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ABSTRACT: A unique “enzyme catalytic promiscuity” has recently been observed, wherein a phosphodiester
and a phosphonate ester are hydrolyzed by a dinuclear aminopeptidase and its metal derivatives from
Streptomyces griseus(SgAP) [Park, H. I., Ming, L.-J. (1999)Angew. Chem., Int. Ed. Engl. 38, 2914-
2916 and Ercan, A., Park, H. I., Ming, L.-J. (2000)Chem. Commun.2501-2502]. Because tetrahedral
phosphocenters often serve as transition-state inhibitors toward the hydrolysis of the peptide, phosphoester
hydrolysis by peptidases is thus not expected to occur effectively and must take place through a unique
mechanism. Owing to the very different structures and mechanistic requirements between phosphoesters
and peptides during hydrolysis, the study of this effective phosphodiester hydrolysis bySgAP may provide
further insight into the action of this enzymethat is otherwise not obtainable from regular peptide substrates.
We present herein a detailed investigation of both peptide and phosphodiester hydrolyses catalyzed by
SgAP. The latter exhibits a first-order rate enhancement of 4× 1010-fold compared to the uncatalyzed
reaction at pH 7.0 and 25°C. The results suggest that peptide and phosphodiester hydrolyses bySgAP
may share a common reaction mechanism to a certain extent. However, their differences in pH dependence,
phosphate and fluoride inhibition patterns, and proton inventory reflect that they must follow different
pathways. Mechanisms for the two hydrolyses are drawn on the basis of the results, which provide the
foundation for further investigation of the catalytic promiscuity of this enzyme by means of physical and
molecular biology methods. The catalytic versatility ofSgAP suggests that this enzyme may serve as a
unique “natural model system” for further investigation of dinuclear hydrolysis. A better understanding
of enzyme catalytic promiscuity is also expected to shed light on the evolution and action of enzymes.

Enzymes evolve to act on a specific substrate or group of
analogous substrates via stabilization of the transition state
(TSq)1 of the substrates to enhance the reaction rate (1, 2).
Consequently, TSq analogues often serve as inhibitors for
the corresponding enzymes. The concept of TSq recognition
in enzyme catalysis is also illustrated in the action of catalytic
antibodies induced by haptens that resemble the TSqs in the
corresponding reactions (3, 4). In enzymatic hydrolyses of
peptide, ester, and amide, thegem-diolate-like TSq can be
mimicked by the tetrahedral phosphocenter of phosphoesters,
phosphonates, and phosphoamidates that are known to inhibit

the corresponding hydrolases (5-12). The mechanisms for
hydrolyses of phosphoesters and peptides are quite different,
i.e., nucleophilic attack from above or below the>CdO
plane to form a tetrahedral TSq in peptide hydrolysis but an
“in-line” SN2-like attack from the opposite site of the leaving
group to form a trigonal bipyramidal TSq in phosphoester
hydrolysis (13, 14). Accordingly, each class of hydrolytic
enzymes should perform only one type of hydrolysis, despite
the presence of a highly activated nucleophile, such as a
water molecule, in the active site ready for nucleophilic attack
at the scissile bond of the substrates.

Recently, a dinuclear aminopeptidase and its metal deriva-
tives from Streptomyces griseus(SgAP) were observed to
exhibit an unexpected “enzyme catalytic promiscuity” (15-
19), wherein the phosphodiester bis(p-nitrophenyl)phosphate
(20) and the phosphonate esterp-nitrophenyl phenylphos-
phonate (21) were hydrolyzed with enormous rate accelera-
tions compared to the rates of the uncatalyzed reactions.
Incidentally, the dinuclear prolidase fromAlteromonas
species was also discovered to exhibit alternative activities
toward the hydrolysis of phosphoester and phosphofluorinate
bonds in nerve agents such as sarin and soman (22-24).
Because phosphoesters are analogous to the TSq of peptides
during hydrolysis, how a phosphoester is recognized and how
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its trigonal bipyramidal TSq is stabilized by a peptidase
present challenging mechanistic questions. These two di-
nuclear metallohydrolases can thus be introduced as unique
“natural model systems” and serve as counterparts of those
widely studied “syntheticmodel systems” (25-31) to offer
a rare opportunity for the investigation of the mechanistically
different peptide and phosphoester hydrolyses in one active
site.

Metal-centered enzymatic (32-41) and nonenzymatic
(25-31) hydrolyses of peptides and phosphodiesters have
been extensively studied in recent years, wherein the
ionization constant of a coordinated water is dramatically
decreased by>108-fold from pKa ) 15.74 to∼7 or lower
by the metal ion(s) to produce a nucleophilic hydroxide. This
process dramatically enhances the local concentration of OH-

in the active site to render hydrolysis possible at neutral or
lower pH. In the meantime, the binding of the substrate to
the metal(s) further polarizes the scissile bond, making
nucleophilic attack more effective. One significant difference
between enzymatic and nonenzymatic catalysis is the pres-
ence of specific recognition in the former case, which renders
catalytic conversion of only one type of substrate, e.g.,
peptide hydrolysis by proteases and phosphoester hydrolysis
by phosphoesterases and nucleases.

Several metallohydrolases have been characterized by
means of X-ray crystallography to contain a dinuclear
catalytic center (32-36, 41), includingSgAP (42-44), those
aminopeptidases (APs) fromAeromonas proteolytica(ApAP)
(45-47), bovine lens (blAP) (48, 49), andEscherichia coli
(50), aminopeptidase P fromE. coli (51, 52), and prolidase
from Pyrococcus(53). The two zinc ions inSgAP are
coordinated by the side chains of His, Asp, and Glu,
separated by 3.6 Å, and bridged by the carboxylate of Asp97
(Figure 1). A bridging tetrahedral electron density inSgAP
was suggested to be a dibasic phosphate (42-44), which
was thought to replace the bridging hydroxide found in other
dinuclear APs (42). One of the phosphate oxygen atoms
bridges the two zinc ions, and another one coordinates to
only one zinc. This binding pattern resembles that of the
bound TS‡ inhibitors leucinal and leucine phosphonic acid
in blAP (48, 49). However, phosphate was concluded not to
bind to the metal ions in recent kinetic (54) and31P nuclear
magnetic resonance (NMR) relaxation studies (55), reflecting
that differences may exist between solution and solid states
of SgAP. The mechanism of dinuclear APs has emerged from

recent kinetic, spectroscopic, and crystallographic studies
(42-50, 56-58), wherein the N-terminal amino group of
the substrate is bound to an active-site metal or a side chain
and the scissile carbonyl group is also bound to a metal and
then followed by nucleophilic attack by either a terminal or
bridging hydroxide. Whether or not the catalytic promiscuity
of SgAP toward phosphodiester hydrolysis follows the same
reaction pathway as peptide hydrolysis cannot be concluded
from the previous studies. We report herein a further
investigation of the normal peptide hydrolysis and the
catalytic promiscuity toward phosphodiester hydrolysis by
SgAP. The mechanisms for these two hydrolyses are
proposed on the basis of the results from the investigation,
which provide the foundation for future research of the
catalytic promiscuity of this enzyme by means of physical
and molecular biology methods. Moreover, the exploration
of enzyme catalytic promiscuity is expected to provide further
information about the evolution and action of enzymes (15-
19).

MATERIALS AND METHODS

Preparation of NatiVe, Apo, and Modified SgAP. SgAP
was prepared from Pronase (Sigma-Aldrich and Fluka, St.
Louis, MO) according to the published procedures, wherein
the first eluted active fractions from the final (diethylamino)-
ethyl (DEAE) column was used for this study and the
concentration was determined according toE280

1% ) 15 or
from stoichiometric metal-ion titration with standard Zn2+

or Co2+ solution (59, 60). The native Zn2+ was removed from
SgAP with 1,10-phenanthroline via dialysis (59, 61). Arg-
specific modification of SgAP with phenylglyoxal was
carried out according to published procedures (55). ApAP
with an activity of 117 units/mg was purchased from Sigma-
Aldrich. All containers were treated with ethylenediamine-
tetraacetic acid (EDTA) solution and rinsed with deionized
water (18 MΩ; Milli-Q, Fisher Scientific, Fairlawn, NJ) prior
to use.

Assay and Kinetic Studies. The substrates Leu-p-nitroa-
nilide (Leu-pNA), pNA derivatives of other amino acids, and
bis(p-nitrophenyl)phosphate (BNPP) and the inhibitors were
purchased from Sigma-Aldrich. Enzyme activities were
determined according to the increase in absorbance at 405
nm because of the release ofp-nitroaniline (10 150 M-1

cm-1) or p-nitrophenol (17 500 M-1 cm-1) in 0.10 M N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES)
buffers at pH 8.0 and 30°C in the presence of a saturating
amount of Ca2+ (i.e., 10 mM below pH 6.5 and 2 mM above
pH 6.5) on a Cary 3E or Cary 50 spectrophotometer (Varian,
Palo Alto, CA). Inhibitions were performed with two to three
different inhibitor concentrations under the above conditions.
The kinetic parameterskcat and Km were obtained by
nonlinear regression fitting of the data directly to the
Michaelis-Menten equation, and the type of inhibition was
determined accordingly. The activity ofApAP was measured
similarly. The rate constants for uncatalyzed hydrolysis of
Gly-, Val-, Lys-, Met-, and Leu-pNA substrates are (2.49(
0.05, 2.08( 0.05, 2.50( 0.01, 4.06( 0.08, and 9.80(
0.07) × 10-8 s-1, respectively, determined from the slope
of the corresponding rate-concentration plots.

The molar absorptivity ofp-nitrophenol varies with pH,
which was determined to be 1930, 4220, 9330, 14 500,

FIGURE 1: Structure of the active site ofSgAP (PDB 1XJO). The
“bound phosphate” and the three auxiliary amino acid side chains
(Tyr246, Glu131, and Arg202) that are presumably involved in
SgAP catalysis are shown. The side chain of Arg202 is not revealed
in the original crystal structure, which has been added to show an
extended configuration (line structure), and can easily adopt a
configuration with the guanidinium group close to the “bound
phosphate”.
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17 500, 18 700, 19 100, 19 300, and 19 400 (with standard
deviations in the range of 5-30) M-1 cm-1 at pH 6.0, 6.5,
7.0, 7.5, 8.0, 8.5, 9.0, 9.5, and above 10.0, respectively,
whereas that of 4-nitroaniline was constant within the pH
range. The buffers at 20 mM used for different pH regions
were acetate at pH 4.5-5.0, 2-(N-morpholino)ethanesulfonic
acid (MES) at pH 5.5-6.5, HEPES at pH 7.0-8.0, tris-
aminopropanesulfonic acid (TAPS) at pH 8.5-9.5, and
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) at pH
10.0. These buffers have no observable effect on the reaction
rate under the experimental conditions. Owing to the low
molar absorptivity of 4-nitrophenol at pH< 6.0, the rates
of BNPP hydrolysis at low pH values were determined by
quenching a 1.0 mL reaction mixture and a control separately
with 1.0 mL of 1.0 M NaOH after 10 min of incubation and
then their absorption difference at 405 nm was determined.

pH Dependence.The ionization constants for the general
base and general acid involved in catalyses can be obtained
by nonlinear fitting of the rate constants to a two-deproto-
nation process with respect to pH according to eq 1 (62, 63)

wherekobs is the observed rate constant (kcat or kcat/Km), klim

is the pH-independent limiting rate constant, andKa values
are the ionization constants. Analogous fitting can be
performed in case more than two ionization steps are
observed (62-64). Direct pH titrations (Radiometer PHM
290 pH-Stat, Radiometer, Westlake, OH) reveal the pKa

values of the amino group of Leu-, Lys-, and Met-pNA to
be 7.94( 0.03, 6.83( 0.05, and 6.95( 0.03, respectively.
The low pKa values are attributable to the strong electron-
withdrawingpNA functionality on the substrates.

SolVent Isotope Effect.Proton inventory studies (65) were
performed at 20°C in 50 mM HEPES buffer at pH/pD 8.0
containing 2 mM CaCl2 under different deuterium atom
fractions (n). The kinetic constantskcat andkcat/Km at different
n values were fitted to the simplified version of the Gross-
Butler equations for one- (eq 2) or two-proton transfer (eq 3
or eq 4 when the two proton transfers are indistinguishable)
at the rate-determining step, in whichkn is the measured rate
constant atn, k0 is the rate constant in H2O, andkH/kD is the
kinetic isotope effect, which can be obtained from the fitting.
Multi-proton-transfer processes are expressed in the form of
eq 5. However, the different processes in the multi-proton-
transfer case usually cannot be specifically defined and
distinguished from each other.

Influence of Viscosity.The influence of viscosity on the
activity of the enzyme is checked by the use of sucrose as
the viscosogenic agent (at 16, 23, 30, and 35% w/v) in 20
mM HEPES buffer at pH 8.0 and 30°C in the presence of
0.1 M NaCl and 10 mM CaCl2. The rate constant for the

enzymatic reaction is inversely proportional to the relative
microviscosity (solution versus solvent) in the form of eq 6,
if diffusion plays a role in the enzyme kinetics (66, 67), in
which the rate constantk values are defined in the Michae-
lis-Menten equation, the superscript denotes the constants
without the viscosogen, andη/η0 is the relative viscosity.
This equation can be expressed in the form of a normalized
plot (eq 7), whereP ) k-1

0 /kcat. If the reaction is insensitive
to viscosity, the slope in the plot is 0; if the reaction is
viscosity-controlled, the slope in the plot is 1 (66, 67).

Temperature Dependence. SgAP is quite resistant to
denaturation by heat (59), which allows kinetic measurements
to be performed up to 60°C. The rates of enzyme-catalyzed
hydrolysis of the different substrates in 0.1 M HEPES at
pH 8.0 in the presence of 2 mM Ca2+ were measured at five
different temperatures from 20 to 60°C. The initial rate of
hydrolysis at 60°C is linear in the experimental time
duration. The activation energyEa for each substrate was
obtained by fittingkcat with respect to temperature to the
Arrhenius equation, from which∆Hq is obtained.∆Gq is
calculated fromkcat, and∆Sq can be calculated from the other
two parameters. The pKa values from the activity-pH profile
of Leu-pNA hydrolysis bySgAP were determined at five
different temperatures, and the heat of ionization∆Hion for
the pKa can be obtained from the slope of the line (∆Hion/
2.303R) according to the van’t Hoff equation.

Modeling of Substrate Binding. The peptide substrate is
modeled into the active site by the use of the crystal structure
of the enzyme-bound TSq analogue (8) or product (44) as a
template. The substrate is superimposed onto the TSq

analogue by the use of the canned program from BioMed-
CAChe 6.1.10 (Fujitsu, Beaverton, OR) with two different
orientations to render the terminal water that is hydrogen-
bonded to Tyr246 or the bridging water as the nucleophile.
In the case of BNPP hydrolysis, the phosphocenter is
superimposed onto either the peptide resulted from the above
or the enzyme-bound TSq analogue (8), which renders the
terminal water that is hydrogen-bonded to Tyr246 or the
water in place of the coordinated amino group as the
nucleophile, respectively. ViewerLite 5.0 (Accelrys, San
Diego, CA) was used for displaying the structures.

RESULTS

Peptide and BNPP Hydrolyses by SgAP. SgAP is active
toward various peptides with different N-terminal side chains
(Table 1) and specific toward hydrophobic ones (59-61).
Moreover,SgAP also exhibits a significant activity toward
the hydrolysis of the phosphodiester BNPP withkcat ) 0.42
s-1 and kcat/Km ) 124 M-1 s-1 at pH 8.0, consistent with
previous observations (20). However, the phosphomonoester
p-nitrophenylphosphate (NPP) is not hydrolyzed bySgAP
under the same conditions (21) and is an inhibitor (Table
2). Phosphoesters resemble thegem-diolate TSq of peptides
during hydrolysis and are known inhibitors for esterases,

kobs) klim/{(1 +
[H+]
Ka1

)(1 +
Ka2

[H+])} (1)

kn ) k0[1 - n + n/(kH/kD)] (2)

kn ) k0[1 - n + n/(kH/kD)1][1 - n + n/(kH/kD)2] (3)
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0( η
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amidases, and peptidases (5-12). Thus, it is very interesting
that BNPP can be effectively hydrolyzed by the peptidase
SgAP.

The thermostability ofSgAP allows itskcat to be obtained
between 20 and 60°C to yield the activation energyEa and
other thermodynamic parameters of activation (Figure 2A).
The heat of activation∆Hq in the hydrolysis of BNPP by
SgAP is close to those in the hydrolysis of Leu-, Met-, Val-,
and Ala-pNA by SgAP, wherein the-∆Sq value in the
hydrolysis of BNPP exhibits the largest magnitude (Table
1). Lys-pNA has a higher∆Hq value than other substrates,
which can be reasonably explained by the involvement of
dehydration of the amino group on the side chain in the
activation process (68). The large∆Hq value for Gly-pNA
hydrolysis may be attributable to the lack of a specific
interaction to stabilize the TSq during catalysis.

Inhibition of SgAP toward the Hydrolyses of Peptides and
BNPP.BecauseSgAP has a high specificity toward hydro-
phobic N-terminal amino acids (61), it can be inhibited by
hydrophobic AP inhibitors, such as the TSq-mimicking
bestatin (69, 70) and (-aminobutylphosphonate (71) and
metal-chelating hydroxamates (72) (Table 2). The same
inhibition pattern and similarKi values of an inhibitor toward
different substrates (Table 2) reflect that the inhibitor is

bound to the same site during catalyses of the different
substrates and the different substrates may be recognized and
hydrolyzed bySgAP in a similar fashion, despite their very
different structures.

Table 1: Kinetic and Thermodynamic Parameters for the Hydrolysis of Amino Acid-pNA Substrates and BNPP bySgAPa

amino acid-pNA Leu Met Val Ala Lys Gly BNPP

kcat (s-1) 657( 54 43.3( 1.4 0.28( 0.02 4.9( 0.5 2.8( 0.5 1.1( 0.3 0.42( 0.01
Km (mM) 0.45( 0.04 0.58( 0.08 0.18( 0.05 7.8( 0.8 5.0( 0.4 1.4( 0.3 3.4( 0.2
kcat/Km (M-1 s-1) (1.5( 0.2)× 106 (7.5( 1.1)× 105 1600( 500 630( 90 560( 110 760( 260 124( 8
Ea (kJ/mol) 42( 2 30( 1 48( 2 42( 1 51( 1 57( 1 38( 1
∆Hq (kJ/mol)b 39 ( 2 28( 1 46( 2 39( 1 49( 1 55( 1 35( 1
∆Sq (J/Kmol)b -62 ( 7 -120( 3 -110( 7 -100( 4 -76 ( 4 -64 ( 4 -140( 3
∆Gq (kJ/mol) 58.1( 0.4 64.8( 0.1 77.5( 0.2 70.3( 0.3 71.7( 0.5 74.1( 0.7 76.4( 0.0
REc (109) 6.70 1.07 0.0135 0.112 0.0274 38.5d

a A total of 0.1 M HEPES buffer at pH 8.0 and 30°C in the presence of 10 mM Ca2+ and 100 mM NaCl.b Autohydrolyses of Leu-pNA,
Gly-pNA, and BNPP at pH 8.0 and 30°C yield ∆Hq ) 69.1, 84.9, and 87.7 kJ/mol and∆Sq ) -151,-107, and-115 J K-1 mol-1, respectively.
c Rate enhancement or catalytic proficiency in terms of the first-order rate constant (91) kcat/ko. The observed rate constants for nonenzymatic
hydrolysis were determined to be 9.8× 10-8, 3.9× 10-8, 2.1× 10-8, 4.1× 10-8, and 2.5× 10-8 s-1 for Leu-, Gly-, Val-, Met-, and Lys-pNA,
respectively.d The catalytic proficiency at pH 7.0, considering OH- being the nucleophile in autohydrolysis.

Table 2: Inhibition TowardSgAP Catalysisa

Ki (mM) Ki (mM)

inhibitors Leu-pNA BNPP inhibitors Leu-pNA BNPP

bestatin (1.5( 0.3)× 10-3 (1.30( 0.04)× 10-3 Leu-amide 1.72( 0.05 1.72( 0.06
(2.0( 0.3)b × 10-3 R-leucinol 2.7( 0.1 5.1( 0.2
(1.2( 0.1)c × 10-3

ABPd (2.0( 0.1)× 10-3 (2.2( 0.1)× 10-3 S-leucinol 3.0( 0.1 3.6( 0.3
(1.9( 0.2)b × 10-3 NPPd 0.94( 0.04 0.84( 0.03
(1.9( 0.1)c × 10-3

R-AEPd 0.70( 0.03 0.71( 0.07 BNPP 5.10( 0.08 4.5( 0.2e

S-AEPd 1.3( 0.1 1.0( 0.1 BNPP (ApAPf) 8.1( 1.1
Leu-NHOH 0.038( 0.002 0.040( 0.010 Pi

d (pH 6.0)g 0.75h 2.4( 0.3h

0.052( 0.005b Pi
d (pH 8.0)i 30h 25 ( 13h

0.031( 0.006c

Ile-NHOH 0.017( 0.001 0.023( 0.002 fluoride 21j 240( 50k

Lys-NHOH 2.6( 0.4 1.6( 0.1
a All of the assays were performed toward Leu-pNA hydrolysis in 0.1 M HEPES buffer at pH 8.0 in the presence of 10 mM Ca2+ ion, except

those indicated. All of the inhibitors, except phosphate and fluoride, exhibit a competitive inhibition pattern.b Lys-pNA is the substrate.c Ala-pNA
is the substrate.d ABP, 1-aminobutylphophonate; AEP, 1-aminoethylphophonate; NPP,p-nitrophenylphosphate; Pi, inorganic phosphate.e Km value
for BNPP hydrolysis bySgAP. f Inhibition againstApAP toward Leu-pNA hydrolysis at pH 8.0.g Pi is a very weak competitive inhibitor toward
Leu-pNA hydrolysis byApAP at pH 6.0 (55) (Ki ) 120 mM, estimated at 0.4 M phosphate).h Pi is a noncompetitive inhibitor toward peptide
hydrolysis (54, 55) but a competitive inhibitor toward BNPP hydrolysis.i Pi is not an inhibitor (up to 0.93 M) toward Leu-pNA hydrolysis byApAP
at pH 8.0.j Fluoride is an uncompetitive inhibitor toward Leu-pNA hydrolysis (54). k Dissociation constantKd for theactiVationof BNPP hydrolysis
at pH 8.0. Cl- and I- are very weak activators, withKd estimated to be 1.6 and 11 M at pH 8.0.

FIGURE 2: (A) Temperature dependence ofkcat for the hydrolysis
of Leu-, Ala-, and Lys-pNA and BNPP (from top to bottom) by
SgAP, in which the activation energy (Ea) is obtained by direct
fitting to the Arrhenius equation. (B) Temperature dependence of
pKa values of Leu-pNA hydrolysis bySgAP obtained from activity-
pH profiles (cf. Figure 4A). The∆Hion values for pKes1 and pKes2
are obtained from the slope of the line (∆Hion/2.303R) according
to the van’t Hoff equation.
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The inhibition constants for leucinamide and leucinol are
similar, suggesting similar interactions of these two inhibitors
in the enzyme-inhibitor (EI) complex, which may be
attributed to the binding of the amino-isobutyl group and
the carbonyl/hydroxyl oxygen to the active-site metals.
Changing the hydrophobic group from a propyl in 1-ami-
nobutylphosphonate (ABP) and a benzyl group in bestatin
to a methyl in 1-aminoethylphosphonate (AEP) significantly
decreases the inhibition by 370-860-fold (Table 2), corre-
sponding to a difference in free energy of 14.7-16.7 kJ/
mol at 25°C, which is more than a regular London dispersion
force (in a magnitude of only about 0.2 kJ/mol at a distance
of 0.5 nm;73) for molecular interactions. A change from a
TSq-like configuration in bestatin and ABP to leucinamide
and leucinol decrease the inhibition by∼1500-fold (Table
2), corresponding to 18 kJ/mol, close to an average energy
of a hydrogen bond. Moreover, Lys-NHOH is about 2 orders
less efficient than Leu- and Ile-NHOH, despite their similar
metal-binding motif. These observations reflect the impor-
tance of hydrophobic recognition and possible involvement
of a hydrogen-bonding interaction at the TSq in the action
of SgAP.

Influences by Phosphate and Halide.Phosphate was found
to be a pure noncompetitiVe inhibitor toward peptide
hydrolysis by SgAP at pH 5.5-9.0 (Figure 3A); i.e.,
phosphate binds to the enzyme and the enzyme-substrate
(ES) complex with a same inhibition constant, wherein the
enzyme-substrate-inhibitor (ESI) ternary complex is inac-
tive, while F- was found to be anuncompetitiVe inhibitor
toward peptide hydrolysis (54, 55). Similar inhibition patterns
should be observed for BNPP hydrolysis bySgAP if BNPP
is recognized and hydrolyzed in a similar fashion as peptide
substrates. On the contrary, phosphate is acompetitiVe
inhibitor toward BNPP hydrolysis, withKi ranging from 2.31
to 315 mM at pH 5.0-9.0 (Figure 3B and Table 2), whereas
F- is not an inhibitortoward BNPP hydrolysis but is a weak
activator, which decreases theKm value with a dissociation
constant of 238 mM at pH 8.0 (Figure 3C and Table 2).
Similar to F-, Cl- and I- are also very weak activators
toward BNPP hydrolysis, exhibiting large dissociation
constants estimated to be 1.6 and 11 M. For a comparison,
Ki values for phosphate and fluoride toward Leu-pNA
hydrolysis are 30 and 21 mM, respectively, at pH 8.0 (55).

The different inhibition patterns toward peptides and BNPP
hydrolyses bySgAP offer an opportunity to reveal mecha-
nistic differences between these two substrates.

pH Dependence of Peptide Hydrolysis. The hydrolysis of
Leu-pNA by SgAP shows a bell-shaped activity-pH profile
between pH 4.5 and 10.0 (Figure 4). Nonlinear regression
fitting of the kcat-pH profile with a double-deprotonation
process (eq 1) gives two ionization constants pKes1 ) 6.00
and pKes2 ) 9.3 in the ES complex (Figure 4A and Table
3). The pKes1 value is close to that of a metal-bound water
in hydrolytic metalloenzymes, such as 6.0-6.2 in carbox-
ypeptidase A toward different substrates (74) and 5.0 in
thermolysin (75). No other residue near the active site of
SgAP (42-44) can have a pKa of 6.00. By default, a
coordinated water is the best candidate to afford this pKa

FIGURE 3: Phosphate inhibition of ZnZn-SgAP toward the hy-
drolysis of (A) Leu-pNA at pH 7.4 with phosphate concentrations
at 0.0, 5.0, 20, and 50 mM (from bottom to top) and (B) BNPP at
pH 8.0 with phosphate concentrations at 0, 32, and 74 mM (from
bottom to top). (C) F- activation toward BNPP hydrolysis at pH
8.0 by ZnZn-SgAP at NaF concentrations of 0.00, 0.10, and 0.30
M (from top to bottom).

FIGURE 4: pH profiles of (A and E)kcat, (B and F)kcat/Km, and (C
and G) pKm toward the hydrolysis of Leu-pNA and BNPP,
respectively, bySgAP (b) and phenylglyoxal-modifiedSgAP (2).
The pH profiles of the inhibition constant ofL-Leu (2, D) and
1-aminobutyl phosphonates (b, D) toward the hydrolysis of Leu-
pNA by SgAP in 0.1 M buffers, 10 mM Ca2+, and 10µM Zn2+.
The dashed curve in D represents the deprotonation of Leu. (H)
pH profile of Ki of phosphate inhibition toward the hydrolysis of
BNPP bySgAP fitted with a single-ionization process (‚‚‚) and a
two-ionization process (s). All of the fittings were obtained with
nonlinear regression, wherein C, D, G, and H are displayed as linear
plots.

Table 3: pH Dependence ofkcat andkcat/Km for Hydrolyses of
Amino Acid-pNA and BNPPa

Leu-pNA Met-pNA Lys-pNA BNPP

kcat pKes1 6.00( 0.03 5.86( 0.03 5.7( 0.1 6.10( 0.04
(6.47( 0.07)b (6.17( 0.08)

pKes2 9.3( 0.3 9.9( 0.5 10.3( 0.3 9.6( 0.3
(9.7( 0.7) (10.2( 0.5)

kcat/Km pKe1 7.41( 0.05 7.25( 0.09 7.0( 0.1 5.58( 0.04
(7.3( 0.2) (6.08( 0.07)

pKe2 9.0( 0.4 9.1( 0.5 10.7( 0.4 9.29( 0.4
(9.1( 0.7) (10.0( 0.7)

a The pH profile ofKm reveals the pKa values 5.2, 6.5, 7.5, and 9.4
in Leu-pNA hydrolysis, 5.2 and 9.6 in BNPP hydrolysis (Figure 4),
and 5.5, 6.4, 7.8, and 9.1 from the pKi-pH profile of ABP toward
Leu-pNA hydrolysis.b pKa values for the phenylglyoxal-modified
enzyme are in parentheses.

Phosphodiester Hydrolysis bySgAP Biochemistry, Vol. 45, No. 46, 200613783



value. The nucleophilic water molecule is likely to be bound
to only one metal ion, such as in the case of carboxypeptidase
A and thermolysin, because the acidity of a bridging water
molecule is influenced by two Lewis acidic metal centers
and thus is expected to have a much lower pKa value.

The pH profile ofkcat/Km of Leu-pNA hydrolysis bySgAP
shows two ionization processes with pKe1 ) 7.41 and pKe2

) 9.0 (Figure 4B and Table 3), attributable to two catalyti-
cally important ionizable groups in the free enzyme and/or
substrate (62, 63). The pKe1 value is close to the pKa value
of the amino group of Leu-pNA (7.94 or 7.74) (76) and is
much higher than pKes1 in the kcat-pH profile. This pKe1

value is probably due to the amino group, which may be
required at the TSq during SgAP catalysis, as suggested in
the crystal structures of inhibitor-bound blAP (48, 49, 56-
58). However, the small difference between the pKe1 value
and the intrinsic pKa of Leu-pNA reflects a weak affinity
for the binding of the deprotonated amino group of Leu-
pNA to the enzyme (i.e., 10-7.41/10-7.94) 3.4 M-1). In ApAP,
pKe1 was determined to be 7.55 (76), also suggesting a weak
binding of the deprotonated amino group.

The second ionization in the pH profiles ofkcat andkcat/
Km is similar, which can be attributed to a general acid
involved in the binding of the substrate and stabilization of
the TSq. A van’t Hoff plot of pKa (from activity-pH profiles)
versus 1/T affords the heat of ionization∆Hion values of 36
( 3 and 29( 2 kJ/mol for pKes1 and pKes2, respectively
(Figure 2B). These values are comparable to those of histidyl
imidazole of∼30 kJ/mol, Tyr of∼25 kJ/mol, and coordi-
nated water of∼25-35 kJ/mol but too large for a carboxylic
acid (∼3 kJ/mol) and too small for an amine (∼50 kJ/mol)
or a guanidine (52 kJ/mol) group (77, 78). The presence of
an ionizable His can be eliminated because there is no His,
other than the metal-bound His residues, near the active site
(42-44). The∆Hion value of pKes2is consistent with that of
a tyrosine, e.g., Tyr246 within hydrogen-bonding distance
of the “bound phosphate” (42-44). This tyrosine is one
major difference in the active sites betweenSgAP andApAP,
which is aligned with Ile255 inApAP. The lack of a pKa

value at pH 9-11 in ApAP (76) suggests that Tyr246 is a
general acid inSgAP. A recent mutation study on Tyr246
showed a∼100-fold decrease inkcat upon mutations, which
also indicated its involvement inSgAP catalysis (79).

The ionization constants revealed in the pH profile of pKm

are in general agreement with those obtained from the pH
profiles of kcat and kcat/Km, except the one at 5.20 (Figure
4C and Table 3). This ionization may be attributed to an
acidic residue involved inSgAP catalysis, such as Glu131
close to the active-site metal ions [M1/2-Oε1/ε2 ) 4.21 and
4.42 Å in the Protein Data Bank (PDB) structure 1XJO],
and is within hydrogen-bonding distance of the substrate (42,
44). Recent mutagenesis studies ofSgAP andApAP revealed
that Glu131 (Glu151 inApAP) is indeed catalytically
significant (79, 80).

Two pKesvalues of 5.86 and 9.9 were revealed in thekcat-
pH profile for Met-pNA hydrolysis, and two pKe values of
7.25 and 9.1 were revealed in thekcat/Km-pH profile.
Likewise, two pKesvalues of 5.7 and 10.3 and two pKe values
of 7.0 and 10.7 were revealed in Lys-pNA hydrolysis (Table
3 and Figure 5). Consistent with the low affinity for the
binding of the amino group to the metal center in Leu-pNA
hydrolysis is the small difference between the pKes1 values

in hydrolyses of Met- and Lys-pNA, and their intrinsic pKa

values were determined to be 6.95 and 6.83, respectively.
The similar pKe2 values of the substrates (except Lys-pNA)
reflect the involvement of a same general acid in their
hydrolyses, suggested to be Tyr246 discussed above. The
significantly different pKe2 value in Lys-pNA hydrolysis may
be attributed to the involvement of the positively charged
side-chain amino group (pKa ) 10.0) in the hydrolysis, which
needs future verification.

Product Inhibition in Peptide Hydrolysis.The crystal
structures of amino-acid-boundSgAP (Leu, Phe, or Met) (43,
44) indicate that a stable enzyme-product complex can be
expected before the release of the amino acid product. Leu
inhibition toward the hydrolysis of Leu-pNA at pH 8.0 shows
a competitive inhibition pattern (Ki ) 10.3 mM), consistent
with the involvement of a weak enzyme-product complex
during the action of this enzyme. TheKi value of Leu has
been determined in the range of pH 6-10 to provide a clearer
picture about product binding (2 in Figure 4D). The pKa

values of the carboxylic and amino termini in Leu are 2.4
and 9.6, respectively (- - - in Figure 4D). However, there is
no ionizable group identified in the pKi-pH plot that can
influence product binding to the enzyme at pH 6-10. This
result indicates that the ionization of the amino terminus of
the Leu product is not significant for its binding with the
enzyme prior to its release. Binding of the amino group of
Leu to the metal is expected to lower the pKa of the amino
group to less than 9.6, which is not observed. Conversely,
the pH dependence of ABP inhibition shows four ionization
constants (b in Figure 4D and Table 3).

BNPP Hydrolysis and Inhibition. The hydrolysis of BNPP
by SgAP shows a normal bell-shaped activity-pH profile
between pH 4.5 and 10.0. Thekcat-pH profile reveals two
ionization constant pKes values of 6.10 and 9.6 (Figure 4E
and Table 3). These values are similar to those in thekcat-
pH profile for Leu-pNA hydrolysis and thus are probably
attributed to the same ionizable groups, i.e., a coordinated
water and Tyr246, respectively. The first pK values in the
pH profiles ofkcat andkcat/Km differ by 0.5 units in BNPP
hydrolysis but 1.5 units in peptide hydrolysis (Table 3).
Because BNPP has no ionizable group at pH 4.5-10.0, the
first ionization constants are thus expected to be similar and
assigned to the ionization of the nucleophilic water, whereas
they are different in Leu-pNA hydrolysis, attributed to the
amino group of the substrate as described above. Similar to
the case for peptide hydrolysis, theKm-pH profile for BNPP

FIGURE 5: pH influence toward the hydrolysis of Lys-pNA
(b, left scale) and Met-pNA (2, right scale) bySgAP.

13784 Biochemistry, Vol. 45, No. 46, 2006 Ercan et al.



hydrolysis (Figure 4G) reveals a pKa of 5.15. This observa-
tion indicates that an acidic group in the active site ofSgAP,
such as Glu131, is involved in substrate binding and/or
catalysis.

The pKi-pH profile of phosphate toward BNPP hydrolysis
(Figures 3B and 4H) cannot be well-fitted to a single-
ionization process (‚‚‚ in Figure 4H) yet can be fitted to a
two-ionization process with pKa values of 7.6 and 11.5 (s
in Figure 4H) possibly because of phosphate ionization. The
sharp increase in theKi value after the second ionization
suggests that both mono- and dibasic phosphates are stronger
inhibitors than the fully deprotonated phosphate toward
BNPP hydrolysis bySgAP.

pH Dependence of Modified SgAP.The pH profiles of
phenylglyoxal-modifiedSgAP toward Leu-pNA hydrolysis
(2 in parts A and B of Figure 4 and Table 3) show that the
pKes values have a larger change than the pKe values (0.45
versus 0.13 units on average), reflecting that Arg modifica-
tion influences the ES complex more than free enzyme and
that an Arg may be involved in stabilizing the TSq. The
maximum kcat at pH 8.0 decreases by 65%, andkcat/Km

decreases significantly by 95% (partially because of the
increase inKm) relative to the native enzyme upon the
modification. The decreases can be attributed to a change
of ∼2-6 kJ/mol in the activation energy at 298 K, which
can be easily achieved by a slight change in interaction at
the TSq associated with the modification. BecauseKm ) kcat/
k1 + k-1/k1, a significant decrease inkcat and increase inKm

reflects a significant increase in the dissociation constantk-1/
k1 of the ES complex in the modified enzyme.

The pH profiles of phenylglyoxal-modifiedSgAP toward
BNPP hydrolysis (2 in parts E and F of Figure 4 and Table
3) show that the pKe values have a larger change than the
pKes values (0.65 versus 0.34 units on average), indicating
that Arg modification has a more significant influence on
the free enzyme than the ES complex, as opposed to peptide
hydrolysis. Thekcat at pH 8.0 decreases by 80% (attributed
to a small change of 0.6 kJ/mol in the activation energy at
298 K), and thekcat/Km decreases by only 22% relative to
the native enzyme upon the modification, which is likely
due to a small change in interaction at the TSq associated
with an Arg side chain.

Proton InVentory and Viscosity Dependence. Proton
inventory was utilized to reveal subtle mechanistic differ-
ences between peptide and BNPP hydrolyses bySgAP (65).
Plots of rate constants with respect to the deuterium atom
fraction n are shown in Figure 6. The proton inventory of
kcat for Leu-pNA hydrolysis is not linear, which can be fitted
to eq 5 (b in Figure 6A), suggesting a multi-proton-transfer
process at the TSq in peptide hydrolysis. Conversely, BNPP
hydrolysis has a linear correlation (with a correlation
coefficient of 99.9%,b in Figure 6B), indicating a single-
proton-transfer process at the TSq during its hydrolysis by
SgAP.

Proton inventory ofkcat/Km for Leu-pNA hydrolysis is
linear with a small isotope effect (O in Figure 6A), attributed
to a similar pattern and magnitude in the change ofkcat and
Km with respect ton. BecauseKm ) k-1/k1 +(1/k1)kcat, the
similar change in magnitude ofKm andkcat with respect ton
suggests that the dissociation constant of the ES complex
k-1/k1 may not have a significant change withn. This
observation reflects that hydrogen bonding may not be

involved in the binding of peptide substrates withSgAP.
Conversely, theKm value of BNPP hydrolysis (2 in Figure
6B) shows a smaller isotope effect, which results in a more
significant isotope effect onkcat/Km than that in Leu-pNA
hydrolysis (O in Figure 6B). A larger decrease inkcat than
Km with increasing amounts of D2O suggests a possible
increase ink-1 and/or decrease ink1, which results in a
decrease ink-1/k1 for BNPP binding to the enzyme. This
result suggests the involvement of hydrogen bonding for the
binding of BNPP to the enzyme, which is disturbed upon
deuteration.

SgAP exhibits a largekcat/KM of ∼106 M-1 s-1 toward Leu-
pNA hydrolysis, suggesting that the reaction may be partially
diffusion-controlled as observed in chymotrypsin catalysis
(67). In the latter case, the hydrolyses of the fast substrates
N-(methoxycarbonyl)-L-tryptophanp-nitrophenyl ester (3.5
× 107 M-1 s-1) andN-acetyl-L-tryptophan methyl ester (8
× 105 M-1 s-1) show significant diffusion-limited contribu-
tion to the reaction rate, whereas hydrolysis of the slow
substrateN-acetyl-L-tryptophanpNA (300 M-1 s-1) does not.
Because the viscosity of D2O at 25°C is 23% higher than
that of H2O (81), it is also important to reveal whether or
not the reaction rate is affected by viscosity in the proton
inventory studies. The results show that the increase in
viscosity of the solution (in the form of the relative viscosity
of the solution in the presence and absence of the vis-
cosogenic agent sucrose,nrel ) η/ηo, eqs 6 and 7) does not
decrease the rate constants of Leu-pNA and BNPP hydrolysis
by SgAP (Figure 7).

BNPP Hydrolysis by ApAP and Phosphate Inhibition.
BNPP hydrolysis by an analogous dinuclear AP was
investigated to determine whether or not the unexpected
catalytic promiscuity is unique toSgAP. ApAP shares with
SgAP 29.6% sequence homology, a similar tertiary folding
pattern (<1.8 Å deviation for 70% of theR carbons), and a
virtually identical active-site coordination sphere (42-47).
Despite the similarity, the hydrolysis of 3.0 mM BNPP by
14.5 nM ApAP monitored for 28 h revealed a 300 times
slower hydrolytic rate of 1.69× 10-8 mM/s than that by
SgAP under the same conditions. Nevertheless, this rate is
still much greater than the nonenzymatic hydrolytic rate,
indicating the significance of dinuclear centers in hydrolytic
enzyme catalyses. The 300-fold slower rate is equivalent to
an increase inEa by 14 kJ/mol at 25°C, which suggests a
possible involvement of a hydrogen-bonding/electrostatic
interaction to assist BNPP hydrolysis bySgAP. BNPP was

FIGURE 6: Proton inventory ofkcat (b), Km (2), andkcat/Km (O)
for the hydrolyses of (A) Leu-pNA and (B) BNPP bySgAP at pH/
pD 8.0. The solid lines/curves are the best fits, and the dotted lines
in A represent a linear one-proton-transfer process.
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found to be a competitive inhibitor toward Leu-pNA hy-
drolysis byApAP at pH 8.0 withKi ) 8.1 mM (Figure 8A),
which reflects that BNPP may compete with peptide binding
in ApAP. Phosphate was previously determined to be a strong
noncompetitiVe inhibitor toward Leu-pNA hydrolysis by
SgAP, whereas it has been determined herein asnot an
inhibitor at pH 8.0 and a very weakcompetitiVe inhibitor at
pH 6.0 toward Leu-pNA hydrolysis byApAP (Figure 8B
and Table 2). However, fluoride was found to exhibit the
sameuncompetitiVe inhibition pattern toward peptide hy-
drolysis by these two enzymes (55, 82).

DISCUSSION

Catalytic Promiscuity of SgAP toward BNPP Hydrolysis.
The structure of phosphoesters resembles the tetrahedralgem-
diolate-like TSq of the peptide during hydrolysis, which
explains why BNPP and NPP are inhibitors towardSgAP
andApAP (Table 2). Moreover, BNPP and a few phospho-

esters and fluorophosphates are also known to serve as
suicide substrates against serine proteases and esterases, such
as trypsin, chymotrypsin, and acetylcholine-esterase (5-7).
In this case, the nucleophilic serine in the active site attacks
the phosphocenter to form the covalent phosphoester linkage
Ser-O-P(O)2--OR with concomitant cleavage of a phos-
phoester or the P-F bond, resembling the “initial burst”
kinetics of serine proteases toward peptide hydrolysis.
However, the TSq-mimicking phospho-serine moiety here is
indefinitely stable with respect to the time scale of the
catalytic rates of these enzymes. On the other hand, similar
to the cleavage of the phosphodiester BNPP bySgAP (20,
21), the recently demonstrated sulfinamide bond cleavage
by subtilisin is also a novel observation of catalytic promis-
cuity in the serine protease family (83).

Owing to the very different nature of peptides and
phosphoesters, a direct comparison of the rates of their
hydroyses bySgAP has little meaning. Nevertheless, the rate
constants for BNPP hydrolysis are comparable to those of
the less specific peptide substrates (Table 2). Moreover, the
catalytic efficiency of 124 M-1 s-1 for BNPP hydrolysis by
SgAP is much higher than or comparable to those by some
natural phosphoester-hydrolyzing enzymes and their deriva-
tives, such as BNPP hydrolysis by alkaline phosphatase (0.05
M-1 s-1) (84) and Burkholderia phosphonate monoester
hydrolase (11.4 M-1 s-1) (85) and ethyl(p-nitrophenyl)-
phosphate hydrolysis by metal derivatives ofPseudomonas
phosphotriesterase (1.1-7.2 M-1 s-1) (86). The rate constants
are also dramatically greater than those of many synthetic
chemical model systems of Zn2+ complexes (e.g., in the range
of k2 ∼ 10-6 to 10-4 M-1 s-1) at >35 °C and pH> 8.5
(25-31). The specific activity toward the hydrolysis of 1.0
mM BNPP (190 nmol min-1 mg-1, derived from the
Michaelis-Menten equation) is also in the range of those
of several phosphodiesterases and phosphatases (0.3-2450
and ∼2-40 nmol min-1 mg-1, respectively) (87, 88).
Nevertheless, a native phosphodiester-specific enzyme can
show a much higher activity, such as the phosphodiesterase
gene product ofElaC, which shows akcat of 59 s-1 andkcat/
Km ) 14 750 M-1 s-1 (89). BecauseSgAP is known to be
an aminopeptidase on the basis of its primary and tertiary
structures with a high specificity toward a hydrophobic N
terminus, its activity toward the hydrolysis of a phosphodi-
ester bond can be considered a novel phenomenon.

BNPP hydrolysis bySgAP has aKm value 5 times greater
and akcat value more than 1000-fold less than the corre-
sponding values for the specific peptide substrate Leu-pNA
(Table 1), indicating that BNPP hydrolysis would have a
much larger dissociation constant (k-1/k1) for its ES complex
than Leu-pNA. This is also the case when compared to those
less specific peptide substrates. These comparisons suggest
that BNPP is not recognized as a true TSq analogue as
R-aminophosphonates and bestatin with submicromolar
inhibition constants (Table 2), which may be attributed to
the lack of theR-amino group and a less specific hydrophobic
moiety.

In addition to BNPP, the phosphonate esterp-nitrophenyl
phenylphosphonate was previously found to be hydrolyzed
by SgAP, with kcat ) 0.014 s-1 andkcat/Km ) 0.94 M-1 s-1

(21), which is nevertheless still much higher than that by
alkaline phosphatase (0.030 M-1 s-1) (84). However, the
phosphomonoester NPP is not hydrolyzed bySgAP under

FIGURE 7: Influence of solvent viscosity toward the hydrolysis of
Leu-pNA (b) and BNPP (4) in terms ofkcat (A), Km (B), andkcat/
Km (C) in the presence of 0, 16, 23, 30, and 35% (w/v) sugar in 20
mM HEPES at pH 8.0 containing 10µM Zn2+, 0.10 M NaCl, and
10 mM CaCl2. The theoretical influence of viscosity on a fully
diffusion-controlled reaction is presented as the solid line with a
slope of 1.

FIGURE 8: (A) BNPP (2.0 and 12 mM) inhibition toward hydrolysis
of Leu-pNA byApAP in 0.10 M HEPES at pH 8.0. (B) Phosphate
(100 and 400 mM) inhibition toward the hydrolysis of Leu-pNA
by ApAP in 0.10 M MES at pH 6.0. Competitive inhibition patterns
are observed in both cases.
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the same conditions but by an inhibitor (Table 1). These
results indicate that the catalytic promiscuity ofSgAP
exhibits catalytic specificity, characteristic of enzyme ca-
talysis.

Catalytic Proficiencies of SgAP.The catalytic proficiencies
(90) for Leu-pNA hydrolysis bySgAP at pH 8.0 are 6.7×
109 and 8.2× 1014, respectively, in terms of the first-order
rate constants (91) kcat/ko and the catalytic efficiency (92)
(kcat/Km)/kw with respect to the rate constantsko and kw )
ko/[H2O] for nonenzymatic hydrolysis under the same condi-
tions (footnote c in Table 1). Thekcat/ko value of 6.7× 109

for Leu-pNA hydrolysis represents a dramatic∆(∆Gq) value
of -57 kJ/mol at 303 K with respect to the uncatalyzed
reaction. The catalytic proficiencies are much smaller for
the less specific peptide substrates (Table 1).

Despite the presence of the good leaving groupp-
nitrophenol, the nonenzymatic hydrolytic rate of BNPP
is still extremely slow, with a rate constantko ) 1.1 ×
10-11 s-1 at pH 7.0 and 25°C (93), 3.0 × 10-10 s-1 at pH
7.0 and 50°C (94), or 6.3× 10-8 s-1 at pH 10.0 and 100
°C (95), which is equivalent to a large∆Gq value of 138
kJ/mol and a half-life of∼2000 years. The pH range for
maximum catalysis of BNPP hydrolysis bySgAP is around
7.0-9.0 (Figure 4). Thus, enormous catalytic proficiencies
of kcat/ko ) 3.85× 1010 and (kcat/Km)/kw ) 5.1× 1014 and a
half-life of ∼2 s are obtained for BNPP hydrolysis bySgAP
around neutral pH. Thekcat/ko ratio represents a∆(∆Gq) value
of -62 kJ/mol at 303 K, relative to uncatalyzed hydrolysis.
This magnitude is greater than that for Leu-pNA hydrolysis,
which indicates that the stabilization of the TSq complex in
BNPP hydrolysis bySgAP is equally efficient as in peptide
hydrolysis.

This nearly 4× 1010-fold enhancement of BNPP hydroly-
sis bySgAP is quite remarkable because phosphoesters are
not supposed to be effectively hydrolyzed by peptidases,
owing to their significantly different structures from those
of peptides and the analogy between phosphoesters and the
gem-diolate-like TSq of peptides during hydrolysis. The∆Gq

value is usually larger for the hydrolysis of phosphoester
bonds than peptide bonds (e.g., 64 and 41 kJ/mol based on
ko for uncatalyzed hydrolyses of BNPP and Leu-pNA at 303
K, respectively). Moreover, the negatively charged phospho-
moiety in phosphodiesters is unfavorable for nucleophilic
attack by a water molecule (in the form of hydroxide)
because of electrostatic repulsion, which results in the slow
rate of uncatalyzed hydrolysis of phosphodiester (96, 97).
The proficient hydrolysis of the phosphodiester bySgAP thus
represents a very unique case of enzyme catalytic promiscu-
ity.

Alkaline phosphatase has recently been revealed to exhibit
a catalytic promiscuity, wherein arylsulfate and BNPP are
hydrolyzed withkcat/Km values of 0.01 and 0.05 M-1 s-1 and
a rate enhancement of∼109 for the former relative to the
uncatalyzed reaction (84, 92). The similar structures and TSq

configurations of the native phosphomonoester substrates and
the alternative substrates arylsulfate and BNPP and the
structural homology between alkaline phosphatase and aryl
sulfatase (98-100) may in part account for the catalytic
promiscuity. Conversely, the case discussed herein for the
proficient BNPP hydrolysis bySgAP is quite unique because
the structures of peptides and phosphodiesters and their TSq

configurations are very different. Besides, there is no

sequence and structural homology betweenSgAP and phos-
phoester-hydrolyzing enzymes.

Thermodynamics of the Hydrolyses of Peptides and BNPP.
The configurations of a specific substrate and the corre-
sponding enzyme molecule are properly oriented in the ES
complex and thus do not require much loss in the degree of
freedom for the subsequent formation of the TSq complex,
which results in a smaller-∆Sq value, whereas it is just the
opposite for less specific substrates. Indeed, larger-∆Sq

values were found in the hydrolysis of less specific substrates
by chymotrypsin (101, 102), which has been explained by
the requirement of “freezing” the substrates to a larger extent
at the TSq to orient the substrates for nucleophilic attack.

The much larger-∆Sq value for BNPP hydrolysis than
Leu-pNA hydrolysis bySgAP (Table 1) indicates a signifi-
cant loss in the degree of freedom at the TSq in BNPP
hydrolysis, which maybe partially attributable to the loss in
the degree of freedom because of salvation. Nevertheless,
the value is close to that for the hydrolysis of dimethylphos-
phate by nucleophilic anions (∆Sq ) -143 J K-1 mol-1)
(103) and basic hydrolysis of BNPP (-107 J K-1 mol-1) at
pH 7.0 and 50°C (94) and at pH 8.0 and 30°C (Table 1).
These observations reflect a lack of significant pre-reorienta-
tion upon BNPP binding toSgAP. Phosphoester hydrolysis
follows an “in-line” SN2 inversion pathway (13, 14), wherein
the phosphoesters are oriented in such a way so that the
attacking nucleophile and the leaving group are aligned at
the axial positions in the trigonal bipyramidal TSq. This
structural restriction may cause a significant loss in the degree
of freedom at the TSq, resulting in a large-∆Sq value in
phosphoester hydrolysis.

The hydrolyses of BNPP and peptides bySgAP exhibits
similar ∆Hq values (Table 1), suggesting that they are likely
to involve similar interactions in hydrolysis. Conversely,∆Hq

in BNPP hydrolysis bySgAP is smaller than nonenzymatic
hydrolysis of phosphodiesters, e.g., 74 kJ/mol smaller than
that of (CH3O)2OPO2

2- (103), 52.6 kJ/mol smaller than that
of BNPP (Table 1), and∼20-50 kJ/mol smaller than that
of BNPP hydrolysis by several metal complexes (104). The
decrease may be attributable to hydrogen bonding (∼15-
30 kJ/mol for each hydrogen bond), coordinating to the metal,
and/or other interactions, which can stabilize the TSq by
SgAP.

PeptideVersus BNPP Hydrolysis by SgAP. On the basis
of the similar pH-kcat profiles in peptide and BNPP
hydrolyses (Figure 4), the ionizable groups involved in both
hydrolyses are probably the same. The similar∆Hq values
in peptide and BNPP hydrolyses reflect that similar interac-
tions might be involved at the rate-determining step in both
hydrolyses. However, the different results in the proton
inventory studies indicate a difference at the rate-determining
steps in these two catalyses. The difference is presumably
due to the fact that the peptidyl-(CO)-NH- bond is
hydrolyzed to produce the zwitterion form of Leu (containing
COO- and NH3

+) and the neutralpNA, while the phos-
phodiester bond (Ar-O)2-PO2

1- is hydrolyzed to give a
phosphomonoester (ArO-PO3

2-) andp-nitrophenol. Peptide
hydrolysis thus involves at least a two-proton transfer at the
rate-determining step, while BNPP hydrolysis involves one
proton.

Despite the same inhibition pattern and similar inhibition
constants for most inhibitors toward the hydrolyses of
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peptides and BNPP bySgAP (Table 2), F- and phosphate
show different inhibition patterns toward these two substrates,
which suggest mechanistic differences between these two
hydrolytic reactions. The uncompetitive inhibition pattern of
F- toward peptide hydrolysis (55) suggests that the nucleo-
philic water becomes available for F- substitution only after
the binding of the peptide substrate, whereas the noninhibi-
tory nature of F- toward BNPP hydrolysis suggests that the
nucleophilic coordinated water in BNPP hydrolysis is not
replaceable by F- and may not be the same one as that in
peptide hydrolysis. The different inhibition constants of F-

toward peptide and BNPP hydrolyses (Table 2) are also
consistent with the different interactions of F- with the
enzyme in these two reactions.

The similar phosphate inhibition constants in the hydroly-
ses of BNPP and Leu-pNA by SgAP (Table 2) reflect similar
phosphate binding to the enzyme in these two reactions,
while the different inhibition patterns in these two reactions
indicate that the two substrates may not bind toSgAP in the
same way. Because the bindings of phosphate and peptide
to the enzyme are not exclusive (i.e., a noncompetitive
inhibition), the phosphate-binding site cannot be the substrate-
binding metal center. One candidate can be the side chain
of Arg202 close to the active site (Figure 1) because
phosphate is known to bind the Arg residue in several
enzymes (105-110). Our recent31P NMR relaxation study
of phosphate binding to CoZn-SgAP indicates that phosphate
is at least 4.1 Å away from the metal, precluding direct metal
binding (55). The positive side chain of Arg202 may stabilize
thegem-diolate-like TSq of a peptide yet not necessarily be
involved in the binding of the peptide, which can thus form
both the EI and ESI complexes to exhibit noncompetitive
inhibition. If Arg202 is involved in BNPP binding, the
binding of phosphate to Arg202 may prevent BNPP binding
to exhibit a competitive inhibition pattern.

ApAP and SgAP show different rates toward BNPP
hydrolysis and different phosphate inhibition patterns toward
peptide hydrolysis, suggesting that they bind phospho-
moieties differently. However, their similar fluoride inhibition
pattern toward peptide hydrolysis (55, 82) suggests a similar
mechanism for the generation of the nucleophilic water. The
competitive phosphate inhibition toward peptide hydrolysis
by ApAP (Figure 8B) indicates that phosphate and peptide
bindings are exclusive, with the active-site metal center being
the most likely candidate for phosphate binding. The weak
phosphate inhibition and the low activity toward BNPP
hydrolysis byApAP further suggest that Arg202 may play a
key role inSgAP action, becauseApAP lacks such an amino
acid near the active site. Herein,ApAP serves as a “natural
variant” ofSgAP and has provided further information about
phosphate binding and the catalytic promiscuity ofSgAP.
The results also indicate that the catalytic promiscuity of
SgAP toward phosphodiester bond cleavage is a unique
property of this enzyme, which is not shared by analogous
peptidases.

The significant difference in thekcat/Km-pH profiles
between BNPP and Leu-pNA hydrolyses reflects the in-
volvement of a different ionizable group in the hydrolysis
of these two substrates, most likely the amino group of the
peptide substrate that is deprotonated and bound to one
active-site metal based on crystallographic studies of EI
complexes of ApAP and blAP (45-49). There is no

ionization for BNPP in the pH range conducted, indicating
that BNPP ionization should not affect the rate of hydrolysis
by SgAP under the experimental conditions.

In Leu-pNA hydrolysis, a decrease inKm and an increase
in kcat with an increasing pH in the acidic region (Figure 4)
reflects a decrease ink-1 and/or an increase ink1, which
results in a smaller dissociation constant (k-1/k1) of the ES
complex, whereas an increase in bothKm and kcat with an
increasing pH in BNPP hydrolysis (Figure 4) reflects the
fact that thek-1/k1 value is less influenced by pH. A pKa of
5.1 is revealed from theKm-pH profiles of both reactions
(parts C and G of Figure 4), likely because of Glu131 (Figure
1). The repulsion between Leu-pNA and Glu131 greatly
decreases with an increasing pH around pH 7.5 when Glu131
is deprotonated and the amino group of Leu-pNA is still
protonated. Conversely, the negative BNPP in the pH range
of the experiment renders charge repulsion with deprotonated
Glu131. The pKa of 5.5 revealed in the pKi-pH profile of
ABP (Figure 4D and Table 3) also suggests that this
ionization can enhance ABP binding to the enzyme.

The catalytic pathways of these two structurally diverse
peptide and phosphodiester substrates bySgAP are largely
different. In summary, (i) peptides and BNPP bind to the
same active site but with different binding modes; (ii) an
Arg, a Tyr, and a Glu/Asp are revealed to be important
residues in the action of this enzyme; (iii) different water
molecules serve as the nucleophiles in the hydrolyses of
peptides and BNPP; (iv) the rate-limiting step is different in
these two hydrolytic reactions based on proton inventory;
(v) BNPP is suggested to bind to this enzyme analogous to
the TSq of peptide substrates but does not serve as a true
TSq analogue; and (vi) the amino terminus of a peptide
substrate does not bind tightly to the enzyme and thus is not
the key determinant for substrate binding as suggested in
static crystallographic studies.

Mechanism for Peptide Hydrolysis by SgAP. The pH-
activity profiles reveal that the deprotonation of the peptide
substrate is essential for hydrolysis, which, however, may
not be the main driving force for binding because of its small
intrinsic affinity constant. The crystal structures of phos-
phonate EI complexes of blAP andApAP (48, 49) may
reflect the TSq structure but not the binding status of the
substrate in the ES complex. In these TSq-analogue com-
plexes of APs, either the bridging or terminal oxygen of the
inhibitor should be equivalent to the bridging or terminal
nucleophilic water, respectively, which attacks the peptidyl
carbonyl carbon to yield the TSq. Herein, a deprotonated
dipeptide substrate Leu-Phe is superimposed onto the inhibi-
tor in the EI complex, with the amino group bound to the
metal close to the hydrophobic recognition site involving
Phe219. Then, either the bridging water (mechanism I) or a
terminal water (mechanism II) performs nucleophilic attack
on the scissile bond.

In mechanism I, Zn1 near the hydrophobic site serves as
the binding site for the amino group, whereas Zn2 is off the
-HN-CO-CR- plane of the substrate by∼55°, which
would not have feasible orbital overlap with the sp2 lone
pair of the carbonyl oxygen, and Zn1 is too far away (3.7
Å) to form a bond with the scissile carbonyl. Without the
carbonyl group being bound to the metal center for further
polarization of the CdO bond, it may not be the preferred
mechanistic pathway for peptide hydrolysis bySgAP.
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In mechanism II (Figure 9A), both the carbonyl and the
deprotonated N-terminal amino groups of the substrate (cyan)
are bound to Zn1 near the hydrophobic recognition site to
afford a favorable chelating five-member ring

M-N-CR-CdO. Zn2 is off the peptidyl-HN-CO-CR-
plane by ∼65° and is thus not expected to bind to the
carbonyl oxygen through the sp2 lone-pair electrons, whereas
its coordinated terminal water (red sphere) above the carbonyl
acquires a high nucleophilicity via hydrogen bonding with
Tyr246. After nucleophilic attack, the carbonyl oxygen
adopts sp3 hybridization and becomes a bridging ligand
(Figure 9B). The pKa of 6.03 for the nucleophilic water and
the uncompetitive F- inhibition (55) also agree with this
mechanism.

Upon cleavage of the peptide bond, the pKa of the amino
group of the amino acid product increases, which results in
the detachment of the amino group from the metal. This is
followed by the rotation of the OC-CR bond to adopt the
configuration of the bound amino acid (43, 44) (parts B and
C of Figure 9), wherein the protonated amino group is
hydrogen-bonded with Glu131. Releasing the N-terminal
amino acid product and binding another substrate start
another catalytic cycle.

Mechanism for BNPP Hydrolysis by SgAP. There are two
possible mechanisms for BNPP hydrolysis bySgAP (Figure
10): (III) following the same mechanism as peptide sub-
strates (Figure 9B) with a terminal nucleophilic water (Figure

10A) or (IV) mimicking the binding pattern of the tetrahedral
gem-diolate-like TSq of peptide substrates (Figure 10B).

In mechanism III, BNPP binds to the active-site metal ions
via the >PO2

- moiety, with one oxygen mimicking the
amino group and the other oxygen as a bridging ligand (cyan,
Figure 10A), resembling the proposed binding mode for
peptide substrates (cf. Figure 9A). Herein, the nucleophilic
water is the same one as in peptide hydrolysis (red sphere).
However, the different phosphate and fluoride inhibition
patterns and different proton inventory toward peptide and
BNPP hydrolyses reflect that the mechanisms for hydrolyses
of these two substrates are different. Moreover, the nucleo-
philic water is off by∼35° from theanti position with respect
to the leaving group (L in Figure 10A), which also encounters
steric hindrance with the protein around sequence 201-203.
The binding mode with the bridging water as the nucleophile
can be excluded because of steric hindrance and the lack of
in-line attack trans to the leaving group.

In mechanism IV, the binding mode of BNPP resembles
the tetrahedral TSq of a peptide substrate (or the binding
mode of a 1-aminophosphonate inhibitor) without the amino
group (Figures 9B and 10B). A coordinated water on Zn1
in place of the amino group of peptide substrates (red sphere,

FIGURE 9: (A) Dipeptide Leu-Phe (cyan) is superimposed onto a
bound 1-aminophosphonate inhibitor, in which the amino group is
bound to Zn1 similar to inhibitor binding and the nucleophilic water
is the Zn2-bound terminal water that is hydrogen-bonded to Tyr246
(red sphere). (B)gem-diolate-like TSq is formed upon nucleophilic
attack, followed by breakage of the peptide bond, detachment of
the amino group, and rotation of the CR-CO bond to afford (C)
the Leu-bound structure (PDB 1F2O).

FIGURE 10: (A) BNPP (cyan) is modeled into the active site of
SgAP with a binding mode analogous to peptide binding (cf. Figure
9A) and (B) the plausiblegem-diolate-like TSq in peptide hydrolysis
(cf. Figure 9B). The nucleophilic water (red sphere) in B is at the
“in-line” position trans to the leaving group, whereas this is not
the case in A. (D) plausible trigonal bipyramidal TSq of the binding
model from B.
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Figure 10C) is situated trans to the leaving group (L), ideal
for in-line attack at the phosphocenter. The nucleophilic
water here is thus not the one in peptide hydrolysis, consistent
with the different actions of fluoride in peptide and BNPP
hydrolyses. Upon nucleophilic attack, a trigonal bipyramidal
TSq is formed (Figure 10C), which is followed by cleavage
of the phosphoester bond to releasep-nitrophenol first and
then the more tightly bound phosphomonoester product NPP
(Table 2) and proceeds with the next catalytic cycle. Herein,
Arg202 is proposed to be involved in BNPP binding and
hydrolysis but not in the binding of the peptide substrate
rather than stabilizing the TSq during peptide hydrolysis.

CONCLUDING REMARKS

Proteins from the same evolutionary origin with structural
and sequence similarities may have evolved to exhibit
completely different functions unrelated to each other, such
as betweenR-lactalbumin and lysozyme (111-114), alkaline
phosphatase and arylsulfatase (115, 116), arsenate reductase
and protein phosphatase (117-119), and several others (15-
19). Some of these enzymes can carry out “moonlighting
catalyses” in the same active site (15-19), which demon-
strates their evolutionary correlations and structural similari-
ties. However, it would be unexpected for an enzyme to
exhibit an effective alternative catalysis that is normally
carried out by an evolutionarily and structurally unrelated
enzyme. Alternative enzyme catalyses, although in most
cases, show much lower rates relative to the normal catalyses,
may provide information about how enzymes function that
is otherwise not possible to obtain by the use of normal
substrates. We describe in this paper that a phosphodiester
substrate is hydrolyzed bySgAP with a significant 4× 1010-
fold rate enhancement relative to the noncatalyzed reaction
at neutral pH and room temperature, which is in the range
of native phosphoester-hydrolyzing enzymes and higher than
the specific peptide substrates by this enzyme. Despite being
an alternative catalysis ofSgAP, it also exhibits enzyme-
characteristic substrate specificity, discriminating against
phosphomonoester, phosphotriester, and phosphonate ester.

Dinuclear centers of different metal ions are found in many
hydrolytic enzymes, including urease (Ni), nucleases (Zn),
arginase (Mn), prolidase (Mn), and aminopeptidase (Zn or
Co) (16), as well as in a number of Fe-, Mn-, and
Cu-containing oxidases and oxygenases (120). The dinuclear
active-site feature and the catalytic versatility ofSgAP and
its metal derivatives entitle this enzyme to serve as an ideal
“natural dinuclear model system” for further investigation
of dinuclear hydrolysis of both peptides and phosphodiesters
and possibly other dinuclear catalyses. Indeed, the di-Cu
derivative ofSgAP has recently been revealed to exhibit a
significant catechol oxidase-like activity toward the oxidation
of catechol and derivatives (121). SgAP seems to be an
enzyme at a catalytic crossroad, which may serve as a “living
fossil” to provide further insight into the evolution of enzyme
catalysis. Future studies of this unique natural dinuclear
model system by means of physical methods and molecular
biology are expected to lead us to gain a better understanding
of dinuclear hydrolyses and other dinuclear catalyses in
chemical and biological systems and further knowledge about
how this enzyme has evolved to exhibit the mechanistically
diverse activities.
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