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ABSTRACT: Bacteriophageλ protein phosphatase (λPP) with Mn2+ as the activating metal cofactor was
studied using phosphatase inhibition kinetics and electron paramagnetic resonance (EPR) spectroscopy.
Orthophosphate and the oxoanion analogues orthovanadate, tungstate, molybdate, arsenate, and sulfate
were shown to inhibit the phosphomonoesterase activity ofλPP, albeit with inhibition constants (Ki) that
range over 5 orders of magnitude. In addition, small organic anions were tested as inhibitors.
Phosphonoacetohydroxamic acid (PhAH) was found to be a strong competitive inhibitor (Ki ) 5.1 ( 1.6
µM) whereas phosphonoacetic acid (Ki ) 380( 45µM) and acetohydroxamic acid (Ki > 75 mM) modestly
inhibited λPP. Low-temperature EPR spectra of Mn2+-reconstitutedλPP in the presence of oxoanions
and PhAH demonstrate that inhibitor binding decreases the spin-coupling constant,J, compared to the
native enzyme. This suggests a change in the bridging interaction between Mn2+ ions of the dimer due
to protonation or replacement of a bridging ligand. Inhibitor binding also induces several spectral shifts.
Hyperfine splitting characteristic of a spin-coupled (Mn2+)2 dimer is most prominent upon the addition of
orthovanadate (Ki ) 0.70( 0.20µM) and PhAH, indicating that these inhibitors tightly interact with the
(Mn2+)2 form of λPP. These EPR and inhibition kinetic results are discussed in the context of establishing
a common mechanism for the hydrolysis of phosphate esters byλPP and other serine/threonine protein
phosphatases.

Eukaryotic serine/threonine phosphoprotein phosphatases
utilize a dinuclear metal cluster for catalysis and are involved
in the dephosphorylation of a variety of phosphoserine/
threonine substrates (3-7). These enzymes function in crucial
cellular processes, including gene expression, cell growth,
and cell differentiation. Numerous pathophysiological condi-
tions have been attributed to aberrant regulation of these
phosphatases including apoptosis, cardiac hypertrophy, im-
munosupression, memory loss, and cancer (8-11).

Serine/threonine phosphoprotein phosphatases fall into two
structurally distinct gene families (PPP1 and PPM) according
to nomenclature adopted for human genes (12). These
phosphatases have also been classified on the basis of their
substrate specificity, divalent metal ion dependence, and
inhibition by different phosphatase inhibitors (13-16). Of
the enzymes in the PPP family, protein phosphatases 1 (PP1),
2A (PP2A), and calcineurin (PP2B) contain the phospho-

esterase sequence motif, DXH(X)nGDXXDG(X)mGNHD/E
(5, 17, 18). X-ray structures of PP1 (3, 4), calcineurin (2,
19), and, most recently, bacteriophageλ protein phosphatase
(λPP) (1), a related serine/threonine phosphoprotein phos-
phatase of the PPP family, reveal that this phosphoesterase
motif forms aâ-R-â-R-â secondary structure scaffold
that provides ligands for the active site dinuclear metal
cofactor. An identical constellation of metal ligands and
coordination geometries is found in all three enzymes, with
the two metal ions linked by a bridging solvent molecule
and aµ-1,1 aspartic acid. Additional metal ligands include
two solvent molecules, a histidine, and an aspartic acid to
the first metal ion (denoted the M1 metal site) and one
solvent molecule, two histidines, and an asparagine to the
second metal ion (denoted M2). The active sites of these
three enzymes are nearly superimposable, with root-mean-
square deviation between active site metals and protein
ligands<0.5 Å.2 The conservation in amino acid sequence,
protein fold, and active site structure suggests that phos-† This work was supported by Grant GM46865 from the National

Institutes of Health.
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and Foundation, 200 First St. S.W., Rochester, MN 55905. Tele-
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1 Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic
resonance; PhAH, phosphonoacetohydroxamic acid;λPP, bacteriophage
λ phosphoprotein phosphatase; PP1, protein phosphatase 1; PP2A,
protein phosphatase 2A; PP2B, calcineurin (protein phosphatase 2B);
PPM, eukaryotic Ser/Thr phosphatase subfamily including PP2C; PPP,
eukaryotic Ser/Thr phosphatase subfamily including PP1, PP2A, and
calcineurin; pNPP, p-nitrophenyl phosphate; PTP, protein tyrosine
phosphatase family; WT, wild type.

2 The root-mean-square deviation calculation was performed using
the SwissPdbViewer (version 3.5) software program. The atomic
coordinates ofλPP, calcineurin, and PP1 were retrieved from the
Research Collaboratory for Structural Bioinformatics (RCSB) Protein
DataBank (http://www.rcsb.org/pdb/) under filenames 1G5B, 1AUI, and
1FJM, respectively. Active site metal ions and amino acid residues
D20, H22, D49, N75, H139, H186, and H76 of the A, B, and C subunits
of crystallizedλPP (1) were superimposed with active site metal ions
and amino acid residues D90, H92, D118, N150, H199, H281, and
H151 of the calcineurin A subunit (2) and the active site metal ions
and amino acid residues D64, H66, D92, N124, H173, H248, and H125
of PP1 (3).
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phomonoester hydrolysis proceeds through a common mech-
anism in these three enzymes.

Purple acid phosphatases can also be considered to be
members of the PPP family of metallophosphoesterase.
However, the phosphoesterase motif of purple acid phos-
phatases, D(X)nGDXXY(X) mGNHD/E, represents a variation
of the motif noted above (16). These similarities are reflected
in a comparable but not identical active site geometry
compared to calcineurin and PP1. In PP1/calcineurin, a
histidine ligand to the Fe ion is replaced by a tyrosine residue
in the purple acid phosphatases. An additional substitution
of a solvent molecule with a histidine ligand results in a net
water-for-tyrosine substitution in the Fe coordination sphere
of calcineurin/PP1 compared to purple acid phosphatase (10).

Mn2+ is proposed to be the physiological metal ion
cofactor forλPP3 and is an excellent metal coactivator (20).
In addition, it has been proven to be a useful active site probe
because of its paramagnetic properties. Characterization of
the spin-coupled (Mn2+)2 center ofλPP by electron para-
magnetic resonance (EPR) spectrometry has demonstrated
that the M1 and M2 metal binding sites exhibit different
binding affinities, with the M2 site as the high-affinity site
(21, 22). These results, along with the recently solved X-ray
crystal structure and the biochemical and spectroscopic
analysis of proteins in which active site residues were
mutated (1, 22, 23), have provided considerable mechanistic
and structural information. Taken together, these studies
confirm λPP as an excellent model of the more complex,
eukaryotic Ser/Thr PPases. A study of the interaction of
serine/threonine phosphoprotein phosphatases with various
inhibitors is important as it may provide clues to the
mechanism of phosphate ester hydrolysis (24, 25). It is long
established that one of the products of the phosphatase
reaction, orthophosphate, is a modest inhibitor of PPPs (Ki

∼ 1 mM) at physiological pH (20, 26, 27). Other structural
and electronic oxoanion analogues of orthophosphate, such
as orthovanadate, molybdate, sulfate, tungstate, and arsenate,
also inhibit PPPs and purple acid phosphatases (20, 26, 28-
30).

Crystal structures of oxoanion inhibitors bound to PP1,
calcineurin, purple acid phosphatase, alkaline phosphatase,
andλPP reveal structures that are likely to mimic reaction
intermediates (1-4, 19, 31-35). For example, the structure
of λPP with sulfate bound in two different coordination
modes gave significant insight into how a phosphoserine or
phosphothreonine substrate might be hydrolyzed at the active
site ofλPP. In one orientation, sulfate was bound terminally
to the M2 site, whereas in the other configuration, sulfate is
coordinated to both metals in a novel, triply bridged mode.
It was hypothesized that these mimicked intermediates along
the reaction pathway.In this study, the kinetic and spectro-
scopic properties of Mn2+-reconstituted forms ofλPP in the
presence of various inhibitors were studied using phosphatase
inhibition kinetics and electron paramagnetic resonance
(EPR). A series of organic and oxoanion inhibitors were
utilized with the aim of understanding and establishing a
mechanism for the hydrolysis of phosphate esters inλPP and
other Ser/Thr PPases.

EXPERIMENTAL PROCEDURES

Materials

Ampicillin, Coomassie Brilliant Blue-G250, bovine serum
albumin (BSA), dithiothreitol (DTT), MnCl2, p-nitrophenyl
phosphate, disodium salt (pNPP), DEAE-Sephadex CL-6B,
phenyl-Sepharose, Dowex 1-Cl (200-400 mesh), Tris,
glycerol, phosphonoacetic acid, LiCl, LiOH, acetohydrox-
amic acid, succinic acid, malonic acid, sodium phosphate
(monobasic), sodium molybdate (dihydrate), sodium ortho-
vanadate, sodium sulfate (anhydrous), and sodium tungstate
were obtained from Sigma-Aldrich (St. Louis, MO). Hy-
droxylamine hydrochloride was purchased from EM Science
(Cherry Hill, NJ). Ultrafree (5 kDa cutoff) microconcentrators
were purchased from Millipore (Bedford, MA). YM10 Diaflo
ultrafiltration membranes were purchased from Amicon, Inc.
(Beverly, MA). NAP-25 gel filtration columns containing
Sephadex G25 resin were purchased from Pharmacia Biotech
(Piscataway, NJ). The plasmid pT7-7 was obtained from
Stanley Tabor (36). Bacterial growth media were purchased
from Fisher Scientific Co. (Hanover Park, IL). All chemicals
were ACS grade or better, and glass-still-distilled water was
used throughout.

Synthesis of Phosphonoacetohydroxamic Acid (PhAH).
PhAH was synthesized as previously described (37) with the
following modifications. Phosphonoacetic acid was converted
to the monoethyl ester by refluxing 1.0 g (7.1 mmol) in 50
mL of absolute ethanol with 0.125 mL of H2SO4 for 4 h.
The solution was cooled, and the monoethyl ester was
converted to the hydroxamate by adding 25 mL of a freshly
prepared solution of 2.0 M NH2OH-HCl in 3.0 M NaOH
dropwise. After 30 min, the reaction mixture was diluted to
0.85 L, adjusted to pH 8.0 with concentrated HCl, and
applied to a 2.5× 30 cm column of Dowex 1-Cl. The column
was washed with 500 mL of water, and PhAH was eluted
with a 1.2 L LiCl gradient from 0 to 0.1 M in 20 mM HCl.
Fractions (12 mL) were collected and analyzed for PhAH
by adding 0.5 mL of each fraction to 0.2 mL of 1% FeCl3

and measuring the absorbance due to the PhAH-Fe complex
at λ ) 505 nm. PhAH eluted around 50 mM LiCl. Pooled
fractions were adjusted to pH 8.0 using 3 M LiOH, frozen
in liquid N2, and lyophilized. LiCl was removed from the
lyophilized powder by washing with dry methanol-acetone
(1:4). Filtration using Whatman filter paper and a Buchner
funnel recovered the Li+-hydroxamate salt. Further column
purification of the pooled fractions over a second Dowex
1-Cl column allowed for further resolution of PhAH from
phosphonoacetic acid. The Li+ salt was stored desiccated at
room temperature with an overall yield of 780 mg (52%).
1H 300 MHz NMR (in D2O) showedδ 2.4 (d,JPCH ) 18.6
Hz) and 92% purity, with phosphonoacetic acid being the
major impurity.

Expression and Purification of WTλPP. Expression and
purification of bacteriophageλ protein phosphatase were
performed as previously described using the plasmid pT7-7
containing the WTλPP DNA sequence transformed intoE.
coli BL21(DE3) cells (1, 20, 22). Following growth in 2×TY
media containing 400µg/mL ampicillin in 6 L Erlenmeyer
flasks, the cells were lysed and centrifuged and the super-
natant was purified using a combination of anion exchange
(DEAE Sephadex CL-6B) and hydrophobic interaction3 Reiter, T. A., Reiter, N. J., and Rusnak, F., personal communication.
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(phenyl-Sepharose) chromatographies. The purified apoen-
zyme was dialyzed twice against 4 L of 100 mMTris-HCl,
pH 7.8, 100 mM NaCl, 10% glycerol; further concentrated
to 19-35 mg/mL using YM-10 Diaflo ultrafiltration mem-
branes (Amicon, Beverly, MA) or Millipore ultrafree con-
centrators (Bedford, MA); and frozen at-70 °C. Concen-
trations of protein mixtures and cell extracts were determined
using the Coomassie Plus Protein Assay Reagent (Pierce,
Rockford, IL), using a BSA as a standard. The concentration
of purified protein was also measured in triplicate usingε280

) 41 700 M-1 cm-1.

Methods

EPR and NMR Spectroscopy.EPR spectra were obtained
using a Bruker ESP 300E spectrometer operating at X-band
microwave frequency (9.46 GHz) with samples maintained
at low temperature (3.3-100 K) using an Oxford Instruments
ESR 900 continuous helium flow cryostat.1H NMR spectra
of PhAH were acquired using a Bruker AMX-300 widebore
multinuclear spectrometer.

Inhibition Studies ofλ Protein Phosphatase. Inhibition of
λPP by small organic molecules and oxoanions was per-
formed in 0.1 M Tris-HCl, pH 7.8, 0.1 M NaCl, and 10%
glycerol with 1 mM MnCl2, 2.0-90 mM pNPP, and
approximately 4 nMλPP. Inhibitors were added to the
solution with the following concentration ranges: PhAH
(0.0-60 µM), phosphonoacetic acid (0.0-2 mM), aceto-
hydroxamate (0.0-500 mM), succinic acid (0.0-25 mM),
malonic acid (0.0-20 mM), orthovanadate (0.0-10 µM),
tungstate (0.0-200 µM), phosphate (0.0-10 mM), molyb-
date (0.0-10 mM), sulfate (0.0-60 mM), and arsenate (0.0-
20 mM). Vanadate, tungstate, and molybdate in aqueous
solution undergo formation of polyoxoanions (38). Stock
solutions of tungstate, molybdate, orthovanadate, and arsenate
were prepared at pH 8.0 to minimize the formation of
polyoxoanions. At the concentrations used in this study, the
monomer is the predominant species (39, 40). Reactions were
started upon the addition ofλPP, and the reaction was
monitored by the increase in absorbance at 410 nm versus
time using a Varian Cary 1 double-beam spectrophotometer,
with ε410 ) 14 400 M-1 cm-1 for thep-nitrophenolate anion
at pH 7.8 and 25°C. The initial velocities at different
substrate and inhibitor concentrations were fit to three
different kinetic models including competitive, uncompeti-
tive, and mixed (noncompetitive) inhibition using DYNAFIT
software on an IBM-compatible personal computer (41). The
model discrimination analysis method of DYNAFIT was
used to distinguish the mode of inhibition.

Time-Dependent Inhibition Study Using PhAH, Ortho-
Vanadate, and Tungstate.Progress curves for the reaction
of λPP with 20 mMpNPP in 0.1 M Tris-HCl, pH 7.8, 0.1
M NaCl, 10% glycerol, and 1 mM MnCl2 were followed
spectrophotometrically at 410 nm using concentrations of
PhAH, orthovanadate, and tungstate at 0.0, 75, 100, and 200
µM. After an initial assessment of the reaction velocity, the
inhibitor was added, and monitoring ofp-nitrophenolate
production was continued.

EPR Analysis ofλ Protein Phosphatase Reconstituted with
Mn2+ (21, 22). RecombinantλPP at a final concentration of
120-300 µM (3-7.5 mg/mL) in 0.1 M Tris-HCl, pH 7.8,
0.1 M NaCl, 10% glycerol, and 1 mM MnCl2 was incubated

10-15 h at 4°C. Following incubation, the protein was
concentrated to 0.5 mL using an ultrafiltration cell equipped
with a YM-10 membrane. The sample was then exchanged
into the same buffer without MnCl2 by passage over a NAP-
25 column. The sample was concentrated, measured in
triplicate for protein concentration, transferred to a quartz
EPR tube, and frozen by immersion in liquid nitrogen. EPR
spectra of Mn2+-reconstitutedλPP were obtained at 3.5 and
30 K. EPR samples were then thawed, and the following
inhibitors were added: arsenic acid (disodium salt) (50 mM),
sodium orthophosphate (10 mM), tungstic acid (sodium salt)
(2.0 mM), sodium orthovanadate (1.1 mM), and PhAH (840
µM). EPR samples with inhibitors were mixed and incubated
at room temperature for 5 min prior to freezing. All EPR
samples were prepared from the same batch of purified
protein which had a specific activity of (5.0( 0.5) × 102

µmol min-1 mg-1.
EPR Spectroscopic Analysis of Various Inhibitor Com-

plexes.The magnetic spin levels of high-spin Mn2+ (S )
5/2) can be described by the spin Hamiltonian,H (eq 1) (42):

whereD andE represent zero-field splitting terms,g0 is the
intrinsic g value for Mn2+, â is the Bohr magneton, andA is
the hyperfine constant describing the strength of the inter-
action between the electronic spin and the nuclear spin of
55Mn (I ) 5/2). The zero-field splitting termsD andE split
the six ms levels of the ground-stateS ) 5/2 spin system
into three sets of degenerate doublets withms ) (1/2,
(3/2, and(5/2. Application of an external magnetic field
completely removes all degeneracies according to the
Zeeman interaction. Magnetic coupling between nuclear and
electronic spins split each of the electronic levels into 6
additional levels, leading to 36 states, each characterized by
electronic (M, ms) and nuclear (m, mI) quantum numbers.
EPR selection rules (∆ms ) (1, ∆mI ) 0) result in 30
allowed transitions whose resonance frequency is a function
of the orientation of the molecule relative to the external
magnetic field. In most cases for Mn2+ ions in an all-oxygen/
nitrogen coordination environment, the zero-field splitting
and Zeeman interactions are of comparable magnitude.

When two paramagnetic Mn2+ ions (S ) 5/2) are bound
in close proximity to each other, they can interact via an
exchange coupling mechanism. When this occurs, an ad-
ditional term is added to the spinHamiltonian, given by eq
2.

In eq 2,SB1 andSB2 represent the spin operators for each high-
spin Mn2+ ion (S1 ) S2 ) 5/2) and the coupling constantJ
represents the strength of the exchange interaction. WhenJ
is the dominant term in the Hamiltonian, a set of spin states
with total spinS result, whereS ) S1 + S2. S can take on
integral values from|S1 - S2| to (S1 + S2), i.e.,S) 0, 1, 2,
..., 5 for high-spin Mn2+, separating in energy according to
eq 3.

For an antiferromagnetically coupled system, the ground state
is diamagnetic (S) 0) and is EPR-silent while each excited

H ) D(Sz
2 - S2) + E(Sx

2 - Sy
2) + g0âHB‚SB + ASB‚ IB (1)

H′ ) JSB1‚SB2 (2)

E ) J/2[S(S+ 1) - (S1(S1 + 1) - S2(S+ 1))] (3)
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state (S) 1, 2, ..., 5) can give rise to a unique EPR spectrum.
Thus, whenJ is the dominant term in eq 3, the observed
EPR spectra are temperature-dependent and will represent a
sum of spectra contributed from each spin level weighted
according to a Boltzmann population distribution governed
by eq 3 and the temperature of the system (eq 4).

RESULTS

Inhibition of λPP by Organic Anions and Oxoanions.A
variety of anions were tested as potential inhibitors ofλPP.
These can be grouped into two categories: oxoanions, as
orthophosphate product analogues, and organic anions, which
mimic the substrate phosphomonoester or possibly a transi-
tion state. UsingpNPP as substrate, all compounds were
shown to inhibit the phosphomonoesterase activity ofλPP
using Mn2+ as the activating metal ion cofactor, albeit with
inhibition constants (Ki) that range over 5 orders of magni-
tude (Tables 1 and 2). Initial reciprocal plots indicated
competitive inhibition for all inhibitors. Nevertheless, the
entire data set for each was fit to competitive, noncompeti-
tive, and mixed inhibition models using the program
DYNAFIT (41). This nonlinear, least-squares analysis ap-
proach confirmed competitive inhibition for all compounds
as the best of these models to describe the data based on the
magnitude of the errors. It should be noted that preparations
of pNPP contain a small amount of contaminating ortho-
phosphate (≈1%), thus complicating the interpretation of data
obtained at the highest concentrations ofpNPP. Despite this,
the assumption of competitive inhibition and the use of

uniform assay conditions allow a reasonable comparison of
the inhibition constants across this series of compounds.
Tables 1 and 2 listKi values for these various inhibitors.
DYNAFIT nonlinear plots of initial velocity versus substrate
concentration are available in Supporting Information.

Of the oxoanions, orthovanadate (Ki ) 0.70( 0.20µM)
and tungstate (Ki ) 42 ( 13 µM) are both potent inhibitors
of λPP (Table 1). These oxoanions do not display time-
dependent inhibition upon examining their product progress
curves following addition of inhibitor; i.e., the rate of product
formation remains constant for up to 18 min, indicating that
both of these oxoanions establish a rapid equilibrium with
λPP (data not shown). Phosphate (Ki ) 0.71 ( 0.39 mM)
and molybdate (Ki ) 1.30( 0.26 mM) behave similarly as
competitive inhibitors ofλPP but are∼103 less effective than
orthovanadate. Arsenate (Ki ) 6.0 ( 1.4 mM) and sulfate
(Ki ∼ 20 mM) are both poor inhibitors ofλPP.

PhAH (Ki ) 5.1 ( 1.6 µM) is a strong competitive
inhibitor of λPP (Table 2). Removal of the hydroxamate
group in PhAH yields phosphonoacetate (Ki ) 380 ( 45
µM), which decreases the effectiveness of the inhibitor∼75-
fold. Acetohydroxamate (Ki ∼ 75 mM), which has the
phosphonate group missing compared to PhAH, does not
readily inhibit phosphate ester hydrolysis ofλPP. Therefore,
both the hydroxamate and-PO3

2- functional groups are
necessary. Additional compounds with bifunctional metal-
coordinating moieties, malonic acid and succinic acid, were
used to investigate whether small dicarboxylic acids are
inhibitors ofλPP. They were found to be only weak inhibitors
of λPP (Ki ≈ 9 and 12 mM, respectively).

Progress curves for the reaction ofλPP withpNPP in the
presence of PhAH indicate that PhAH is not a slow, tight
binding inhibitor ofλPP as previously observed for enolase
(37). Like orthovanadate and tungstate, the rate of product
formation is constant at all times monitored for PhAH
concentrations from 0.0 to 200µM, indicating that PhAH
establishes a rapid equilibrium withλPP (data in Supporting
Information).

EPR Spectra of Mn2+-Reconstitutedλ Protein Phosphatase
in the Presence of Inhibitors.It has previously been shown
that reconstitution ofλPP with Mn2+ produces a mixture of
two Mn-protein complexes: a mononuclear Mn2+ species
representing partially occupied enzyme with the Mn2+ ion
residing in the M2 site, and a fully reconstituted, spin-coupled
(Mn2+)2 dimer. Each of these species gives rise to unique
EPR spectra that can be differentiated based on their

Table 1: Inhibition of Mn2+-StimulatedλPPpNPP Phosphatase Activity by Oxoanions

oxoanions Ki
a (µM) IC50

b (µM)
X-O bond
length (Å)c pK1

d pK2 pK3

principal ionized
species at pH 7.8

H3VO4 0.70( 0.20 0.72 1.655( 0.095 3.78 7.85 13.0 (H2VO4)- + (HVO4)2-

H2WO4 42 ( 13 58 1.757( 0.020 4.6 3.5 (WO4)2-

H3PO4 710( 130 710 1.520( 0.047 2.16 7.21 12.32 (HPO4)2-

H2MoO4 1300( 260 2000 1.762( 0.033 3.55 4.2 (MoO4)2-

H3AsO4 6000( 1400 >1900 1.686( 0.027 2.26 6.76 11.29 (HAsO4)2-

H2SO4 ∼20000 18000 1.449( 0.030 -3 1.99 (SO4)2-

a The value reported for sulfate represents the concentration of inhibitor that leads to 50% inhibition (IC50) and was not evaluated utilizing the
DYNAFIT software program.b IC50 values reported by (20). c X-O bond lengths( standard deviation, where X) V, W, P, Mo, As, and S, were
obtained by averaging bond lengths from a number of three-dimensional X-ray structures from the Protein DataBank. The following PDB files
were used: VO4, 1RPT, 1IDQ, 1QI9, 3RNT; WO4, 1ATG, 1WOD, 1FR3; PO4, 1UTE, 1A2Y, 1A40, 1A54, 1AJK, 1AOP, 1BI2, 1B7D; MoO4,
1EO1, 1AMF, 1H9J, 1H9M; SO4, 1QHW, 1G5B, 1FIT, 104M, 1AOJ, 102M, 109M, 1A2Z, 1A3C. Arsenic-oxygen bond lengths for AsO4 were
determined from X-ray structures of arsenate model compounds (68-71). d pKa values for phosphoric, arsenic, and sulfuric acid were from standard
tables of dissociation constants for inorganic acids and bases. pKa values for vanadic, molybdic, and tungstic acid were from (40, 72).

Table 2: Inhibition of Mn2+-StimulatedλPPpNPP Phosphatase
Activity by Organic Anions

organic anions Ki
a (µM)

phosphonoacetohydroxamate (PhAH) 5.1( 1.6
phosphonoacetate 380( 45
acetohydroxamate ∼75000
succinate ∼12000
malonate ∼9000

a Values reported for acetohydroxamate, malonate, and succinate
represent the concentration of inhibitor that leads to 50% inhbition (IC50)
and were not evaluated utilizing the DYNAFIT software program.

ns(T) )
(2S+ 1) exp[-S(S+ 1)J/kT]

∑
i

(2Si + 1) exp[-S(Si + 1)J/kT]

(4)
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temperature dependence and electron-nuclear hyperfine
patterns (21, 22).4 The intensity of the EPR spectrum of the
mononuclear Mn2+ species follows a 1/T Curie-law depen-
dence and is therefore most intense at the lowest temperature
attainable on our spectrometer, ca. 3.2 K. The EPR spectrum
of the spin-coupled (Mn2+)2 species, on the other hand,
results from an excited-state feature, is not observable for
temperatures< 7 K, and exhibits maximum intensity at 20-
30 K. The spectral features unique to each species have been
described previously (21). EPR spectra of Mn2+-reconstituted
λPP at 4 and 30 K provide representative spectra of the
mononuclear Mn2+ and dinuclear (Mn2+)2 species of the
native enzyme, respectively (Figures 1A and 2A). Features
representative of the mononuclear Mn2+ species include an
intense, and nearly isotropic resonance at 3.3 kG with a six-
line 55Mn-hyperfine pattern (g ≈ 2, A ≈ 90 G), a broad
feature extending from 2 to 3 kG, a∆ms ) (2 transition
exhibiting55Mn-hyperfine-splitting at 1.3-2.1 kG (g ) 4.05,
A ) 88 G), and a weak, near-zero-field transition also
exhibiting 55Mn hyperfine interactions (g g 17) (21, 22).
The same or similar features can also be observed in EPR
spectra of Mn2+-reconstitutedλPP in the presence of the
inhibitors arsenate, phosphate, tungstate, orthovanadate, and
PhAH, although the intensities vary from sample to sample
(Figure 1, B-F).

Interestingly, several features from a dinuclear (Mn2+)2

species are also present in 4 K spectra of the inhibitor
complexes ofλPP (Figure 1). These include a pair of

resonances from 0.3 to 1.4 kG in samples containing
vanadate and PhAH (Figure 1, E and F); features at 2.3 and
2.7 kG in samples containing arsenate, phosphate, tungstate,
vanadate, and PhAH (Figure 1, B through F); and a series
of broad shoulders distinct for each spectrum ranging from
3.8 to>6 kG. Although these new features are better resolved
in the 30 K EPR spectra (Figure 2), they are clearly visible
in the 4 K EPR spectra of samples containing inhibitors, a
distinguishing feature compared to the native Mn2+-
reconstituted enzyme (Figure 1A). Many of these features
also exhibit55Mn-hyperfine interactions that are typical of
spin-coupled (Mn2+)2 dimers, i.e., a splitting approximately
half (ca. 40 G) that expected for a monomer.

It is evident that the spectral features noted above, in
Figure 1, B through F, are indicative of a spin-coupled
(Mn2+)2 center ofλPP. These resonances arise from excited
states, most likely theS ) 2 manifold of a coupled system
(43). The fact that they are apparent at 3-4 K indicates that
inhibitor binding decreases the spin-coupling constant,J,
compared to the native enzyme. In exchange-coupled metal
dimers, the coupling constant is dependent upon the nature
of the ligand that bridges the two paramagnetic metal ions.
In wild-type λPP, aµ-solvent (aquo, hydroxo) ligand is
shared between the metal ions (1). From EPR studies, the
coupling interaction is thought to be antiferromagnetic, with
a coupling constant of only a few cm-1 (21). The change in
the coupling constant suggests a change in the bridging
interaction between the two paramagnetic metal ions, due
either to protonation or to replacement of the bridging ligand.

In the 30 K EPR spectra of Figure 2, many notable
differences occur in both the intensities and the resonance
positions of the dinuclear (Mn2+)2 cluster of nativeλPP

4 In addition to these two Mn-protein complexes, a variable amount
of free Mn(H2O)62+ is also present. EPR spectra of Mn(H2O)62+ consist
of a 6-line hyperfine pattern centered atg ) 2 (3450 G) with ca. 90 G
spacing between hyperfine lines.

FIGURE 1: Low-temperature EPR spectra of Mn2+-reconstitutedλPP in the absence and presence of various inhibitors. (A) WTλPP (1.15
mM) in the absence of inhibitor at 3.3 K. (B) WTλPP (1.08 mM) in the presence of 50 mM arsenate at 3.2 K. (C) WTλPP (1.1 mM) in
the presence of 10 mM inorganic phosphate at 3.5 K. (D) WTλPP (2.0 mM) in the presence of 2.0 mM tungstate at 3.2 K. (E) WTλPP
(1.01 mM) in the presence of 1.1 mM orthovanadate at 3.2 K. (F) WTλPP (0.85 mM) in the presence of 0.84 mM phosphonoacetohydroxamic
acid at 3.5 K. Spectrometer conditions: microwave power, 0.5 mW; microwave frequency, 9.46 GHz; modulation amplitude, 2 G at 100
kHz.
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compared to inhibitor complexes (Figure 2). The addition
of 50 mM arsenate (Figure 2B) caused only minor changes
in the 30 K EPR spectrum, indicating little alteration of zero-
field splitting parameters of either Mn2+ ion. Spectral changes
which distinguish the phosphate complex (Figure 2C) from
the native enzyme (Figure 2A) can be seen by comparing
Figure 2, C and A. The most notable difference is the absence
of the derivative-shaped feature from 0.1 to 1.0 kG in the
phosphate complex. In addition, the three broad high-field
resonances in the 4-6 kG region of the native enzyme are
shifted to lower field and significantly less resolved in the
phosphate complex. Tungstate (2.0 mM, Figure 2D) also
results in numerous spectral shifts in both low- and high-
field features relative to the native enzyme. The tungstate
complex also exhibits an intense near-zero-field transition.

The 30 K EPR spectra ofλPP in the presence of
orthovanadate (Figure 2E) and PhAH (Figure 2F) are quite
distinct from the EPR spectrum of the native enzyme yet
remarkably similar to each other. The derivative feature from
0.1 to 1.0 kG of the native enzyme is shifted to 0.35-0.65
kG in these inhibitor complexes. The high-field resonances
(4-6 kG) are sharper and more resolved in both the vanadate
and PhAH complexes compared to any of the other enzyme
species and are shifted to lower field relative to the native
enzyme. There are also abundant and well-resolved hyperfine
lines observed in the region from 0.3 to 3.0 kG. These
hyperfine lines can be attributed to the dinuclear (Mn2+)2

species as they exhibit ca. 40 G spacing. In the vanadate
complex, superhyperfine interactions between the spin of the
unpaired electron and the nuclear spin of51V (I ) 7/2) are
also possible. ForJ . A, the number of hyperfine lines
expected for a Mn2+ dimer is 2nI + 1 ) 11, whereas 15
hyperfine lines are possible for the interaction with51V,
giving a total of 165 possible hyperfine lines. In the region

from 0.5 to 3.0 kG,>50 hyperfine lines can easily be
resolved, although whether they result from hyperfine
coupling to the spin-coupled (Mn2+)2 dimer as well as a
superhyperfine interaction with an outer-sphere51V nucleus
cannot be determined at this stage.

DISCUSSION

In recent years, it has been determined that the PPP family
of metallophosphatases utilizes a dinuclear metal center for
catalysis (1-4, 19, 44) and transfers the phosphoryl group
from substrate phosphomonoesters directly to water without
the formation of a phosphoenzyme intermediate (27, 45).
Kinetic isotope effect studies of calcineurin (46, 47) andλPP
(48) indicated a dissociative mechanism in which significant
P-O bond cleavage occurs in the transition state with
significant buildup of negative charge on the leaving group.
These studies also determined that the dianion was the
substrate of the reaction. A number of other studies have
implicated a metal-coordinated solvent as the nucleophile
(44, 49-51), consistent with the elegant work of Chin and
colleagues on a dinuclear Co3+ model complex (52). Yet
other studies have raised the intriguing possibility of an outer-
sphere mechanism for the nucleophilic solvent molecule (53).
Based on the X-ray structure of the phosphate-inhibited form
of PP2C, which shows phosphate bound but not directly
coordinated to either metal ion, an outer-sphere mechanism
may also be considered for that enzyme, a member of the
PPM metallophosphatase family (54).

Mechanistic details that are not well understood include
the means by which the dinuclear metal ion cofactor interacts
with substrate, transition state, and product(s) throughout the
catalytic cycle. Several roles have been postulated for the
metal ions during catalysis including activation of the solvent

FIGURE 2: 30 K EPR spectra of Mn2+-reconstitutedλPP in the absence and presence of various inhibitors. (A) WTλPP (1.15 mM) in the
absence of inhibitor. (B) WTλPP (1.08 mM) in the presence of 50 mM arsenate. (C) WTλPP (1.1 mM) in the presence of 10 mM
inorganic phosphate. (D) WTλPP (2.0 mM) in the presence of 2.0 mM tungstate. (E) WTλPP (1.01 mM) in the presence of 1.1 mM
orthovanadate. (F) WTλPP (0.85 mM) in the presence of 0.84 mM phosphonoacetohydroxamic acid. Spectrometer conditions: microwave
power, 20.0 mW; microwave frequency, 9.46 GHz; modulation amplitude, 2 G at 100kHz.
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nucleophile to lower its pKa; neutralization of the negative
charge on the phosphoryl group oxygens by complexation,
making the phosphorus atom more electrophilic and prone
to nucleophilic attack; and charge neutralization of the
leaving group. In addition, the metal ions may position
substrate and solvent for optimal nucleophilic attack or may
interact with the transition state to lower its energy. A variety
of spectroscopic studies have demonstrated that oxoanions
(phosphate and phosphate analogues) interact with the
dinuclear metal center by direct complexation to the metal
ions (28-30, 55-60). Although the most common coordina-
tion mode has the tetrahedral oxoanion binding in a sym-
metrically bridged fashion to both metal ions (4, 19, 32-
34), two novel geometries (terminal/monodentate and bridged/
tridentate) were recently revealed in the sulfate complex of
λPP. In addition, an unsymmetrical binding mode was
observed for the molybdate and tungstate complexes of FeZn
uteroferrin (57). A study into how Mn2+-activatedλPP is
inhibited by organic and orthophosphate analogue inhibitors
is presented in order to gain further insight into the catalytic
mechanism.

The small organic anion PhAH was found to be a potent
inhibitor (Ki ) 5.1 ( 1.6 µM) and a useful probe in further
characterizing the symmetry and electron environment of the
spin-coupled dinuclear [(Mn2+)2] cluster ofλPP. PhAH was
synthesized by Anderson and Cleland to be a reaction
intermediate analogue for enolase, the enzyme that catalyzes
the reversible dehydration of 2-phospho-D-glyerate to give
phosphoenolpyruvate (61). Enolase utilizes a dinuclear
(Mg2+)2 active site cofactor, but Mn2+ can also substitute
and has proven to be a useful paramagnetic probe (62, 63).
In the presence of saturating Mg2+, PhAH is a slow, tight
binding inhibitor of enolase, with aKi ) 15 pM (37). EPR
measurements of Mn2+-enolase in the presence of various
17O-labeled forms of PhAH revealed a bichelate structure
of the inhibitor, in which the carbonyl oxygen of the
hydroxamate is aµ-bridging ligand (62), a result that was
confirmed by determining the X-ray structure of the PhAH-
enolase complex (61, 63). We propose that PhAH binds to
the active site ofλPP in a similar fashion. Thus, an oxygen
atom from the phosphonate group may be terminally
coordinated to one Mn2+ ion, the carbonyl oxygen atom of
the hydroxamate group replaces theµ-aquo/hydroxo ligand,
and a terminally coordinated solvent molecule on the other
Mn2+ ion may be substituted with the hydroxamate oxygen
atom (Scheme 1). Besides the known propensity for phos-
phonate and hydroxamate groups for metal complexation,
the formation of thermodynamically favorable 5- and 6-mem-
bered rings involving PhAH and both M1 and M2 metal ions
makes the structure in Scheme 1 seem quite reasonable. In
Scheme 1, we have placed the phosphonate group to
coordinate to the high-affinity M2 metal ion (22) to be
analogous to the terminal sulfate anion in the unit cell A
and B molecules in the recent X-ray structure ofλPP (1).
Since there is no crystal structure of PhAH complexed to
λPP, the proposed binding mode shown in Scheme 1 is
tentative, especially considering the differences in affinity
and kinetics regarding the way PhAH interacts withλPP
versus enolase. The EPR spectra of the enolase-Mn2+-
PhAH complex were time-dependent, and it has been
speculated that this may be related to the slow binding
inhibition behavior (62). Nevertheless, structural elements

responsible for the slow binding behavior of PhAH to enolase
were not apparent in three-dimensional structures of enolase
(63, 64). In light of this comparison, placement of the
carbonyl oxygen atom as aµ-bridging ligand is consistent
with our EPR studies which indicate a decrease in the
exchange coupling constant. Ongoing spectroscopic analyses
will hopefully resolve more details regarding the structure
of the λPP-PhAH inhibitor complex.

Phosphatase inhibition kinetics ofλPP with Mn2+ reveal
that the product of the dephosphorylation reaction, phosphate,
and other oxoanion inhibitors including orthovanadate,
molybdate, tungstate, arsenate, and sulfate, all exhibit
competitive inhibition. Furthermore, EPR spectra indicate
that all oxoanion inhibitors directly interact and perturb the
ligand field environment of the dinuclear (Mn2+)2 cluster of
λPP. These oxoanion inhibitors also decrease the exchange
coupling between the two paramagnetic Mn2+ ions, indicating
a perturbation to the bridging ligand. Nevertheless, theKi

values for these molecules differ by over 5 orders of
magnitude. Although one reason for the low affinity of
sulfate dianion for Mn2+-reconstitutedλPP could be at-
tributed to its short sulfur-oxygen bond lengths, there is no
apparent trend in theKi value when compared to the X-O
bond lengths of the various oxoanions noted in Table 1.
Similarly, although the pKa values for these oxoanions differ
considerably, all oxoanions exist primarily as a dianion at
the pH studied (pH 7.8).

The geometry of phosphate, sulfate, and arsenate is usually
considered to be tetrahedral, and each has only a limited
capability to undergo a change in coordination geometry.
This is certainly the case when examining a number of X-ray
structures, e.g., the phosphate, tungstate, and sulfate com-
plexes of calcineurin, purple acid phosphatase, PP1, andλPP
(1, 2, 4). Nevertheless, in some structures of low resolution,
it may not be possible to determine the exact geometry about
the oxoanion central atom. More recently, high-resolution
X-ray structures have indicated that some oxoanions are
capable of expanding their coordination number. For ex-
ample, the 1.9 Å structure of alkaline phosphatase complexed
with vanadate indicates that the vanadium atom adopts a
trigonal bipyramidal geometry by forming a covalent bond
with the active site serine nucleophile (31). A similar covalent
trigonal bipyramidal geometry for vanadium was observed

Scheme 1: Model of PhAH Bound to the Active Site ofλ
Protein Phosphatase
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in the vanadate-inhibited form of the low molecular weight
tyrosine phosphatase from bovine heart. In that structure,
vanadate formed a covalent linkage to an active site cysteine
residue (65). Interestingly, a crystal structure in the presence
of molybdate was also formed in this study. The molybdate
complex was found to exhibit simple tetrahedral geometry,
and a reportedKi value of 1.4( 0.4 mM was observed.
Similar to the trend reported in this study, theKi value for
molybdate was 103 times greater than theKi for vanadate
(Ki ) 1.0 ( 0.6 µM). In both studies, it was hypothesized
that the trigonal bipyramidal structure represented a transition
state along the reaction pathway. Additional evidence for
vanadate expanding its coordination sphere to five is also
observed in a 1.9 Å resolution crystal structure of a vanadate-
trapped ADP complex ofDictyosteliummyosin(II) (66).
Here, vanadate is modeled as trigonal bipyramidal within
the γ- phosphate binding pocket of ATP, with three short,
equatorial V-O bond lengths of 1.6-1.7 Å and two longer
ones at 2.1-2.3 Å. Although this is a hydrolysis reaction
involving a phosphoanhydride, i.e., ATP, the mechanism of
phosphoryl transfer is reminiscent of that expected for the
PPPs. Although fewer structures are known with tungstate
coordinated at the active site, it has been shown that this
oxoanion can also increase its coordination number to 5. A
pentacoordinated tungstate ion with trigonal bipyramidal
geometry is observed in the adenosine-tungstate complex
of the fragile histidine triad (FHIT) protein (67).

Keeping these results in mind, we hypothesize that the
large range of inhibition constants for the various oxoanions
can be explained by the differences in oxoanion geometry
when complexed to the active site dinuclear metal center of
λPP and the ability of these ions to rapidly and reversibly
form chelates at the active site dinuclear metal center ofλPP.
The higher affinity of vanadate and tungstate may very well
be due to the abilities of these oxoanions to expand their
coordination number, forming trigonal bipyramidal geom-
etries with a metal-coordinated solvent molecule. Alterna-
tively, the oxoanions may remain tetrahedral but coordinate
differently to the dinuclear metal center. It is worth noting
the similarities between the EPR spectra of PhAH-, tung-
state-, and vanadate-inhibitedλPP (Figure 2, D, E, and F).
If PhAH interacts with the dinuclear (Mn2+)2 center ofλPP
via a bridging carbonyl oxygen atom as proposed in Scheme
1, it could also indicate that vanadate and tungstate bind by
providing aµ-oxygen bridge as well. Without a doubt, a high-
resolution structure ofλPP complexed with PhAH, vanadate,
or tungstate could provide a wealth of mechanistic informa-
tion.
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