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ABSTRACT: Catalytic promiscuity, an evolutionary concept, also provides a powerful tool for gaining mechanistic insights into
enzymatic reactions. Members of the alkaline phosphatase (AP) superfamily are highly amenable to such investigation, with
several members having been shown to exhibit promiscuous activity for the cognate reactions of other superfamily members.
Previous work has shown that nucleotide pyrophosphatase/phosphodiesterase (NPP) exhibits a >106-fold preference for the
hydrolysis of phosphate diesters over phosphate monoesters, and that the reaction speciﬁcity is reduced 103-fold when the size of
the substituent on the transferred phosphoryl group of phosphate diester substrates is reduced to a methyl group. Here we show
additional speciﬁcity contributions from the binding pocket for this substituent (herein termed the R′ substituent) that account
for an additional ∼250-fold diﬀerential speciﬁcity with the minimal methyl substituent. Removal of four hydrophobic side chains
suggested on the basis of structural inspection to interact favorably with R′ substituents decreases phosphate diester reactivity
104-fold with an optimal diester substrate (R′ = 5′-deoxythymidine) and 50-fold with a minimal diester substrate (R′ = CH3).
These mutations also enhance the enzyme’s promiscuous phosphate monoesterase activity by nearly an order of magnitude, an
eﬀect that is traced by mutation to the reduction of unfavorable interactions with the two residues closest to the nonbridging
phosphoryl oxygen atoms. The quadruple R′ pocket mutant exhibits the same activity toward phosphate diester and phosphate
monoester substrates that have identical leaving groups, with substantial rate enhancements of ∼1011-fold. This observation
suggests that the Zn2+ bimetallo core of AP superfamily enzymes, which is equipotent in phosphate monoester and diester
catalysis, has the potential to become specialized for the hydrolysis of each class of phosphate esters via addition of side chains
that interact with the substrate atoms and substituents that project away from the Zn2+ bimetallo core.

C

reactions.9−18 One of the more well-studied enzymes in the AP
superfamily, nucleotide pyrophosphatase/phosphodiesterase
(NPP), catalyzes phosphate diester hydrolysis and possesses
catalytic promiscuity for phosphate monoester and sulfate
monoester hydrolysis.15,17,19 Here we use comparative
enzymology, assessing the reactions of NPP with phosphate
diester and phosphate monoester substrates, to further probe
how this enzyme achieves its reaction speciﬁcity for phosphate
diesters over monoesters.

atalytic promiscuity likely provided the starting point in
the evolution of new enzymes with new functions. Most
generally, a low level of activity of a gene-duplication product
can provide a head start toward the selection of a new,
beneﬁcial activity, and the optimization process can be guided
by natural selection as soon as its activity increases to a level
suﬃcient to provide a selective advantage.1,2 Catalytic
promiscuity is also a powerful functional tool that can be
exploited in uncovering diﬀerences among enzyme families that
lead to functional diﬀerences in reaction speciﬁcity and in
uncovering their mechanistic origins.3−8 This comparative
enzymology approach has been eﬀectively used in studies of
the alkaline phosphatase (AP) superfamily, the members of
which catalyze a range of phosphoryl and sulfuryl transfer
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and phosphonoacetate hydrolase activity.12,13,17,20 NPPs
constitute a large phosphodiesterase subgroup in this family.21
While NPP shares a Zn2+ bimetallo motif with other
superfamily members, its other active site features are distinct
from those of the other well-characterized members of this
subgroup of the AP superfamily (Figure 1).12,17,20 All of the
enzymes in the main branch of the AP superfamily place one of
the oxygen atoms of the transferred phosphoryl group between
the metal ions of the bimetallo site. However, whereas other
members of the AP superfamily transfer an unsubstituted
phosphoryl group (-PO32−) and donate hydrogen bonds to
both of the nonbridging phosphoryl oxygen atoms of
monoester substrates, NPP transfers a substituted phosphoryl
group (-PO2OR′−) and has a substituent binding pocket that
interacts with the R′ substituent attached to one of the
phosphoryl oxygen atoms of its diester substrates (Figure
1).17,22−24 This pocket functionally replaces one set of
hydrogen bonds that provide favorable interactions with
monoester substrates in the monoesterase members of the
superfamily. Depending on the architecture of the pocket,
substrates for enzymes in the NPP family can be nucleotides or
lipids, such as choline phosphoesters, and sphingomyelin.17,21,24−29
The diﬀerent active site features at this position are
presumably responsible for at least some of the reaction
speciﬁcity of NPP for phosphate diesters. Previous work
determined that diester substrates with large R′ substituents
react 103-fold faster than the corresponding diester with a
methyl substituent (Chart 1) or monoester monoanion that has
a hydrogen atom at the corresponding position. Consistent
with these observations, an NPP X-ray structure with bound
AMP revealed the presence of a recognition pocket (the R′
pocket).17 Here we further probe the eﬀects of this recognition
pocket, combining variation in the identity of the R′ substituent
of diester substrates, Me-pNPP, bis-pNPP, and dT-5′-pNPP,
with mutagenesis of residues within the R′ pocket, and
comparison to reaction of the corresponding phosphate
monoester substrate, pNPP (Chart 1). We identify roles for
each of the four residues at the mouth of the R′ pocket, and the
results further suggest that the AP superfamily bimetallo core
provides substantial and equal catalysis for reactions of
phosphate monoesters and diesters.

A common conserved feature in the main group of the AP
superfamily is a bimetallo site (Figure 1).9 These enzymes have
phosphomonoesterase, phosphodiesterase, phosphomutase,

■

MATERIALS AND METHODS
Protein Expression and Puriﬁcation. NPP from
Xanthomonas axonopodis pv. citri was puriﬁed from a construct
containing an N-terminal maltose binding protein (MBP)
fusion and C-terminal strepII tags with a Factor Xa cleavage site
between it and the natural C-terminal end of NPP.30−32 This
protein was expressed from a pMal-p2X vector that also
contains the coding regions for an N-terminal signal peptide
sequence for periplasmic export upstream of the MBP coding
region (Figure S1 of the Supporting Information). Control
experiments with wild-type NPP showed that NPP with tags
removed and NPP containing the puriﬁcation tags had the
same monoesterase and diesterase activity as previously
reported for wild-type NPP. Hence, the tags were retained in
the experiments presented herein. Evidence that NPP was
responsible for all of the observed activities was provided by the
observation that mutation of the nucleophilic threonine to
glycine (T90G) gave no measurable activity; additional
evidence that the monoesterase and diesterase activities arise
from the same NPP active sites was provided by the

Figure 1. Comparison of the active sites of three members of the
alkaline phosphatase superfamily, the diesterase NPP (Xanthomonas
axonopodis pv. citri) (A), the monoesterase AP (Escherichia coli alkaline
phosphatase) (B), and the monoesterase SPAP (Sphingomonas sp.
strain BSAR-1 alkaline phosphatase) (C). Colored red is a transition
state model of the transferred phosphoryl. Colored black is the
conserved bimetallo core, whereas features unique to each are shown
in diﬀerent colors.
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For the T90S/L123A, T90S/F91A/L123A, and T90S/
F91A/L123A/Y205A mutants, cells were harvested by
centrifugation and lysed via osmotic shock. Brieﬂy, the cell
pellet was resuspended in 800 mL of a 20% sucrose solution
[30 mM Tris-HCl (pH 8.0) and 1 mM EDTA] and incubated
at room temperature for 10 min. The cells were pelleted and
resuspended in 800 mL of ice-cold water. Following a 10 min
incubation at 4 °C and centrifugation, the supernatant was
adjusted to 10 mM Tris-HCl (pH 8.0) with 10 μM ZnCl2. The
sample was then passed over a 5 mL Q-Sepharose Fast Flow
column (Amersham) to concentrate the large volume obtained
from the osmotic shock. The column was washed with 2
column volumes of 0.01 M Tris-HCl (pH 8.0) and 2 column
volumes of 0.1 M NaCl and 0.01 M Tris-HCl (pH 8.0). Protein
was eluted with 10 mM Tris-HCl (pH 8.0) and 0.2 M NaCl.
Tris-HCl (pH 8.0) was added to the eluate to a ﬁnal
concentration of 0.1 M, and the eluate was then loaded onto
a 3 mL streptactin column (made in house30). The column was
washed with 6 column volumes of wash buﬀer [100 mM TrisHCl (pH 8.0) and 0.5 M NaCl]. Protein was then eluted with
2.5 mM desthiobiotin in wash buﬀer. Protein-containing
fractions were concentrated to a volume of <1 mL by
centrifugation through a 10 kDa cutoﬀ ﬁlter (Amicon) and
buﬀer exchanged two times into 10 mM sodium MOPS (pH
8.0), 50 mM NaCl, and 10 μM ZnCl2.
For the T90S, F91A, L123A, and Y205A NPP mutants, cells
were harvested by centrifugation and resuspended in 100 mM
Tris-HCl (pH 8.0) and 150 mM NaCl. Cells were then lysed
when the suspension was passed through an Emulsiﬂex
(Avestin) three times. The lysate was clariﬁed by centrifugation
(20000g for 20 min), and the supernatant was ﬁltered through a
0.45 μm ﬁlter. The protein solution was then loaded onto a 3
mL streptactin column as described above. For all enzymes, the
purity was checked by sodium dodecyl sulfate−polyacrylamide
gel electrophoresis and was >95% as estimated by staining with
Coomassie Blue.33 To test whether the puriﬁcation method
used for the single mutant produced suﬃciently pure enzyme,
the T90S/F91A/L123A mutant was expressed using either
osmotic shock or the Emulsiﬂex to lyse the cells. The two
puriﬁcation techniques gave enzyme with activities that were
the same within error.
Kinetic Assays. All rate constants herein were obtained
using mutant varieties of the MBP-NPP-strepII construct.
Reactions were performed in 0.1 M Tris-HCl (pH 8.0), 0.5 M
NaCl, and 100 μM ZnCl2 at 25 °C in a Perkin-Elmer UV/vis
Lambda 25 spectrophotometer unless otherwise noted. All
substrates contained p-nitrophenolate leaving groups (Chart 1),
and the formation of p-nitrophenolate was monitored
continuously at 400 nm17 unless noted otherwise. Rate
constants were determined from initial rates. The kinetic
parameters were shown to be ﬁrst-order in both enzyme and
substrate, with concentrations of enzyme and substrate varied
over an at least 10-fold range. The resulting data were linear
with respect to enzyme or substrate concentration, with r2
values of ≥0.98 in all cases. Thus, reactions were conducted
under subsaturating conditions and provide measurements of
kcat/KM. The following substrate concentrations were used: MepNPP and pNPP2−, 0.06−1.0 mM for all enzymes; bis-pNPP,
0.06−1.0 mM for all enzymes except 0.03−2.2 mM for F91A;
dT-5′-pNPP, 3.3−210 μM for T90S, 10−110 μM for F91A,
0.02−1.1 mM for L123A, 2.1−21 μM for Y205A, 0.01−2.5 mM
for T90S/L123A, 1.0−50 μM for F91A/L123A, 0.03−2.2 mM
for T90S/F91A/L123A, and 0.02−1.0 mM for T90S/F91A/

Chart 1. Substrates Used in This Study

observation of common inhibition constants, as described
below.
Escherichia coli SM547(DE3) cells containing the MBP-NPPstrepII construct were grown to an optical density of 0.6 in rich
medium and glucose (10 g of tryptone, 5 g of yeast extract, 5 g
of NaCl, and 2 g of glucose per liter) with 50 μg/mL
carbenicillin at 37 °C. Isopropyl thiogalactopyranoside was
added to a ﬁnal concentration of 0.3 mM to induce protein
expression. Cultures were then grown at 30 °C for 16−20 h.
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L123A/Y205A. In each case, a control reaction without enzyme
was run and the background reaction was determined to be
negligible. Inhibition constants for vanadate and tungstate were
determined with subsaturating concentrations of substrate with
the following ranges of inhibitor concentrations: T90S, 0.05−
3.4 mM vanadate; L123A, 0.02−1.4 mM vanadate; F91A and
Y205A, 0.04−1.4 mM tungstate; T90S/L123A, 0.04−1.3 mM
tungstate; T90S/F91A/L123A and T90S/F91A/L123A/
Y205A, 0.05−3.4 mM tungstate. The pH dependencies were
determined with 0.1 M sodium MES (pH 6.0), 0.1 M sodium
MOPS (pH 7.0), 0.1 M Tris-HCl (pH 8.0), and 0.1 M sodium
CHES (pH 9.0), each in the presence of 0.5 M NaCl and 100
μM ZnCl2 at 25 °C (Supporting Information). The observed
diesterase activity requires release of p-nitrophenolate, as its
absorbance is used to follow the reaction. As the measured
diesterase reaction is faster than monoester hydrolysis in all
cases except for the most mutated construct, the measured
activities for these mutants cannot arise from ﬁrst cleaving the
R′ substituent to form a monoester intermediate, pNPP. In the
case of the most mutated construct, the observed diesterase and
monoesterase activities are similar, so that a lag would be
expected if the observed hydrolysis proceeded through a
monoester intermediate; no such lag is observed. When both
substituents are p-nitrophenolate moieties (i.e., for bis-PNPP),
small contributions to the observed reaction rate (up to 2-fold)
can in principle arise from the subsequent hydrolysis of the
pNPP that is formed, but simulations indicate that such
contributions will be negligible for the enzymes studied herein.
Discontinuous assays for mono- and diester hydrolysis at low
pH were performed in 0.1 M sodium MES (pH 4.7 and 5.0),
each in the presence of 0.5 M NaCl and 100 μM ZnCl2. The
reactions were followed for 3000 min at 25 °C. At least eight
aliquots (10 μL) of the reaction mixture were quenched in 5 μL
of 1 M NaOH, and the absorbance was measured immediately.
The absorbance recorded at 440 nm was subtracted from the
absorbance recorded at 400 nm to account for changes in
background from cuvette position or instrument ﬂuctuations.
Enzyme stability was assayed by diluting the enzyme reaction
mixture 8-fold into 0.1 M Tris-HCl (pH 8.0), 0.5 M NaCl, 100
μM ZnCl2, and 4.3 mM Me-pNPP. The formation of pnitrophenolate was monitored continuously at 400 nm, and rate
constants were determined via initial rates. Measured enzyme
activities were within error of previously measured activities at
pH 8.0, suggesting that the enzymes are stable at room
temperature and pH 4.7 over this period of time.

■

RESULTS AND DISCUSSION
Seven residues make up the surface of the R′-binding pocket
(Figure 2). The region of the pocket most remote from the
bimetallo site contacts the nucleoside base and contains
residues S155, E160, and Y174, and four other residues, T90,
F91, L123, and Y205, make a hydrophobic halo of interactions
at the mouth of the pocket (Figure 2 and Table 1). On the
basis of the inspection of the X-ray structure of NPP with
bound AMP,17 we hypothesized that the residues at the mouth
of this pocket provide favorable binding interactions even with
the diester substrate containing only a methyl substituent and
that these hydrophobic residues might additionally inhibit the
monoesterase reaction because of their proximity to the
partially negatively charged phosphoryl oxygen atom and
ability to limit its solvation (Figure 2 and Table 1).
We ﬁrst describe the eﬀects of mutating the four residues at
the mouth of the pocket on the diesterase reactions. We then

Figure 2. Schematics of the R′ pocket in NPP. (A) Schematic of the
transition state and R′ pocket interactions in NPP, based on the crystal
structure of PDB entry 2GSU in which AMP was cocrystallized with
NPP.17 Colored magenta is AMP. Colored gray are the Zn2+ ions and
residues remote from the opening of the pocket to the active site that
presumably forms interactions with the nucleoside base. Colored
green, orange, aqua, and blue are residues T90, L123, F91, and Y205,
respectively, which are located at the mouth of the pocket. (B) Surface
representation of the seven residues in the pocket. The colors
correspond to the colors in panel A.

describe the eﬀects of successively adding back wild-type
residues to this minimal construct. The results provide
information about how these residues alone and in combination
may contribute to discrimination between diﬀerent diesterase
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kcat/KM for the dT-5′-pNPP reaction of the quadruple mutant is
only 28-fold greater than that for the Me-pNPP reaction
instead of more than 103-fold greater as for the wild-type NPP
(Table 2),a strongly suggesting that the favorable interactions
with this substrate have also been substantially reduced. The
remaining 28-fold preference for the 5′-dT R′ group
presumably originates from interactions with the polar residues
remote from the mouth of the pocket that were not mutated
(S155, E160, and Y174 in Figure 2).
The quadruple mutant has a 49-fold lower reactivity with
Me-pNPP than wild-type NPP (Table 3), consistent with the
model in which some or all of the residues removed participate
in hydrophobic interactions with the methyl group directly
attached to the phosphoryl group. The results are also
consistent with a disruption of the catalytic apparatus.
However, as described below (The R' Pocket is Inhibitory
with Respect to the Monoesterase Reaction), the observed
increase in reactivity of the phosphate monoester substrate
upon mutation supports the model with direct interactions.
Further support for a dominant eﬀect from direct hydrophobic
interactions is described in the following section.
Reintroduction of Y205 into the Pocket: The L123A/T90S/
F91A Triple Mutant. Reintroducing Y205 into the R′ pocket, to
give the T90S/F91A/L123A triple mutant, gave increases in
kcat/KM of 18- and 55-fold for the bis-pNPP and dT-5′-pNPP
reactions, respectively, relative to that of the quadruple mutant
but had only a weak eﬀect of 2.8-fold on the Me-pNPP reaction
(Figure 3B). These results suggest that Y205 makes remote
interactions with the larger diester substituents. No direct
interaction between Y205 and AMP is seen in the NPP·AMP
cocrystal structure,17 but it is possible that there are interactions
with the thymidine group of dT-5′-pNPP and/or indirect
interactions via solvent molecules.
Phylogenetic analysis of the seven classes of NPP reveals that
this residue is conserved within all canonical NPPs, despite
other diﬀerences in the composition of the residues in their
pockets and the substrates that they recognize (data not
shown). This conservation is consistent with models in which
Y205, presumably via its hydrogen bond to a Zn2+ ligand (D54
in NPP) (Figure S2 of the Supporting Information), plays an
evolutionarily signiﬁcant role in ordering the active site.
However, the decrease of only 3−5-fold for the Me-PNPP
reaction upon removal of the Y205 side chain in the wild-type
background or triple-mutant background [to give the quadruple
mutant (Tables 2 and 3)] suggests that any eﬀect on the overall
active site function upon removal of this residue is modest.
Reintroduction of F91: The T90S/L123A Double Mutant.
There is a 5-fold increase in kcat/KM for the dT-5′-pNPP
reaction upon reintroduction of F91 to give the double mutant,
T90S/L123A (Figure 3B and Table 2). In contrast,
reintroduction of F91 in the double mutant results in a <2fold increase in kcat/KM for the Me-pNPP and bis-pNPP
reactions (Figure 3B and Table 2), and similar weak eﬀects are
seen from the removal of this residue to give the F91A single
mutant (Tables 2 and 3).
Inspection of the NPP·AMP cocrystal structure suggests that
F91 may interact with the ribose ring of nucleosides to provide
its favorable eﬀect for the reaction of dT-5′-pNPP.17 F91 is 5.4
Å from the 5′-methylene group of AMP and so would not have
been predicted to directly interact with the methyl group of
Me-pNPP. The p-nitrophenyl substituent of bis-pNPP could
interact but apparently does not, presumably because such an

Table 1. Distances (in angstroms) of the R′ Pocket Residues
from the Phosphoryl Oxygen Atom and 5′-Methylene of
AMPa
L123
T90
F91
Y205
Y174
E160
S155
a

O

CH2

4.0
4.5
6.5
6.6
9.2
11.2
12.8

3.7
3.7
5.4
5.3
8.0
11.6
10.4

Distances taken from the structure of PDB entry 2GSU.17

substrates. Finally, we describe the eﬀects of the mutations on
the promiscuous monoesterase reaction, pNPP hydrolysis,
results that implicate T90 and L123 as together being
responsible for an inhibitory eﬀect on this reaction.
Reconstructing Diesterase Speciﬁcity from a R′
Pocket Quadruple Mutant to the Wild-type Enzyme.
L123A/T90S/F91A/Y205A Quadruple Mutant. The quadruple
mutant has the four residues within 7 Å of the 5′-methylene of
AMP, F91, L123, Y205, and T90, mutated (Table 1 and Figure
2); each residue was mutated to Ala except, T90, which was
mutated to Ser to remove the methyl group but maintain the
nucleophilic oxygen. We measured the eﬀects of the mutations
with three diesterase substrates that have the same leaving
group but diﬀerent R′ substituents (Chart 1).
The quadruple mutant has kcat/KM values that are lower than
that of wild-type NPP for the hydrolysis of each diester
substrate (Table 2 and Figure 3A). For the quadruple mutant,
the value of kcat/KM for the bis-pNPP reaction is reduced by
320-fold, relative to that of the wild-type, and the kcat/KM values
for the bis-pNPP and Me-pNPP reactions are within 1.5-fold of
each other (Tables 2 and 3), suggesting that remote favorable
interactions with the p-nitrophenyl R′ substituent present in
wild-type NPP have been eliminated. Furthermore, the value of
Table 2. Rate Constants (kcat/KM) for Monoesterase
(pNPP2−) and Diesterase (Me-pNPP, bis-pNPP, and dT-5′pNPP) Reactions of NPP and Its Mutantsa
pNPP2−
(M−1 s−1)
wild-type NPP
T90S
L123A
F91A
Y205A
T90S/L123A
T90S/F91A/
L123A
T90S/F91A/
L123A/Y205A

1.1
3.9
5.4
2.3
1.1
5.6
6.8
5.7

Me-pNPPb
(M−1 s−1)
230
110
29
110
50
16
13
4.7

bis-pNPPb
(M−1 s−1)
2300
1600
2300
1600
300
130
130
7.1

dT-5′-pNPP
(M−1 s−1)
>1.6 × 106
3.2 × 105
1.1 × 106
4.4 × 105
2.7 × 105
3.7 × 104
7200
130

a

Values of kcat/KM were obtained in 0.1 M Tris-HCl (pH 8.0), 0.5 M
NaCl, and 100 μM ZnCl2 at 25 °C. The uncertainties for the values of
kcat/KM are within ±20% as estimated by the standard deviations of
three repeat measurements for the pNPP reactions of the mutants.
Values of kcat/KM for reactions catalyzed by wild-type NPP are from ref
17. bThe uncatalyzed hydrolysis rate constants for bis-pNPPand MepNPP are very similar, 2.9 × 10−13 and 4.7 × 10−12 M−1 s−1,
respectively, and thus do not account for the observed diﬀerences in
kcat/KM.15 The uncatalyzed rate of hydrolysis is expected to be similar
for dT-5′-pNPP.
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Figure 3. Values of kcat/KM (A) and fold diﬀerences (B) in the mutant and wild-type NPPs with the three diﬀerent diester substrates, Me-pNPP, bispNPP, and dT-5′-pNPP (color coded). (A) Values of kcat/KM for the mutant and wild-type NPPs with diﬀerent diester substrates. (B) Fold increases
in these values of the diesterase reactions as one moves from the most mutated enzyme, T90S/F91A/L123A/Y205A, to the wild-type enzyme. The
numbers are color-coded as in panel A. The chemical step is not rate-limiting for the reaction of wild-type NPP with dT-5′-pNPP, so that the
observed eﬀects of the mutations on this reaction presumably underestimate the overall eﬀects on binding and stability of the chemical transition
state, as denoted with asterisks.17

Table 3. krel Values for Monoesterase (pNPP2−) and
Diesterase (Me-pNPP, bis-pNPP, and dT-5′-pNPP)
Reactions of NPP and Its Mutantsa
wild-type NPP
T90S
L123A
F91A
Y205A
T90S/L123A
T90S/F91A/L123A
T90S/F91A/L123A/
Y205A

pNPP2−

Me-pNPP

bis-pNPP

dT-5′-pNPP

(1)
0.28
0.20
0.48
1.0
0.20
0.16
0.19

(1)
2.1
7.9
2.1
4.6
14
18
49

(1)
1.4
1.0
1.4
7.7
18
18
320

(1)
5.0*
1.5*
3.6*
5.9*
43*
220*
12000*

for the double mutant compared to that of wild-type NPP
(Table 3); however, removing the side chain of either residue
alone has only a weak eﬀect of <2-fold, whereas removal of the
second residue, whichever it is, gives a >10-fold eﬀect (Figure
3B). The simplest model to account for these results is that in
which the p-nitrophenyl R′ group can interact with either side
chain but not both simultaneously, although other, more
complex explanations are also possible, including favorable
interactions with the second residue added that are oﬀset by
geometrical restrictions that introduce unfavorable remote
interactions or prevent remote favorable interactions. Coupling
cannot be assayed with dT-5′-pNPP because the chemical step
is not rate-limiting for wild-type NPP.17
The R′ Pocket Is Inhibitory with Respect to the
Monoesterase Reaction. We hypothesized that hydrophobic
residues that aid recognition of hydrophobic R′ substituents
might prevent optimal solvation of a partially negatively
charged oxygen atom at this position as would be present in
the transition state for reaction of a phosphate monoester
substrate (Figure 2). If so, removal of these residues might
increase the monoesterase activity.
We ﬁrst had to ensure that the low, observed promiscuous
monoesterase activity measured with pNPP arose from the
NPP active site and not from a contaminant. A simple but
strong prediction for promiscuous and cognate reactions arising
from a single active site is that the two reactions will follow the
same inhibition proﬁle for a common active site ligand (under
subsaturating and identical buﬀer conditions).10,11,14−17 We
therefore determined the inhibition constants for vanadate or
tungstate for the diesterase and monoesterase reactions for
wild-type NPP and for each of the mutants studied (Figure 4
and Table 4). The choice of the inhibitor used for each mutant
was based upon which inhibitor, vanadate or tungstate, had the
lowest and thus most easily measurable inhibition constant. For
each NPP mutant, the same inhibition constant was obtained,

a

krel = (kcat/KM)wt/(kcat/KM)mutant. Because the chemical step is not
rate-limiting for the reaction of dT-5′-pNPP with the wild type, the
measured rate constants for the mutants most likely represent
underestimates of the true eﬀects of these mutations on the chemical
transition state of this reaction and are denoted with asterisks.

interaction would not be favorable or because of geometric
constraints from the binding pocket or aromatic ring.
A Double-Mutant Cycle To Evaluate the Contributions
from T90 and L123. Comparison of the double mutant, T90S/
L123A, to wild-type NPP reveals a 14-fold decrease in the kcat/
KM value of the Me-pNPP reaction (Table 3). Mutating L123
to alanine in the wild-type and T90S backgrounds gave similar
eﬀects of 7.9- and 6.9-fold, respectively, and the eﬀect of
mutating T90 to serine also had similar 2.1- and 1.8-fold eﬀects
in the wild-type and L123A backgrounds, respectively (Figure
3B). Thus, each residue interacts favorably and energetically
independently with the methyl substituent, with the leucine
residue providing a larger contribution.
In contrast, there is coupling between T90 and L123 in the
bis-pNPP reaction. There is an 18-fold decrease in the kcat/KM
9172
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To improve our understanding of the origin of the
enhancement of monoesterase activity, we examined a
double-mutant cycle for T90 and L123, the removal of which
enhances monoesterase activity (Figure 5). Mutation of either

Figure 5. Double-mutant cycle between T90S/L123A and wild-type
NPP with the monoester (pNPP2−) reaction. Colored black below the
enzyme names are the kcat/KM values for each enzyme. Colored purple
is the fold increase in the kcat/KM values of the two enzymes connected
by the arrow.

residue increased monoesterase activity to nearly the level of
the double mutant; i.e., the second mutation had a negligible
eﬀect. The simplest explanation for these results is that removal
of either nearby side chain allows access by water that is
suﬃcient to provide solvation interaction energies similar to
those in bulk solvent.
The Quadruple Mutant Provides the Same Rate
Enhancement for Phosphate Diester and Monoester
Reactions. Our data indicate that the R′ pocket is a major
speciﬁcity determinant in NPP. Once favorable and unfavorable
interactions from the R′ binding pocket have been removed, by
mutation and by minimization of the R′ substituent, this
quadruple mutant does not distinguish between substrates of
two diﬀerent reaction classes, phosphate monoesters and
phosphate diesters, giving kcat/KM values for pNPP dianion
(pNPP2−) and Me-pNPP monoanion hydrolysis within 1.5-fold
of one another (Figure 6 and Table 2). The 79-fold preferential
reactivity of wild-type NPP with pNPP monoanion (pNPP−)
(where R′ = H) over pNPP2− is eliminated in the quadruple
mutant (Figure 6 and the Supporting Information), again
consistent with the removal of interactions that are deleterious
for an oxyanion in the R′ site. The uncatalyzed hydrolysis
reactions of Me-pNPP and pNPP2− are similar, and their kcat/
KM values with the quadruple mutant are nearly identical,
indicating that this NPP mutant catalyzes these distinct

Figure 4. Comparison of the inhibition by tungstate or vanadate of the
monoesterase (pNPP2−, purple) and diesterase reactions (Me-pNPP,
blue; bis-pNPP, red; dT-5′-pNPP, green) for each of the NPP
mutants: (A) T90S, (B) L123A, (C) F91A, (D) Y205A, (E) T90S/
L123A, (F) T90S/F91A/L123A, and (G) T90S/F91A/L123A/
Y205A. The choice of inhibitor was determined by which one
bound most strongly to each mutant. Activity was normalized by the
observed reaction in the absence of an inhibitor, corresponding to a
normalized velocity (y-axis) of 1, and the lines are nonlinear leastsquares ﬁts for competitive inhibition. The curves were ﬁt to a ﬁxed
end point of zero. Inhibition constants and errors are listed in Table S2
of the Supporting Information.

within error, for all of its reactions. This observation provided
evidence against catalysis by a contaminating activity and
allowed us to investigate the phosphate monoesterase activity
of the mutants.
Removal of the T90 methyl group or the L123 side chain
gave an increase of 4−5-fold in the monoesterase activity, and
an increase of up to 7-fold was observed for the mutants
studied (Table 2, triple mutant). In contrast, mutation of Y205
or F91 gave at most 2-fold increases in phosphate monoesterase
activity.

Table 4. Inhibition Constantsa for Monoesterase (pNPP2−) and Diesterase (Me-pNPP, bis-pNPP, and dT-5′-pNPP) Reactions
Catalyzed by Wild-Type NPP and Its Diﬀerent Mutants
KI (μM)
pNPP

2−

Me-pNPP

F91A
Y205A
T90S/L123A
T90S/F91A/L123A
T90S/F91A/L123A/Y205A

174
319
109
547
680

135
298
95
494
591

T90S
L123A

200
162

216
159

bis-pNPP
Tungstate
175
343
80
564
652
Vanadate
404
141

dT-5′-pNPP

average

standard deviation

184
236
82
742
624

167
299
92
587
637

19
40
13
93
33

541
153

340
154

140
8

Values for the inhibition constants were obtained with 0.1 M Tris-HCl (pH 8.0), 0.5 M NaCl, and 100 μM ZnCl2 at 25 °C. The choice of inhibitor
was based on the one with the lowest initial inhibition constant for the dT-5′-pNPP reaction.

a
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Figure 6. Quadruple mutant, T90S/F91A/L123A/Y205A, is a
generalist enzyme. The kcat/KM values for the diester, Me-pNPP,
monoester monoanion, pNPP−, and monoester dianion, pNPP2−,
reactions of the quadruple mutant are 4.7, 5, and 5.7 M−1 s−1,
respectively. The rate constant for monoanion pNPP− is listed with
only one signiﬁcant ﬁgure as it was obtained from a pH−rate proﬁle
that extends only slightly below the pKa of pNPP (Supporting
Information).

Figure 7. Relative diesterase vs monoesterase reactivity for a series of
diester substrates with wild-type NPP and the quadruple mutant,
T90S/F91A/L123A/Y205A. krel = (kcat/KM)diester/(kcat/KM)pNPP dianion,
and the pNPP monoanion, pNPP−, is considered diester-like in this
series as it likely reacts without the transfer of a proton to the leaving
group oxygen. The asterisk denotes that the dT-5′-pNPP diesterase
chemical step is not rate-limiting. Values for kcat/KM are from Table 2.

reactions with the nearly the same rate enhancement (Figure 6
and Table 5).
Table 5. Rate Enhancements [(kcat/KM)/kw] for the
Monoester (pNPP2−) and Diester (Me-pNPP) Reactions of
NPP and Its Mutantsa
wild-type NPP
T90S
L123A
F91A
Y205A
T90S/L123A
T90S/F91A/L123A
T90S/F91A/L123A/
Y205A

pNPP2−

Me-pNPP

Me-pNPP/pNPP2−

×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
×

1500
180
35
300
300
17
12
5.3

3.3
1.3
1.8
7.7
3.7
1.9
2.3
1.9

10

10
1011
1011
1010
1010
1011
1011
1011

4.9
2.4
6.3
2.3
1.1
3.3
2.8
1.0

13

10
1013
1012
1013
1013
1012
1012
1012

a

The Me-pNPP/pNPP2− ratio is the ratio of rate enhancement [(kcat/
KM)/kw] for the diesterase and monoesterase reactions of the mutants.
The kw values for pNPP2− and Me-pNPP are 3.0 × 10−11 and 4.7 ×
10−12 M−1 s−1, respectively.15,39

Figure 8. Plot of kcat/KM values for the monoesterase (pNPP2−) and
three diesterase (Me-pNPP, bis-pNPP, and dT-5′-pNPP) reactions
measured with each of the ﬁve mutants. Wild-type NPP kcat/KM values,
from this work and ref 17, are plotted for comparison to those of the
mutants. The asterisk denotes that the chemical step is not ratelimiting for the reaction. Values of kcat/KM are from Table 2.

■

CONCLUSIONS
Previous work has shown that nucleotide pyrophosphatase/
phosphodiesterase (NPP) exhibits a preference for the
hydrolysis of phosphate diesters over phosphate monoesters.17
The observed reaction speciﬁcity of 106-fold was reduced by
>103-fold when the size of the substituent on the transferred
phosphoryl group of phosphate diester substrates was reduced
to a methyl group (Figure 7).17 Here we show additional
speciﬁcity contributions from the R′ binding pocket for this
substituent that give an additional ∼250-fold decrease in
speciﬁcity (Figure 8).
Figure 8 summarizes the eﬀects of truncating the side chains
of the four residues at the mouth of the R′ pocket of NPP.
There is a progressive decrease in diesterase activity, with larger
eﬀects for more reactive substrates that have larger R′ groups,
but even the reaction of the diester substrate containing only a
methyl R′ substituent is aﬀected. Conversely, the monoesterase
activity with pNPP increases across this series, though more
modestly. Overall, these four residues, T90, F91, L123A, and
Y205, enhance speciﬁcity both through favorable interactions
with the R′ substituent and by unfavorable interactions with the
unesteriﬁed, negatively charged phosphoryl oxygen atom of the
monoesterase substrate.

More detailed consideration of the relative eﬀects of the
mutations on the diﬀerent reactions reveals multiple underlying
origins, likely including direct interactions with the carbon unit
directly esteriﬁed to the nonleaving group phosphoryl oxygen,
more remote direct interactions, and indirect eﬀects on the
ability to make certain remote interactions. In addition, our
results suggest a modest catalytic role of the conserved Y205.
Y205 donates a hydrogen bond to one of the Zn2+ ligands,
which may help organize the Zn2+ bimetallo center or orient
this center with respect to the threonine nucleophile (Figure S2
of the Supporting Information).
The quadruple mutant with the proximal R′ interactions
removed exhibits kcat/KM values within 2-fold of each other for
diesterase (Me-pNPP) and monoesterase (pNPP2‑) reactions
(Figure 8 and Table 2), and the rate enhancements for these
reactions are within 5-fold of each other (Table 5). What
remains in the active site is the Zn2+ bimetallo motif with a set
of ligands that is conserved throughout the main branch of the
alkaline phosphatase superfamily9 and N111.17 Preliminary
experiments suggest that removal of N111 has a similar eﬀect
on the monoesterase and diesterase reactions (F. Sunden, H.
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pH dependencies of all the mutants with pNPP between pH 7
and 9. This material is available free of charge via the Internet at
http://pubs.acs.org.

Wiersma-Koch, and D. Herschlag, unpublished results). The
NPP Zn2+ bimetallo motif likely provides similar catalysis for
the phosphate di- and monoester reactions.

■

■

IMPLICATIONS AND FUTURE DIRECTIONS
We naively might have expected a preference for the reaction of
our minimal NPP construct containing the positively charged
zinc bimetallo cluster with the more highly charged monoester,
a preference that is not observed (Table 5 and Figure 7). It is
possible that the NPP Zn2+ bimetallo site is tuned to favor
reaction with diesters. As the direct Zn2+ ligands are fully
conserved between phosphate diesterases and monoesterases in
the AP superfamily,19,34 features of the scaﬀold surrounding the
Zn2+ ions and their ligands would have to be involved in such
tuning.35 Whether this tuning model holds or whether the
bimetallo core unexpectedly has near-equal catalytic power
toward both substrate classes can be tested by comparing the
reactivities of minimal monoesterase and diesterase constructs
derived from alkaline phosphatase superfamily members. These
results will have implications both for how these enzymes have
evolved and for what protein features need to be and can be
varied toward the important goal of engineering and reengineering enzymes with novel and useful catalytic functions.
Jensen proposed that broadly speciﬁc enzymes could have
played key roles in metabolism in early, primitive systems,36
and our AP superfamily minimal mutant ﬁts the strict deﬁnition
of a “generalist” enzyme. However, the kcat/KM values of the
NPP quadruple mutant are very low compared to values for
highly evolved modern-day enzymes, even with the activated
leaving groups used in this study (Chart 1 and Figure 8), raising
the question of whether such an enzyme could have provided
suﬃcient catalysis to yield a selective advantage.
A second basic evolutionary question is also highlighted by
the observation that the Zn2+ bimetallo core alone provides an
enormous rate enhancement of ∼1011-fold for reactions of both
phosphate monoester and phosphate diester substrates (Table
5), a rate enhancement that rivals and indeed exceeds that
observed for many modern-day, fully evolved enzymes.37 How
did catalysis of extremely diﬃcult reactions get started?
Proposals include early life at high temperatures, initial use of
(very) activated substrates, and evolution from enzymes that
catalyzed other, easier reactions.38 Extant AP superfamily
members catalyze only phosphoryl and sulfuryl transfer
reactions, reactions that, with unactivated leaving groups,
have half-lives greater than the lifetime of the universe in
solution.
While these evolutionary mysteries remain, our minimal
mutant provides a measure of the extent of catalysis that can be
provided from the metal ion core alone. In addition, deep
dissection and deconstruction of cognate and promiscuous
enzyme activities may help guide current eﬀorts in enzyme
design and reengineering toward the goals of better understanding enzyme function and producing highly eﬃcient and
speciﬁc catalysts for reactions of biomedical and industrial
interest.

■
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ADDITIONAL NOTE
The chemical step is not rate-limiting for the reaction of wildtype NPP with dT-5′-pNPP,17 so that the observed eﬀects of
the mutations of this reaction underestimate the overall eﬀects
on the binding and stability of the chemical transition state.
a
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