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ABSTRACT. Escherichia colalkaline phosphatase (AP) is a proficient phosphomonoesterase with o Zn

ions in its active site. Sequence homology suggests a distant evolutionary relationship between AP and
alkaline phosphodiesterase/nucleotide pyrophosphatase, with conservation of the catalytic metal ions.
Furthermore, many other phosphodiesterases, although not evolutionarily related, have a similar active
site configuration of divalent metal ions in their active sites. These observations led us to test whether AP
could also catalyze the hydrolysis of phosphate diesters. The results described herein demonstrate that
AP does have phosphodiesterase activity: the phosphatase and phosphodiesterase activities copurify over
several steps; inorganic phosphate, a strong competitive inhibitor of AP, inhibits the phosphodiesterase
and phosphatase activities with the same inhibition constant; a point mutation that weakens phosphate
binding to AP correspondingly weakens phosphate inhibition of the phosphodiesterase activity; and mutation
of active site residues substantially reduces both the mono- and diesterase activities. AP accelerates the
rate of phosphate diester hydrolysis by*fold relative to the rate of the uncatalyzed reactiokj(

Km)/ky]. Although this rate enhancement is substantial, it is at ledstdl@ less than the rate enhancement

for AP-catalyzed phosphate monoester hydrolysis. Mutational analysis suggests that common active site
features contribute to hydrolysis of both phosphate monoesters and phosphate diesters. However, mutation
of the active site arginine to serine, R166S, decreases the monoesterase activity but not the diesterase
activity, suggesting that the interaction of this arginine with the nonbridging oxygen(s) of the phosphate
monoester substrate provides a substantial amount of the preferential hydrolysis of phosphate monoesters.
The observation of phosphodiesterase activity extends the previous observation that AP has a low level
of sulfatase activity, further establishing the functional interrelationships among the sulfatases, phosphatases,
and phosphodiesterases within the evolutionarily related AP superfamily. The catalytic promiscuity of
AP could have facilitated divergent evolution via gene duplication by providing a selective advantage
upon which natural selection could have acted.

Two divalent metal ions are a common active site feature Scheme 1
found in a number of evolutionarily distinct classes of
enzymes, including enzymes that catalyze the hydrolysis of
phosphate monoesters, diesters, and triesters (for reviews, 9
see refsl and2). The structural similarity shared by these OzN—Q—O—ﬁ—O' ozN—Q—o—ﬁ’—o-
active sites raises the possibility that a single active site with o- o
two divalent metal ions might be able to catalyze these

. . . N p-nitrophenyl phosphate p-nitrophenyl phenyl
different classes of reactions. However, the partial negative (PNPP) phosphonate
charge on a phosphoryl oxygen atom of the phosphate
monoester dianion is lost upon conversion to a diester NO2

monoanion, and the steric bulk of the added esterifying group

of the diester could result in steric clashes within the active

site (Scheme 1). These differences would be expected to no, e
render it difficult for an active site designed to hydrolyze

0
phosphate monoesters to also hydrolyze phosphate diesters. om—@o—%—o' 02N~®—o—|:>—o-
(o] o

In addition, linear free energy relationships, isotope effects,

methyl 2,4-dinitrophenyl bis-p-nitropheny| phosphate
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Nevertheless, there is evidence that members of theforms of AP (R166S, pEK1152; S102A, pEK305; S102G,
alkaline phosphatase (APuperfamily have diverged from  pEK307; D327A, pEK167; and H412A, pEK237) were
a common ancestor to catalyze hydrolysis of both phosphategenerous gifts from E. Kantrowit20—23). The D327A/
monoesters and phosphate diesters, as well as hydrolysis oH412A mutant was constructed by digestion of plasmids
sulfate esters. Despite a very low degree of sequencepEK167 and pEK237 wittEcaNI and Hindlll. The ~1.5
homology, alkaline phosphatases and aryl sulfatases haveb fragment encoding the D327A mutation, from digestion
structural homology, suggesting that they are distant evolu- of pEK167, was ligated into the-4.5 kb fragment from
tionary relativesg, 10). A subsequent sequence analysis that digestion of pEK237 that contained the H412A mutation, to
focused on the metal ligands conserved between alkalineyield the plasmid pAP327A/412A which encodes the D327A/
phosphatases and aryl sulfatases identified a larger superH412A double mutant. Sequences were confirmed by
family of enzymes likely to be related by divergent evolution dideoxy sequencing.

(11). Among these were two genes reported to encode Concentrations of substrate stock solutions were deter-
phosphodiesterases, PC-1 (also known as NPP1) and automined by absorbance following complete alkaline hydrolysis
taxin (12, 13). These nucleotide pyrophosphatases/phos- (1 M NaOH, 85°C) using the following extinction coef-
phodiesterases appear to be capable of catalyzing reactionficients: e410= 1.62 x 10* for p-nitrophenolate ionZ4) and
involving both phosphate monoesters and phosphate diestergzgo = 1.47 x 10* for 2,4-dinitrophenolate ion26).

(12, 14). Alkaline Phosphatase PurificatiofThe purification pro-

We have previously shown that AP, the best characterizedtocol was modified from that previously describexD); E.
member of the AP superfamily, has a low level of sulfatase coli strain SM547 harboring pEK48 (wild type) or mutant
activity in addition to its normal phosphomonoesterase plasmid was grown to saturation inx1YT medium, with
activity and have suggested that such promiscuity could 100 ug/mL carbenicillin. Due to the long period of
facilitate the diversification of enzyme function within an growth, a second aliquot of carbenicillin was added after
enzyme superfamilyl®, 16, and references therein; see also growth had proceeded for-82 h. Following osmotic shock
ref 17). During this study, we sought to extend our and centrifugation, the supernatant was adjusted to 1 mM
understanding of the functional interrelationships among the MgCl,, 100 uM ZnSQ,, and 10 mM Tris (pH 7.4), heated
members of the AP superfamily by investigating whether rapidly to 80°C, incubated for 10 min to denature proteins
AP can also catalyze hydrolysis of phosphate diesters. Suchother than AP, and cooled to°C. Two centrifugations (30
experiments can help to elucidate past evolutionary eventsmin at 20 000 rpm in a JA-20 rotor) were required to remove
and present evolutionary potential, and they contribute to the precipitated protein. The sample was passed through a
our understanding of enzymatic function. 0.45um cellulose filter (Lida Manufacturing Corp.), loaded

We show that AP exhibits a low level of phosphodiesterase onto an 8 mL source Q column (Pharmacia), washed with 4
activity, suggesting a possible mechanism for the divergent column volumes of buffer A [L0 mM Tris (pH 7.4), 100
evolution of phosphodiesterases and phosphomonoesteraseaM ZnSQ,, and 1 mM MgC}], and eluted with a linear
in the AP superfamily. Mutation of the active site arginine gradient of 10 to 120 mM NaCl in buffer A. Following
to serine, R166S, decreases the monoesterase activity butoncentration by centrifugation through a filter (50 kDa
not the diesterase activity, suggesting that the interaction of cutoff, Amicon), the sample was loaded onto a gel filtration
this arginine with the nonbridging oxygen(s) of the phosphate column (Superose 12, Pharmacia) and run with
monoester substrate accounts for much of the preferential0.1 M NaMOPS (pH 8.0), 1 mM MgG| and 100uM
hydrolysis of the physiological substrates. Additional mu- ZnSQ,. Peak fractions were pooled and dialyzed exten-
tational analysis suggests that other catalytic features of thesively against buffer A to remove inorganic phosphatg (P
AP active site contribute to hydrolysis of both phosphate In some instances, additional purification of the wild-type
monoesters and phosphate diesters. enzyme was achieved using phenyl arsenate affinity chro-

matography Z6).
MATERIALS AND METHODS Typical yields for & 8 L growth were 16-20 mg of pure

Materials.Methyl 2,4-dinitrophenyl phosphate (MDNPP) protein. A single band was observed by Coomassie blue
and p-nitrophenyl O-phosphorothioate were synthesized staining of SDS-polyacrylamide gels, with an estimated
previously (L8, 19). p-Nitrophenyl phosphate (PNPP); purity of >99%. The ratio of phosphomonoesterase activity
nitrophenyl sulfate (PNPS), bjshitrophenyl phosphate to phosphodiesterase activity was the same for different
(BPNPP), andp-nitrophenyl phenyl phosphonate were enzyme preparations. Protein concentrations were determined
obtained from Sigma; small amounts of contaminating PNPP by the Bradford assay using BSA as a standard and by
were removed from BPNPP ang-nitrophenyl phenyl absorbance at 278 nmagpg ap = 6.7 x 10 M~t cm™* (27)],
phosphonate by incubation with AP. Buffers were prepared which agreed to within 10%. Subsequently, protein concen-
at 25°C, and the reported pH values were not corrected for trations were routinely determined by activity assays using
temperature. 0.1 mM PNPP, 0.1 M MOPS (pH 8.0), and 0.5 M NacCl

The expression strain SM547 BScherichia col{APhoA) [wild-type AP, kear= 28 s°%; R166S AP kear = 1 57 (20)].
and plasmids for expression of wild-type (pEK48) and mutant There was no significant change in activity upon storage at
4 °C for at least 1 year.

1 Abbreviations: APE. coli alkaline phosphatase; BPNPP, pis- Kinetic MeasurementsReactions were carried out with

nitrophenyl phosphate; MDNPP, methy! 2,4-dinitrophenyl phosphate; 0.1 M NaMOPS (pH 8.0) and 0.5 M NaCl at 2& with 1

NaCAPS, sodium 3-(cyclohexylamino)-1-propanesulfonate; NaCHES, 10 6 ;
sodium 2-(cyclohexylamino)ethanesulfonate; NaMOPS, sodiuh3-( x 10710 5 x 107> M AP, depending on the substrate and
morpholino)propanesulfonic acid:;,Pinorganic phosphate: PNPP, €nzyme (wild type or mutants). For standard assays; D.1

p-nitrophenyl phosphate. mM phosphate diester substrate or-012uM phosphate
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monoester substrate was used. At protein concentrations oforder in the concentration of both substrate and enzyme,
<1 x 107° M, zinc sulfate (1«M) and magnesium chloride  corresponding té../K,. To facilitate comparison of the pH
(100 uM) were added and were necessary for full activity, dependence fdt../Ky, with PNPP and MDNPP as substrates,
presumably because of metal ion dissociation at these lowthe rate constants at each pH were normalized by dividing
enzyme concentrations. Addition of these metal ions had noby the maximal value ok../Kn. An equation for a single
significant effect on reactions carried out at higher AP ionizable groupf.a/Kn(normalized)= 1/(1 + pH/pKj)] was
concentrations. Individual reactions (0.8 mL) were carried fit to the data using nonlinear least squares (Kaleidagraph,
out in quartz cuvettes, and reaction progress was followed Synergy Software).
using a Uvikon 9310 UV-vis spectrophotometer. The P: Inhibition. The concentration of sodium ®as varied
change in the extinction coefficient at p|:|18ﬂleuo for at constant enzyme and substrate concentrations. Subsatu-
release ofp-nitrophenolate, is 1.6 10° M cm (2‘91' rating substrate was used so that the inhibition constant was
and Aeseo for 2,4-dinitrophenolate is 1.4% 10° M™% cm equal to the dissociation constant for binding pffRr wild-
(25). For hydrolysis of biss-nitrophenyl phosphateeso — yyne AP phosphomonoesterase activity, /2 p-nitropheny
at pH 8.0 is 3.2x 10* M~ cm™ (twice the mggnitude of O-phosphorothioate was used as thelsubstmmb&m _
that of PNPP, begause after release of Fhe twettrophe.- 0.003); this low substrate concentration was required to avoid
nolgte group to give PNPP the secopditrophenolate is product inhibition.p-Nitrophenyl O-phosphorothioate was
rapidly C_Ieaved). . . a convenient substrate, because the lower catalytic activity
Rea_ctlons were routinely followed to completlon_(more of AP toward this substrate allowed both monoesterase and
than five half-lives), and rate constants were obtained by diesterase activities to be assayed at the same enzyme

nonlinear Ieast-squares fits to the data (Kalgldag.rqph, concentration, and in some cases in the same cuvette. Control
Synergy Software); howev%r, for the slpwest reaptlons, initial reactions with a lower concentration of wild-type AP and
rates were used (up 1o 5% compl_etlon). All fits gafe 0.2 uM PNPP yielded the same inhibition constant, within
values of>0.95, and duplicate reactions gave rate constants 10%, as observed witp-nitrophenyl O-phosphorothioate.

. : " .
within 5%. Reaction velocities were proportional to the AP Inhibition of phosphodiesterase activity was determined with

concentration in all cases. The apparent second-order rat% 1 mM MDNPP under the standard assay conditions. Rate
EOESt?mJEa‘{rK"E’ W?S dnete;rprlnt(iadnby vziryilnrg]]ﬂthle Svoncer? ttrr?_t constants were determined from initial rates in time courses
on ot substrate at concentrations sutticiently low such that | .., <0.2 uM product formed to avoid product inhibition.

the reaction v.elocf[y was linearly proportional to sgbstrate For R166S AP, 1M PNPP and 1 mM MDNPP were used
concentration; typically, the substrate concentration was .
under the standard assay conditions for phosphomonoesterase

varied over a 16.100-fold range. and phosphodiesterase assays, respectively. Higher substrate
Heat Inactvation of AP.Aliquots of incubation buffer [0.1 phosp! ys, resp y-Hg
concentrations could be used with the mutant enzyme,

M NaMOPS (pH 8.0) and 0.5 M NaCl] were preheated to because Fbinding is weaker 20)
90°C in a water bath. AP was added to a final concentration o g A . _
of 200 nM, rapidly mixed, and returned to the water bath. ~ We considered the following alternative as a potential
After incubation for 2-90 min, samples were removed and €Xplanation for the apparent phosphodiesterase activity of
immediately cooled on ice. After 10 min on ice, the samples AP. If a phosphodiesterase contaminant preferentially re-
were centrifuged in a microcentrifuge to collect condensation leased the methoxy substituent of MDNPP rather than the
and an aliquot was added to a quartz cuvette and equilibratec®,4-dinitrophenolate substituent, then the release of 2,4-
at 25°C for 15 min prior to addition of substrate. Reactions dinitrophenolate from MDNPP would require AP, even if
were then initiated by adding a small volume of phosphate AP had no phosphodiesterase activity. If this scenario
diester or phosphate monoester substrate. For phosphodioccurred, then both enzymes would be required to observe
esterase assays, we used-01ImM MDNPP and 100 nM the phosphodiesterase activity in the colorometric assay
wild-type or R166S AP, and for phosphomonoesterase employed and inhibition of this observed activity could
assays, we used 0.1 mM PNPP and either 1 nM wild-type Simply reflect inhibition of AP. This alternative explanation
AP or 100 nM R166S AP. Initial rates were followed to for the ability of R to inhibit the phosphodiesterase activity
1-5% completion, and product formation was linear in all was eliminated as follows. First, this alternative reaction
cases R > 0.95). scheme was modeled using Kinsi&8) with the known rate

pH Dependence of Phosphodiesterase and Phosphatasgonstants for AP catalysis of phosphate monoesters. The
Activities. The pH dependence was carried out for the R166S scheme predicts a lag phase in the release of the dinitrophe-
mutant because this enzyme bingsiBch more weakly than ~ nolate ion in the presence of high concentrations of the AP
the wild-type enzyme, circumventing problems from product inhibitor, R, as the putative reaction intermediate, 2,4-
inhibition (ref 20 and manuscript in preparation). The buffers dinitrophenyl phosphate, would need to accumulate before
used in these experiments (and their pH values at@pb it could effectively compete with the; Por cleavage by AP.
were as follows: NaMOPS (7-68.0), NaCHES (8.610.0), However, no lag was detected. A second, independent line
and NaCAPS (9.49.9). The final concentration of buffer  of evidence also indicates that this model does not hold.
was 100 mM, and the ionic strength was held constant at 1 p-Nitrophenyl phenyl phosphonate (Scheme 1), which has a
M with NaCl. Thek:o/Ky, values for PNPP were determined P—C bond that would prevent hydrolysis of its second
with 0.1-5 uM PNPP and 5500 nM R166S AP. Thé&c/ substituent, was found to react at a rate similar to that of
Km values for MDNPP were determined with-10 mM bisp-nitrophenyl phosphate (BPNPP, Table 2). This activity
MDNPP and 56-500 nM R166S AP. The concentrations is also inhibited by Pwith the sameK; as for the reactions
of substrate and enzyme were varied at the upper and lowerof phosphate monoesters for both wild-type and R166S AP
pH extreme to verify that the apparent rate constant was first- (data not shown).



5694 Biochemistry, Vol. 40, No. 19, 2001 O’Brien and Herschlag

Table 1: Phosphomonoesterase and Phosphodiesterase Activities of A 800 0.4
Alkaline Phosphatase Mutafts § -
kealKen (M~1579) £ 600 - Hos 2
[ =]
PNPP MDNPP g g
- 2 400 - <02 &
wild type 3x 10 1x 1 § g
D327A/H412A <3 x 1P <2 x 10°¢ 5 8
S102A <5x 1(?° =3 x 10°2¢ g 200 - R
S102G <2 x 10°PP <3x 1034 s g
4
aln 0.1 M NaMOPS (pH 8.0) and 0.5 M NaCl at 26; the apparent § 0 10 <

second-order rate constat./Km, is reported per active sité The 1 1 1 1 L 1

phosphomonoesterase activity was linearly dependent upon the con-
centration of enzyme added, and the valuek.gK, were calculated Fraction #

from the concentration of AP. Howeve,, values for PNPP were in 40 0.5
the low micromolar range for each of these mutants, similar to that of B >

the wild type (data not shown). It is therefore possible that low levels 2 do4 3
of wild-type enzyme are responsible for the observed activity. Such < 80 2
concentrations of AP could arise from translation errors that are on 2 403 8
the order of 1 in 18-10". Inhibition of the phosphatase activity of g 20 |- @
D327A/H412A revealed tight binding of Ronsistent with the presence § dop @
of wild-type contamination (data not shown). The limits fQ&/Km 5 §
with S102A and S102G AP are similar to the values that were reported g 10 dos 2
previously @1). ¢ The observed phosphodiesterase activity of these Jé -
mutants was linearly dependent upon the concentration of enzyme, but g o} Jdo <
we could not establish whether these low levels of activity were due & ] ] ! ] ] ]

to AP or to the presence of contaminants. Therefore, the valueg/of 42 44 46 48 50 52

K that were calculated from the observed phosphodiesterase activity Fraction #

are upper limits for the activity of these AP mutarftdlo phosphodi-  Figpe 1: Copurification of phosphomonoesterase and phosphodi-
esterase activity could be detected with this mutant, wherdgagié esterase activities. Activity profiles from Superose 12 gel filtration
value of 3x 103 M~ st would have given a 2-fold rate increase at chromatography for wild-type AP (A) and R166S AP (B). Phos-
the highest enzyme concentration that was employed. phomonoesterase activity [PNPP hydrolysi® @nd O)] and

phosphodiesterase activity [MDNPP hydroly#sgndl)] are given
in units of micromolar product formed per minute per milliliter.
Activity assays were performed under the standard assay conditions

Table 2: Phosphodiesterase Activity of Wild-Type and R166S

Alkaline Phosphatase (Materials and Methods) with 1 mM PNPP or 1 mM MDNPP.
I(rel
kealKin (M7'S™Y)  Wild typer Copurification of Phosphomonoesterase and Phosphodi-
phosphate diester substrate wild type R166R166S esterase Actities. AP was overexpressed in &n coli strain
methy! 2,4-dinitropheny! phosphate 130 45 3 deficient for AP, and several purification steps were carried
bisp-nitrophenyl phosphate 0.050  0.050 1 out in an attempt to separate the phosphodiesterase activity
p-nitrophenyl phenyl phosphonate 0.030  0.060 0.5 from the phosphomonoesterase activity of AP (see Materials

aln 0.1 M NaMOPS (pH 8.0) and 0.5 M NaCl at 2&. The P and Methods). Osmotic shock was used to enrich for AP,
inhibition experiments (see Figure 3) were repeated with each phosphatewhich is a periplasmic protein. Following osmotic shock,

diester substrate to confirm that AP was responsible for the observedy, o peaks of phosphodiesterase activity were separated by
phosphodiesterase activity (data not shown), as a phosphodiesterase . h h t hy. O f th h hodi
contaminant could have had different activity with phosphate diesters 110N €xchange chromatography. Une of the phosphodl-

having different substituents. esterase peaks coincided with the AP elution peak, and upon
subsequent anion exchange and gel filtration chromatogra-
RESULTS phy, only a single phosphodiesterase peak was observed. This
phosphodiesterase activity profile could be superimposed
As AP appears to be evolutionarily related to several with that for the phosphomonoesterase activity (Figure 1A
phosphodiesterases and has active site features similar tand data not shown), consistent with a single protein
those of other phosphodiesterases, we sought to determin@xhibiting both activities.
whether AP has activity toward phosphate diester substrates. Although copurification of the two catalytic activities sug-
Assay of a commercial preparation Bf coli AP with a gested that AP is responsible for both activities, it remained
phosphate diester substrate (MDNPP, Scheme 1) revealed @ossible that these purification techniques failed to resolve
low level of phosphodiesterase activity. If it is assumed that two distinct enzymes or that a phosphodiesterase remained
the activity came from AP, this gave an apparent second- associated with AP. We therefore sought to compare the

order rate constank../Kn,, of 130 M s, However,E. physical properties of the enzyme(s) catalyzing these two
coli AP has previously been reported to lack phosphodi- reactions.
esterase activity?2Q, 30), and the low observed activity could Heat Inactvation of AP.Inactivation of AP at 9CC for

have been provided by a minor contaminant. It has beenvarying times was followed by assaying for phosphomo-
suggested that some enzymes exhibit both phosphomo-oesterase activity [Figure 2A0j]. Aliquots from this
noesterase and phosphodiesterase activity, although it is oftersample were also used to follow phosphodiesterase activity.
difficult to exclude the possibility of a contaminating enzyme The phosphodiesterase activity displayed an identical inac-
(29, 31—36). Below we outline several experiments which tivation profile @), suggesting that both activities arise from
provide strong evidence for a phosphodiesterase activity of AP. A model in which a distinct phosphodiesterase associated
AP. with AP is heat denatured immediately following denatur-
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FIGURE 2: Simultaneous heat inactivation of phosphomonoesterase g, jre 3:
and phosphodiesterase activities. Inactivation of phosphomo-

noesterase activity [PNPP hydrolysis &ndO)] and phosphodi- NG _ ;

S . phosphomonoesterase activify-riitrophenyl O-phosphorothioate
esterase activity [MDNPP hydrolysi®(and W)] are shown for v qrolvsis © and )] and phosphodiesterase activity [MDNPP
wild-type AP (A) and R166S AP (B). To facilitate comparison, pyqrolysis @ andm)] for wild-type AP (A) and R166S AP (B).
activity remaining was normalized by dividing the observed activity £, comparison, activity was normalized by dividing the observed

by the amount of activity prior to incubation at 9G. The curves  a4e constant in the presence of inhibitor by the rate constant in the
represent nonlinear least-squares fits of the data for both substrategpsence of inhibitor. The lines represent nonlinear least-squares fits
to.allrst-order_process a_ndz give rate constants of Oﬁﬁ?i007 to the combined data for competitive inhibition of phosphomo-
min = for the wild type (A;R* = 0.99) and 0.15 0.01 mir* for noesterase and phosphodiesterase activities and divefal.1 +
R166S AP (BjR? = 0.99). The values obtained from the combined 0.1M for the wild type (2 = 0.99) and &; of 460+ 40 uM for
fits to the loss of phosphomonoesterase and phosphodiesterasgggs R2 = 0.99). Individual fits of the phosphomonoesterase
activity were the same, within error, as the values from the 54 phosphodiesterase data give valueiathat are the same
individual fits (0.070+ 0.008 and 0.061 0.010 mirr?t for wild- within error (1.2+ 0.1 and 1.0+ 0 2.uM for wild-type AP and '

Identical inhibition of the phosphomonoesterase and
phosphodiesterase activities by inorganic phosphate. Inhibition of

ation of AP cannot be eliminated by these data, but IS The phosphomonoesterase activity of R166S AP was
eliminated by the results described below. inhibited weakly by R with a K; value of 460+ 40 uM

Inhibition of Phosphomonoesterase and PhosphodiesterasgFigure 3B (0)], in agreement with previous resultk;[=
Activities. Inhibition provided an independent test of whether 420 + 30 uM (20)]. The same inhibition constant was
AP has phosphodiesterase activity. The inhibition constant observed for Pinhibition of the phosphodiesterase activity
for competitive inhibition of AP phosphomonoesterase [Figure 3B @)]. The change in the inhibition constant for
activity by R was observed to be 14 0.1 M [Figure 3A the phosphodiesterase activity from 1 to 460 in response
(O)], similar to that measured previousl¥g, 37, 38). B, was to mutation at the active site of AP provides compelling
also found to be a competitive inhibitor of the phosphodi- evidence that AP is responsible for the phosphodiesterase
esterase activity®). The phosphodiesterase and phospho- activity.

monoesterase activities were inhibited hywith the same Mutational Analysis of the Phosphodiesterase #iti

Ki, providing further evidence that both reactions are pposphatase and phosphodiesterase activities of several

catalyzed by AP. mutants of AP were examined to test whether similar
A Mutation in AP Changes the Befiar of the Phos- catalytic mechanisms are used in the two reactions. Extensive

phodiesteraseA change in the phosphodiesterase behavior studies of AP have established that AP requires twé"Zn
resulting from a point mutation in AP would provide strong ions for hydrolysis of phosphate monoesters (for reviews,
evidence that AP is indeed responsible for the diesterasesee refs39—41), with Zn, stabilizing the alkoxide of the
activity. An active site mutant of AP, R166S, was therefore Ser102 nucleophile (Figure 4). Mutations of Ser102 lead to
purified and its phosphodiesterase activity characterized. Asdrastically reduced phosphatase actividd, (42, 43). The

for the wild type, phosphodiesterase activity copurified with other zinc ion, Zp is thought to stabilize the leaving group
R166S AP through ion exchange and gel filtration chroma- in the first step of the reaction, formation of the phospho-
tography (Figure 1B and data not shown). Both the phos- serine intermediate, and to activate a water molecule as the
phomonoesterase and phosphodiesterase activities displayedn-hydroxide for subsequent hydrolysis of the covalent
identical heat inactivation profiles (Figure 2B), as also intermediate (Figure 4). Mutations that disrupt this metal ion
observed for wild-type AP. binding site have also been shown to greatly reduce phos-
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FIGURE4: Active site ofE. coli AP. The structure of AP covalently ~ FIGURES: Identical pH-rate profiles for the phosphomonoesterase
bound to vanadate, a transition state analogue for phosphoryl[PNPP @)] and phosphodiesterase [MDNPEI)] activities of
transfer, was determined by Holtz et a5J. The Zr?*+ ions are 166S AP. To facilitate comparison of the two activities, the value
~4 R apart, and their proximity to Ser102 and the vanadyl oxygen ©Of kealKm was normalized by dividing by the maximal observed
atoms suggests there are electrostatic interactions at these position¥@lue ofkea/Kn. A nonlinear least-squares fit of the equation for a
Arg166 makes a bidentate hydrogen bonding interaction to the Single ionization to each of the ptate profiles yielded K, values
vanadyl oxygens and presumably makes a similar interaction with of 7.92+ 0.1 and 7.95k 0.1 for the monoesterase and diesterase
the phosphoryl oxygen atoms in the transition state for reaction of activities, respectively.
phosphate monoesterg1( 65).
substrates with wild-type and R166S AP were investigated,

phatase activityZ2, 23). If the phosphodiesterase reaction and thek../Kn, values are shown in Table 2. Both wild-type
follows the same mechanism as the phosphatase reactionand R166S AP are more active for cleavage of methyl 2,4-
mutations that remove the serine or disrupt the metal ion dinitrophenyl phosphate (MDNPP) than for cleavage of
binding site should eliminate or severely reduce the phos- substrates with g-nitrophenolate leaving group, as expected
phodiesterase activity. We therefore expressed and purifiedbecause the lowerlf of the 2,4-dinitrophenolate leaving
the S102A, S102G, and D327A/H412A AP mutants and group renders MDNPP a more activated compoupd.
characterized their phosphodiesterase activities. Nitrophenyl phenyl phosphonate, a phosphate diester ana-

As expected, each of the mutants examined had greatlylogue, is also a substrate for both wild-type and R166S AP
reduced phosphatase activity (Table 1). The phosphodi-Wwith reactivity similar to that for big-nitrophenyl phosphate
esterase activity was also decreased by at ledstold for (BPNPP, Table 2).
D327A/H412A and by at least #dold for mutations of The AP phosphomonoesterase and phosphodiesterase
S102, suggesting that both Zand Ser102 play important  activities and rate enhancements were compared for a phos-
catalytic roles in the phosphodiesterase reaction. In each casegphate monoester (PNPP) and a phosphate diester (BPNPP)
the reported values df../Kn were limits determined by  with the same leaving group (Table 3). These compounds
enzyme purity and/or assay limits. The crystal structures of have different nonenzymatic reactivities, so catalytic profi-
S102A and S102G do not reveal any global structural ciencies were calculated to allow comparison of the ef-
rearrangements2(), and circular dichroism spectroscopy ficiency of AP as a phosphodiesterase to its efficiency as a
suggests that there are no differences in the secondaryphosphomonoesterase. The catalytic proficiency is defined
structures of R166S, D327A/H412A, and wild-type AP (data as the ratio of the apparent second-order rate constawit (
not shown). The large deleterious effect observed uponK,) divided by the second-order rate constagj) for the
mutation of S102 to alanine or glycine suggests that S102 isuncatalyzed hydrolysis of the same compound [catalytic
directly involved in catalyzing the hydrolysis of phosphate proficiency = (kea/Km)/kw (44)]. AP has a catalytic profi-
diesters, as it is in the reaction of phosphate monoesters. ciency of 10 for hydrolysis of BPNPP, which approaches

pH Dependence for Phosphodiesterase and Phosphomo+the catalytic proficiencies of several enzymes for their
noesterase Adtities. As an additional probe of the mech- physiological substrates44). Nevertheless, the catalytic
anism for AP-catalyzed phosphate diester hydrolysis, we proficiency of 18 for the phosphate diester substrate i% 10
compared its pH dependence with that for hydrolysis of fold lower than the catalytic proficiency of 10for the
phosphate monoesters. Figure 5 shows the pH dependencphosphate monoester substrate (Table 3).
for kea/Km with PNPP and MDNPP with R166S AP. The  The active site arginine of AP has been implicated in
same K, of 8.0 & 0.1 is observed for the two activities, binding to the nonbridging phosphoryl oxygens of the
supporting the notion that both reactions are occurring at substrate (ref20 and 45—-48 and unpublished results).
the same active site. This inactivating{omay be due to  Consistent with previous observatio2§,46, 48), mutation
ionization of a zinc-coordinated water molecule in the free of arginine to serine (R166S) decreased the monoesterase
enzyme, to form ZrOH and block the binding of substrate activity substantially £300-fold, Table 3}. This arginine
(manuscript in preparation). The observation of the saihe p  was predicted to interfere with the ability of AP to act as a
for hydrolysis of a phosphate diester and a phosphatephosphodiesterase, because of potential electrostatic and
monoester provides further evidence that both reactions occursteric clashes with bound phosphate diester substrates.
at the same active site. However, the R166S mutant did not have reduced phos-

Wild-Type and R166S AP Agtly with Phosphate Diester  phodiesterase activity with several substrates (Table 2). This
SubstratesReactions of several different phosphate diester result suggests that there is not a significant energetic barrier
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Table 3: Catalytic Proficiency of Alkaline Phosphatase toward Phosphate Monoester and Phosphate Diester Substrates

PNPP (monoester) BPNPP (diester)
kealKm (M~1s71) ke? (M~1s7h) catalytic proficiency  kea/Kn@ (M~1s7Y) ke? (M~1s7h) catalytic proficiency
wild type 3x 107 5 x 10711 6 x 10 5x 1072 2 x 10713¢ 3 x 101!
R166S 1x 1P 5 x 101d 2 x 10'° 5x 1072 2 x 10713¢ 3 x 101
ratio 300 1

a Enzymatic data were collected at pH 8.0 and°Z5and are reported per active sife,, is the second-order rate constant for nonenzymatic
hydrolysis.¢ Catalytic proficiency is defined as the ratie4/Km)/ky and is unitlessd From ref75; the value at 39C was corrected to 25C using
the reported temperature dependeridaom ref76; the value at 80C was corrected to 25C using the reported temperature dependence.

for rotation of the arginine side chain out of the active site. (for reviews, see ref4 and2). Furthermore, the distantly

This movement may be facilitated by the high charge density related nucleotide pyrophosphatases/phosphodiesterases cata-
of the active site and location of this residue at the surface lyze reactions with both mono- and disubstituted phosphate
of the protein without an extensive network of interactions esters {2, 14). The two Zri" ions in the AP active site could

that position it 49). accelerate the hydrolysis of both phosphate monoesters and
diesters via common catalytic strategies, such as activation
DISCUSSION and positioning of the nucleophile and stabilization of the

A low level of promiscuous activity toward an alternative 1€aving group (see ref8, 49, and 59-64 and references
reaction could facilitate the evolution of new enzymes after therein). The large deleterious effects observed for the
gene duplication by providing a selective advantage 50— phosphodiesterase activity upon mutation of thesttie _and
55). It is therefore of interest to determine the ability of S€r102 suggest that similar catalytic features are involved
enzymes to catalyze alternative reactions to gain insight into In the hydrolysis of phosphate monoesters and diesters.
past evolutionary events and present evolutionary potential. Comparison of Phosphodiesterase and Phosphomo-
The AP superfamily is only one of many examples of diverse Noesterase Actities of AP.Although 'Fhe rate enhance'ment
enzyme superfamilies that appear to have diverged from aof 10*-fold for AP-catalyzed hydrolysis of phosphate diesters
common ancestor to catalyze a variety of chemical trans- IS Substantialca/Kn is small relative tdca/Km for hydrolysis
formations (1; for reviews, see refd7 and 56—58). AP of phosphate monoesters and the phosphomonoesterase rate
exhibits a low level of sulfatase activity in addition to its €nhancement ia 10°-fold larger than the phosphodiesterase
proficient phosphatase activitg%). This provides functional ~ rate enhancement (Table 3). This raises the question of why
support for the proposed evolutionary relationship between AP is @ more efficient catalyst of phosphate monoester
arylsulfatases and alkaline phosphata8e4@). More recent ~ hydrolysis than of phosphate diester hydrolysis.
observation of sequence homology between AP and nucle- Consideration of linear free energy relationships in non-
otide pyrophosphatases/phosphodiesteraﬂego prompted enZymatiC reactions of phOSphate mono- and diesters SUggeStS
us to examine whether AP can also catalyze this additional that the catalysis expected simply from nucleophilic activa-
reaction. tion by a Zr¥" ion and leaving group stabilization by another

The experiments described herein demonstrateitheoli Zn?* ion are similar for both reactions. In contrast, mutation
AP catalyzes phosphate diester hydrolysis. The phosphomo-f R166 to serine reduces the phosphomonoesterase activity
noesterase and phosphodiesterase activities copurify; boti~300-fold, without adversely affecting the phosphodiesterase
activities exhibit the same pH dependence, andsPa  activity (Table 3): R166 appears to interact with the
competitive inhibitor for both activities, inhibiting each with ~ nonbridging phosphoryl oxygen atoms of a phosphate
the same inhibition constant. Furthermore, a point mutation monoesters) and could stimulate the phosphomonoesterase
that weakens finding to AP weakens;fnhibition of the reaction by helping to bind and position the substrate, by
phosphodiesterase activity to the same extent. The rateStabilizing charge rearrangement in the transition state, and/
enhancement of AP as a phosphodiesterase is substantiaP’ by desolvating the phosphoryl groud( 65-67). This
10'fold relative to the nonenzymatic reaction (Table 3). interaction does not contribute to the reaction of phosphate
On one hand, this efficient catalysis was unexpected becausdliesters (Tables 2 and 3), presumably because the introduc-
phosphate diesters differ sterically and electrostatically from tion of steric bulk upon esterification of an oxygen of the
phosphate monoesters, the physiological substrates for AP transferred phosphoryl group prevents this interaction with
and because bonding and charge distribution in the transitionthe phosphate diester substrate. Nevertheless, the presence
state for hydrolysis of phosphate monoesters and diester<Of this residue does not hinder the phosphodiesterase reaction.
also differ @, 6). On the other hand, many phosphodi- Rotation of the arginine side chain out of the active site
esterases have two divalent metal ions that are bound in avithout a significant energetic barrier could account for this
manner similar to that of the metal ions of AP, including absence of an inhibitory effect (see the Results). Thus,
phospholipase C, P1 nuclease, and DNA pol | exonucleaseinteraction with R166 accounts for a considerable amount

of the greater efficiency of phosphate monoester hydrolysis.

2t should be noted that the chemical step is not rate-limiting for ~_ Névertheless, R166S AP remains a more efficient phos-

keafKm With PNPP as a substrate for the wild-type enzymelo, 77). phomonoesterase than a phosphodiesterase by at I¢ast 10
Thus, 300-fold represents a lower limit for the effect of the R166S fold (Table 3). The simplest model to account for this

mutation on the chemical step. The R166S mutation redkceékn i i i
for alkyl phosphates, for which the chemical step limits reaction of difference is that the greater negative charge of the phosphate

both the wild type and mutant by10*fold (ref 47 and unpublished ~ Monoester relative to the phosphate diester allows more
results). favorable electrostatic interactions with the?Zions in the
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AP active site. Natural phosphodiesterases may instead useandom drift will cause an accumulation of mutations in
binding interactions with the additional substituent on the duplicated genes, many of which will be deleterious to
transferred phosphoryl group to ensure specificity and to structure and function, and the majority of duplicated genes
enhance the rate of the reactid (4). will be lost (63). If, however, the gene is placed under
Other Examples of Promiscuous Phosphodiesterase-Acti  selective pressure for the gene product’s ability to catalyze
ity. Binuclear metal ion centers appear to be particularly well an alternative reaction, then natural selection can bias the
suited for catalyzing phosphoryl transfer, as there are manyevolution toward a more efficient catalyst of the new reaction.
examples of enzymes that utilize this catalytic motif and Although catalytic promiscuity is expected to increase the
many of these act on phosphate diester substrdieg).( probability for evolution of a new activity, promiscuous
Recent findings that other two metal ion catalysts have activity is only one of many factors that determine evolution-
promiscuous phosphodiesterase activity provide additionalary potential. For example, there must be a pathway of
evidence for the inherent catalytic potential of binuclear sequential mutations, each of which confers a selectable
clusters for catalyzing phosphate diester hydrolysis. The advantage, for evolution to progress from an efficient catalyst
bacterial phosphotriesteraség), an aminopeptidase from of one reaction to an efficient catalyst of a distinct reaction
Streptomyce9), and now alkaline phosphatase have each (74). Understanding the malleability of enzyme active sites
been shown to provide substantial rate enhancements fori.e., the relative ease by which an enzyme can be optimized
cleavage of a phosphate diester bordafKm)/ky = 10— for a different reaction) and the consequences of the
10]. As each of these enzymes catalyzes different chemical mutagenic changes that arise through the course of evolution
transformations in their physiological roles and has inde- present exciting and fundamental challenges for the future.
pendent evolutionary histories, this suggests that two metal
ions positioned~4 A apart are especially conducive to ACKNOWLEDGMENT
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