
Concerted Structural Changes in the Peptidase and
the Propeller Domains of Prolyl Oligopeptidase are
Required for Substrate Binding

Zoltán Szeltner1, Dean Rea2, Tünde Juhász1, Veronika Renner1
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Prolyl oligopeptidase contains a peptidase domain and its catalytic triad is
covered by the central tunnel of a seven-bladed b-propeller. This domain
makes the enzyme an oligopeptidase by excluding large structured pep-
tides from the active site. The apparently rigid crystal structure does not
explain how the substrate can approach the catalytic groups. Two possi-
bilities of substrate access were investigated: either blades 1 and 7 of the
propeller domain move apart, or the peptidase and/or propeller domains
move to create an entry site at the domain interface. Engineering disulfide
bridges to the expected oscillating structures prevented such movements,
which destroyed the catalytic activity and precluded substrate binding.
This indicated that concerted movements of the propeller and the pepti-
dase domains are essential for the enzyme action.
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Introduction

A distinct group of serine peptidases cannot
hydrolyze proteins, but can readily cleave peptides
that are up to about 30 amino acid residues long.
These enzymes are grouped under the prolyl oligo-
peptidase family (S9 of clan SC).1 Members of the
family include dipeptidyl peptidase IV, oligopepti-
dase B, acylaminoacyl peptidase and the prototype
prolyl oligopeptidase, all of which are of physio-
logical and pharmacological importance.2 Specifi-
cally, prolyl oligopeptidase is implicated in a
variety of disorders of the central nervous
system.3 –6 Inhibitors of the enzyme are described
as cognitive enhancers, and some entered clinical
trials.7 – 10 Dipeptidyl peptidase IV is involved in
type 2 diabetes11 – 13 and oligopeptidase B in
trypanosomiasis.14 – 17

The catalytically competent residues, the so-
called catalytic triad (Ser, Asp and His), are con-

centrated in the carboxyl terminal region, where
the amino acid sequence homology is more signifi-
cant than in the amino-terminal part. The enzymes
of the family are much larger (about 80 kDa) than
are the classic serine proteases, trypsin and subtili-
sin (25–30 kDa). The most important structural
information was obtained from the 1.4 Å-resolu-
tion crystal structure of prolyl oligopeptidase,
determined with the native enzyme and its
complex with the inhibitor Z-Pro-prolinal (PDB
codes 1qfm and 1qfs).18 The enzyme has a
cylindrical shape of an approximate height of 60 Å
and diameter of 50 Å. It consists of two domains,
a peptidase and a seven-bladed b-propeller.

The peptidase domain is built up of residues
1–72 and 428–710, and the residues between these
two portions constitute the propeller domain.
In agreement with earlier predictions,19,20 the pepti-
dase domain exhibits an a/b hydrolase fold
characteristic of lipases and other hydrolytic
enzymes and contains a central eight-stranded
b-sheet with all strands except the second one
aligned in a parallel manner. The b-sheet is twisted
significantly, and is flanked by two helices on one
side and six helices on the other.

The b-propeller of prolyl oligopeptidase is held
to the catalytic domain via the two connecting
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polypeptide main-chains, with hydrogen bonds
and salt bridges, but mainly with hydrophobic
forces. The propeller domain is based on a seven-
fold repeat of four-stranded antiparallel b-sheets,
which are twisted and arranged radially around
their central tunnel. They pack face-to-face and
the predominantly hydrophobic interaction pro-
vides most of the required structural stability.
Until recently, all the other known propeller
proteins have evolved ways to close the circle
(“Velcro”) between their first and last blades.21 In
the b-subunit of G proteins, for example, the
main-chain hydrogen bonds formed between one
b-strand from the amino terminus and three anti-
parallel b-strands from the carboxyl terminus
close the “Velcro”. While the six, seven and eight-
bladed propellers close the “Velcro” in a similar
way,21,22 the smaller four-bladed proteins (hemo-
pexin and collagenase) form a disulfide bond
between the first and last blades.23 – 25 The circular
structure is not stabilized in prolyl oligopeptidase
by these ways. There are only hydrophobic
interactions between the first and last blades.
Non-velcroed or “open topology” propellers are
rare, and prolyl oligopeptidase was the first pro-
tein structure exhibiting a domain of this nature.
An eight-bladed propeller with open velcro top-
ology was identified during the recent crystal
structure determination of the related dipeptidyl
peptidase IV enzyme.26 – 30 The structures of
Cellvibrio japonicus a-L-arabininase31 and Bacillus
subtilis levansucrase32 are based on non-velcroed
five-bladed propellers. The 720 kDa tricorn
protease from Thermoplasma acidophilum contains
both six and seven-bladed propellers with open
velcro topology.33

The catalytic triad of prolyl oligopeptidase
(Ser554, Asp641, His680) is located in a large cavity
at the interface of the two domains.18 Ser554 is
found at the tip of a very sharp turn, referred to
as the nucleophile elbow. 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. His680 is found in
the middle of a loop. One of the oxygen atoms of
Asp641 is in the plane of the imidazole ring of
His680, providing ideal position for hydrogen
bond formation.

The narrow entrance of the propeller (,4 Å)
opposite to the active site is much smaller than
the diameter of an average peptide (6–12 Å), but
it could be enlarged by partial separation of the
unclosed blades 1 and 7. This process could pro-
vide access to the active site for oligopeptides
whilst protecting proteins and large structured
peptides from accidental hydrolysis. This mecha-
nism was supported by engineering a disulfide
bond between blades 1 and 7, which inactivated
the enzyme.34 Specifically, a cysteine residue was
substituted for Gln397, because blade 1 already
contained a cysteine (Cys78) in an appropriate pos-
ition to form a disulfide bond with residue 397.
Under reducing conditions, the enzyme variant is

active but under oxidizing conditions, the activity
is lost. The disulfide bond formation was demon-
strated by X-ray crystallography.34 Hence, the
regulatory mechanism of prolyl oligopeptidase
involves oscillating propeller blades acting as a
gating filter during catalysis. It is possible, how-
ever, that the opening of the propeller is not full
length between the two blades, such that separa-
tion of the blades may only be required at either
the top of the propeller near the peptidase domain,
or the bottom of the propeller at the distal end of
the molecule. To test this hypothesis, we have
engineered disulfide bonds at each end of the
propeller between blades 1 and 7, and analyzed
their effects on substrate binding and catalysis.

The prolyl oligopeptidase of the hyperthermo-
philic Pyrococcus furiosus differs from other prolyl
oligopeptidases in that it breaks down autocatalyti-
cally and hydrolyzes proteins, like azocasein.35,36

The enzyme is significantly smaller than its meso-
philic counterparts. It was suggested that the two
domains of the hyperthermophilic enzyme move
away from one another and this enables larger
protein substrates to approach the active site.36

Such domain movements may be possible for the
mammalian enzyme as well. To test this, a variant
was prepared with a movement-restricting disul-
fide bridge between the domains. Thr597 from the
peptidase domain was replaced with cysteine
because this residue is well positioned to form a

Figure 1. Disulfide bond formation in prolyl oligo-
peptidase. The potential disulfide engineering sites are
shown together with the catalytic triad in the middle of
the molecule (drawn from the C255T/C78/Q397C
variant, PDB code 1e5t,34). The ribbon diagram is
colour-ramped blue to red from the N to the C terminus.
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disulfide bridge with Cys255 from the propeller
domain.

Results

Disulfide bond formations in the
propeller domain

To cross-link the potential substrate entrance of
prolyl oligopeptidase, we had to introduce cysteine
residues into the enzyme. Instead of the wild-type
enzyme, we used the C255T enzyme variant
because the oxidation of Cys255 or its blocking
with glutathione inhibits prolyl oligopeptidase.
Cys255 is close to the active site so that a bulky
group on its thiol sterically hinders the substrate
during the reaction with the catalytic serine.37 We
have prepared the triple mutants Y73C/V427C/
C255T and K81C/D391C/C255T and examined to
what extent the new cysteine residues influenced
the catalytic activity. It was found that the new
cysteine residues affected the rate constants only
moderately. The location of the disulfide bonds
formed after oxidation are illustrated in Figure 1.
The oxidations were performed by air or by

0.1 mM and 0.5 mM GSSG, which inactivated the
enzyme variants according to first-order reactions.
It is seen in Figure 2 and Table 1 that 0.1 mM
GSSG, relative to O2, markedly increases the inacti-
vation rate for the different variants, but the
increase in rate constant is not proportional to the
concentration of the disulfide compound. Appar-
ently, the rate-limiting step involves a steric
component, which makes the large GSSG molecule
unable to freely approach the buried cysteine resi-
dues. The inactivation rate constants for the control
C255T and C255A variants are significantly lower
than the corresponding rate constant for Y73C/
V427C/C255T. In contrast, the K81C/D391C/
C255T variant is more slowly inactivated than the
controls (Table 1). In this case, the disulfide bond
formation seems to play a minor role in the inacti-
vation. Apparently, the distance between the
two residues is not favorable for reaction (see
Discussion). Therefore, this enzyme variant was
not investigated further.

The slow inactivation of the control enzymes
(C255T and C255A) may arise from the reactions
with some buried cysteine residues. Blocking the
readily available surface cysteine residues with
bulky reagents, like N-ethyl maleimide, does not
affect the activity of the C255T variant.37 However,
during the long incubation employed here, GSSG
could react with the hidden cysteine residues,
resulting in some distortion in the protein struc-
ture. Therefore, we tried cystamine (2,20-diamino-
diethyl disulfide), which being a much smaller
compound than GSSG could easier approach the
buried cysteine residues. Interestingly, cystamine
gave a two-phase inactivation curve with the
C255T variant. The activity decreased by about
30% within one minute, and this was followed by
a readily measurable single-exponential reaction,
the rate constant of which was greater by two
orders of magnitude than that of the reaction of
GSSG (Table 1). This indicates that: (i) the hidden
cysteine residues are not equally accessible for the
cystamine, (ii) the reactions of two or more cysteine
residues account for the inactivation, reacting
slower and faster with cystamine, and (iii) the
inactivation is much faster with the smaller
cystamine than with GSSG.

X-ray crystallography demonstrated the forma-
tion of the disulfide bond in the Y73C/V427C/
C255T variant (Figure 3(A)). This is the linker

Figure 2. Oxidation of the Y73C/V427C/C255T var-
iant. The reactions were performed at pH 8.5 and 28 8C
with air oxygen ( £ ), 0.1 mM GSSG (W), and 0.5 mM
GSSG (X). The activities were measured under first-
order conditions. k0 is the first-order rate constant at
zero time, ki refers to the remaining activity at time t.

Table 1. Rate constants of inactivation (pH 8.5)

Variant
O2

103k (h21)
0.1 mM GSSG

103k (h21)
0.5 mM GSSG

103k (h21)
0.1 mM CA,a

103k (h21)

C255A 54.4 ^ 1.0 128.9 ^ 7.1
C255T 56.5 ^ 0.9 112.9 ^ 2.2 7990 ^ 600
Y73C/V427C/C255T 15.3 ^ 0.8 91.8 ^ 1.7 264.1 ^ 6.3
K81C/D391C/C255T 36.9 ^ 1.1 72.2 ^ 1.6
C78A/C255T 47.0 ^ 0.8 108.0 ^ 1.7 7400 ^ 400
T597C 20.3 ^ 0.7 355 ^ 7 1344 ^ 27 .30,000

a CA ¼ cystamine. Rate constants refer to the slow phase.
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region between the two domains and normally
shows high flexibility and consequently poor elec-
tron density between residues 70–76 and 424–430.
Upon disulfide formation, a slightly different
conformation is adopted with respect to the wild-
type enzyme (PDB code 1h2w). The Ca atoms
have an rms deviation of 1.41 Å (0.37 Å for all 710
residues). Subsequently, the main-chain gets more
ordered and the temperature factor ratio between
the Ca atoms of this region and the whole molecule
is 1.38, which is significantly lower than the corre-
sponding figure of 1.83 for the wild-type structure.

The K81C/D391C/C255T variant did not prove
to be a good disulfide forming species. Catalytic
activity was lost under oxidative conditions even
slower than the controls C255A and C255T (Table
1). This unexpected result may be due to some
changes in the structure of the modified protein
because Asp391 OD2 forms a hydrogen bond with
the main-chain NH of Gln388, and this structurally
influential bond disappears when cysteine replaces
Asp391. In addition, Lys81 and Asp391 seem to be
important for the folding of the protein because

most of the K81C/D391C/C255T variant is pro-
duced as inclusion bodies, and only a small frac-
tion is obtained in the soluble form. Furthermore,
the distance between the cysteine residues is not
optimal (see Discussion).

Cross-linking the propeller and
peptidase domains

The role of possible domain fluctuations during
substrate entry was explored by introducing a
disulfide bond between the peptidase and the pro-
peller to prevent the required domain motions. To
this end Thr597 of the peptidase domain was
mutated to cysteine, since this residue assumed a
favorable position to form a disulfide bond with
Cys255 of the propeller domain.

The reduced form was slowly oxidized by air at
28 8C and at pH 8.5. The decrease in activity
followed a single exponential decay (Figure 4). No
appreciable decrease in the activity of the C255A
variant was observed (Figure 4). This control was
used instead of the wild-type enzyme, as the

Figure 3. Stereo view of the disulfide bond formation in prolyl oligopeptidase. Electron density around the disulfide
bonds Y73C-V427C (A) and C255-T597C (B). The SIGMAA51 weighted 2mFo 2 DFc electron density using phases from
the final model is contoured at 1s level, where s represents the rms electron density for the unit cell. Contours more
than 1.4 Å from any of the displayed atoms have been removed for clarity. Residues of the wild-type enzyme are
shown as thin lines (from PDB entry 1h2w) (drawn with MolScript52,53).
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oxidation of Cys255, which is close to the binding
site, may also reduce the catalytic activity.37 The
results have suggested that the prevention of
domain motions almost completely inhibited the
activity. The activity of the oxidized enzyme was
regained by incubation with 1.5 mM DTE at pH 8.5
(Figure 5), supporting that the loss of activity was
associated with the disulfide formation. The for-
mation of the disulfide bond was verified by X-ray
crystallography (Figure 3(B)), which showed that
the structure was not significantly perturbed with
respect to the wild-type enzyme (PDB code 1h2w).
The rms deviation was 0.17 Å for all the 710 fitted
Ca atoms, and this was only slightly higher,
0.46 Å, for the shown region between residues
253–257 and 595–599.

The very slow reaction with oxygen did not per-
mit to complete fully the oxidation. The remaining
activity was shown to originate from the reduced
form. Specifically, maleimide inhibits prolyl oligo-

peptidase by about 85%, when it reacts with
Cys255.37 After four days of incubation, the
remaining activity could be inhibited with malei-
mide to a similar extent, which clearly indicated
that the activity originated from the reduced
enzyme present in the incompletely oxidized
sample. Addition of 0.05–0.1 mM GSSG acceler-
ated the formation of the disulfide bond. However,
the oxidizing agent, as shown above, can also react
with the thiol groups on the surface of prolyl
oligopeptidase. To reduce the possibility of such
undesirable reactions, we did not use a large excess
of oxidizing agent.

Disulfide bond increases protein stability

We have investigated whether or not the for-
mation of the disulfide bond modifies the stability
of the enzyme. Figure 6 illustrates the temperature
scans of the T597C and the C255A variants, the
latter being unable to form a disulfide bridge.
Both the reduced and oxidized forms of the control
C255A enzyme gave similar curves displaying two
peaks, a smaller (tm1) and a larger (tm2) at lower
and higher temperature, respectively (Table 2). A
similar curve was obtained with the wild-type
enzyme (not shown). However, the air-oxidized
T597C with 22% remaining activity exhibited three
peaks. The additional peak was formed at the
highest temperature (tm3). The 7.0 8C shift from
tm2 indicates that the disulfide bond has generated
significant stabilization in the protein structure.
Another sample incubated overnight in the pre-
sence of 50 mM GSSG (broken line in Figure 6)
retained 10% activity. As seen, the change in
protein stability was practically independent of
whether the oxidation was achieved by GSSG or
oxygen. The new peak apparently formed in
concert with the generation of the disulfide bond.
At the start of the oxidation a shoulder to the
second peak (tm2) developed (not shown), which
gradually enlarged as the oxidation proceeded.
Similar stabilization was obtained with the Y73C/
V427C/C255T variant (Table 2). However, with
this variant the first peak practically disappeared
during oxidation. A similar phenomenon was
observed when blades 1 and 7 were cross-linked
with the disulfide bond between residues 78 and
397.34 A further difference associated with the
Y73C/V427C/C255T variant is the lower tm values.
This is due to the insertion of either Cys73 or
Cys427, both resulting in labilization of the protein
structure as indicated by the lower tm values of the
double mutants Y73C/C255T and V427C/C255T
(Table 2). The labilization is greater when both
cysteine residues are present (Y73C/V427C/
C255T).

Disulfide bond impedes substrate binding

Whether the lack of activity arises from the
inability of the substrate to enter the cavity of the
cross-linked enzyme was examined by substrate

Figure 4. Oxidation of prolyl oligopeptidase variants
by air. The activity of the T597C variant was measured
with Z-Gly-Pro-Nap (W) or Abz-Gly-Phe-Gly-Pro-Phe-
Gly-Phe(NO2)-Ala-NH2 (þ). The C255A variant was
used as control (K).

Figure 5. Reactivation of the oxidized T597C variant of
prolyl oligopeptidase. Reduction of the disulfide bond
was achieved with 1.5 mM DTE.
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binding studies. To this end, a modified oxidized
enzyme was used (S554A/T597C), in which the
catalytic serine was abolished to prevent substrate
hydrolysis. It has already been shown that the
internally fluorescent substrate, Abz-Gly-Phe-Gly-
Pro-Phe-Gly-Phe(NO2)-Ala-NH2 readily binds to
the inactive S554A variant.38 However, there was
no substrate binding with the oxidized S554A/
T597C enzyme, except with about 20% of reduced
enzyme, which was still present after an overnight
incubation with 0.05 mM GSSG. The difference
in binding between the reduced and oxidized
enzymes was demonstrated by adding an excess
of enzyme to the substrate and measuring the
resulting fluorescence intensity. The S554A variant,
not containing the disulfide bond, was used as a
control. The enzyme concentration employed
(140 mM) was not enough to convert the substrate
completely into enzyme–substrate complex. The
saturation was about 80% under the experimental
conditions, as indicated by the extrapolated fluor-
escence value of the titration curve (390 fluor-
escence units) determined as described.38

Nonetheless, the fluorescence of the complex of

the oxidized S554A/T597C enzyme is much less
(61 units) than that of the reduced (285 units) and
the C554A variants (300). At full saturation, the
fluorescence is similar to that obtained during sub-
strate hydrolysis,38 where the donor and acceptor
groups are separated. In the enzyme–substrate
complex only the P3-P20 residues are bound. The
fluorophore (P5) and the quenching (P30) groups
are disordered, not seen in the electron density
map. A direct intramolecular encounter of the two
remote groups is not possible. The small difference
between the reduced S554A/T597C and the C255A
variants (300 2 285 ¼ 15) may be due to a some-
what higher dissociation constant formed with
the former (52 ^ 4 mM) than with the latter
enzyme–substrate complex (40 ^ 1 mM). These
results indicate that the substrate cannot enter the
cavity of the cross-linked protein, and this explains
why the oxidized enzyme does not show an
appreciable activity.

Discussion

The crystal structure of prolyl oligopeptidase
displays an apparently firm two-domain construc-
tion, which should exclude even the smallest pep-
tide from the active site. Catalysis of the highly
efficient prolyl oligopeptidase requires very rapid
conformational changes that open up the enzyme
structure between blades 1 and 7, between the pro-
peller and the peptidase domains, or presumably
at both parts of the structure. To distinguish
between the potential mechanisms, we have sup-
pressed the oscillation dynamics by introducing
disulfide bridges at the possible substrate entry
sites. The rates for the various bond formations
were rather different: four- to fivefold higher for
the C255–T597C (propeller-peptidase) than for
the formation of the Y73C-V427C bond (blade

Figure 6. DSC scans of oxidized
prolyl oligopeptidase variants.
Thick curve, air-oxidized C255A
variant; thin line, air-oxidized
T597C variant; broken line, T597C
variant oxidized with 50 mM GSSG.

Table 2. tm values for prolyl oligopeptidase variants

Reduced Oxidized

Enzyme tm1 tm2 tm3 tm1 tm2 tm3

T597C 43.7 53.5 – 43.6a 53.6a 60.5a

T597C 43.6 53.5 – 43.6b 53.6b 60.4b

C255A 43.7 53.5 – 43.4a 52.4a –
C255T 44.3 52.0 –
Wild-type 44.0 53.6 –
Y73C/V427C/C255T 40.3 50.2 – – 51.6b 58.2b

Y73C/C255T 41.8 51.9 –
V427C/C255T 41.8 51.9 –

a Oxidized by air.
b Oxidized by 50 mM GSSG.
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1–blade 7, close to the peptidase domain). Interest-
ingly, the formation of the K81C–D391C bond
(blade 1–blade 7, distant from the peptidase
domain) was even slower (Table 1) than the inacti-
vation of the control enzyme variant that is unable
to form a disulfide bond. The inactivation was
likely due to the reaction of some buried cysteine
residues of the protein since their blocking can dis-
tort the protein structure. The size of the oxidizing
agent is of primary importance, which is obvious
from the rapid reaction with the small cystamine
(Table 1). A different type of reaction with the
small oxygen molecule, however, was slower than
that of the GSSG reaction. The concentration of
oxygen did not limit the reaction under the
conditions employed because the inactivation rate
constant remained unchanged at a tenfold enzyme
concentration.

Two additional factors can be considered in
disulfide bond formation. (i) The distance between
the Ca atoms of the two cysteine residues involved
in cross-linking. Theoretically, the distance can
range from about 4 Å to 9 Å. However, the effec-
tive range is narrower, since most of the disulfides
observed in proteins fall between 4.4 Å and
6.8 Å.39 As seen in Table 3, the K81C/D391C/
C255T variant (7.74 Å) overextends the effective
range, whereas the Y73C/V427C/C255T enzyme
(6.41 Å) is a fairly good candidate for forming a
disulfide bond, as observed here. The C255/T597C
variant is even more favorable (5.85 Å), and this is
consistent with the high rate constant for the reac-
tion with GSSG (last row of Table 1). (ii) A further
way of estimating the possibility of disulfide bond
formation considers the amino acid sequences
around the cysteine residues (ten residues on each
side of the cysteine). It has previously been shown
that the sequential environments of free cysteine
residues and half cystines are different, which dis-
tinguishes the two species in natural proteins.40

For example, Gly is the most abundant in the
vicinity of half cystines. Using that method, we
calculated the preferences for disulfide formation.
The values are shown in Table 3, where the unit
value represents 50–50% of the two oxidation
states. It is seen that the disulfide would most

probably be formed in the Y73C/V427C/C255T
variant and less probably in the K81C/D391C/
C255T variant. Other potential disulfides are also
shown in Table 3. In agreement with the experi-
mental data, the Y73C/V427C/C255T variant
would be more likely to form a disulphide than
the K81C/D391C/C255T variant if either the
sequence surrounding the cysteine residues or the
distance between the Ca atoms is considered.

The above results indicate that flexibility of
propeller blades 1 and 7 is required for enzyme
activity. Separation of the peptidase and the pro-
peller domains is similarly required, not just for
enzyme activity but for substrate entry into the
enzyme cavity. This suggests a mechanism in
which substrate entry requires a concerted action
of the propeller blades and the domains. This is
conceivable since the blades are coupled not only
with one another but also with the peptidase
domain. There is 2545 Å2 of inaccessible surface
area buried between the propeller and the
peptidase domain. Because the domains are in
such close contact, some motion in the propeller is
required for loosening the interaction between the
propeller and the peptidase domains. This
explains the need for domain flexibility and the
loss of activity of the T597C variant in oxidizing
conditions, where a disulfide bridge between the
domains prevents the required domain
movements.

Prolyl oligopeptidase was the first example of a
protein containing a b-propeller with open-velcro
topology. The recent structure determination of
the related dipeptidyl peptidase IV revealed this
enzyme also has a propeller of open-velcro
topology, albeit eight-bladed26 – 30 instead of seven-
bladed as observed in prolyl oligopeptidase. How-
ever, the mechanism of substrate entry into the
cavity of dipeptidyl peptidase IV differs to that of
prolyl oligopeptidase. There are two tunnels to the
active site of dipeptidyl peptidase IV and both are
large enough to allow passage of a substrate
without the need for conformational changes. This
structure thus fails to shed any light on the prob-
able substrate entry site of prolyl oligopeptidase,
but it is another possible example of substrate
access to a buried active site through an open-
topology b-propeller.

The crystal structure of tricorn protease revealed
an enzyme with two open-topology b-propellers.33

Seven and six-bladed propellers provide a separate
entrance to and exit from the active site,
respectively.41,42 Peptides produced by tricorn pro-
tease must be further degraded into smaller pro-
ducts by other peptidases. One such enzyme is the
tricorn interacting peptidase F1 that cleaves the
small peptides produced by tricorn protease into
single amino acid residues.43 The catalytic domain
of F1 has a/b hydrolase topology and super-
imposes very well onto the peptidase domain of
prolyl oligopeptidase. F1 also has separate sub-
strate entry and product exit sites, though not
via open-topology b-propellers. The structure of

Table 3. Factors affecting potential disulfide bond
formations

Disulfide Distance (Å)a Potentialb

Y73-V427 6.41 9.28
K81-D391 7.74 2.98
C78-Q397 6.27 2.95
C255-T597 5.85 0.08
L70-V486 6.78 0.96
L94-T686 6.38 0.09
F401-V455 7.69 0.04

a Distance between the Ca atoms.
b Calculated from amino acid sequence as described by Fiser

et al.40 Higher potential suggests higher probability of disulfide
formation.
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F1 suggests a possible functional complex in
which the substrate entry tunnel of F1 aligns
with the product exit tunnel of tricorn protease,
allowing efficient processive degradation to free
amino acid residues for cellular recycling of
proteins.

The finding of two dynamic openings in prolyl
oligopeptidase, i.e. between the first and last
blades, and between the peptidase and propeller
domains, raises the possibility of separate substrate
entry and product exit sites in this enzyme, as
suggested for dipeptidyl peptidase IV, tricorn and
F1 peptidases. This mechanism could promote
prolyl oligopeptidase catalysis, if the substrate
enters and the product exits during a singly
concerted structural movement. Unfortunately,
these structural movements proved to be too
great to be accommodated in the crystal lattice:
all soaking experiments with ligands/substrates/
products/inhibitors destroyed the crystal
lattice, hence co-crystallization experiments had
to be carried out to obtain enzyme–ligand
complexes.

We have recently prepared the propeller domain
in isolation from the peptidase domain. The iso-
lated propeller domain proved to be more stable
than the intact enzyme, as demonstrated by
differential scanning calorimetry (data not shown).
This indicates that the interaction between blades
1 and 7 is rather strong even in the absence of
a “Velcro”. This supports passage between the
domains as the primary route for substrate com-
munication. However, the requirement for blade
separation, as demonstrated by the Y73C/V427C/
C255T and Q397C mutants, suggests a concerted
movement involving domain motions and distor-
tion of the propeller during substrate entry and/
or product exit.

Materials and Methods

Preparation of prolyl oligopeptidase variants

Prolyl oligopeptidase from porcine brain and its var-
iants were expressed in Escherichia coli JM105 cells and
purified as described.44 Its C255A and C255T variants
were prepared similarly.37

Mutation for the T597C variant was introduced with
the two-step polymerase chain reaction (PCR) technique
as described for the Y473F mutant.44 In short, four oligo-
nucleotides were synthesized to produce the T597C
mutant. The oligonucleotides designed to the 50 and
30-ends of the gene contained EcoRI and KpnI restriction
sites (underlined), respectively, while the mutagenic
primers with the TGC codon for cysteine had an NsiI
site (underlined):

To the 50-end: 50-GCAGGAATTCTAAGGAGGAATT-30

To the 30-end: 50-CGGGGTACCTTACGGAATCCAGTC
GATGTTCAG-30

Sense primer: 50-GGTCATGCAtGGACCtgCGATTATG
GG-30

Antisense primer: 50-CCCATAATCGcaGGTCCaTGCATGA
CC-30

In the first step of PCR two independent reactions
were carried out, using the Vent polymerase and the
pTrc/POP plasmid as template, digested with KpnI
enzyme. To this mixture were added the 50-primer and
the antisense mutagenic primer in the first reaction. In
the second reaction the 30-primer and the sense muta-
genic primer were applied, using 26 cycles in each run.
The mutated gene was then obtained in two pieces,
which were isolated by agarose gel electrophoresis. This
was followed by purification using a QIAquick Gel
Extraction Kit. In the second step, the combined two
gene fragments were used as templates, and the reaction
mixture was heated to 95 8C prior to the addition of the
Vent polymerase. The temperature was then lowered to
55 8C, while the complementary ends of the two DNA
portions formed double stranded DNA. The comple-
mentary strands were synthesized during heating at
72 8C for five minutes. The complete strands were able
to bind the terminal primers (50 and 30 primers to the 50

and 30 termini of the gene, respectively), which were
added to the mixture at 95 8C. The amplification was
then carried out in 30 cycles at 95 8C, 55 8C, and 72 8C
for 1 minute, 1 minute, and 2.5 minutes, respectively.
The PCR product was identified on a 1% (w/v) agarose
gel and purified with the QIAquick Gel Extraction Kit.
The pure product was digested with EcoRI and KpnI
restriction enzymes and isolated with agarose gel electro-
phoresis. Then it was ligated into an empty pTrc99A
vector digested with EcoRI and KpnI enzymes. The
T597C mutation was verified by digestion with NsiI
enzyme. The T597C variant was expressed and purified
like the wild-type prolyl oligopeptidase.

The double mutant T597C/S554A was constructed by
subcloning the EcoRI-StuI fragment (that contained the
mutation) from the T597C construct to the place of the
EcoRI-StuI fragment of the S554A variant of prolyl oligo-
peptidase. The expression and purification were carried
out as with the T597C variant, except that the purifi-
cation of the inactive enzyme was followed by SDS gel
electrophoresis.

The Y73C, V427C, K81C and D391C mutations were
introduced individually into the prolyl oligopeptidase
gene with the C255A mutation in the pTrc99A plasmid,
which was used as template in the two-step PCR pro-
cedure described above.

The Y73C and K81C mutations reside between the
EcoRI and BsmI sites of the gene. These EcoRI-BsmI frag-
ments, containing the Y73C or the K81C mutation, were
subcloned to the place of the EcoRI-BsmI fragments of
the clones that contained the V427C/C255T or the
D391C/C255T mutation, which resulted in the Y73C/
V427C/C255T and K81C/D391C/C255T triple mutants.
Restriction digestions and sequence analyses using the
mutagenic and the 50 and the 30-primers verified the
mutations.

Disulfide bond formation

Oxidation by air of the thiol groups to form a disulfide
bridge was performed in a closed 500 ml centrifuge tube.
The reaction mixture (8.0 ml) contained 5.0 mM enzyme
and was incubated at 28 8C in 50 mM Tris (pH 8.5), con-
taining 1 mM EDTA. Aliquots were withdrawn from the
reaction mixture at appropriate times and the change in
the enzyme activity was measured with Z-Gly-Pro-Nap
substrate. In the case of the inactive enzyme, which was
also modified at the catalytic serine (S554A/T597C), we
used the active enzyme (T597C) as a control to estimate
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the progress of oxidation during the course of incu-
bation. Oxidation with GSSG was achieved in 1 ml of
reaction mixture using small vials.

Kinetic measurements

The reaction of prolyl oligopeptidase with Z-Gly-
Pro-Nap (Bachem Ltd., Bubendorf, Switzerland) was
measured fluorometrically, using a Cary Eclipse fluor-
escence spectrophotometer equipped with a Peltier four-
position multicell holder accessory and a temperature
controller. The excitation and emission wavelengths
were 340 nm and 410 nm, respectively. Cells with exci-
tation and emission path-lengths of 1.0 cm and 0.4 cm,
respectively, were used. The substrate with internally
quenched fluorescence, Abz-Gly-Phe-Gly-Pro-Phe-Gly-
Phe(NO2)-Ala-NH2, was prepared with solid phase syn-
thesis, and its hydrolysis was followed as in the case of
Z-Gly-Pro-Nap, except that the excitation and emission
wavelengths were 337 nm and 420 nm, respectively.

For comparison of the activities of the different
enzyme variants the specificity rate constants, kcat=Km,
were used at the pH optimum. To this end, the pH
dependence of the rate constants was measured at 25 8C
in a buffer containing 25 mM acetic acid, 25 mM Mes,
25 mM glycine, 75 mM Tris, and 1 mM EDTA (standard
buffer), adjusted to the required pH by the addition of
1 M NaOH or 1 M HCl. Theoretical curves for bell-
shaped pH-rate profiles were calculated by non-linear
regression analysis, using the GraFit software.45

Substrate binding to the cross-linked enzyme

The oxidized T597C/S554A enzyme variant was pre-
pared in the presence of 50 mM of GSSG using an over-

night incubation at 28 8C. To the internally quenched
substrate, Abz-Gly-Phe-Gly-Pro-Phe-Gly-Phe(NO2)-Ala-
NH2, in the standard buffer (pH 8.0), was given an excess
of the oxidized enzyme, and the increase in fluorescence
was recorded.38

Crystallization, X-ray data collection and
structure refinement

The Y73C/V427C/C255T and T597C/C255 variants of
prolyl oligopeptidase were crystallized using the con-
ditions established for the wild-type enzyme except
1 mM oxidized glutathione was included in the mother
liquor.18 Crystals belong to the orthorhombic space
group P212121. X-ray diffraction data were collected
using synchrotron radiation. Data were processed
using the HKL suite of programs.46 Refinement of the
structures was carried out by alternate cycles of
REFMAC47 and manual refitting using O,48 based on the
1.4 Å resolution model of wild-type enzyme49 (PDB
code: 1h2w). Water molecules were added to the atomic
model automatically using ARP50 at the positions of
large positive peaks in the difference electron density,
only at places where the resulting water molecule fell
into an appropriate hydrogen-bonding environment.
Restrained isotropic temperature factor refinements
were carried out for each individual atom. Data collec-
tion and refinement statistics are given in Table 4.

Protein Data Bank accession numbers

The coordinates and structure factors have been
deposited in the RCSB Protein Data Bank as 1VZ2 and
1VZ3.

Table 4. Data collection and refinement statistics

Y73C/V427C/C255T T597C/C255

Data collection
Synchrotron radiation, detector and wavelength (Å) SRS 14.1 SRS 14.1

ADSC Q4 CCD 1.488 ADSC Q4 CCD 1.488
Unit cell (Å) 70.9, 99.6, 110.0 71.4, 100.5, 111.8
Resolution (Å) 36–2.2 (2.28–2.20) 26–1.6 (1.66–1.60)
Observations 151,449 394,876
Unique reflections 39,994 105,437
I/s(I) 16.4 (4.4) 23.3 (3.2)
Rsym

a 0.081 (0.185) 0.060 (0.216)
Completeness (%) 99.4 (95.1) 99.0 (99.3)

Refinement
Non-hydrogen atoms 6231 (including 5 glycerol

and 506 water molecules)
6891 (including 5 glycerol
and 1161 water molecules)

Rcryst
b 0.163 (0.176) 0.160 (0.234)

Reflections used 38,300 (2,675) 101,129 (7,346)
Rfree

c 0.208 (0.209) 0.193 (0.288)
Reflections used 1694 (102) 4308 (325)
Rcryst (all data)b 0.165 0.161
Mean temperature factor (Å2) 25.2 21.5

rmsds from ideal values
Bonds (Å) 0.010 0.013
Angles (deg.) 1.2 1.4
DPI coordinate error (Å) 0.25 0.08

Numbers in parentheses refer to values in the highest resolution shell.
a Rsym ¼

P
j

P
h lIh;j 2 kIhll=

P
j

P
h kIhl where Ih,j is the jth observation of reflection h, and kIhl is the mean intensity of that reflection.

b Rcryst ¼
P

llFobsl2 lFcalcll=
P

lFobsl where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
c Rfree is equivalent to Rcryst for a 4% subset of reflections not used in the refinement.54
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18. Fülöp, V., Böcskei, Z. & Polgár, L. (1998). Prolyl oligo-
peptidase: an unusual b-propeller domain regulates
proteolysis. Cell, 94, 161–170.

19. Polgár, L. (1992). Structural relationship between
lipases and peptidases of the prolyl oligopeptidase
family. FEBS Letters, 311, 281–284.

20. Goossens, F., De Meester, I., Vanhoof, G., Hendricks,
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chrome cd1 structure: unusual haem environments
in a nitrite reductase and analysis of factors
contributing to b-propeller folds. J. Mol. Biol. 269,
440–455.

23. Faber, H. R., Groom, C. R., Baker, H. M., Morgan,
W. T., Smith, A. & Baker, E. N. (1995). 1.8 Å crystal
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