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Acylaminoacyl peptidase from Aeropyrum pernix is a ho-
modimer that belongs to the prolyl oligopeptidase family. The
monomer subunit is composed of one hydrolase and one pro-
peller domain. Previous crystal structure determinations re-
vealed that the propeller domain obstructed the access of sub-
strate to the active site of both subunits. Here we investigated
the structure and the kinetics of two mutant enzymes in which
the aspartic acid of the catalytic triad was changed to alanine
or asparagine. Using different substrates, we have determined
the pH dependence of specificity rate constants, the rate-limit-
ing step of catalysis, and the binding of substrates and inhibi-
tors. The catalysis considerably depended both on the kind of
mutation and on the nature of the substrate. The results were
interpreted in terms of alterations in the position of the cata-
Iytic histidine side chain as demonstrated with crystal struc-
ture determination of the native and two mutant structures
(D524N and D524A). Unexpectedly, in the homodimeric struc-
tures, only one subunit displayed the closed form of the en-
zyme. The other subunit exhibited an open gate to the catalytic
site, thus revealing the structural basis that controls the oli-
gopeptidase activity. The open form of the native enzyme dis-
played the catalytic triad in a distorted, inactive state. The mu-
tations affected the closed, active form of the enzyme,
disrupting its catalytic triad. We concluded that the two forms
are at equilibrium and the substrates bind by the conforma-
tional selection mechanism.
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Serine peptidases contain a catalytic triad (serine, histidine,
and aspartic acid) that is implicated in bond breaking and
bond making (1-3). Although the catalytic roles of serine and
histidine are clear, the discovery of hydrogen bond formation
between His®” and Asp'°? of chymotrypsin initiated a long
discussion concerning the contribution of aspartic acid to the
catalysis. It was postulated that the three residues form a
charge relay system wherein the proton of the Ser**> OH
group is mediated by the His*” imidazole to the Asp'®* car-
boxylate ion (4). This proposal was questioned on the basis of
chemical properties of the interacting groups, which renders
the proton transfer from the highly basic serine OH group to
an acidic carboxyl group unlikely (5). The lack of proton
transfer to the aspartate residue was confirmed by NMR (6, 7)
and neutron diffraction experiments (8). It was further sug-
gested that the catalytic triad serves as a charge-stabilizing
system, where the aspartate ion stabilizes the protonated his-
tidine that interacts with the negatively charged tetrahedral
intermediate (1, 9—11). Computational methods were also
used to determine the quantitative catalytic contribution of
the aspartic acid and other catalytic residues of classical serine
proteases (11, 12).

Carter and Wells (13) initiated a comprehensive mutagene-
sis study on the catalytic triad of subtilisin. This included the
substitution of the catalytic aspartic acid for an alanine resi-
due. The mutation reduced the turnover number, having only
a minor effect on the Michaelis constant. The specificity rate
constant decreased from 27,000 to 4.7 M~ 's™ .

The role of the catalytic aspartic acid in trypsin catalysis
was investigated by substituting Asp'° for the neutral Asn'%?
(14, 15). It was concluded from the rate decrease of 4 orders
of magnitude and from x-ray crystallographic measurements
that the modified enzyme held the tautomer form of His®’,
which was unable to accept the proton from the serine OH
group. Specifically, the Ne2 of His*” was protonated, and the
basic N&1 formed a hydrogen bond with the NH, group of
Asn'®? (14).

Site-specific mutagenesis was conducted also with POP,” a
member of a different family of serine peptidases (family S9 of

> The abbreviations used are: POP, prolyl oligopeptidase; AAP, acylamino-
acyl peptidase; ApAAP, Aeropyrum pernix K1 AAP; Abz, 2-aminobenzoyl;
Nap, 2-naphthylamide; ONp, 4-nitrophenyl; Phe(NO,), 4-nitrophenylala-
nine; Taps, 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyllamino}-1-pro-
panesulfonic acid; r.m.s., root mean square; PDB, Protein Data Bank.
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clan SC), unrelated to the classic trypsin and subtilisin fami-
lies. Two variants, D641N and D641A, were examined. With
the use of the alanine variant, the proper stabilization of the
unfavorable tautomer form of the catalytic histidine was ex-
cluded. Kinetic investigations indicated that the contribution
of the catalytic aspartic acid was very much dependent on the
substrate leaving group and other factors (16).

The crystal structure of POP was the first reported in fam-
ily S9 (17). It was shown that the enzyme contains a peptidase
domain with a/f hydrolase fold and that its catalytic triad
(Ser®>*/Asp®*' /His®®°) is covered by the central tunnel of a
seven-bladed B-propeller. This domain makes the enzyme an
oligopeptidase by excluding large, structured peptides from
the active site. In this way, the propeller protects large pep-
tides and proteins from proteolysis in the cytosol.

Mammalian acylaminoacyl peptidase (AAP), a member of
the POP family, is an exopeptidase, which removes acylated
amino acid residues from the N terminus of oligopeptides. A
deficiency in human AAP has been linked with small cell lung
carcinoma and renal cell carcinoma (18 —20), whereas the in-
hibition of the enzyme has led to apoptosis (21). AAP is a
more sensitive target than acetylcholinesterase for certain
organophosphorus compounds, and thus it may be a potential
site for cognition-enhancing drugs (22, 23).

The crystal structure of the mammalian AAP is unknown.
Only the structure of AAP from the thermophile Aeropyrum
pernix K1 (ApAAP) has been reported (24, 25). Unlike the
tetramer mammalian enzyme, ApAAP is a symmetrical ho-
modimer with each subunit containing two domains, an N-
terminal seven-bladed B-propeller and a peptidase domain
with a/B-hydrolase fold, which are characteristic of this en-
zyme family. The catalytic triad of ApAAP consists of the
Ser**®, Asp®>*, and His®*° residues. The structure determina-
tions of various enzyme-inhibitor complexes delineated the
hydrophobic S1 substrate binding pocket that accepts large
nonpolar residues, like phenylalanine and leucine (24, 25).
This binding site is different from that of the porcine enzyme,
which is specific for the small alanine side chain. Kinetic anal-
ysis using various peptide substrates have revealed that
ApAAP, which was regarded as an exopeptidase, exhibits en-
dopeptidase activity as well (25).

Herein, the effects of mutations on the active site of
ApAAP were investigated under various reaction conditions
with different substrates. The catalytic Asp®>* was mutated to
asparagine and alanine, which resulted in catalytic behaviors
different from that of trypsin or POP. The structural conse-
quences of mutation were demonstrated by crystal structure
determination, which also revealed conformational changes
associated with the oligopeptidase activity. The kinetic and
structural results support the conformational selection mech-
anism for ligand binding rather than the induced-fit
mechanism.

EXPERIMENTAL PROCEDURES

Mutagenesis of ApAAP—The ApAAP gene (APE1547) (25)
was amplified by PCR using the primers 5'-GTTAGAC-
CATATGCGCATTATAATGCCTGT-3' (sense, Ndel restric-
tion site underlined) and 5'-AGTTTGGATCCTCATCTC-
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CTCTCCCTCTGG-3' (antisense, BamHI restriction site
underlined).

Mutations were introduced with the two-step PCR method
described for the H507A variant of porcine AAP (26). The
mutagenic primer pair for the D524A variant consisted of
5'-CCTCAGAACGCctAGCAGAACACC-3' (sense) and 5'-
GGTGTTCTGCTagCGTTCTGAGG-3' (antisense). For the
D524N mutation, the two primers were 5'-CCTCAGAACaA-
CAGCAGAACACC-3' (sense) and 5'-GGTGTTCTGCTGTt-
GTTCTGAGG-3' (antisense). (Lowercase letters designate
the mutated nucleotides.) The amplified gene products were
digested with BamHI and Ndel restriction endonucleases and
ligated to a pET22b vector opened with the same restriction
enzymes. The constructs were sequenced.

Preparation of ApAAP Enzymes—The same method was
applied for preparation of the D524A and D524N variants as
described for the wild-type enzyme (25). The protein concen-
tration of the monomer enzyme was calculated from the ab-
sorbance at 280 nm using a value of 63.03 kDa and A,
(0.1%) = 0.93.

Enzyme Kinetics—The reaction of ApAAP with Ac-Phe-
Nap was measured fluorometrically, using a Cary Eclipse fluo-
rescence spectrophotometer equipped with Peltier four-posi-
tion multicell holder accessory and temperature controller.
The excitation and emission wavelengths were 340 and 410
nm, respectively. The substrate with intrinsically quenched
fluorescence, Abz-Ala-Leu-Phe-GIn-Gly-Pro-Phe(NO,)-Ala,
was prepared with solid phase synthesis, and its hydrolysis
was measured fluorometrically as with Ac-Phe-Nap, except
that the excitation and emission wavelengths were 337 and
420 nm, respectively. The liberation of 4-nitrophenyl from
caprylic-ONp (caprylic acid 4-nitrophenyl ester, Fluka) was
monitored spectrophotometrically at 400 nm. The reactions
were measured at 70 °C in a universal buffer containing 30
mM Mes, 30 mm Hepes, 30 mm Taps, 30 mm glycine, 1% di-
methyl sulfoxide, and 0.3 M NaCl. A relatively high concentra-
tion of dimethyl sulfoxide was applied because of the poor
solubility of some substrates. At this concentration, the or-
ganic solvent did not affect the kinetics.

The pseudo-first-order rate constants were measured at
substrate concentrations lower than 0.1 K, and calculated by
nonlinear regression data analysis using GraFit software (27).
The specificity rate constant (k_,./K;,,) was obtained by divid-
ing the first-order rate constant by the total enzyme concen-
tration in the reaction mixture.

For the calculation of pH dependence curves, GraFit soft-
ware was used (27). The Michaelis-Menten parameters (k_,,
and K,,) were determined with initial rate measurements us-
ing substrate concentrations in the range of 0.2 to 5 K. The
kinetic parameters were calculated with nonlinear regression
analysis.

Determination of Dissociation Constants of Enzyme-Sub-
strate and Enzyme-inhibitor Complexes—The dissociation
constant (K) of the oligopeptide, an intrinsically quenched
substrate, was determined from the fluorescence change that
occurred upon substrate binding to the inactive S445A vari-
ant of ApAAP. Equation 1 (28) describes the formation of the
enzyme-substrate complex (ES) at similar concentrations of E
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and S, when the conditions for the Michaelis-Menten equa-
tion do not meet.

ES =[Sy + E + K) — \(So + E + K)* — 4E*S(]/2
(Ea. 1)
AF = AF o l(So + E+ K) — (S + E + K,)? — 4E*S]/2S,
(Eq.2)

The substrate (S,) was saturated with increasing amounts of
enzyme (E). Although ES is not known, its concentration is
proportional to the change in the fluorescence signal mea-
sured at 328 and 420 nm excitation and emission wave-
lengths, respectively. Hence, Equation 1 can be transformed
into Equation 2, where AF corresponds to ES and AF,_, gives
the change in signal when the substrate is completely con-
verted into the enzyme-substrate complex. A plot of AF
against E gives K, and AF, . using nonlinear regression.

The K; values for Ac-Phe-OH, the dissociation constants of
the enzyme-inhibitor complex, were calculated from Equation
3, where k; and k, are pseudo-first-order rate constants deter-
mined at substrate concentrations of <0.1 K, in the presence
and absence of inhibitor (I), respectively (16, 25).

Crystallographic Studies—All protein samples were crystal-
lized at room temperature using the hanging drop method.
Crystals of native ApAAP and the D524A mutant were grown
from 78 mm sodium acetate buffer, pH 5.5, except for the
double open form, which crystallized only at pH 4.5. The
buffer also contained 0.44 mm EDTA, 2.0-2.4% PEG (M,
4000), and 6.7 mm dithiothreitol. The protein solution con-
tained 0.19-0.29 mm ApAAP in 20 mm Tris buffer, pH 8.0.
The crystallization of the D524N form was carried out using
170 mMm sodium acetate buffer, pH 5.0, containing 0.40 mm
EDTA, 2.5% PEG (M, 4000), and 10% dimethyl sulfoxide. The
protein solution contained 0.14 mm ApAAP in 20 mMm Tris
buffer, pH 8.0, and 30 mm NaCl. Crystallization drops were
composed of 2—3 ul of protein solution and 2 ul of reservoir
solution. An additional compound in the crystallization drops
of the native enzyme was phenylboronic acid, whereas in the
case of the D524A “open/open” crystal form, agarose gel and
B-octyl glucoside were added. These compounds did not as-
sociate with the enzyme in the crystalline state. The details of
the crystallization conditions are compiled in supplemental
Table S1. Glycerol was used as a cryoprotectant.

Data collection was carried out by synchrotron radiation at
EMBL/DESY Hamburg using beamline X11 (the D524A
“open/closed” form and D524N form) as well as beamline X12
(native enzyme). Data of the D524 A open/open form was col-
lected at the ELETTRA synchrotron source at beamline
XRD1. Data processing and data reduction were carried out
with the XDS and XSCALE programs (29).

The enzyme structures were solved by molecular replace-
ment using the MOLREP program (30) of Collaborative Com-
puting Project 4 (CCP4). The hydrolase and propeller do-
mains of the uncomplexed enzyme were used as a search
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K, k3
E+8= Es?

SCHEME 1

2

model (PDB ID code 1VE6) (24). Refinement was carried out
with the REFMACS5 program (31) using restrained maximum
likelihood refinement and TLS refinement (32). During re-
finement noncrystallographic restraints were added to the
respective domains of ApAAP molecules possessing similar
conformation (i.e. with both open or both closed). Model
building was carried out using the Coot program (33).

The stereochemistry of the structures was assessed with
PROCHECK (34). The atomic coordinates and structure fac-
tors were deposited in the Protein Data Bank (35). Figs. 5 and
6 were created using PyMOL (36). Protein-protein interfaces
were analyzed using the PROTORP server (37).

RESULTS

The pH Rate Profile of k,,,,/K,,, Markedly Changes with the
Mutant Enzymes—Hydrolysis by serine peptidases proceeded
with the formation of an acyl-enzyme intermediate as shown
in Scheme 1, where E, S, ES, EA, P,, and P, are the free en-
zyme, the substrate, the enzyme-substrate complex, the acyl-
enzyme, the leaving group of S, and the acyl moiety of S, re-
spectively. The rate constants k;, k_;, k,, and k; stand for the
formation of ES, the dissociation of ES, and first-order acyla-
tion and deacylation, respectively. The second-order acylation
rate constant, also called the specificity rate constant (k.,,/
K,,,), involves both binding (K, = k_,/k;) and acylation (k,)
but not deacylation (k;) (38). The process depicted in the first
part of Scheme 1 represents the second-order acylation:
E+S—EA+P,.

Asp®>* of ApAAP interacts with the catalytic His*>®
through a hydrogen bond. The importance of interaction was
studied with the aid of the D524 A and D524N enzyme vari-
ants. In the absence of the hydrogen bond (D524A) and the
negative charge (D524N), the pH dependence of the specific-
ity rate constant (k_,./K,,) may furnish useful mechanistic
information about the change in the protonation state of

s°°°. Fig. 1A illustrates the pH-k_,,/K,,, profile of the reac-

tion of the wild-type ApAAP and its variants with Ac-Phe-
Nap. The wild-type enzyme exhibits a bell-shaped pH-rate
profile, whereas the rate constants for the D524 A and D524N
variants increase to about pH 9. The protein tends to unfold
above this pH level, as shown below. As shown in Table 1 the

k_./K,,, values are much lower compared with those of the
wild-type enzyme. At pH 7.0 the ratios of k_,,/K,,, are 2090
and 660 for the wild-type/D524A and wild-type/D524N vari-
ants, respectively.

The experimental points for the D524A variant conform to
a double sigmoid curve. Importantly, the pK; values for the
wild-type enzyme and the D524 A variant are similar (Table
1). This implies that the lower sigmoid part of the curve for
the modified enzyme may correspond to the ascendant limb
of the bell-shaped curve obtained with the wild-type enzyme.
Above pH ~7 the electrostatic environment around the active
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FIGURE 1. pH dependence in the reactions of Ac-Phe-Nap with ApAAP
and its variants, D524A and D524N. A, the substrate is Ac-Phe-Nap. Cir-
cles, full circles, and crosses, refer to ApAAP, the D524A variant, and the
D524N variant, respectively. The lines for the wild-type and the D524A vari-
ant represent bell-shaped and doubly sigmoid curves, respectively. The
parameters for the curves are shown in Table 1. B, the substrate is Abz-Ala-
Leu-Phe-GIn-Gly-Pro-Phe(NO,)-Ala. The signs for the enzymes are identical
with those shown in A.

TABLE 1

Kinetic parameters extracted from the pH-rate profiles of ApAAP and
its variants

Substrate/
enzyme k.o /K,, (limit), k_, /K, (limit), PK, pK,
mm s mm s
Ac-Phe-Nap
Wild type 939 =8 5.72 +0.02 8.80 * 0.01
D524A 0.419 £0.038 1.18 £0.35 5.65*0.17 849 * (.38
D524N“
Oligopeptide
Wild type 8130 + 195 5.60 = 0.04 8.56 * 0.04
D524A” 0.146 =+ 0.023
D524N 1.527 =0.052  5.100 = 0.225  5.33 = 0.08 8.24 = 0.07

“ Cannot be fit.
? Practically pH independent (see Fig. 1B).

site changes progressively with the increase in pH, and this
impairs the catalytic machinery. Although this effect is unfa-
vorable for the wild-type enzyme, it facilitates the hydrolytic
activity of the mutant enzymes of reduced activity. The
D524N variant may also have acidic and alkaline pH forms,
but the two forms are not sufficiently separated to fit a double
sigmoid curve properly to the points.

In addition to the exopeptidase activity measured with Ac-
Phe-Nap, the endopeptidase activity of ApAAP was also ex-
amined using the oligopeptide substrate Abz-Ala-Leu-Phe-
GlIn-Gly-Pro-Phe(NO,)-Ala, in which the Phe-Gln bond was
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TABLE 2

Kinetic parameters for the reactions of ApAAP and its variants at
pH=7.0

Substrate/

enzyme Wild type D524A D524N
Ac-Phe-Nap
Keae (571 428 *0.17
K,,, (M) 566+ 050 >80 >30
keat/ K,y (mm™'s™1) 756 =73
kol Ky (mm's71)7 865 + 15 0.414 * 0.011 (2090)*  1.31 = 0.05 (660)"
Oligopeptide®
koo (570 8.188 + 0.324 0.000917 * 0.000087  0.00525 * 0.00024
K,,, (um) 129+011 7111 2.81 + 0.31
ke K,y (mm's™Y) 6347 =597 0.129 = 0.023 1.87 = 0.22
ke Ky (mm~'s71)7 7800 120 0.146 + 0.002 (53425)°  1.728 * 0.023 (4514)"
K, (pm)? 0.807 = 0.037 1.04 = 0.11 0.781 + 0.028
Caprylic-ONp
ket 671 8.67 =070  0.0313 = 0.0027 0.0320 * 0.0017
K,,, (M) 232 +37 26.6 + 4.2 117 £ 1.7
keat/ K, (mm™1s™Y) 374 + 67 1.18 = 0.21 2.74 + 0.42

“ Measured under first-order conditions.

? Ratios of the rate constants for the wild-type and mutant enzymes are shown in
parentheses.

¢ Abz-Ala-Leu-Phe-GIn-Gly-Pro-Phe(NO,)-Ala.

4 Measured with the S445A, S445A/D524N, and S445A/D524A variants.
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FIGURE 2. pH dependence of intrinsic fluorescence of ApAAP. Fluores-
cence intensity at 0.372 um enzyme was measured at 70 °C and shown in
arbitrary units. The excitation and emission wavelengths are 280 and 335
nm. A bell-shaped curve was fit to the points. The insert shows the fit of a
sigmoid curve with a pK, of 9.96 =+ 0.05 at the alkaline side.

cleaved. The oligopeptide substrate also exhibited a bell-
shaped pH-rate profile for the wild-type enzyme and increas-
ing k_,./K,, for the D524N variant (Fig. 1B and Table 1). How-
ever, the rate constant for the D524A variant was practically
independent of pH. The reductions in k_,,/K,, for the mutated
enzymes are significantly greater with the more specific olig-
opeptide than with the Ac-Phe-Nap, as seen in Table 2. This
is mostly because of the decrease in k_,, and, to a lesser extent,
the increase in K,,,. For solubility reasons, the exact K, and
k.. of the Ac-Phe-Nap reactions could not be determined for
the mutant enzymes. It is noteworthy that the wild-type en-
zyme displayed a kinetic specificity higher by 1 order of mag-
nitude for the oligopeptide than for the Ac-Phe-Nap substrate
(7800 versus 865 mm ™~ 's~! (Table 2)).

Above pH 9.0 the k_,,/K,,, decreased sharply with the mu-
tant enzymes. This may have been because of conformational
changes in the protein structure. To address this point, we
used a simple fluorometric method, which demonstrated that
the intrinsic fluorescence decreased at moderate acidic and
alkaline pH values (Fig. 2), confirming the expected confor-
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FIGURE 3. Determination of K, for the Abz-Ala-Leu-Phe-GIn-Gly-Pro-
Phe(NO,)-Ala-APAAP(S445A/D524A) complex. 0.2 um substrate was ti-
trated with increasing amounts of enzyme.

mational changes in protein structure. The overall structure
of the enzyme was stable in the pH range between 4.5 and 8.5.
In the alkaline pH region the unfolding was controlled by a
single ionization (Fig. 2, insert), whereas on the acidic side,
the fluorescence decrease conformed to multiple ionizations.

The Binding Strengths of the Oligopeptide are Similar for the
Wild-type and Modified ApAAPs—The oligopeptide as an
intrinsically quenched substrate rendered it feasible to deter-
mine the dissociation constant of the enzyme-substrate com-
plex (K, = k_,/k;) (16). This allowed us to reveal possible
changes in the value of K| arising from modification of the
catalytic aspartic acid. To this end, the inactive variants of
ApAAP (S445A, S445A/D524N, and S445A/D524A), which
bind but do not hydrolyze the substrate, were used. Fig. 3 il-
lustrates the titration of the oligopeptide substrate with in-
creasing amounts of the S445A/D524N variant of ApAAP.
Using the same method, the K| values were identical with that
of the S445A enzyme, whereas that of the S445A/D524A mu-
tant was slightly higher (weaker binding) (Table 2). This indi-
cated that the modification of the catalytic aspartate residue
did not appreciably affect the binding of the oligopeptide.

The large oligopeptide interacts with the different enzymes
at multiple subsites, at least five or six. This explains why the
binding represented by the equilibrium constant, K, does not
depend very much on mutation but rather depends on the
acylation constant, k,. The binding is not significantly affected
by the pH either, as indicated by our measurements at pH 5.5
(not shown). However, we prefer the results obtained near the
physiological pH of 7.0, because the catalytic histidine be-
comes partially doubly protonated at pH 5.5. Moreover, at the
lower pH, the protein starts to unfold.

Table 2 indicates that K is close to the K, for the native
enzyme reacting with the oligopeptide. This occurs when
ky < k_,,and thus K, = (k, + k_,)/k, is simplified to K,,, =
k_,/k,. Although the K, value does not change severely for
the oligopeptide, it increases considerably for the Ac-Phe-Nap
substrate. The dissimilarity can be explained in terms of K,, =
(ky + k_,)/k, = K + k,/k,, which indicates that K, may be
greater than K by the value of k,/k;, as found in the hydroly-
sis of Ac-Phe-Nap catalyzed by the mutant enzymes (Table 2).
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In the oligopeptidase reactions the decrease in k_,,/K,, for the
mutant enzymes principally depends on the reduction in k_,
rather than on the increase in K. As k_,,/K,,, is equal to k,/K|
(38, 39), the k_,, should be similar to k.

In addition to cleaving the peptide bond, serine peptidases
also hydrolyze the more reactive ester bond. Thus, 4-nitro-
phenyl caprylate is a good substrate for ApAAP (40). Table 2
shows that the values of k_,,/K,, for the mutant enzyme reac-
tions diminished by 2 orders of magnitude. As K, is practi-
cally unchanged, the decrease in k_,, accounts for the reduc-
tion in the specificity rate constant. In this respect, the
reaction of caprylic-ONp resembles that of the oligopeptide,
but the decrease in k_,, is much greater with the oligopeptide.

Formation of the ApAAP-Ac-Phe-4-nitroanilide Complex is
the Rate-limiting Step in Acylation—The second-order acyla-
tion rate constant (k_,./K,,) is dependent on the strength of
the chemical bond to be cleaved, if the chemical step (k,) is
rate-limiting. On the other hand, the effect of the leaving
group is not significant if a physical step, e.g. conformational
change or substrate binding, controls the catalysis. A classical
example is the acylation of chymotrypsin, which is faster by 6
orders of magnitude with a 4-nitrophenyl ester substrate than
with the corresponding amide (41). Obviously, the great dif-
ference between the nitrophenyl ester and the corresponding
amide manifests itself in acylation and indicates that the
chemical reaction is the rate-limiting step. In contrast, we
obtained relatively similar rate constants for the wild-type
ApAAP, namely 0.56 and 1.48 um~'s™ ! using Ac-Phe-4-ni-
troanilide, and Ac-Phe-ONp, respectively. The similarity of
the rate constants indicates that the rate-limiting step is not a
chemical but rather a physical step that is characterized by k;.
Similar results have been obtained previously with the porcine
POP (42). Unfortunately, the rate constants for the ApAAP
variants could not be determined because of the high sponta-
neous hydrolysis of the ester substrate relative to the very low
rates of hydrolysis with the mutant enzymes.

Titration with the Ac-Phe-OH Inhibitor Indicates that Par-
ticipation of the Catalytic Histidine is Different in the Reac-
tions of Different ApAAP Variants—We have demonstrated
previously that the product-like inhibitor Ac-Phe-OH forms a
complex with the wild-type ApAAP (25). The association
constant (1/K;) of the enzyme-inhibitor complex increased
with the decrease in pH, as the catalytic His®*® became proto-
nated, which facilitated the electrostatic interaction between
the enzyme and the carboxylate ion of the inhibitor. Fig. 4 and
Table 3 show the titration curves and the pK, values of the
wild-type enzyme (6.16) and its D524N variant (6.21). It
should be noted that the maximum association constants are
extrapolated values; however, the errors are reasonable (Table
3). These pK,, values are somewhat higher than those ex-
tracted from the pH dependence curve for the wild-type en-
zyme (5.72) and the D524N variant (5.65) in the reaction with
Ac-Phe-Nap. In contrast to the Ac-Phe-Nap, the Ac-Phe-OH
does not bind in catalytically competent form, as indicated by
crystal structure determination (25). Although one of the oxy-
gen atoms of the carboxylate ion is located in the oxyanion
hole, the other oxygen is too far from the protonated imida-
zole to establish a salt bridge. The distances in monomer A
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FIGURE 4. pH dependence of 1/K; for the complex of Ac-Phe-OH formed
with ApAAP and its variants. The circle and the cross represent the wild-
type and the D524N variant, respectively. The full circle refers to the D524A
variant. The parameters for the curves are shown in Table 3. The first-order
rate constants were measured with Ac-Phe-Nap.

TABLE 3

Association constants (1/K;) for the complex of Ac-Phe-OH formed
with ApAAP and its variants

Parameters of pH rate profiles ~ Wild type” D524A D524N
pK, 6.16 = 0.10 pH-independent 6.21 * 0.15
1/K; for the low pH form (1/mMm)  4.06 = 0.24  0.79 £ 0.05 3.56 = 0.30
1/K; for the high pH form (1/mm) 0.17 = 0.12  0.70 £ 0.05 0.68 = 0.16

and monomer B are 5.04 and 5.12 A, respectively (25), unlike
other serine peptidase-product-like inhibitor complexes,
where normal hydrogen bonds are formed (43, 44). Unexpect-
edly, the pK, for the D524A enzyme cannot be determined,
because the association constant is practically independent of
pH. This indicates that protonation of His**® does not facili-
tate the binding of Ac-Phe-OH.

Crystal Structures of Native ApAAP and Its D524A and
D524N Mutants Reveal Open and Closed States—Four inde-
pendent crystal structures were determined, those of the na-
tive ApAAP, the D524N mutant, and two different crystal
forms of the D524 A mutant (crystallographic data are com-
piled in Table 4). The crystals were grown under similar con-
ditions but at slightly different pHs and protein concentra-
tions, which might account for the different crystal forms.
The structures are all homodimeric. However, in three cases
(native and D524 A and D524N mutants) the dimers are com-
posed of two structurally distinct states, i.e. open and closed
forms (Fig. 5A). The closed form is equivalent to that de-
scribed previously with an intact active site, which is capable
of binding substrate analog or product molecules (24, 25). In
the open conformer, the two domains move away to form an
opening of about 30°, with Asp®’® being the hinge (the origin
of the opening angle) (Fig. 5B). Although the two covalent
linkers between the two domains are at the starting point of
blade 1 and the end point of blade 7 of the propeller, the hinge
point hydrogen bond network is formed by Asp®>”® and the
loops of blades 6 and 7. This is the first time that such a mixed
homodimer was found. The fourth crystal structure, a D524A
mutant, contains both subunits in the open form. Three of the
four crystal structures contain two dimers, which are crystal-
lographically independent yet conformationally very similar
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(open/closed conformation; see also Table 4). The four mono-
mers of these two dimers are referred to as chains A, B, C, and
D. Thus, eight crystallographically independent open mono-
mers (chains A and B of the open/open dimer of the D524A
mutant, as well as chains B and D of the three crystal struc-
tures containing the open/closed mixed homodimers), and six
closed forms (chains A and C of the open/closed mixed ho-
modimers) were obtained.

Note that most crystals of ApAAP were grown at slightly
acidic pH (Refs. 24 and 25 and this study), but as seen in Fig.
2, even at these pH values the enzyme is predominantly in its
stable, folded conformation. Previous crystallographic results
also support the view that the overall fold and active site con-
formation is unaffected by the acidic medium, although the
catalytic histidine residue may be partially or completely pro-
tonated in these structures (25).

A number of interdomain H-bonds stabilize the closed
form. These contacts are, almost exclusively, loop-loop-type
interactions, whereas the 3-sheet and the a-helical regions
forming the cores of the two domains mainly have intrado-
main nonpolar contacts and H-bonds (Fig. 5B). Most signifi-
cantly, loop-(521-529) and loop-(551-560) of the hydrolase
domain, which hold the catalytic Asp®** and His>*®, respec-
tively, are linked to loop-(43—46) and loop-(83— 88) of the
propeller by five H-bonds.

Mutations do not affect the overall structure of either state.
The Ca r.m.s. deviations among the closed molecules of the
native ApAAP, the D524A and the D524N mutants range
from 0.29 to 0.51 A, whereas the same comparison in the case
of the open forms results in Ca r.m.s. deviations between 0.47
t0 0.63 A. The domains themselves are unperturbed by the
opening of the molecule. The average Ca r.m.s. deviations
between the hydrolase domains in the open and closed forms
are 1.0 and 1.1 A, respectively, whereas the propeller domain
proved to be even more conserved, with 0.9 and 1.0 Arms.
deviations, taking into account both the native and the mu-
tant structures.

A comparison of the closed/closed ApAAP dimer struc-
tures published previously (24, 25) with the present open/
closed and open/open dimers revealed that the conformation
of one molecule within the ApAAP dimer is practically inde-
pendent of the conformation of the other. This indicates that
the two monomers act independently and that the dimeriza-
tion may serve as structure stabilization.

The average backbone B-factors of the individual domains
are quite similar in the open and the closed forms. We also
compared the relative average B-factors of the loops (average
backbone B-factor of the loop, divided by the average B-value
of the corresponding domain) in the open and closed states.
Opening causes marked liberation of loop-(551-560) contain-
ing His>°, with an increase of 40 -50% in the average B-fac-
tor. In the case of loop-(521-529), which contains the site of
mutation, the enhancement of B-factors is within the range of
20-30% (Fig. 5C).

Effect of Opening on the Active Site Structure—In the native,
closed structure, the residues of the catalytic triad are fixed by
numerous interactions. The two loops containing Asp®** and
His>*® are connected by three H-bonds (GIn®**~Ile**",
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TABLE 4
Data collection and refinement statistics for ApAAP wild-type, D524A, and D524N mutant structures
ApAAP form
Mutation D524A D524A D524N
Monomer conformation in the dimer Closed/Open Closed/Open Open/Open Closed/Open
No. of dimers/asymmetric unit 2 2 1 2
Data collection
Radiation source DESY, X12 DESY, X11 ELETTRA, XRD1 0.9999 DESY, X11
Wavelength (A) 0.9786 0.8148 0.8148
Crystal parameters C222
Space group P1 P1 103.632 C2
Cell constants
a (A) 71.212 71.405 209.893 184.27
b (A) 97.016 97.949 205.921 227.524
c(A) 109.494 98.797 90 110.684
a () 89.01 105.687 90 90
B 109.20 103.517 90 100.373
() 100.21 100.358 90
Data quality
Resolution range 20.0-2.50 20.0-1.82 20.0-2.70 20.0-2.50
Last shell 2.56-2.50 1.87-1.82 2.77-2.70 2.60-2.50
meas 0.089 (0.595) 0.028 (0.606) 0.094:(0.527) 0.092 (0.642)
Completeness” (%) 94.1 (94.9) 95.2 (94.1) 99.3 (99.8) 96.8 (98.8)
No. observed/unique 176,823/88,675 389,179/206,854 365,256/61,532 493,590/149,375
Last shell” (13,228/6,634) (28,545/15,188) (28,471/4,545) (55,264/16,732)
1/a(D* 12.55 (2.01) 22.72 (2.26) 13.20 (3.30) 11.43 (2.48)
Refinement
R 0.218 0.205 0.209 0.201
Ry 0.262 0.234 0.252 0.236
Model quality )
r.m.s. bond lengths (A) 0.010 0.020 0.019 0.022
r.m.s. bond angles (°) 1.218 1.751 1.764 1.748
r.m.s. general planes (A) 0.005 0.007 0.008 0.008
Ramachandran plot
No. of residues in favored/allowed/ 1,685/218/2 1,728/1,75/2 845/113/0 1715/193/0
disallowed regions
Average B-factor 45.20 44.94 52.86 42.20
Model contents
No. of residues: protein/water/other 2,302/340/4 2,302/929/7 1,153/335/7 2,307/535/8
No. of atoms: protein/water/other 17,159/340/24 17,201/929/38 8,595/335/37 17,553/535/33
PDB ID 304G 304H 3041 304]

“Values for the last resolution shell are in parentheses.
5.0% of the reflections in a test set are for monitoring the refinement process.

GIn®??-Asp°*?, and Asn®?*—~Ala>>*), besides the catalytically
significant Asp®** O82—His®*® N&1 interaction. The Oy atom
of Thr®*” and the backbone nitrogen atoms of Arg®*® and
Thr**” are also within H-bonding distance from O81 of
Asp®?*, Besides the Ser**> Oy—His®*® Ne2 contact, the OH
group of the neighboring Tyr*** residue and the backbone
amide nitrogen of His”>® form an additional H-bond (Fig. 6A).
Opening of the structure reorganizes both the loop with
residue 524 and, particularly, the loop holding His>*® (Figs. 5C
and 6B). Loop-(521-529) is merely shifted in the open struc-
tures, remaining a well ordered region. In contrast, loop-
(551-560) undergoes a major conformational change and be-
comes entirely exposed to solvent. Although this loop is not
well resolved in the electron density maps because of its en-
hanced flexibility, its backbone trace is visible and quite simi-
lar in all open structures. The Ca atom of the catalytic histi-
dine (His®*°) is moved by 3.4—5.0 A in the different
structures. The effect can be best followed in the open/closed
structure of the D524 A mutant displaying the highest resolu-
tion (1.82 A). Two interdomain H-bonds (Asn®**~Val*® and
Asn®*?—I1e®*) are replaced by two intradomain (Asn®*°—
Asp®®® and Thr®®°—Asp®®?) interactions in the open structure,
whereas the Gly**~Met*®" main chain interaction is switched
to that of the backbone amide nitrogen of Met>®' and the side
chain carboxylate of Glu*>. The latter rearrangement causes a
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shift of more than 4 A in the end point of loop-(551-560) of
all structures, as measured at the Ca atom of Thr>®° (Fig. 6B).
Mutations Cause Distortion in the Active Site Structure of
the Closed Form—Although mutations do not cause signifi-
cant overall changes in either the closed or the open form, the
catalytic region of the active, closed form is modified. Inter-
estingly this modification is different from that of POP (16),
where the loop structures are altered at the catalytic site. In
ApAADP, the backbone conformation is only slightly affected

by mutation, whereas the hydrogen bond network of the cata-
lytic triad is considerably perturbed because of significant side
chain conformational changes. In the D524 A mutant, a water
molecule is bound to N&1 of His*®, near but not exactly at
the position of O681 of the replaced carboxylate. As a result,
the imidazole of His*>*® is pushed away from the active Ser,
increasing the distance between Ser Oy and His Ne2 by more
than 0.7A. The H-bond between the backbone oxygen of
His>® and the OH group of Tyr*** is also lost. The imidazole
of His®* is forced closer to the guanidinium group of Arg>>®,
decreasing their distance from 4.8 to 4.0 A (Fig. 6C). Arg®*®
plays a key role in substrate binding by interacting with the
carbonyl oxygen atom of the substrate (25). The guanidinium
moiety of Arg>*® is bound by an interdomain salt bridge to
Glu®® of the propeller domain (Fig. 6C). The conformational

freedom of Arg®>® is considerably enhanced in the open con-
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FIGURE 5. Overall conformation of the ApAAP structures. A, molecular
surface representation of the known ApAAP dimer structures (monomers
are shown in blue and green; hydrolase domains are in darker colors). Previ-
ously published structures (PDB ID codes 1VE6, 1VE7, 2HU5, 2HU7, and
2HU8) show the closed/closed conformation. Three of the present struc-
tures are in the open/closed conformation (the interdomain opening is
marked with a red arrow), and one is in the open/open conformation.

B, Ca-Ca distances of residues involved in interdomain hydrogen bonds are
marked with orange lines, whereas those in the hinge region are repre-
sented with red lines. Most of the hydrogen bonds of the closed structure
(left) are broken in the open structure (right); in contrast, the hydrogen
bonds of Asp®’® (hinge region, red lines) are preserved. C, the superposition
of the open structures reveals their similarity (all eight of the open mono-
mers of the four crystal structures are shown). The schematic representa-
tions of the open structures are color-ramped blue to red from low to high
residual B-factors. Left, loop-(83-88) and loop-(551-560) (containing the
catalytic His>>®) show high mobility in all of the open structures. Right, the
conformation of the loop containing His*>>® (Ca atom shown with a sphere)
is also changed significantly. The closed structure is shown in gray as refer-
ence with the catalytic triad in stick representation.

formation; its side chain could only be detected in the elec-
tron density map in four of the eight crystallographically inde-
pendent open state monomers. However, in those open
conformation structures, the guanidinium group forms a dou-
ble H-bond with Asp*** of the hydrolase domain, providing a
further example of interdomain to intradomain H-bond
switch upon opening (Fig. 6, A and B).

In the D524N structure, the side chain conformation of
Asn®** is fixed in a catalytically unfavorable conformation by
hydrogen bonds, with its side chain NH,, group pointing to
the direction of His>>®. Widening of the electron density of
the imidazole group of the catalytic His>*® suggests that the
histidine may be in alternate conformations (Fig. 6D), possibly
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because it is partially protonated at the pH of the crystalliza-
tion condition. Both of these conformations cause the loss of
the catalytically essential hydrogen bonds: 1) Either its posi-
tion is similar to that of the native enzyme, but it is in the
wrong tautomeric form (cf. the study on trypsin (14)), or 2)
the imidazole ring is shifted away from the asparagine residue,
causing distortion or even the loss of its hydrogen bond to
Ser™®. In the latter case, the shift of the histidine is greater
than that of the D524 A form.

The pH applied at crystallization most probably causes par-
tial protonation of the catalytic His in all structures. The dou-
ble protonated imidazole group thus becomes proton donor.
In the case of the native structure, this simply results in
slightly unfavorable H-bonding geometry for the catalytic Ser
residue, whereas the members of the catalytic triad remain
within H-bonding distance from each other. In the case of the
D524A mutant, where a water molecule is bound in place of
the Asp carboxylate and the His is shifted further from the
Ser, the effect of protonation on the structure of the active
site is negligible. The most marked effect can be seen with the
D524N mutant. Because the carbonyl oxygen of Asn®** is en-
gaged in a hydrogen bond with the backbone NH group of the
Arg®?° residue, its amide group, a proton donor itself, is
forced in the direction of His. The protonated His, in the mid-
dle of the triad, is an incompatible partner for both the Asn
and the Ser and shifts to an even greater extent. However, at
alkaline pHs and in the presence of substrates, the canonical
serine-histidine interaction may be recovered, which is in line
with the different kinetic behaviors of different substrates.

DISCUSSION

Unexpectedly Different Kinetic Behavior of AAP and POP
Mutants—In reactions of the D102N trypsin variant, the re-
duction in the rate constant was independent of the substrate
(14, 15), suggesting that site-specific mutagenesis is a useful
method for determining the contribution of a functional
group to catalysis. In contrast, the fall in the reaction rate with
POP exhibited a difference of 6 orders of magnitude between
the hydrolysis rates of a nitrophenyl ester and an oligopeptide
(16). Significant differences were observed in the reactions of
ApAAP as well, using different substrates and mutations
(Table 2).

The bell-shaped pH-rate profile obtained with wild-type
POP was preserved with the enzyme variants. However, the
bell-shaped curve for native ApAAP, which contained one
catalytically active form, changed to a double sigmoid or pH-
independent curve, implying two active forms located primar-
ily in the acidic and the alkaline pH region, respectively (Fig.
1, A and B). The activity of the acidic form is controlled by a
gradual change in the protonation state of the catalytic histi-
dine residue. Throughout the alkaline pH range, the imidaz-
ole group must be in the catalytically active, basic form.
Therefore, the invariable ionization state of the imidazole
cannot be responsible for the increase or decrease in activity.
In this pH region, the ionization of other groups and confor-
mational changes may impede (native enzyme) or facilitate
(mutant enzymes) the reaction. The rate constant for the
D102N mutant of trypsin also increased in the alkaline pH
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FIGURE 6. Rearrangement of the active site caused by structure opening or the D524A and D534N mutations. Conformations and hydrogen bond

networks of the loops holding the active site residues in the closed and open structures are shown in A and B, respectively. Loop-(551-560) holding His

556

and loop-(521-529) holding Ala®>* are shown in magenta and cyan, respectively. Ser** is shown with spheres in the background. The propeller domain is
shown in lighter gray with loops 43-46 and 83-88 in yellow. Note that the conformation and interactions of loop-(521-529) are similar in the mutant and
native forms, whereas those of loop-(551-561) vary. C and D show the effect of mutation on the active site of the closed, intact structures. C, superposition

of the D524A mutant and wild-type structures. D, superposition of the D524N mutant and wild-type structures. The catalytic histidine is in dual conforma-

tion. The loops of the mutant forms are colored as on A and B. Ser***

, green with orange hydrogen bonds. The native structure is transparent gray with light
green hydrogen bonds. Although the backbone conformation is unchanged in the mutant forms, the His

%6 side chain is rotated in a catalytically less favor-

able position, and the Ser-His hydrogen bond is lost. The distortion effect is more enhanced in the D524N form.

region. This phenomenon was interpreted in terms of partici-
pation either of a titratable base or of In case of a hydroxide
ion in the catalytic mechanism (15). The progressive increase
of the rate constant between pH 8 and 10 was also observed
with subtilisin mutated at the catalytic histidine, and the rate
enhancement was attributed to hydroxide ion catalysis (45).
With very poor enzymes such as the His®* mutant of subtilisin
or with substrates having a relatively good leaving group, the
hydroxide ion catalysis is conceivable. However, with the sta-
ble peptide bond as found in the present study on ApAAP
(Fig. 1B) a progressive structural change must be preferred to
the hydroxide ion catalysis in the alkaline pH range.
Significant differences were also found between the associ-
ation constants (1/K;) of product-like inhibitors for POP and
ApAAP. Thus, the benzyloxycarbonyl-Gly-Pro-OH binding
weakens with the POP variants (D641A and D641N), and the
titration curves do not point to participation of the catalytic
histidine in binding, whereas the imidazole of the wild-type
POP is properly titrated (16). The wild-type ApAAP is also
well titrated with Ac-Phe-OH. Distinct from the correspond-
ing POP reactions, the inhibitor binding to the D524N variant
of ApAARP is similar to that observed with the wild-type en-
zyme, but the D524A variant is not titrated (Fig. 4). This un-
expected behavior of the D524 A mutant is consistent with the
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pH-independent pH-rate profile (Fig. 2). In the crystal struc-
ture of the D524A mutant, the catalytic imidazole group is
pushed by a water molecule 0.7 A further from Ser*** than it
is in the wild-type structure and moves closer to Arg®*®. The
main structural effects unfavorable for catalysis are: the loss of
the negative charge of the aspartate; the distortion of the ser-
ine-histidine hydrogen bond; and the closeness of a positively
charged group with the histidine, which is also positively
charged during the reaction process.

In the D524N mutant form, a further unfavorable effect
takes place on the hydrogen bond network. The side chain of
Asn occupies exactly the same position as the Asp®** side
chain in the native structure. However, its amide NH, group
points toward the active His>>°, which can either assume a
catalytically noncompetent tautomeric form or shift away
from Ser**® (Fig. 6D). In contrast, in the corresponding
D641N variant of POP, it is the loop holding residue 641 that
is rearranged (16). The differences in the Ac-Phe-OH binding
kinetics of the two mutant ApAAP forms may be explained by
the different distortions of the catalytic histidine.

The dissociation constant of the enzyme-substrate complex
(K,) is also distinctly affected by the mutation on POP and
ApAADP. Specifically, the K| is about four times higher for the
wild-type POP than for its D641A variant, while the K| values
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are similar for the wild-type ApAAP and its variants. The K,
values of the reaction of oligopeptide with the three kinds of
ApAAP are also similar and are close to K, as occurs in the
case of the true Michaelis-Menten mechanism. On the other
hand, the Ac-Phe-Nap reaction follows the Briggs-Haldane
mechanism, where K, = K, + k,/k, is greater than K by
kylk;.

Mechanism of Oligopeptidase Activity—In the POP family,
the active site of an enzyme is located in a cavity between the
two domains of the enzyme. Although with some enzymes,
like DPP-IV (46 —48), the oligopeptides of restricted size can
access the active site through a stable, sufficiently large open-
ing, for other members of the family (e.g. POP and AAP) the
closed structures do not allow the substrate to access the
binding site and the catalytic residues. In this latter case, a
dynamic opening between the two domains is necessary for
the substrate to enter the active site (17).

Such an open conformation was observed in the crystal
structure of the monomer POP from Sphingomonas capsulata
(PDB ID code 1YR?2). In that case the C-terminal His, tag of
one molecule intrudes into the interface region between the
two domains of another molecule (49); thus the closed con-
formation of that enzyme could not be determined.

Very recently, the structure of Aeromonas punctata POP
has also been determined (50). The authors concluded that
the flexible open form of the enzyme is its resting state and
that the binding of inhibitors or substrates initiates the clos-
ing by an induced-fit mechanism.

Our results indicate that the substrate-induced mechanism
for closing is not universal in the oligopeptidase family, be-
cause the open and closed forms are present in the crystal in
the absence of substrate and may co-exist in solution. Con-
trary to the previous findings for ApAAP crystals that con-
tained two closed subunits (24, 25), in the present work, using
very similar crystallization protocols we have obtained dis-
tinct crystal forms having one closed and one open molecule
in the dimer enzyme and an open/open dimer structure. Both
the native and mutant enzymes displayed mixed subunits, and
this fact indicates that opening of the structure is not a conse-
quence of the mutations. The structures of the two states ob-
tained simultaneously provided a unique framework for
studying the conformational variations during opening and
closing. The results demonstrate that the opening of the en-
zyme leads to the breakdown of the catalytic triad, whereas
closing rearranges these changes.

The fact that nearly identical open conformations were ob-
served in four different crystal forms suggests that the open
and closed forms of ApAAP are the major, stable species of
similarly low energy. In contrast, with the A. punctata POP
(50) an array of co-existing, transitionally opened states was
found in almost identical crystal lattices.

The opening of the ApAAP structure is similar to the open-
ing of a clamshell. The hinge region is centered on the Asp®>”®
residue of the hydrolase domain, which forms five interdo-
main H-bonds that are retained in the open form. In the case
of the A. punctata POP, no such stabilizing hinge point was
detected, which may account for the observed various extents
of opening (50). In the closed form of ApAAP, the loops be-
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tween the hydrolase and the propeller domains form an ex-
tensive network of further interdomain H-bonds in addition
to the five with Asp®’®, approximately twice as many as found
in the porcine brain POP (PDB ID code 1H2W) or the

A. punctata POP (PDB ID code 3IVM), which break up on
opening. Loop-(521-529) and loop-(551-560) of ApAAP,
which contain Asp®** and His**®, respectively, contribute to
the stabilization of the closed conformation of the enzyme
forming hydrogen bonds with the propeller domain.

In ApAAP, the domain surfaces that become solvent-ex-
posed by the opening are composed of nearly as many hydro-
phobic as hydrophilic residues (55 versus 45%, respectively).
This, taken together with the fact that the open and closed
forms crystallized in a 1:1 ratio in three cases, suggests that
although a great number of the original H-bonding contacts
are lost in the open form, hydration of the polar residues must
compensate for the loss of energy. During closing, the refor-
mation of the original hydrogen bonds and hydrophobic con-
tacts compensates for dehydration of the polar residues. The
fast equilibrium between the open (substrate accessible) and
closed (active) forms is supported by the fact that the enzyme
is a very effective catalyst, as indicated by its high k_,/K,, of
about 8 uM~'s™ ', Note that some transient form may also
participate in substrate binding. In the case of the A. punctata
POP, the solvent-exposed domain interfaces of the open form
consist mostly (70%) of polar or charged residues, shifting the
equilibrium toward the open form, which is postulated as the
resting state of the enzyme (50). On the other hand, ligand-
free porcine brain POP was crystallized in the closed form,
suggesting that the relative stability of the open and closed
forms in their equilibrium may vary even among related en-
zymes of the POP family. This equilibrium can be modulated
by fine effects, most likely by the amino acid composition of
the domain interfaces.

The binding of substrate or inhibitor must facilitate the
closing, because the bound ligands cross-link the peptidase
and the propeller domains. In the case of AAP, the P1 residue
of the substrate is bound to the hydrolase domain, and the P2
and P3 residues are anchored to the propeller through the
Arg®*°-Glu®® ion pair and the hydrophobic residues of the S3
subsite (Leu''?, Phe'®?, and Phe'®®), respectively (25).

The three amino acids of the catalytic triad (Ser**®, Asp®**,
and His>*®) are members of a short turn and two loops, which
are brought into proximity by the fold of the hydrolase do-
main. The two regions that undergo the greatest rearrange-
ments in the open state are two loops forming a buckle in the
closed state, i.e. loop-(43—46) of the propeller and loop-(551—
560) of the hydrolase domain. The rearrangement of loop-
(551-560) bearing the His> residue is of functional signifi-
cance, because restructuring of this loop during opening leads
to disassembly of the catalytic triad. Ser**” is located in a tight
turn between a B-strand and a helix, positioned by four spe-
cific backbone H-bonds, and is not perturbed by the opening.
Loop-(521-529), containing the active Asp®**, is shifted only
moderately upon opening; therefore, the 3.4-5.0 A Ca shift of
His®*® results in the breakup of the active site triad. The open-
ing also enhances the conformational freedom of the two
loops, especially of loop-(551-560), without increasing the
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flexibility of the catalytic serine. Thus, our results show that
while the «/B hydrolase fold ensures the spatial proximity of
the active site residues, their stabilization and correct posi-
tioning is completed only by the interdomain contacts in the
closed state.

Inactivation of the open state proceeds in a different way
with the A. punctata POP (50). The explanation was focused
on an Arg residue of the hydrolase domain, which, in the ac-
tive, closed state participates in substrate binding. This resi-
due forms an interdomain double H-bond with an Asp of the
propeller region. The authors (50) found that this Arg residue
in the various open forms intrudes between members of the
catalytic triad, fixing either the Ser or the Asp in an unfavor-
able conformation. In the case of ApAAP, the corresponding
Arg®?® similarly forms an interdomain association with con-
served Glu®® in the closed form. However, in the open state,
instead of interacting with the active site residues, Arg>>®
forms an intradomain association with Asp*®* (Fig. 6, A and
B). Asp*®* is also conserved among vertebrate AAPs, but in
the A. punctata POP, a Thr residue is found in the same posi-
tion. There are two further differences between the POP and
ApAAP. First, the loop containing the catalytic histidine resi-
due is not seen in the electron density map of POP, which
indicates higher conformational flexibility. Second, a ligand-
free, active, closed structure of POP was not crystallized, so
that the structural basis of the conformational changes could
not be defined.

The open and closed structures of ApAAP differ in the cat-
alytic sites, with only the closed form being active, whereas
the open form exhibits inactive conformation. This implies
that the enzyme is unable to cleave the peptide bond in the
open form. Therefore, the hydrolysis of a disordered large
peptide may not occur even if it binds to the distorted active
site. However, several papers have indicated that some serine
oligopeptidases hydrolyze large proteins. For example, fibro-
blast activation protein has gelatinase and collagenase activi-
ties (51), oligopeptidase B cleaves at a restricted site of histone
proteins (52), and POP digests itself (53, 54) or degrades a
splice variant protein of p40-phox (55). In all of these cases
the hydrolytic reactions require unusually long times, at least
overnight. Being extremely slow, the specificity rate constants
were not determined so the hydrolytic reactions in this case
cannot be considered as normal enzyme reactions.

Conclusion—The exact role of Asp in the catalytic triad of
serine peptidases has not yet been clearly established. Here we
investigated the kinetics and the structures of two mutant
enzymes in which the catalytic aspartic acid was changed
(D524N and D524A). The pH-k_,,/K,,, profile of ApAAP and
its variants proved to be very different. Also, the pH depend-
ence of the association constant obtained from titration with
the Ac-Phe-OH inhibitor has shown that the participation of
the catalytic histidine is different in the reactions of different
ApAARP variants. Similar mutations with POP led to kinetic
results that differed in several aspects from those found with
ApAADP. Thus, the change in catalysis on mutation depends
considerably on both the kind of mutation and the nature of
the substrate. The present results, as well as those obtained
previously with POP mutants, imply that the negative charge
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E* 5 E+S—ES* —»EA* +P, > E” +P,
SCHEME 2

on the Asp residue is essential for stabilizing the reaction in-
termediates and that site-specific mutagenesis does not neces-
sarily reflect the intrinsic contribution of a functional group
to catalysis. The kinetic results are consistent with the crystal
structure determinations, illustrating the alterations in the
position of the catalytic His of the enzyme variants, even in
conservative substitution, and this points to an important role
of Asp in orienting the catalytic His.

The catalytic mechanism may follow that shown in Scheme
2, where ¢, o, i, and a represent the closed, open, inactive, and
active forms of ApAAP, respectively. ES, EA, P1, and P2 stand
for the enzyme-substrate complex, the acyl-enzyme, product
1, and product 2, respectively.

It may be noted that the first enzyme-substrate complex is
generated with the open, inactive enzyme form (ES*?). How-
ever, this is not a well defined species; the substrate is not at a
catalytically competent place. It assumes the final position in
the closed, active enzyme form (ES““). According to Scheme
2, the closed and open states are at equilibrium. Both forms
are inactive, because the closed form cannot accept the sub-
strate and the catalytic triad is damaged in the open form.
The formation of ES goes along with closing, and this is fol-
lowed by acylation and deacylation. This mechanism is at
variance with the induced-fit mechanism published recently
for A. punctata POP (50); that proposal implies that the en-
zyme exists in the open state, and the addition of substrate
induces large conformational change into the closed state
with induced-fit adjustments of the active site. In the absence
of substrate or inhibitor, POP does not assume its closed
form, as all POPs contained substrate or inhibitor when crys-
tallized in the closed form (50). However, we have obtained
closed porcine POP crystals several times that displayed a
catalytically active conformation even without substrate or
inhibitor ligand. This observation raises the possibility that
the closely related enzymes, POP and ApAAP, operate via
similar mechanisms, which implies conformational selections
consistent with the classical model pioneered by Monod,
Wyman, and Changeux (the MWC model). This paradigm, in
recent years, has been preferred to the induced-fit mechanism
(cf. for example Ref. 56).
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