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Summary 

Prolyl oligopeptidase is a large cytosolic enzyme that 
belongs to a new class of serine peptidases. The en­
zyme is involved in the maturation and degradation of 
peptide hormones and neuropeptides, which relate to 
the induction of amnesia. The 1.4 A resolution crystal 
structure is presented here. The enzyme contains a 
peptidase domain with an odl3 hydrolase fold, and its 
catalytic triad (Ser554, His680, Asp641) is covered by 
the central tunnel of an unusual 13 propeller. This do­
main makes prolyl oligopeptidase an oligopeptidase 
by excluding large structured peptides from the active 
site. In this way, the propeller protects larger peptides 
and proteins from proteolysis in the cytosol. The struc­
ture is also obtained with a transition state inhibitor, 
which may facilitate drug design to treat memory dis­
orders. 

Introduction 

There are several regulatory mechanisms that protect 
proteins in biological systems from incident degradation 
by peptidases. Thus, peptidases are packaged in lyso­
somes within the cell or occur in inactive proenzyme 
(zymogen) forms that can be activated by limited prote­
olysis under appropriate conditions. Most interestingly, 
there are active endopeptidases that do not attack pro­
teins. These enzymes must have some mechanism, so 
far unknown, by which they distinguish between large 
proteins, native or denatured, and unstructured pep­
tides consisting of no more than about 30 amino acid 
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residues. One such enzyme is prolyl oligopeptidase (Ca­
margo et al. , 1979; Moriyama et al., 1988), previously 
called prolyl endopeptidase or postproline cleaving en­
zyme. This enzyme is involved in the maturation and 
degradation of peptide hormones and neuropeptides 
(Wilk, 1983; Mentlein, 1988). Prolyl oligopeptidase has 
recently gained pharmaceutical interest, since specific 
inhibitors reverse scopolamine-induced amnesia in rats 
(Yoshimoto et al., 1987; Atack et al., 1991; Miura et 
al ., 1995; Portevin et al., 1996). Its activity in plasma 
correlates with different stages of depression (Maes et 
al., 1994). The enzyme also has a role in the regulation of 
blood pressure by participating in the renin-angiotensin 
system through metabolism of bradykinin and angioten­
sins I and II (Welches et al., 1993). 

Proline, as an imino rather than an amino acid, does 
not possess the free hydrogen atom that is required to 
form an S1 P1 hydrogen bond with a backbone carbonyl 
oxygen during catalysis performed by chymotrypsin and 
subtilisin. Indeed, these serine proteases are unable to 
hydrolyze peptides at proline residues. On the other 
hand, prolyl oligopeptidase, a paradigm of the new fam­
ily of serine peptidases, readily cleaves peptide bonds 
at the carboxy group of proline residues. It also cleaves 
at an alanine residue, but the rate of hydrolysis is usually 
much slower in this case (cf. Polgar, 1994). Several stud­
ies have indicated that prolyl ol igopeptidase may act 
directly as an amyloid 13 protein-generating peptidase in 
Alzheimer's disease (lshiura et al., 1990; Fukunari et al., 
1994; Shinoda et al., 1997) by processing the C-terminal 
alanine of the amyloid precursor protein . 

Prolyl oligopeptidase is widely distributed and has 
been isolated and cloned from several sources (Polgar, 
1994), including Flavobacterium meningosepticum (Yoshi­
moto et al., 1991; Chevallier et al., 1992; Diefenthal et 
al., 1993), porcine brain (Rennex et al., 1991), and human 
lymphocytes (Vanhoof et al., 1994). A method has been 
developed for isolation of prolyl oligopeptidase from 
porcine muscle (Polgar, 1991 , 1994), and its kinetic be­
havior was characterized (Polgar, 1991). Several differ­
ences have been observed between the extensively 
studied serine peptidases and prolyl oligopeptidase. 
The former enzymes exhibit a simple pH-rate profile, 
controlled by a single ionizing group of pK. 7, and are 
only slightly, if at all, affected by the ionic strength of 
the medium (Polgar, 1987, 1989). In contrast, prolyl oli­
gopeptidase catalysis conforms to a doubly sigmoidal 
curve and is rather sensitive to ionic strength (Polgar, 
1991). The doubly sigmoidal pH-rate profile indicates 
the existence of two pH-dependent enzyme forms, one 
being predominant at pH 6, and the other at pH 8. Kinetic 
investigations have also shown that the rate-limiting 
step for prolyl oligopeptidase catalysis is a conforma­
tional change (Polgar, 1991, 1992a), rather than the 
chemical step characteristic of the reactions of the tryp­
sin family . Unlike other serine peptidases, prolyl oli­
gopeptidase hydrolyzes shorter peptides faster than 
longer ones, which led to the proposal that the substrate 
may approach the active site through a tunnel that can 
exclude large structured peptides (Polgar, 1992b). 

No structure from the prolyl oligopeptidase family is 
available to date. Recently, we have been able to obtain 
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Figure 1. Amino Acid Sequence and Sec­
ondary Structure of Prolyl Oligopeptidase 

The sequence from porcine brain (Rennex et 
al., 1991) is shown in the top row. Residues 
different in the human lymphocyte enzyme 
(Vanhoof et al. , 1994) are shown in the second 
row. The third strand within the 13 sheets of 
the propeller domain always terminates with 
an aspartateresidue (boxed). Members of the 
catalytic triad (Ser554, His680, and Asp641) 
are also boxed. The secondary structure as­
signment is made according to DSSP (Kabsch 
and Sander, 1983). The figure was produced 
with ALSCRIPT (Barton, 1993). 

well-ordered and strongly diffracting crystals of prolyl 
oligopeptidase isolated from porcine muscle. This paper 
describes the structure of the enzyme and reveals the 
structural basis of how oligopeptides are cleaved and 
how, at the same time, larger peptides and proteins are 
protected from proteolysis in the cytosol. We have also 
determined the structure of prolyl oligopeptidase com­
plexed with its peptide-aldehyde inhibitor, benzyloxy­
carbonyl-prolyl-prolinal (Z-Pro-prolinal). Prolyl oligopep­
tidase sequences from different mammalian sources are 
highly conserved. A comparison (Figure 1) shows that 
the porcine and human sequences are more than 97% 
identical. All of the 19 differences are far from the active 
site and compatible with the present structure; there­
fore, our Z-Pro-prolinal complex serves as a good model 
for drug design for treating diseases of the memory 
system in human. 

of a = 70.8 A, b = 99.7 A, and c = 111.0 A (at 100 K). 
The crystallographic asymmetric unit contains a mono­
mer. The structure of the enzyme was solved by the 
method of multiple isomorphous replacement, using five 
heavy atom derivatives (see Table 1). The crystallo­
graphic R factor is 19.0% in the resolution range of 
30.0-1 .4 A, and the free R value (Bronger, 1992a) is 
20.6% (see Experimental Procedures). The model con­
tains all the 710 residues. None of the 16 cysteines are 
involved in disulfide bridges. The structure of the Z-Pro­
prolinal complex was refined in the resolution range of 
20.0-2.0 A and gave an R value of 20.1%, with a free R 
of 24.3%. 

Results and Discussion 

Structure Determination 
Crystals of prolyl oligopeptidase belong to the ortho­
rhombic space group P212121, with unit cell dimensions 

The primary amino acid sequence of the enzyme from 
porcine muscle is not known. The porcine brain se­
quence was used for model building and refinement 
(Rennex et al., 1991). The high-resolution and good qual­
ity electron density map did not reveal any difference 
between the porcine brain and muscle sequences. 

Architecture of the Molecule 
Prolyl oligopeptidase has a cylindrical shape of an ap­
proximate height of 60 A and diameter of 50 A. The 
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Table 1. Data Collection and Phasing Statistics 

Resolution Number of 
Compound (A) Observations 

Native (100 K) 30-1 .4 366,752 
Z-Pro-prolinal 20-2.0 135,322 
Native (290 K) 20-2.5 70,408 
UO1(Ac)1 20-2.5 76,601 
Hg(Ac)1 20-2.5 72,464 
EMTS' 20-2.5 52,666 
(Met),PbAc 20-2.5 88,959 
SmAc, 20-3.0 12,300 

Unique 
Reflections 

140,350 
51,602 
28,064 
27,387 
28,707 
24,674 
28,819 

7253 

Completeness R"""!I, 
(%) (%)' 

90.7 5.7 
95.7 7.3 
95.3 7.9 
93.0 11.2 31.3 
97.6 8.2 13.9 
83.7 8.0 22.7 
96.1 10.1 24.3 
42.1 11 .7 23.5 

Phasing 
Power' 

Number (Acentric/ 
of Sites Centric) 

0.67/0.82 
1.66/1.55 

3 1.62/1.81 
0.75/0.74 

3 1.81/1.73 

Cullis R" 
(Acentric/ 
Centric) 

0.94/0.95 
0.72/0.71 
0.75/0.69 
0.93/0.94 
0.75/0.73 

Derivatives were prepared by soaking native crystals in solutions of heavy atom reagents in the synthetic mother liquor overnight. The 
concentration was 1 mM for Hg(Ac), and 10 mM for all the other derivatives . Hg(Ac),, EMTS, and SmAc, shared the same sites. The overall 
figure of merit was 0.53, and it increased to 0.86 after density modifications in the resolution range of 20-2.8 A. 
• R_,. = l ;l hllhJ - < lh> lll;lh< lh> x 100, where I,,; is the jth observation of reflection h, and < lh> is the mean intensity of that reflection. 
'R;w = lllFeHI-IFelllllFel x 100, where F. and Fe" refer to the native and the derivative structure factor amplitude. 
' Phasing power= rms (IF"I/E), IF"I = heavy atom structure factor amplitude, and E = rms lack of closure. 
• Cullis R = lack of closure/isomorphous difference. 
' EMTS = ethyl mercury thiosalicylate . 

enzyme consists of a peptidase domain with its catalytic 
triad (Ser554, His680, Asp641) covalently attached to 
a seven-bladed 13 propeller (Figure 2). The secondary 
structure assignment of the molecule is displayed in 
Figure 1. 

Catalytic Domain 
The peptidase, or catalytic domain, is built up of resi­
dues 1-72 and 428-710. The N terminus contains two 
short antiparallel 13 strands and two long helices, which 
are connected to the much bigger C-terminal region via 

Figure 2. Stereo Representation of the Structure of Prolyl Oligopeptidase 

23 hydrogen bonds and salt bridges and many hy­
drophobic interactions. As predicted earlier (Polgar, 
1992c), this part of the domain exhibits a characteristic 
a/13 hydrolase fold (Ollis et al., 1992; Smith et al., 1992; 
Cygler et al., 1993) and contains a central eight-stranded 
13 sheet with all strands except the second one aligned in 
a parallel manner (Figure 3A). The 13 sheet is significantly 
twisted, with the first and last strands arranged at an 
angle of ~ 110° relative to each other. It is flanked by 
aA and aF on one side, and the six other helices of the 
domain on the other side. The topology of the 13 strands 

The ribbon diagram is color-ramped blue to red from the N to the C terminus. The catalytic residues are shown in a ball-and-stick representation . 
The picture was drawn with MolScript (Kraulis, 1991; Esnouf, 1997) and rendered with Raster3D (Merritt and Murphy, 1994). 
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is 1, 2, -1x, 2x, and (1xl, (Richardson, 1981). The sec­
ondary structure is close to that predicted by Goossens 
et al. (1995) and Medrano et al. (1998) except elements 
of a.A, o.D', 131, 132, and l33. 

Although the catalytic domain of prolyl oligopeptidase 
shows low sequence similarity to other o./13 hydrolase 
enzymes, the core of their three-dimensional structures 
(13 strands 2-8 and helices A-F) are closely superimpos­
able. For comparison, Figure 3B displays the structure 
of the smallest and simplest member of the hydrolase 
domain enzymes, dienelactone hydrolase (Pathak and 
Ollis, 1990). The root-mean-square (rms) deviation be­
tween the two domains was 1.6 7 A for 140 fitted Co. 
atoms, which gave only 22. 1 % sequence identity for 
that region (calculated by STAMP, Russell and Barton, 
1992). 

The JJ-Propeller Domain 
Residues 73-427 form the noncatalytic domain. This 
domain belongs to the relatively small but growing num­
ber of 13 propellers. As in the case of G-protein 13-subunit 

Figure 3. Comparison of the Fold of the Cata­
lytic Domain of Prolyl Oligopeptidase with a 
Typical 0:/13 Hydrolase Domain Enzyme 

(A) The protein chain of the peptidase domain 
of prolyl oligopeptidase is colored as in Fig­
ure 2 and viewed perpendicular to that. The 
numbering scheme of the secondary struc­
ture elements was made according to Ollis 
et al . (1992) . The domain has two extra helices 
(B ' and D') and the N-terminal extension (131 '-
2', o:1 '-2'). The catalytic triad (Ser554, His680, 
and Asp641) is in a ball-and-stick representa­
tion . The N and C termini of the enzyme are 
labeled with N and C, respectively. 
(B) The structure of dienelactone hydrolase 
(PDB entry 1din). The three-dimensional ar­
rangement and connectivity of the major sec­
ondary structure elements, together with the 
location of its catalytic residues (Cys123, 
His202, and Asp171) are similar to that of pro­
lyl oligopeptidase. (Drawn with MolScript and 
rendered with Raster3D.) 

structure (Wall et al., 1995; Lambright et al., 1996; 
Sondek et al., 1996), it is based on a 7-fold repeat of 
four-stranded antiparallel 13 sheets (Figure 4). The sheets 
are twisted and radially arranged around their central 
tunnel. They pack face-to-face, and the predominantly 
hydrophobic interaction provides most of the required 
structural stability. All of the other known propeller pro­
teins have evolved ways to close the circle ("Velcro") 
between their first and last blades (Neer and Smith, 
1996; Baker et al., 1997). In the 13 subunit of G proteins, 
for example, six of the seven blades of the propeller 
domain are built up regularly, with the polypeptide chain 
progressing outward from the central axis, forming four­
stranded antiparallel 13 sheets. The six blades are joined 
in succession around the central pseudo-7-fold axis. In 
blade 7, however, the ring closure is achieved by forming 
the four antiparallel 13 strands from both termini of the 
propeller domain. The N terminus provides the outer­
most strand, which is connected via main chain hydro­
gen bonds to the three antiparallel 13 sheets from the C 
terminus (Figure 4B). While the six-, seven-, and eight-

Figure 4. Comparison of the Fold of the Non­
catalytic Domain of Prolyl Oligopeptidase 
with a Typical 13-Propeller Structure 

(A) The protein chain of the 13-propeller do­
main of prolyl oligopeptidase is colored as in 
Figure 2 and viewed perpendicular to that, 
down the pseudo 7-fold axis. The 13 sheets 
of the seven blades are joined in succession 
(131/1 to 137/4, cf. Figure 1) around the cen­
tral axis. The "Velcro" is not closed; there are 
only hydrophobic interactions between the 
first {blue) and last (green) blades. Residues 
(Lys82, Glu134, His180, Asp242, Lys389, and 
L ys390) narrowing the entrance to the tunnel 
of the propeller are shown in a ball-and-stick 
representation. 
(B) The structure of G-protein 13 subunit (PDB 
entry 1tbg). The "Velcro" is closed between 
the two termini of the polypeptide chain by 
the main chain hydrogen bonds between the 
N terminus {blue) and the three antiparallel 13 
strands from the C terminus (green). (Drawn 
with MolScript and rendered with Raster3D.) 
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bladed propellers snap the "Velcro" in a similar way (Baker 
et al., 1997), the smaller four-bladed proteins (hemo­
pexin and collagenase) form a disulfide bond between 
the first and last blades (Faber et al., 1995; Li et al., 
1995). The circular structure is not stabilized in prolyl 
oligopeptidase by these ways; there are only hydropho­
bic interactions between the first and last blades (Fig­
ure 4A) . 

/3-propeller domains very often show no significant 
primary sequence similarity, but their three-dimensional 
structures and individual blades can be very closely 
superimposed (Neer and Smith, 1996; Baker et al., 1997). 
The noncatalytic domain of prolyl oligopeptidase looks 
less regular and less compact than other propellers, 
e.g., the 13 subunit of G protein (Figure 4) . Consequently, 
these two domains could not be tightly superimposed; 
the rms deviation was 2.66 A for 148 fitted Ca atoms 
of the propeller (with 17 .6% sequence identity for that 
region) . The similarity amongst blades of the propeller 
is less emphasized in prolyl oligopeptidase-the rms 
deviation was 1.93 A for 25 fitted Ca atoms of the seven 
blades (it is 0.95 A for the 13 subunit of G protein). It is 
worth noting that the third 13 strand within a blade always 
terminates with an aspartate (residues 104, 159, 218, 
265, 317, 365, and 411 ; see Figure 1), and they are at 
the opposite end of the propeller with respect to the 
catalytic domain. A similar sequence motif was found 
in the eight-bladed propeller domain of cytochrome cd, 
(Fulop et al., 1995; Baker et al., 1997). The functional 
significance of these aspartates is not clear at present. 
They are predominantly exposed to the solvent, and five 
of the seven are closely superimposable (the two outliers 
are Asp159 and 218). 

The 13 propeller is held to the catalytic domain of prolyl 
oligopeptidase via the two connecting polypeptide main 
chains (Figure 2) with 27 hydrogen bonds and salt brid­
ges, but mainly with hydrophobic forces . 

The Active Site 
The active site, containing the catalytic triad (Ser554, 
Asp641 , and His680), is located in a large cavity at the 
interface of the two domains (Figures 2, 3A, and 5) . 
Ser554 is found at the tip of a very sharp turn between 
strand 5 and helix C. Such an arrangement, referred to 
as nucleophile elbow, is characteristic of hydrolases of 
the a//3 type (Ollis et al., 1992). To avoid steric hindrance, 
several small residues are encountered around the cata­
lytic serine (Gly552, Gly553, Gly558, and Gly559). The 
main chain conformation of Ser554 is energetically unfa­
vorable, as in other a//3 hydrolases (Cygler et al., 1993). 
Consequently, the serine OH group is well exposed and 
readily accessible to the catalytic imidazole group on 
one side and to the substrate on the other. Similar results 
have most recently been found with proline iminopepti­
dase (Medrano et al., 1998). His680 is located in the 
middle of a loop situated between strand 8 and helix F. 
One of the oxygen atoms of Asp641 is in the plane of 
the imidazole ring of His680, providing ideal position 
for hydrogen bond formation, and it is also hydrogen­
bonded to a well-ordered water molecule. The other 
oxygen atom of the carboxylate of Asp641 is coordi­
nated by two main chain NH groups (Arg643 and Val644). 

The location and geometry of the members of the triad 
are very similar to that found in other a//3 hydrolases 
providing the same "handedness" (Ollis et al., 1992; see 
Figure 3). 

In the high-resolution structure, a monothioglycerol 
derivative is covalently bound to the catalytic Ser554 
(Figure SA) . Due to the high cysteine content of the 
enzyme, monothioglycerol was used as a reducing agent 
for crystallization (see Experimental Procedures). The 
high-resolution and good quality electron density map 
permitted the fitting of a 1-thioxy-glycerol molecule to 
the active site, covalently bound via its secondary car­
bon atom to Ser554. The precursor of this compound 
was presumably 1-thioxy-3-hydroxy-acetone, as a trace 
contaminant in monothioglycerol. At present, there are 
no high-resolution synchrotron data available from crys­
tals obtained without this compound. Lower-resolution 
(1 .8 A) in-house data did not reveal any significant 
changes in the structure, but the Ser554 was not blocked 
and the geometry of the catalytic triad was identical to 
that presented here (data are not shown). 

Substrate Binding 
The substrate binding pocket was mapped by the com­
plex formed between prolyl oligopeptidase and its tran­
sition state analog inhibitor, Z-Pro-prolinal. Ser554 nu­
cleophile attacks the aldehyde carbon atom, resulting 
in a covalent hemiacetal adduct (Figure SB). The S1 
specificity pocket ensures a hydrophobic environment 
and a snug fit for the proline residue. The pocket is lined 
by the side chains of Trp595, Phe476, Val644, Val580, 
and Tyr599 and the side chain carbon atoms of Asn555. 
The specificity is enhanced by ring stacking between the 
indole ring of Trp595 and the substrate/inhibitor proline 
residue (Figure SB) . 

The oxyanion-binding site is an essential feature of 
the serine peptidase catalysis (Polgar, 1987, 1989). The 
negatively charged oxyanion is generated from the car­
bonyl oxygen of the scissile bond and stabilized by two 
hydrogen bonds. In the chymotrypsin-type enzymes, the 
hydrogen bonds are provided by the main chain NH 
groups of the catalytic Ser195 and another residue, 
Gly193. In the subtilisin-type enzymes, the latter residue 
is substituted by the side chain amide group of an aspar­
agine residue. In common with the a//3 hydrolase fold 
family, one of the groups of the oxyanion-binding site 
in prolyl oligopeptidase is the main chain NH group adja­
cent to the catalytic serine (Asn555). This is a direct 
consequence of handedness (Garavito et al., 1977) of 
the catalytic triad opposite to that of the classic serine 
proteases. The second group stabilizing the oxyanion 
in prolyl oligopeptidase, however, is different from that 
found in hydrolases, since the hydrogen bond is not 
provided by another main chain NH group, but the OH 
group of Tyr473. This hydrogen bonding pattern was 
found both in the Z-Pro-prolinal complex (Figure SB) 
and in the thioxy-glycerol-inhibited enzyme (Figure SA) . 
Tyrosine residues are better proton donors than main 
chain NH groups. Consequently, they facilitate the nu- , 
cleophilic attack of the catalytic serine oxygen on the 
substrate by the protonation of the ketone oxygen atom, 
which can explain this unexpected reaction. 
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A 

Trp595 

Figure 5. Stereo View of the Active Site of Prolyl Oligopetidase 

(A) A 1-thioxy-glycerol molecule is covalently linked to the catalytic Ser554. The SIGMAA (Read, 1986) weighted 2mF0 -~F, electron density, 
usinlJ phases from the final model, is contoured at 1u level, where u represents therms electron density for the unit cell . Contours more than 
1.4 A from any of the displayed atoms have been removed for clarity. Dashed lines indicate hydrogen bonds. 
(B) The carbon atoms of the enzyme and the covalently bound inhibitor, Z-Pro-prolinal, are colored gray and green, respectively. Dashed 
lines indicate hydrogen bonds. (Drawn with MolScript.) 

Most serine proteases have no absolute substrate 
specificity. They can cleave peptide bonds with a variety 
of side chains adjacent to the scissile bond. The S 1 P1 
hydrogen bond is a very important factor in the proper 
substrate orientation and the transition state stabiliza­
tion. Praline residues do not possess main chain NH 
groups; therefore, the architecture of the S 1-binding site 
is evolved to be much more specific in prolyl oligopep­
tidase . 

The S2 subsite is less specific for substrate side 
chains than the S1 pocket. The second praline ring is 
open toward the cavity containing a host of water mole­
cules. An S2P2 hydrogen bond is formed between the 
main chain carbonyl group of this praline and the NH1 
atom of Arg643 (Figure 5B) . The position of the guadin­
ium group is well defined and involved in an extensive 
hydrogen bonding network. 

The S3 site occupied by the benzene ring of the benzyl­
oxycarbonyl group provides a rather nonpolar environ­
ment. This pocket is lined by the side chains of several 

nonpolar residues, including Phe173, Met235, Cys255, 
lle591, and Ala594. In agreement with our experimental 
data (L. P., unpublished data), this subsite prefers hy­
drophobic residues. The S3P3 hydrogen bond is gener­
ated between the carbonyl oxygen of residue P3 and 
the side chain of Trp595 (Figure 5B). 

Figure 5B also shows that Cys255 is situated close 
to the S1 and S3 subsites, which explains why bulky 
reagents specific to cysteine residues (N-ethylmaleimide, 
p-chloromercuribenzoate) inactivate prolyl oligopepti­
dase almost completely, whereas the small iodoacet­
amide affords only partial inhibition. Cys255 in the F. 
meningosepticum enzyme is replaced by a threonine 
residue and is not inhibited by thiol reagents (Yoshimoto 
et al., 1980). In the case of the homologous acylami­
noacyl peptidase, chemical modification of Cys30 and 
Cys64 inhibited the enzyme, suggesting that one or both 
of these residues are close to the active site (Scaloni et 
al., 1994). The corresponding residues in prolyl oligo­
peptidase are Cys25 and Cys57, which are at the surface 
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of the protein, far from the active site. Hence, their 
blocking would not inhibit the enzyme. 

Access to the Active Site 
The most intriguing problem of oligopeptidase activity 
concerns the access of substrate to the active site, 
which is hidden in a large cavity at the interface of the 
catalytic and 13-propeller domains (Figures 2 and 6). 
There are two contributing factors to be considered: 
the narrow hole at the bottom of the central tunnel of 
the propeller, partially covered by flexible side chains 
(Lys82, Glu134, His180, Asp242, Lys389, and Lys390), 
and the lack of "Velcro" closing between the first and 
last blades of the propeller (Figures 2, 4A, and 6). In the 
resting structure, the hole at the bottom of the propeller 
is not wide enough (~ 4 A) to permit the diffusion of the 
substrate into the central cavity. The entrance could be 
widened by the movements of these flexible side chains, 
enhanced by opening the propeller between its first and 
seventh blades. The opening is probably induced by the 
substrate, and this conformational change may be the 
rate-limiting step of the catalysis, in agreement with 
previous results (Polgar, 1992a; Polgaret al., 1993). Such 
an approach of the substrate is consistent with the tun­
nel hypothesis put forward earlier to rationalize oligo­
peptidase activities (Polgar, 1992b). In this manner, the 
propeller excludes large structured peptides and pro­
teins from the central cavity, thus protecting them from 
proteolysis in the cytosol. 

As in other 13-propeller structures (Neer and Smith, 
1996; Baker et al., 1997), the central tunnel of the propel­
ler is lined with hydrogen donors and acceptors, and 
these are water solvated. The cavity is large enough 
(8562 A3. ~ 8% of the volume of the whole enzyme) to 
readily accommodate long oligopeptides and is ex­
tended from the central tunnel of the 13 propeller into 
the catalytic domain (Figure 6). The enzyme is selective 
for oligopeptides not longer than about the 30 amino 
acid residues in total (Moriyama et al., 1988). Shorter 
oligopeptides may not have any secondary structure, 
or they could easily unfold upon the interaction with the 
enzyme to be able to diffuse into the active site in the 
easiest way, as a random coil. The large cavity could, 
in principle, accommodate oligopeptides longer than 30 
residues, but those probably possess some secondary 
structure elements with stronger interactions. Conse­
quently, they cannot pass the entrance as a random 
coil. 

Conclusions 
Prolyl oligopeptidase catalyzes the cleavage of several 
biologically active peptides, such as angiotensins I and 
II, bradykinin, oxytocin, and vasopressin (Welches et 
al., 1993). One of the most unexpected features of the 
structure of the enzyme is the way in which these oligo­
peptides are selected and how, at the same time, larger 
structured peptides and proteins are protected from 
proteolysis in the cytosol. The C-terminal catalytic do­
main of prolyl oligopeptidase is covalently linked to an 
unusual seven-bladed propeller. Unlike other 13 propel­
lers, the "Velcro" is not closed between the first and last 
blades of prolyl oligopeptidase. This structural feature 
permits partial opening of the propeller and provides 

Figure 6. Surface Representation of Prolyl Oligopeptidase 

The molecular surface is superimposed on the polypeptide chain . 
The picture shows a slab of the molecule, hence the cropping of 
the chain. The large cavity extends from the central tunnel of the f3 
propeller to the catalytic domain and is accessible through the nar­
row hole at the bottom of the propeller. The covalently bound inhibi­
tor, Z-Pro-prolinal, is shown in a ball-and-stick representation. The 
molecular surface was calculated by the method published by Con­
nolly (1985), and the figure was prepared using XOBJECTS (M. E. M. 
Noble, Oxford, unpublished program). 

access via its central tunnel to the active site. Substrates 
are selected by size exclusion of the propeller and the 
specificity of the active site. 

All the other propeller proteins use their central tunnel, 
or the entrance to that tunnel, to coordinate a ligand or 
to carry out some catalytic function, which has to be 
preserved by the structural rigidity of the propeller, pro­
vided by the "Velcro" closing (Baker et al ., 1997). The 
functionality of the 13-propeller domain in prolyl oligo­
peptidase requires some structural flexibility. Accord­
ingly, there is no strong interaction between its first 
and seventh blades. The N-terminal extension, which is 
structurally part of the catalytic domain, is far from the 
active site and does not contribute to the characteristic 
a/13 hydrolase fold observed in other enzymes. Its possi­
ble role is to provide stability of the circular structure 
of the propeller by covalently linking it to the peptidase 
domain. 

The catalytic triad (Ser554, His680, and Asp641) is 
hidden in the central cavity at the interface between 
the two domains. Specificity is provided by stacking a 
tryptophan residue against the substrate praline ring. 
The finding that the S 1 and S2 subsites are located 
in the peptidase domain suggests that the truncated 



Petitioner GE Healthcare – Ex. 1064, p. 168 
GE Healthcare Ltd. v. The Johns Hopkins University 

IPR2026-00069 

Cell 
168 

catalytic domain alone would preserve the enzyme 
specificity and extend its activity to cleave larger pep­
tides. 

Since specific prolyl oligopeptidase inhibitors reverse 
scopolamine-induced amnesia (Yoshimoto et al., 1987), 
our Z-Pro-prolinal complex serves as a good model for 
drug design for treating diseases of the memory system. 

Experimental Procedures 

Crystallization 
Prolyl oligopeptidase was purified from porcine muscle according 
to the protocols of Polgar (1991, 1994). Crystals were obtained by 
the hanging-drop vapor diffusion method. The composition of the 
mother liquor in the reservoir was somewhat different from that 
reported by B6cskei et al. (1998) : 17% (w/v) methoxy-polyethylene 
glycol (MPEG) 5000, 15% (v/v) glycerol, 1% (v/v) monothioglycerol, 
20 mM Ca(Ac),, and 100 mM TRIS (pH 8.5). The protein solution (10 
mg/ml) was mixed with this solution in a 1: 1 ratio and left to equili­
brate with the reservoir solution at 4°C. Needle-shaped crystal clus­
ters appeared within 4 days. The largest single crystals (0.3 mm x 
0.4 mm x 0.5 mm) were obtained at 20°c by seeding preequilibrated 
drops with microcrystals obtained at 4°C. The Z-Pro-prolinal com­
plex was obtained by cocrystallization without the use of monothio­
glycerol. Crystals belong to the orthorhombic space group P2,2,2,, 
with unit cell dimensions of a = 70.8 A, b = 99. 7 A, and c = 111.0 
A (at 100 K). There is one molecule in the asymmetric unit, with the 
solvent content of 48% by volume. 

X-Ray Data Collection and Structure Determination 
Native data to 1.4 A resolution were collected from frozen crystals 
at 100 K using 0.87 A radiation at station 9.6 of SRS, Daresbury. 
Data from the Z-Pro-prolinal complex were collected at 100 K at 
the beamline X11, EMBL, Hamburg, using 0.9096 A radiation. Crys­
tals very often suffered from nonisomorphism upon freezing; there­
fore, a native data set and all the derivative sets were collected 
at room temperature, in-house, using Cu Kn radiation. Data were 
collected either on a 30 cm (synchrotrons) or on an 18 cm (in-house) 
MAR image plate detector, and they were processed using DENZO 
and its companion program SCALEPACK (Otwinowski, 1993). Sub­
sequent calculations were performed with the CCP4 program suite 
(CCP4, 1994). The structure was solved using five heavy atom deriv­
atives (Table 1). Heavy atom sites were located by analysis of iso­
morphous difference Patterson maps, and their initial parameters 
were refined by MLPHARE (Otwinowski, 1991). Phases were further 
improved by SHARP (La Fortelle and Bricogne, 1997) and solvent 
flipping, using SOLOMON of the CCP4 package (Abrahams and 
Leslie, 1996). The resulting electron density map allowed the unam­
biguous tracing and sequence assignment of all but the first five 
residues. 

Model Building and Refinement 
Model building and refinement were pursued with alternate cycles of 
manual refitting using O (Jones et al., 1991) and simulated annealing 
using X-PLOR (Bronger, 1992b). The resolution was gradually in­
creased from 2.2-1.4 A, and water molecules were added to the 
atomic model at the positions of large positive peaks (> 2cr) in the 
difference electron density at places where the resulting water mole­
cule fell into an appropriate hydrogen bonding environment only. At 
the final stages, restrained isotropic temperature factor refinements 
were carried out for each individual atom. Introduction of water 
molecules in each of the refinement steps resulted in a decrease in 
both conventional and free R values. A bulk solvent correction al­
lowed all measured data from 30-1 .4 A to be used. The final model 
contains all 710 residues, the covalently bound 1-thioxy-gycerol and 
a further noncovalent one, 4 glycerol, and 887 water molecules. Five 
cysteine residues are oxidized and two others have monothioglyc­
erol covalently attached to them via S-S bridges. The crystallo­
graphic R factor is 19.0% in the resolution range of 30.0-1 .4 A 
(defined as Ra,,, = ~IIF.,,,I - IFoa,, ll~IF..,,I x 100), using 133,425 
reflections with F..,, > 2cr(F..,,). The free R value (Bronger, 1992a) is 
20.6% based on 5631 randomly selected reflections (4% of the total) 

with F 0,,, > 2cr(F0 .,J. The final model shows good stereochemistry. 
Of the residues, 89.4% are in the most favorable regions in the 
Ramachandran plot with 4 outliers (Tyr311, Ser346, Leu529, and 
Ser554), all of them in well-defined regions. The structure complexed 
with Z-Pro-prolinal was refined in the resolution range of 20.0-2.0 
A and gave R factor of 20.1 %, using 48,380 reflections, with the 
free R value of 24.3% for 2,118 reflections. None of the cysteine 
residues were found to be oxidized. Coordinates have been depos­
ited in the Brookhaven Protein Data Bank. 
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