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ABSTRACT. Phosphotriesterase (PTE) is a binuclear metalloenzyme that catalyzes the hydrolysis of
organophosphates, including pesticides and chemical warfare agents, at rates approaching the diffusion
controlled limit. The catalytic mechanism of this enzyme features a bridging solvent molecule that is
proposed to initiate nucleophilic attack at the phosphorus center of the substrate. X-band EPR spectroscopy
is utilized to investigate the active site of Mn/Mn-substituted PTE. Simulation of the dominant EPR spectrum
from the coupled binuclear center of Mn/Mn-PTE requires slightly rhombic zero-field splitting parameters.
Assuming that the signal arises from the=® manifold, an exchange coupling constantiet —2.7 +

0.2 cnT! (Hex = —2JS+S) is calculated. A kinetic K, of 7.1+ 0.1 associated with loss in activity at low

pH indicates that a protonation event is responsible for inhibition of catalysis. Analysis of changes in the
EPR spectrum as a function of pH provideska, pf 7.3 £ 0.1 that is assigned as the protonation of the
hydroxyl bridge. From the comparison of kinetic and spectka yalues, it is concluded that the loss of
catalytic activity at acidic pH results from the protonation of the hydroxide that bridges the binuclear
metal center.

Phosphotriesterase (PTEatalyzes the hydrolysis of a
wide range of organophosphate esters, including agricultural
pesticides and chemical warfare agerits§). The enzyme Asp-301 His-201
has been isolated from soil bacteria, but the natural substrate
for PTE is not known. PTE is a member of the amidohy-
drolase superfamily, which also includes urease, dihydro-
orotase, and approximately 30 other enzymes of known His-67
specificity @). The high-resolution X-ray crystal structure
of Zn/Zn-PTE reveals that it is a homodimeric protein
containing an active site with two divalent metal ions
embedded within gi{a)s-barrel motif §). The o-metal ion
is ligated by His-55, His-57, and Asp-301 while thenetal
ion is coordinated to His-201 and His-230 as illustrated in
Figure 1. The two metal ions are bridged by a carboxylated
Lys-169 and a molecule from solvent that is either hydroxide
or water. Theo-metal has a ligand coordination number of
five and is considered to be more buried within the protein.
Thep-metal is more solvent exposed and acquires additional ZchtiL\J/ZE ;;eiip&enslﬁﬂnrgaggg 0‘}}]“: ggr‘:Cfr?ersr'e‘ﬁﬁ;‘;r;tee{j‘é"iti@tgéhgs
water I!gands, resul’qng In penta- or hexacoordination, purple spheres. The coordinates weregobtained from the PFI)DB entry,
depending upon the identity of the bound me&)l. Both 1i0b.
metals are required for full catalytic activity. Zinc is the
apparent native metal ion, but substantial Catalytic aCtiVity is observed with the Co_, Cd_, Mn_, or Ni-substituted forms
of the enzyme®). Kinetic studies have shown that the kinetic
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Kinetic MeasurementsThe values ok andkeaf K for
Mn/Mn-PTE were determined by measuring the change in
absorbance at 347 nm upon hydrolysis of paraoxon-(20
2000 M) to p-nitrophenol €347 = 5.1 x 10* M~ cm™?)
and diethyl phosphate in 100 mM buffer at 3G with a
interaction to theg-metal. The phosphotriester bond is Spectra.x PLUS 384 plate reader from Molecular Devices.
cleaved in an §-like reaction that results in the liberation The pH was varied from 6.0 to 9.5 in increments of 0.2, and
of the leaving-group and the parent diester products. How- the final pH was measured at the conclusion of the enzymatic
ever, the identity of hydroxide as the solvent bridge has not reaction. The buffers used for this investigation were MES,
been confirmed by spectroscopic methods. pH 5.5-6.4; PIPES, pH 657.0; HEPES, pH 7.48.0;

The pH-rate profile for PTE shows a decrease in catalytic TAPS, pH 8.18.9; CHES, pH 9.0; and TABS, pH 91
activity as the pH is lowered. The appareii,palue for 9.5.
the loss of catalytic activity varies from 5.8 to 8.1, depending  Data Analysis The kinetic constants were obtained by
upon the identity of the metal ions substituted within the fitting the data to eq 1, whereis the initial velocity,E; is
active site 6). Since organophosphate substrates for PTE the enzyme concentratiok is the turnover numbeky, is
do not ionize in this pH range, the functional group that is the Michaelis constant, and is the concentration of
protonated with the loss of catalytic activity must originate substrate. The kinetic Ky value for Mn/Mn-PTE with
from the enzyme. The most likely candidates for this paraoxon as the substrate was determined by fitting the pH
protonation site are Asp-301 and the hydroxide that has beenrate profile to eq 2, wherg is kea/Km for the hydrolysis of
proposed to bridge the two divalent cations. Asp-301 is paraoxon(C is the pH-independent value pfH is the proton
hydrogen bonded to the bridging ligand and additionally concentration, and is the dissociation constant for the
coordinated to the--metal ion. The mutation of Asp-301 to ionizable speciesl@). The apparentlf, value determined
an alanine or asparagine results in the loss of substantialfrom the changes in the EPR spectra as a function of pH for
catalytic activity but does not significantly change the value Mn/Mn-PTE was also obtained by fitting the data to eq 2,
of the kinetic K, (7). wherey is the fraction of the total signal intensity associated

Electron paramagnetic resonance (EPR) spectroscopy Caﬁ{vith the antiferromagnetically coupled binuclear manganese
be used to obtain unique structural and mechanistic informa-in the sample.
tion about metal centers within enzyme active sites. For

example, with Mn(ll)-containing enzymes, EPR spectroscopy UE = (Ka(Kp + A) 1)
has been used to investigate inhibitor binding, metaétal
interactions, metatmetal exchange coupling, and the identity logy = log(C/(1 + (H/K))) 2)

of metal-metal bridging ligands1(0—13). EPR has also been . ]

used to study metalprotein interactions and substrate ~ EPR Sample PreparatioMn/Mn-substituted PTE samples
binding orientations for non-manganese enzymes, such a®f ~1.0 mg/mL, pH 8.0, were concentrated+d2 mg/mL
ribonucleotide reductase and enolase, via substitution of theusing a YM-10 Centricon microconcentrator from Amicon.
native metal ions with manganesé4( 15). Prior EPR Removal of qnbound manganese from the protein sample
investigations of Mn/Mn- and Cu/Cu-substituted PTE es- Was accomplished by elution through a PD-10 Sephadex
tablished that the structure of the metal center is binuclear G-25 desalting column from Amersham. Changes in pH were
in an asymmetric nitrogen and oxygen coordination environ- achieved by exchange of the protein into 100 mM buffer at

ment (L6, 17).
This paper probes the identity of the solvent bridging

species by monitoring perturbations in the EPR spectrum of

Mn/Mn-PTE resulting from changes in pH. The EPR
spectrum of Mn/Mn-PTE was also simulated, showing its
origin from a spin-coupled system with slight rhombicity.

The identity of the protonated species responsible for the
loss in the catalytic activity of PTE was addressed via a direct
comparison of the effect of pH on the kinetic constants and
EPR spectra. From these studies, the solvent bridge betwee
the two divalent cations is postulated as hydroxide and the

diminution of catalytic activity at low pH is proposed to be
due to the loss of the bridging nucleophile.

MATERIALS AND METHODS

Materials Diethyl{p-nitrophenylphosphate (paraoxon) and
all buffers were purchased from Sigma except fb(2-
hydroxyethyl)piperazin®¥'-2-ethanesulfonic acid (HEPES),
which was purchased from United States Biochemical.
Bacterial cell growth protocols, enzyme purification, prepa-
ration of apo-enzyme, and the reconstitution of PTE with
manganese were performed as previously descri®ebby.

the desired pH using a PD-10 column. Samples used to
observe the recovery of the binuclear signal at high pH
following incubation at low pH were not treated with a PD-
10 column in order to minimize loss of labile Mn(ll). These
samples were diluted into concentrated buffer to achieve the
desired pH. All EPR samples were initially frozen in liquid
nitrogen at a concentration of 2@M PTE containing 30%
(v/v) glycerol. The protein concentrations were determined
by measuring the absorbance at 280 nm using an extinction

goefficient of 29 300 M?!cm™ (6). The metal content was

determined using furnace atomic absorption spectroscopy
with a Perkin-Elmer AAnalyst 700. Mn(ll) spin quantitation
was determined by double integration of the derivative
spectrum and comparison with standards of Mra€known
concentration. The spin concentrations determined by double
integration of the EPR signals matched the metal concentra-
tion in the samples predicted by atomic absorption.

EPR SpectroscopyX-band EPR measurements were
obtained using a Bruker ESP 300 spectrometer with &;TE
cavity, an Oxford Instruments liquid helium cryostat, an HP
5352B microwave frequency counter, and a Bruker ER
041XG microwave bridge. The magnetic field modulation
amplitude was 20 G at a frequency of 100 kHz. EPR spectra
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were obtained at 10 K under nonsaturating power conditions
of 2 mW.

Simulation of EPR SpectraThe exchange coupling
constantJ, of Mn/Mn-PTE was determined by comparing g=2.44 g=222
the temperature dependence of the EPR signals to the 4=2.86 '
predicted Boltzmann populations of spin states in an g 98T
exchange couple§ = § = °/, system {6). The dominant
hyperfine-split signal used for determinationJaé assumed
to arise from theS = 2 state of the coupled system. This
assumption is based on the inspection of temperature-
dependent EPR spectra obtained over the range-@804, ”H
which show that a broad signal assumed to be fronStie
1 state is observed at the lowest temperatures, and this signal c
diminishes with increasing temperature along with appear-
ance of the hyperfine-split signal that is assumed to arise
from the S = 2 state. Boltzmann populations of individual
states,S were calculated using eq 3. EPR spectra of Mn/
Mn-PTE were simulated with a FORTRAN 99 computer
program, DDPOWJHE, running on an SGI Origin 2000 D )\
computer as previously describelB). The program diago-
nalizes the full spin Hamiltonian for an exchange-coupled 1000 2000 2000 4000 5000
system using eq 4 and calculates transition probabilities at Gauss
each magnetic field using Fermi’s golden rule. The terms in fgyre 2: Comparison of the X-band EPR signal of PTE to
eq 4 correspond to isotropic exchange coupling, dipolar simulations of theS = 2 state of a coupled Mn(ll) system.
exchange coupling, single-ion zero-field splitting, electronic Siggéag?nngflraxeéerlfg =d2-01, 52 = fO-?§[5 r%ml.OEzl_:

itti 7 i —U. C . u owaer pattern simulatio = Ine
and nuclear Zeeman splitting, and hyperfine coupling, idth = 300 MI(—|2). (B) |\5|)n(||) PTpE experimental spectrum at 10
respectively. The program contains a temperature-dependenj (C) Simulation including hyperfine coupling in principal
Boltzmann weighting factor, a general line broadening girections only,A®Mn) = 272 MHz, line width= 60 MHz. (D)
feature, and the ability to limit the number of transitions Simulated principal directions only = 0, line width= 40 MHz.

being simulated X9).

¢g=2.00

S — 1], ..., IS — §I. Each of these states can be treated
population = independently ifJ is the dominant term in the Hamiltonian
(2S+ Dexp(-2X(S(S+ 1) — S(S + 1) — S(§ + 1)IKT) (22). In this case a new Hamiltonian can be defined by eq 5

whereDs and Es are the zero field splitting parameters for
. _ _ the exchange coupled pair. Figure 3 shows the spin ladder
Z(ZS+ Dexp(F-2)(SS+ 1) = S(§ + 1) = §(§ + D)) defined by the total spils (only theS= 0, 1, and 2 levels
3) are shown), along with the effect of the zero-field splitting
. . parameter® andE and the allowed EPR transitions within
H=-215'S,+ S°D-S, + each spin level.
2

(SO + Bet§ + bl + SA) (@) H= T 2ISTD-SEHD-§§+DI+
= pB-§-S+ DdS? — (L3)S+ 1)] + E(S* — §)) +
RESULTS (12)SA(1, + 1) (5)

EPR Spectral Simulation for Mn/Mn-PTE.he EPR Equation 5 was used to calculate transition frequencies
spectrum of Mn/Mn-PTE obtained at 10 K is complex and and probabilities in order to model the experimental EPR
consists of more than 26 lines with hyperfine splittings of spectra of Mn/Mn-PTE.

45 G (Figure 2B). Splittings of 45 G negr= 2 are indicative Previous work with the symmetric compound (IMi),0)-

of spin-coupled binuclear Mn(ll) centerdq 15, 19, 20). (OAc)4(tmeda) demonstrated that the dominant hyperfine-
EPR spectra from binuclear centers are distinctly different split EPR signal in that binuclear Mn(lIl) center arises from
from uncoupled, mononuclear Mn(Il) EPR spectra, which theS= 2 state of the spin ladder. The EPR signal from the
usually consist of a six line pattern gt= 2 with hyperfine S =1 state, populated at lower temperatures, appears as a
splittings of around 90 G. The EPR spectra of exchange- broad featureless spectruni9f. Careful inspection of
coupled Mn/Mn-binuclear centers arise from a temperature- temperature-dependent data for PTE also reveals a broad
dependent population of multiple spin stat&d)Ve attempted  spectrum present d K (the lowest temperature used in this

to describe the Mn/Mn-PTE spectrum using a simulation study) that is reduced in intensity with increasing tempera-
routine previously used for the symmetrical binuclear ture, while the distinctive hyperfine-split signal appears with
complex of (Mn}(H.O)(OAck(tmeda) (19). increasing temperature (see Supporting Information). Based

When the isotropic exchange coupling constdntas a on this observation and comparison with previous work, the
magnitude larger than the Zeeman energy for a dimanganesesignal of Figure 2B is assigned to ti&= 2 state of the
(I) system, a spin ladder is defined whe3és the system’s PTE spin ladder. Fitting the temperature dependence of this
total spin with allowed values given = |S + §|, |S + signal to eq 3 gives a value f= —2.7+ 0.2 cm! (Hex =
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can be assigned. The main pattern>0f1 resolved lines
centered afy = 2.22 likely arises from overlapping transitions
Y1 and X2, whereas the lower amplitude but resolved
hyperfine pattern atg = 1.69 has contributions from
transitions Y4 and Z3. The “outer” transitions (includikly

+ 2 sublevels) contribute to broadened peaks at higher and
lower g-values. As was observed previously in the case of
(Mn)2(H20)(OAc)k(tmeda), these outer transitions are broad-
ened by a mechanism(s) whose origin is not accounted for
in these simulations.

The simulations of Figure 2 aid in illustrating the origin
of the dominant EPR spectral features from this spin-coupled
binuclear Mn(Il) system. These features report on the active
site of PTE, in particular on the asymmetry of the local
coordination environments of the individual Mn(ll) ions
through the inclusion of a nonzero value tr Changes in

FiGURE 3: Spin ladder produced by exchange coupling between 2 the active site of Mn/Mn PTE are expected to be reflected

Mn(ll) S= 5/2 ions. The Zeeman levels and the fa\iMs = 1
transitions for theS = 2 level of the coupled manganese cluster
are shown, assuming < 0 andE < 0.

—2JS-S). This differs from a previous result af = —5

cm, which was based on the assumption that the signal

arises from thes = 1 state 16).
Two parameterd) andE, are used to describe the zero-

in D andE, which would change the overall line shape of
the EPR spectrum, and also in the exchange coupling
which would alter the temperature dependence of the
spectrum.

There have been recent thorough investigations into this
class of EPR spectra based on studies of binuclear Mn(ll)
model compounds. These simulations take into account the

field splitting. Unlike the case for the symmetric compound Simultaneous population of multipl€ levels at a given

(Mn)2(H,0)(OAc)(tmeda) , the PTE spectra could not be

temperatureZ0, 50), use multifrequency EPR dataq), and

simulated by a model in which the two Mn ions are identical discuss broadening mechanisms in terms of microheteroge-

and have axial symmetrye(= 0). This is not surprising,

neity in Mn—Mn distances, among other sourc@§)( An

since the protein crystal structure of PTE shows asymmetry interesting outcome from these studies is that the distinctive
of the two metal sites. In terms of the principal axis directions NyPerfine splittings such as those observed in Mn/Mn PTE

X, Y, andZ the parameter® andE are defined in eq 6. The
signs ofD andE are assumed to be negati&?).

(6)
Because of the complexity of the Mn/Mn PTE EPR

D=—(3/2D, E=—(1/2)D,—D,)

are not always observed, or may be observed from higher
states such &= 3 (20). As described above, the assignment
here that the hyperfine-split Mn/Mn PTE signals arise from
the S= 2 state is made based on inspection of temperature-
dependent EPR spectra and experience from a prior model
compound study, wherel was validated by magnetic

spectrum and the number of parameters in eq 5, a simplifiedsusceptibility (9). It should be noted that if this Mn/Mn
strategy was employed to model the main features of the PTE EPR signal does arise from higl&states, the values
spectrum in Figure 2B. In the first step, the broad underlying of J, D, andE that are reported here are overestimated but

line shape was simulated by using eq 5, but thdn
hyperfine interaction ternA was set to zero and a line-

the general description of origins of the spectral features,
and the pH-dependent data described below, are not affected.

broadening function added. This simulation produces a full Because the hyperfine-split EPR signals are clearly observed,

powder spectrum and allows the values §piD, andE to

Mn/Mn PTE may be a good biological system to investigate

be estimated. In this step, it was clear that a nonzero valuewith more thorough temperature-dependent and multifre-
for E was required to reproduce the dominant underlying quency technique2().

line shape of the Mn/Mn PTE spectrum. A reasonable fit to

pH—Rate Profile The kinetic parameters for the catalytic

the broad features of the PTE spectrum was obtained usingactivity of PTE depend on the identity of the metal ions in

the parameterg = 2.01,D, = —0.055 cn?, E; = —0.0067
cmi, A =0, and line width= 600 MHz (Figure 2A). In
the next step, thé"Mn hyperfine splittings are added, but
for simplicity the simulation is performed only for the three
principal orientations along, Y, andZ. This simulation,
shown in Figure 2C, includes hyperfine splittings with
A(®Mn) = 272 MHz and line width= 60 MHz and
illustrates the origin of some of the complex hyperfine

the active site §). Mn/Mn-substituted PTE is reported to
have ak., of 1800 s?, aKy, of 80 uM, and akes/Km of 2.2

x 10" M~1s1 for the hydrolysis of paraoxon at pH 9.6)(
The pH-rate profile for the hydrolysis of paraoxon by Mn/
Mn-PTE is presented in Figure 4A. AKp value of 7.1+

0.1 was determined from a fit of the data fet/Km as a
function of pH to eq 2. The data fit well to a model in which
only one species is protonated and a loss in catalytic activity

splitting observed in the Mn/Mn PTE EPR spectrum. The is observed with protonation of this species.

simulation is further broken down into just the principal

pH Dependence of EPR SpectrBerturbations in the

transitions in Figure 2D. Each peak in Figure 2D corresponds spectral properties of the binuclear metal center within the

to one transition betwees states from thé&s = 2 level as
shown for theZ orientation in Figure 3.
Combining the information from simulations C and D,

active site of PTE were correlated with the catalytic power
of the enzyme as a function of pH. EPR spectra of Mn/Mn-
substituted enzyme were obtained as a function of pH and

some prominent features of the Mn/Mn PTE EPR spectrum are presented in Figure 5. At pH 8.3, only the binuclear Mn-
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Ficure 4: The pH profiles for the hydrolysis of paraoxon and the
interconversion between the binuclear and mononuclear EPR
spectra. (A) The pHrate profile for the hydrolysis of paraoxon
by Mn/Mn-PTE. The experimental data were fit to eq 2 with an
apparent kinetic I§, of 7.1. (B) The pH profile for the titration of
the binuclear metal center within the active site of PTE. The
experimental data were fit to eq 2 with an apparei pf 7.3. ‘ . )
Additional details are provided in the text. 2000 2500 3000 3500 4000 4500
. . Magnetic Field (G)

(I.l) Slg_nal is observed. At pH .7.'0’ a mon.onUdear _Mn(ll) Ficure 5: X-band EPR spectra of Mn/Mn-PTE at various pH
signal is observed g = 2 in addition to the binuclear signal.  \ajyes. Spectra were obtained at 2 mW power, 20 G modulation
As the pH decreases, the signal intensity for the coupled amplitude, and 10 K. Arrows designate binuclear signal, and
binuclear Mn(ll) complex diminishes while the signal asterisks designate mononuclear signal. Additional details are
intensity for mononuclear Mn(ll) increases. At pH 6.0, only Provided in the text.
the mononuclear Mn(ll) signal is observed. The signal
intensities of three hyperfine splittings from the binuclear macromolecular protein from any loosely bound Mn(ll) in
Mn/Mn-PTE signal were averaged to quantitate the binuclear solution. It was previously determined that metal binding to
Mn/Mn-PTE signal intensity. In Figure 5, the three lines in the active site of PTE is a cooperative process resulting in
the EPR spectrum originating from the binuclear Mn/Mn- two metal ions per active sit€). The pH at which catalytic
PTE complex are designated by the thin arrows. The total activity is lost depends on the metal identity, but was
manganese spin was determined for each spectrum by doubleletermined to not be due to loss of metal at the active site
integration of the derivative EPR signal. The fraction of the (6). Therefore, both metals are expected to be present at
observed spin coupled binuclear signal for each spectrumneutral to low pH. To support this, the reversibility of the
was determined from the ratio of these measurements. Theeffects of pH was confirmed by monitoring the same Mn/
apparent g, associated with the pH-titration of the coupled Mn PTE sample at pH 8.2, after lowering the pH to 6.8, and
binuclear metal complex was determined by fitting the log again after raising the solution pH to 8.2. Figure 6 illustrates
of the fraction of the binuclear signal intensity verses pH to the EPR spectrum of the enzyme before and after the change
eq 2 and is shown in Figure 4B. The fit of the data resulted in pH. After increasing the pH to 8.2, almost complete
in a pK, value of 7.3+ 0.1. recovery of the binuclear signal was achieved. The samples

The diminution of the signal for the coupled binuclear subjected to incubation at lower and then higher pH do show
metal center with decreasing pH can result from the loss of some remaining mononuclear Mn(ll). This may be due to
the bridging ligand that enables the exchange coupling some adventitious Mn(ll) from damaged samples; unlike the
between the two metal ions. Alternatively, one or both of case for the EPR samples used for the spectra shown in
the metal ions within the metal center could dissociate from Figure 5, the samples used to demonstrate reversibility,
the active site. However, it is unlikely that the mononuclear Figure 6, were not eluted through a desalting column. It is
EPR spectrum observed at low pH originates from Mn(ll) also possible that samples brought back to high pH were
that is dissociated from the active site, since a gel filtration not fully equilibrated before freezing, leaving some samples
procedure was employed that would have separated thethat lack the bridging ligand. Despite the small fraction of
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the case of phosphotriesterase it is known from both X-ray
crystallographic and*Cd NMR studies that the two metal
ions occupy distinct chemical environments giving less than
axial symmetry §, 25). From these data it is not surprising
that bothD andE would need to be included to accurately
simulate the EPR spectrum of PTE. Theand E values
determined from the Mn/Mn-PTE spectrum ar8.055 crmt
and—0.0067 cnTt, respectively. AD value of—0.056 cnt?t

has been reported for the binuclear metal site in arginase
where the metal coordination includes both five and six
ligands @3).

Identification of Hydroxide BridgeThe identity of the
bridging species within the binuclear metal center of PTE is
of significant interest due to its pivotal role as the species
responsible for the nucleophilic attack on the substrate.
Metalloproteins containing binuclear metal sites coupled by
bridging oxo, hydroxide, and water ligands are not uncom-
mon. PTE, urease, enolase, purple acid phosphatase, methane

2500250 3500 3500 2500 2200 monooxygenase, _Mn—catalase and ribonucleotide redyctase
Magnetic Field (G) are well-characterized examples of these metalloprotéins (
Ficure 6: X-band spectra of a sample of Mn(ll) PTE at pH 8.0, 26_32)'. When the m.etal centeris paramag_netlc, the magn'etlc
lowered to pH 6.8, and raised to pH 8.2. EPR conditions are 2 Properties can provide structural information on the identity
mW power, 20 G modulation amplitude, and 10 K. of the bridging ligand. Magnetic coupling of metal centers
. . . ~_is often facilitated by their bridging ligands through a
unrecovered binuclear signal, the restoration of the majority superexchange mechanism. The sign and magnitude of the
of this signal indicates that formation of the binuclear Mn exchange coupling constadt,are influenced by the bridge
species is dependent upon and reversible with pH. The abi|itYidentity, metal identity, terminal ligand identity, metal
to recover the binuclear signal requires both metals to be bridge-metal angle, metalmetal distance, metabridge
positioned in the active site and available for exchange gistance, and in-plane bridgenetal alignment33—39).
poupling. Thgrefore, the effect of pH on the b.inuclear signal  stryctural and spectroscopic properties of model com-
is _du_e to t_he mfluen_ce of pH on the protonation state of_the plexes with bridging oxygen ligands can aid in understanding
bridging ligand which facilitates the exchange coupling the jdentity of the bridging ligand in PTE. The strength of
between the two metals. _ the exchange interaction generally varies with the protonation

In order to check for weak population of the source of giaie of the bridging oxygen as ©> OH~ > OH, (39—
the mononuclear Mn(ll) signal in samples subjected to high 42). Calculating theJ-value of Mn/Mn PTE using th& =
and low pH conditions, the strong temperature dependence, manifold, the exchange coupling at the metal cente¥ is
_of the over_lapp_ing binuclear s_ignal was l_,ltilized to _dimin_ish = —2.74+0.02 cnT! (Hex = —2JS-Sy). Exchange coupling
its population in theg = 2 region. The binuclear signal is  ¢onstants observed for dimanganese(ll) complexes with a
temperature dependent with the greatest signal intensity athydroxide bridge range from2.5 cnt? for a complex with
10 K. Spectra were collected at temperatures of 3.6 K t0 15 other bridging species te9 cni ! for complexes with
200 K (see Supporting Information). For samples below pH g additional carboxylate bridge&3, 40). The J-value of
7.3, the six-line pattern of the mononuclear signal was more _> 7 + 0.02 cnt! is reasonable for a dimanganese(ll)
pronounced at higher temperatures while the binuclear Signa'complex with a hydroxide bridge and one carboxylate bridge.
diminished in intensity (see Supporting Information). The The metat-bridge distances determined for the X-ray crystal
binuclear signal in samples above pH 7.3 diminished with gty cture for Mn/Mn-PTE are 2.0 and 2.1 A for the and
increasing temperature, but no mononuclear signal wasg.metal ions, respectively. The reported average distance of
observed. 2.0 A for Mn(ll)-uOH- and 2.5 A for a Mn(I1)#OH, model

complexes are supportive of a hydroxide bridge for the
DISCUSSION binuclear metal center in the active site of PTIB, (23, 40).

Spectral Simulation of Mn/Mn-PTE Originating from the In order to further investigate the identity of the bridging
S = 2 Manifold. The X-band EPR spectrum of PTE solvent in PTE, EPR was used to evaluate changes within
resembles that of other enzymes that contain binuclear Mn-the metal center due to changes in pH. From Kkinetic
(I) centers. The spectroscopic signal has a complex line measurements it is concluded that the loss in catalytic activity
shape, and some of the transitions ngar 2 have resolved  occurs upon protonation of a single species. TH& p
splittings of 45 G 12, 15, 23, 24). Computational simulations  associated with this site is influenced by the identity of the
of these signals can provide structural information about the metal ions bound to the active site of PTa. (Four potential
active sites containing binuclear metal cent@ 23). Most models for protonation sites and their consequences are
simulations of coupled Mn(ll) systems have been performed presented in Figure 7. If protonation of the binuclear metal
on axially or near axially symmetric complexes requiring center occurs without the loss of the bridging species, as
only the use of the axial zero-field splitting paramef2rto shown in Figures 7A and 7B, the exchange coupling constant,
provide adequate fits to the experimental data. This assump-J, would be expected to decrease and increase in magnitude,
tion is inadequate to simulate the EPR signal for PTE. In respectively. In Figure 7A, protonation of the hydroxide

pH 8.0

pH 6.6

pH 8.2
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A B nitrogens and the oxygen of the bridging acetdt).(Weak
On /On antiferromagnetic coupling was observed via magnetic
‘g‘*}g/ H’Oe Asp-301 o“‘o susceptibility with a coupling constant ef0.37 cnt. The
|!| EPR spectrum of the compount4K showed a broad line
N Ve centered ay = 1.96 and smaller features at lower and high
@?@

fields. As an example of another weakly coupled system,

Asp-301 weak ferromagnetic exchange coupling of 0.33 twas

S determined for the dichloro-bridged manganese(ll) complex,
/ [Mn(u-Cl)(2,2-bi-imidazoline}].Cl, (46). In solution this
D 0 ¢ compound exhibited an EPR signal similar to that observed
(9 for mononuclear Mn(ll) although the integrity of the cluster
: Aspaoi || . .
Asp-301 H’O\H o) could not be verified. It is possible that, upon protonation
o HH of the Mn/Mn PTE hydroxide bridge at low pH, the Mn(l1)

ions are retained with very weak or no coupling, giving rise

Ficure 7: Models for the pH dependence of PTE catalytic activity. Fo the s.ignals observed here, and are easily recoupled upon
The active form of PTE is placed in the center, and protonation of increasing pH.
the bridging hydroxide or Asp-301 is considered. (A) Bridging Molecular simulation studies of the Zn/Zn- and Cd/Cd-

water. (B) Protonated Asp-301. (C) Water ligation on ¢hmetal. substituted forms of the active site within PTE by Krauss et
(D) Water ligation on the-metal. al. and Ornstein et al. have also determined that hydroxide
is the most likely species to bridge the binuclear metal center
(47,48). Krauss et al. found that protonation of the bridging
hydroxide resulted in water ligation to tifiemetal position,
which is illustrated in Figure 7D4(7). Kinetic studies have
demonstrated that the-metal has the greatest influence on
the K, for substrate turnover as a function of pH. A Zn/

bridge would result in a shift of electron density from the
bridging oxyger-metal bonds to the new oxygehydrogen
bond, resulting in a decrease in exchange coupling. In Figure
7B, protonation of Asp-301 would disrupt the hydrogen
bonding interaction between the oxygen of Asp-301 and the

hydrogen of the hydroxide bridge. This interaction would Cd-PTE hybrid was prepared with Zn and Cd ions indhe
increase the electron density on the oxygen of the hydrOXideandﬁ-metal sites, respectively7(24). The kinetic [ of
bridge and result in an increase in exchange coupling. 4.« 7n/cd PTE h’ybrid most clc’)sely resembled thé, pf
Changes id would be revealed as changes in the temperature o 7n/zn-substituted enzyme relative to the Cd/Cd-
dependence of the binuclear Mn(ll) EPR signal. No binuclear g hqtitted enzyme. The water ligand after protonation of
signal was observed, over a range of temperatures, forye priqging hydroxide is therefore expected to reside
samples poised below pH_ 6.4 (data not shown). Instead, Onlyprimarily on thea-metal. The present work supports the
a mononuclear Mn(ll) signal was observed at these pH , oiqnation of the bridging hydroxide to a bound water
values. Due to the absence of the binuclear signal, the modelgy,gjecyle as indicated in Figures 7C and 7D. The localization
presented in Figures 7A and 7B are ruled out. The absenceys ihe water molecule on the-metal is preferred based upon
of a binuclear signal at low pH indicates the loss of the {a kinetic properties of the Zn/Cd-hybrid, (24).
bridging species due to the protonation of the proposed  \igiecular simulations by Ornstein and co-workers on the
hydroxide bridge. Water ligation could occur to either the thermodynamics of protonation of the bridging hydroxide
a- or f-metal, as presented in Figures 7C and 7D, respec-for 711 and Cd-substituted PTE produceidavalues of 5.1
tively. The ability to regain the binuclear signal after raising 4,4 8.4, respectivelyt). These simulations are comparable
thg pH supports the reversible protonation of the hydroxide {, the previously reported experimental kineti€.values
bridge. of 5.8 for Zn/Zn-PTE and 8.1 for Cd/Cd-PTE)( Thus, the
The EPR signals from Mn/Mn PTE at low pH values calculations by Ornstein and co-workers also support the
resemble those from mononuclear Mn(ll), and yet the ability proposal that the site of protonation within the binuclear
to recover the binuclear signal upon raising the pH suggestsmetal center of PTE is the bridging hydroxide. The proto-
that the Mn(ll) ions remain in the PTE active site and in nation of this group results in the loss of catalytic activity.
close proximity. The loss of binuclear signal at pH values In this investigation K, values of ~7.2 £ 0.1 were
of 7.25 and lower is not attributed to protonation at the determined for the protonation of the bridging hydroxide with
carboxylated lysine since theKp of a carboxylate-oxygen  the Mn/Mn-substituted PTE from both kinetic data and EPR
ligating a metal would be less than 4. Exchange coupling spectra as a function of pH. Th&pvalues of water bound
through this remaining bridge is expected to be minimal, to simple Mn complexes have values between 10 and 11
however, due to the high negative electron density on the (43). The [K, of water is lowered upon metal coordination
metal ligating oxygens4@). There are few EPR studies of due to charge delocalization onto the metal center. Water
singly bridged dimanganese(ll) compounds. The active site coordination to two manganese ions further decreases the
of xylose isomerase contains two divalent metal ions that pK, of water @3, 49—51). The K, values of 7.1 and 7.3
are bridged by a single carboxylate group. In the investigation obtained from the kinetic and EPR data are therefore

of xylose isomerase fror@treptomyces rubiginosby Witzel reasonable values for water coordinated to both metals within
and co-workers, the EPR spectra for the Mn{H)bstituted the active site of Mn/Mn-PTE.
enzyme showed no evidence of exchange coupldy. (n In the investigation of rat liver arginase by Dismukes and

an effort to model dinuclear metal sites containing a single co-workers, an exchange-coupled dimanganese metal center
carboxylate bridge, Sakiyama and co-workers synthesized awas observed by EPR. The exchange coupling constant for
dimanganese(ll) center with each metal ligated by five the complex of arginase with borate 2.0 + 0.5 cn1?



11012 Biochemistry, Vol. 44, No. 33, 2005

(10). The two metals have unique ligand coordination
environments resulting in an asymmetric environment like
that observed in PTE. However, the identities of the metal
ligands are different, including an additional carboxylate
bridge in the active site of arginase. No changes in the EPR
signal of Mn/Mn-arginase were observed at pH values as

low as 6.3 by Dismukes, Ash, and co-workef)( The

bridging molecule from solvent bound to the binuclear metal
center for arginase was therefore concluded to be a water

ligand. A kinetic K, of 7.5 reflecting loss in arginase
catalytic activity at low pH was assigned to His-1410).
The K, of a solvent molecule bridging two divalent metals

is influenced by the electron withdrawing capability of those
metals. The addition of a negatively charged carboxylate
bridge to the metal center would lessen this electron
withdrawing capability. Therefore, it is possible that the
additional carboxylate bridge in arginase results in a pre-
dominantly aqua species instead of the hydroxyl species

found in PTE. The metal-bridging oxygen distance~&.4

A observed in the X-ray crystal structure of arginase also
supports a bridging water ligand. These findings greatly differ
from the pH-dependent EPR spectrum of PTE that exhibits
reversibility and the metal-bridging oxygen distances in PTE

that correlate with a bridging hydroxide ligand.

The Mn/Mn-PTE binuclear center exhibits an exchange

coupling constant o = —2.7 £ 0.2 cn* that is facilitated

through a hydroxide bridge. Protonation of the bridging
hydroxide results in the loss of the exchange coupling
between the two divalent cations and the loss of catalytic
activity. The reversible protonation of the bridging hydroxide
has an apparentq of 7.3 based upon changes in the EPR

spectrum of Mn/Mn-PTE with alterations in pH. The pH
rate profile for the hydrolysis of paraoxon by Mn/Mn-PTE

shows the requirement of a single functional group that must

be unprotonated with akg of 7.1. The comparableky

values are proposed to result from the protonation of the

same ionizable species.
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