepsin. The major

TABLE 3

Structural and Activity Parameters
for Uropepsin and Pepsin

Parameters Pepsin Uropepsin
Solvent accessible surface (A?) 12587 13481
Contact surface between enzyme
and pepstatin (A?) 348 601

Number of hydrogen bonds between
enzyme and pepstatin 15 13
Main residues involved on the

contact with pepstatin Asp32 Asp32
Asp215 Asp215
Keat (57%) 592 £ 0.21 6.01 +£0.11
Km (M) 153 +0.11 1.76 = 0.09

structural difference between the two binary com-
plexes is observed for the contact area between the
enzymes and pepstatin. This difference is probably due
to differences in the S3' pocket, however most of the
structural parameters for these two complexes present
close values. This structural similarity confirms the
activity similarity against pepstatin observed between
the two enzymes which strongly indicates that the
modifications on S3’ pocket of aspartic proteinases
have litle effect on the k., and on the three-
dimensional structure of these class of enzymes.
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