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ABSTRACT. The interaction of bacteriophagderotein phosphatase with Mhwas studied using biochemical
techniques and electron paramagnetic resonance spectrometry. Reconstitution of bactekigpbimie
phosphatase in the presence of excess Mifdllowed by rapid desalting over a gel filtration column
resulted in the retention of approximately 1 equiv of lion bound to the protein. This was determined

by metal analyses and low-temperature EPR spectrometry, the latter of which provided evidence of a
mononuclear high-spin M ion in a ligand environment of oxygen and nitrogen atoms. Thé*Mn
reconstituted enzyme exhibited negligible phosphatase activity in the absence of addedMr@EPR
spectrum of the mononuclear species disappeared upon the addition of a second equivaléntasfdvn

was replaced by a spectrum attributed to an exchange-coupled)dtuster. EPR spectra of the dinuclear
(Mn?%), cluster were characterized by the presence of multiline features with a hyperfine splitting of 39
G. Temperature-dependent studies indicated that these features arose from an excited state. Titrations of
the apoprotein with MnGlprovided evidence of one Mh binding site with a micromolar affinity and at

least one additional Mt site with a 100-fold lower affinity. The dependence of the phosphatase activity

on Mr?* concentration indicates that full enzyme activity probably requires occupation of both Mn
sites. These results are discussed in the context of divalent metal ion activation of this enzyme and possible
roles for M#* activation of other serine/threonine protein phosphatases.

All organisms, from bacteria to eukaryotes, utilize revers- motif, consists of the sequen@H (X),GDXXD(X) nGN-
ible phosphorylation of proteins as a primary mechanism for HD/E (12—14). Enzymes in this superfamily are involved
metabolic regulationl(—3). Protein phosphorylation occurs in the hydrolysis of various phosphate esters and include acid
on serine, threonine, tyrosine, histidine, and aspartic acid,and alkaline phosphatases, exonucleases, nucleotidases, di-
and is catalyzed by protein kinas&s 4, 5). Removal of the adenosine tetraphosphatases, cyclic nucleotide phosphodi-
phosphoryl group is catalyzed by protein phosphatases, andesterases, sphingomyelin phosphodiesterases, the eukaryotic
two major groups have been identified, the protein tyrosine serine/threonine protein phosphatases, and a protein phos-
phosphatases and the serine/threonine phosphatsBs (  phatase from bacteriophadewnhich is the subject of this
The latter have been traditionally classified as type 1 and report (L3, 14). The X-ray structures of PP1%, 16) and
type 2 serine/threonine protein phosphatases on the basis otalcineurin (7, 18) indicate that the phosphoesterase motif
their substrate specificity, divalent metal ion dependence, andis represented as /&—a—f—a—/ secondary element that
inhibition by various phosphatase inhibito8-(11). Of these provides the framework for an active site dinuclear metal
enzymes, protein phosphatase 1 (PP2A (PP2A), and cofactor, with the four bold residues highlighted in the above
calcineurin share approximately 50% sequence identity sequence serving as ligands to one metal ion or both metal
within their active site domains and are therefore evolution- ions. Similarly, the X-ray structure of kidney bean purple
arily related 6, 10, 12). acid phosphatasé 9, 20) also indicates a homologofis-o.—

PP1, PP2A, and calcineurin are members of a much largerf—a—p motif accommodating a dinuclear metal cofactor,
superfamily of enzymes sharing a common catalytic core. albeit with a slight variation in the phosphoesterase motif
The conserved sequence motif, termed the phosphoesterasand ligand environment of the metal iorksl( 14).

The high degree of sequence conservation within the
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et al. @2) demonstrated that recombinant bacteriophage
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A protein phosphatase, and, where indicated, various con-

protein phosphatase can be reconstituted to contain acentrations of MnGl The specific activity was measured

dinuclear F&"—F¢&?* center, analogous to the¥e-Zn?" and
Fet—Fet centers of purple acid phosphataszs, (24),
further advancing the hypothesis that enzymes containing
the phosphoesterase motif utilize an active site dinuclear
metal center.

The identity of the physiological metal ion cofactors for
most phosphoesterases is often unknown. As isolated,
calcineurin contains a dinuclear¥e-Zn?" metal centerZ5,

26), but the question of whether these represent the physi-
ological metal ions or become incorporated during purifica-
tion has not been resolved. With that enzyme, th&" Zon

can be replaced nearly quantitatively with?Feand both

the Fé"—zZn?* and Fé'—Fe&" forms have comparable
enzymatic activity toward either pNPP or a phosphopeptide
substrate 26, 27). Nevertheless, calcineurin phosphatase

by following the increase in absorbance at 410 nm with time
using anesio of 12 100 (pH 7.5) or 14 400 M cm™* (pH
7.8).

For assays of the apoenzyme and 2Mreconstituted
enzyme, the specific activity of the untreated enzyme
(defined as 100% in Table 2) was averaged from three
different preparations and obtained by preincubating the
enzyme in buffer for 2 min at 38C followed by the addition
of pNPP to start the reaction. The Rrreconstituted enzyme
was obtained by diluting a concentrated solution of the
apoenzyme to about 1 mg/mL in 50 mM Tris-HCI, 100 mM
NacCl, and 10% glycerol (pH 7.5) in the presence ef2l
mM MnCl,. This solution was incubated for-3.6 h at 4°C
while it was stirred gently, after which it was concentrated
to <2 mL using an Amicon cell equipped with a YM-10

activity can be enhanced by the presence of a divalent metalultrafiltration membrane. The excess Ma@as removed

ion, with Mr?* and NP providing the highest level of
activation depending upon the substrate that is UBB®28—

33). Similar divalent metal ion activation has been observed
for PP1 and PP2A34—40). The mechanism for activation
is not known, but the addition of a divalent metal such as
Mn?t appears to prevent a time-dependent inactivation
process that may involve metal substituti@7,(29).

In this study, we have investigated the interaction of
recombinant bacteriophagdeprotein phosphatase with ¥th
Mn?* provides an ideal active site probe not only because it
is one of the best metal ion activators but also because it is
paramagnetic and can be investigated by magnetic resonanc
techniques. The data for the interaction of bacteriophage
protein phosphatase with Mhas determined by biochemical

by passage over a NAP-25 column into the same buffer
without MnCk, and fractions containing the protein were
collected and concentrated té1 mL using a YM-10
ultrafiltration membrane. The apoenzyme was treated in the
same fashion except MnGhas excluded from the incubation
buffer. Activity measurements of the apoenzyme and™n
reconstituted enzymes were obtained following dilution into
25 mM Tris-HCI, 50 mM NacCl, 1.0 mM DTT, and 5%
glycerol (pH 7.5) in the presence or absence of 1 mM MnCl
and incubated for various times (from 1.5 to 80 min) prior
to starting the reaction by addition of pNPP to a final total
goncentration of 10 mM. The activities noted in Table 2
represent averagels SD over the time course during which
the activity remained constant (from 1.5 to 60 min) from

and EPR spectroscopic techniques are presented in thdhree different preparations of the Kfrreconstituted enzyme

context of understanding divalent metal ion activation of this
phosphatase.

EXPERIMENTAL PROCEDURES

Materials

Dithiothreitol, MnCh, p-nitrophenyl phosphate (pNPP),
DEAE-Sepharose CL-6B, and phenyl-Sepharose were pur-
chased from Sigma (St. Louis, MO). YM10 Diaflo ultrafil-
tration membranes and Centricon microconcentrators were
purchased from Amicon, Inc. (Beverly, MA). NAP-25 gel
filtration columns were purchased from Pharmacia Biotech
(Piscataway, NJ).

Methods

and two preparations of the apoenzyme.

K values for MA* binding toA protein phosphatase were
determined at three different concentrations of pNPP (0.1,
1.0, and 10 mM) using 10 different concentrations of MnCl
from 2 uM to 1 mM, in 100 mM Tris (pH 7.8) and-190
nM A protein phosphatase. The concentration of freéMn
in the presence of pNPP was calculated from the equilibrium
expression using a stability constant of 74Mor the Mn—
pNPP complex (eq 1)/4Q).

[Mn—pNPP]

N [IMnZ[pNPP*] @)

a

The effect of protontation of pNPP can be ignored since
the K, for dissociation of the second proton of pNPP is
approximately 5.042, 43), indicating that<1% monoanion

Protein concentrations were measured using the Pierceis present at this pH.

(Rockford, IL) Coomassie Plus protein assay reagent using
bovine serum albumin as a standard. Alternatively, protein
concentrations were determined usingsgh of 41 700 Mt

Metal Analysis ofdl Protein PhosphataseManganese
analyses were performed by the Mayo Clinic Metal Labora-
tory by using a graphite furnace atomic absorption spec-

cm . Where noted, errors are represented as standardrometer (Perkin-Elmer, model 5100).

deviations (SD) from the mean.

Expression and Purification of Protein Phosphatase.
Expression and purification of bacteriophage protein
phosphatase were performed as described previa2I22,
417).

Phosphatase AssayEhe phosphatase activity was mea-
sured at 30°C in 25 mM Tris-HCI, 50 mM NaCl, 5%
glycerol, 1.0 mM DTT (pH 7.5), 10 mM pNPP, £50 nM

EPR Analysis of Protein Phosphatase Reconstituted with
Mn2t, Recombinanl protein phosphatase at a final con-
centration of 4quM (1 mg/mL) in 50-100 mM Tris-HCI
(pH 7.5), 5-10% glycerol, 25100 mM NaCl, and 1 mM
MnCl, was incubated overnight at°€. Following incuba-
tion, the protein was concentrated to about 1 mL using an
ultrafiltration cell equipped with a YM-10 membrane fol-
lowed by concentration in a Centricon-10 apparatus. The
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sample was then exchanged into the same buffer without 273 202
MnCl, by passage over a NAP-25 column (Pharmacia).
Buffer exchange using this column was routinely ac-
complished in less than 5 min. The sample was subsequently
concentrated, transferred to a quartz EPR tube, and frozen
in liquid nitrogen for EPR analysis.

Low-Temperature EPR dfProtein Phosphatase Titrated
with MnChL. A sample ofl protein phosphatase in 50 mM
Tris-HCI, 10% glycerol, and 100 mM NacCl (pH 7.5) was
concentrated to 0.60 mM and frozen in liquid nitrogen, and
the EPR spectrum at 3.6 K was recorded. The sample was
subsequently thawed and an aliquot of a freshly prepared
solution of 1.0 M MnC} in water added. Following incuba-
tion at room temperature for 10 min, the sample was frozen
in liquid nitrogen prior to obtaining another low-temperature

T T T T T I [T T [T T [T T [T T [ TA T T T T T [ T T[T

EPR spectrum. The titration was continued for up~i@ 1000 2000 3000 4000 5000 6000 7000
equiv of MnCl, for a total of nine additions of MnGJlfrom Magnetic Field (Gauss)
80 to 940uM. Ficure 1: Low-temperature EPR spectra/foprotein phosphatase

Alternatively, a sample of the apoenzyme was dialyzed following reconstitution with MA". The spectrum was recorded

at 4 °C for 24 h against 50 mM Tris-HCI, 10% glycerol, on a sample ofl protein phosphatase prepared as described in
d 01 M NaCl (bH 75 ith h f buff Experimental Procedures by incubating with an excess (1.0 mM)
an : aCl (p .5) with one change of buffer. of Mn2* followed by concentration and buffer exchange into 100

Following dialysis, the protein was concentrated to 3 MM mMm Tris-HCI (pH 7.5) via passage over a NAP-25 column for
and split into equivalent samples. Mp@fom a 1 M stock removal of excess M. The sample was further concentrated to
solution in water was added to 1 equiv in one sample and 20.9 mM for EPR analysis. The spectrometer conditions were as

s : : follows: temperature, 3.9 K; microwave frequency, 9.455 GHz;
equiv in the other. The samples were incubated for 5 min at modulation amplitude and frequendy G at 100kHz: microwave

room temperature and frozen by immersion in liquid nitrogen ouwer 1.0 mw: and gain, 5 10°. The hyperfine pattern angl
for EPR analysis. values of selected resonances are indicated.

Titration of A Protein Phosphatase with MngCIAs

Monitored by Room-Temperature EP&andard curves of RESULTS

signal intensity as a function of Mh concentration were Reconstitution ofl Protein Phosphatase with Mngl
obtained by plotting the peak-to-trough intensity of one of Detection of a High-Affinity Mononuclear MhBinding Site

the six lines of the EPR signal of MngB)s*" atg = 2.0 Figure 1 shows the low-temperature EPR spectrum of

versus the concentration of Mnirepared in 50 mM Tris-  recombinant bacteriophageprotein phosphatase following
HCI, 20% glycerol, and 100 mM NaCl (pH 7.5). The binding  reconstitution with MA* (Figure 1). The sample was

of Mn?* to 4 protein phosphatase was followed by measuring prepared by incubation of the enzyme in the presence of a
the signal intensity of the six-line EPR signal of Mn®)s*" 25-fold excess of M# followed by concentration and

at room temperature upon addition of Ma@ the enzyme.  removal of the excess Mh by passage of the sample over
For each EPR sample, a concentrated stock solution of theg gel filtration column. The EPR spectrum of Figure 1 is
enzyme was diluted into 50 mM Tris-HCI, 20% glycerol, highly anisotropic, and many of the features can be attributed
and 100 mM NaCl (pH 7.5) and a solution of Mn@ldded  to a mononuclear high-spin Mhion. The magnetic spin

to the desired final concentration. Following incubation at |evels of high-spin M&* (S= %/,) can be described by the
room temperature for 5 min, the sample was transferred 0 spin HamiltonianH (eq 3) @4):

a quartz EPR flat cell (Wilmad Glass Co., Inc., Buena, NJ)
and the EPR spectrum recorded. A new aliquot of protein H = DS?— )+ ES?— 3/2) + gogﬁ.g +AST (3)
was used for each Mh concentration. The data were fit by
least-squares analysis to the following equation (éq 2):  \yhereD andE represent zero-field splitting termg, is the
intrinsic g value for Mr#+, 8 is the Bohr magneton, anlis
. nK[Mn*] n,K [Mn?"] @ the hyperfine constant describing the strength of the interac-
V= 2+ o+ tion between the electronic spin and the nuclear spin of
(1+Kgg[Mn™]) - (1 + KgMn ™)) 55Mn (I = ®5). In the absence of an applied magnetic field,
the zero-field splitting term results in three Kramers doublets
Ineq 2,v represents the number of moles of Mrbound with ms values=Y,, +3,, and+%,. The application of an
per mole of protein,n, and n, represent the number of  external magnetic field lifts remaining degeneracies accord-
binding sites with association constatts andKaa, respec-  jng to the Zeeman interaction, while the presence of the
tively, and [Mr¥*] represents the concentration of free ¥in nuclear spin ofMn yields 2 + 1 additionaim levels within
Electron Paramagnetic Resonance SpectroscdiyR each electronic spin state that result in a six-line hyperfine
studies were performed on a Bruker ESP300E spectrometempattern for each of the EPR transitions. Transitions are
operating aia 9 GHz (X-band) microwave frequency. An “allowed” when Ams = +1 and Am = 0, yielding 30
Oxford Instruments ESR 900 continuous flow cryostat was possible fine structure transitions.
used for temperature regulation at low (3800 K) tem- A nearly isotropic resonance centered arogne- 2.0,
peratures. corresponding to transitions betwesn= +%, levels, can
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be observed in Figure 1. Six hyperfine lines are evident for
this feature and are indicated by the marks above the
resonance. The average splitting between hyperfine lines
corresponds to ai value of approximately 88 G and is
consistent with a mononuclear high-spin ¥ion bound to

the enzyme in a coordination environment of nitrogen and
oxygen ligands44). Additional features are clearly evident

in the spectrum of Figure 1 such as the peaf at2.73, a
resonance displaying a six-line hyperfine pattern (average
splitting of 87 G) centered a = 4.05, and a weak, near
zero-field transition aH < 0.4 kG @ = 17, Figure 1). Due

to its resonance position and the presence of resolved
hyperfine splitting, we attribute the six-line featuregat=

4.05 to a “forbidden”Ams = £2 transition, often observed
for Mn2" ions that have a relatively large zero-field splitting
(44—46). The other resonances are most likely due to
additional outer fine structure transitions (ems,= 45, <>

:|:3/2; ms = :i:3/2 g :|:1/2).

Data from manganese analyses of three independent
samples of M#-reconstituted protein phosphatase samples,
including the sample of Figure 1, are listed in Table 1. For
these analyses, an average stoichiometry of 8901 mol
of Mn per mole of protein was obtained. Taken together,
the EPR and metal analyses results indicate that ap-
proximately one MA&" ion remains tightly bound to the
sample following reconstitution.

EPR Spectra oft Protein Phosphatase during Mh
Titration. EPR spectra were also obtained forprotein
phosphatase to which substoichiometric quantities of'Mn

ﬁz

1000 2000 3000 4000 5000

Magnetic Field (Gauss)

6000 7000

Ficure 2: EPR spectra of protein phosphatase titrated up to 0.8
equiv with Mr?*. The EPR spectra from top to bottom were
recorded on a sample of 6(M A protein phosphatase in 50 mM
Tris-HCI, 10% glycerol, and 100 mM NacCl (pH 7.5) following
the addition of MnC] to final concentrations of 0, 80, 160, 270,

| | 385, and 490uM MnCl,. The spectra are plotted for direct
were added stepwise for up to 2 equiv. EPR spectra of comparison of intensity. Spectrometer conditions for all spectra were
protein phosphatase following the addition of Wirfor up as follows: temperature, 3.4 K; microwave frequency, 9.45 GHz;
to 0.8 equiv are shown in Figure 2. The same resonancesmc’du""‘tio(;l ar\'}\?_"t“d(f and fr;quncy, 5.2 G at 100 kHz; microwave
observed in Figure 1 such as the six-line featureg at power, 1.0 mi\; and gain, '

4.05 and 2.02 with ai of 87—88 G and the resonances at at higher M concentrations. At present, we are unable to
g= 17 andg = 2.7-2.9 are observed in all spectra in Figure resolve the spectra well enough to identify the nature of these
2 (except that for the apoprotein, top spectrum). The six- differences, but they may represent features that can be
line feature ag = 4.05 increases in proportion to the fn attributed to a dinuclear (M), cluster beginning to form
concentration (see below), a result consistent with the first on the enzyme (see below). The fact that each spectrum in

equivalent of MA" binding primarily to a single site. There
are minor differences in the spectra of Figure 2 as thé"™Mn

Figure 2 is qualitatively similar to the spectrum of Figure 1
indicates that repetitive freez¢haw cycles during titration

concentration increases toward 1 equiv. These include a shiftdo not result in appreciable sample damage.

of the feature which appears gt~ 2.7 at low Mrf"
concentrations to a slightly lower field) = 2.9) at higher

Identification of a Second Mn Binding Site: Formation
of a Spin-Coupled (M), Center Additional aliquots of

Mn2* concentrations, and a corresponding increase in its Mn?* resulted in a decrease in the signal intensity of many

intensity relative to other features in the spectrum. A further

of the features noted in Figure 2 as the concentration 6fMn

difference includes an increase in the intensity near 3.6 kG increased toward 2 equiv (Figure 3). Most notable were

Table 1: Metal Analysis of BacteriophadgeProtein Phosphatase
following Reconstitution with M#A"™2

sample [protein]¢M) [Mn?2t] (uM) [Mn?2*)/[protein]
1 20+ 3 19.0+ 0.2 0.95
2 60+ 9 49+5 0.82
3 56+8 50.2+ 0.6 0.89

a A protein phosphatase was incubated with a 25-fold excess of MnCl
and concentrated, the excess Ma@imoved via passage over a NAP-

decreases in the intensity of the six-line featurg at 4.05
and the low-field resonancg & 17). The six-line feature
at g = 4.05 exhibited a maximum intensity at a Rn
concentration corresponding to 0.8 equiv (represented by the
last spectrum in Figure 2 at a total knconcentration of
490 uM). Further additions of M#" resulted in the disap-
pearance of this resonance and the appearance of a spectrum
that we attribute to a spin-coupled (&M, cluster.

If two paramagnetic M# ions are bound in close

25 column, and the sample concentrated for low-temperature EPR. Aproximity, their Spins will interact via exchange Coup"ng

portion of each EPR sample was diluted into metal free water and

mechanisms. The spin Hamiltonian describing a coupled

analyzed for manganese by atomic absorption spectrophotometry. o . : o
Protein concentration determinations were performed as described in('vIrl )2 Cluster can be written as a sum of zero-field splitting

Experimental Procedures. The values listed for manganese determinatior2nd Zeeman terms for each metal ion (cf. eq 3) as well as
represent averages the standard deviation from the mean value from  an additional Heisenberg exchange coupling term describing

replicate analyses. The error in protein concentration determination is the strength of the interaction between paramagnetic centers
estimated to be:15%. (eq 4):
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Ficure 3: Dependence of the intensity of the six-lire= 4.05

resonance, on total Mn concentration. A titration oft prOtein N RS RN RN R RN R RN R R R RN AR RNRRRR N RARRNRRRRN R AR L
phosphatase with various concentrations of Mn&ds performed 1000 2000 3000 4000 5000 6000 7000
as described in the legend of Figure 2 and the Experimental Magnetic Field (Gauss)

Procedures. The intensity (peak-to-trough) of the hyperfine-split .

resonance in thg = 4.05 region was plotted as a function of the FIGURE4: Low-temperature EPR spectrafoprotein phosphatase
number of equivalents of Mnghdded to the enzyme. The signal  following the addition of either 1 or 2 equiv of Mh. Spectrum A
was normalized by dividing the intensity of tiye= 4.05 feature IS the 3.6 K EPR spectrum of 3.0 mMprotein phosphatase in 50
in each sample by the maximum intensity, obtained wher?fim. mM Tris-HCI, 10% glycerol, and 100 mM NaCl (pH 7.5), following

= 490uM. Spectrometer conditions were the same as described in the addition of 3.0 mM MnGl(1 equiv). The 3.6 K EPR spectrum
the legend of Figure 2. (B) was obtained on a sample bfprotein phosphatase following

o the addition of MnCJto 6.0 mM (2 equiv). Spectrometer conditions
H' =JS.-S (4) were as follows: microwave frequency, 9.45 GHz; modulation
12 amplitude and frequency, 2.1 G at 100 kHz; microwave power,
In eq 4,5, andS; represent the spin of each high-spin #¥in 0.25 mW; and gain, 5¢ 10°.
ion (S5 = S = %,) and the coupling constadtrepresents  the feature ag = 2.7—2.9 appears to have been replaced
the strength of the exchange interactionl i§ the dominant by a new feature aj = 2.7 which is broad and not resolved.
term in the Hamiltonian, a set of states characterized by thelLast, a six-line EPR signal negr= 2 from a trace amount
total spinS (S, + ) result, whereS can take on integral  of free Mn(HO)s?" can be seen in Figure 4B. Despite using
values from|S; — S| 0§ + S (S=0, 1, ..., 5 for two high concentrations of protein to minimize the presence of
high-spin Mr#* ions) separated in energy according to the Mn(H;0)s*" and maximize the binding of M to the
Landeinterval rule (eq 5): protein, the small amount of Mn@)s>" dominates the
spectrum in they = 2 region @4). The EPR spectra of Mn-
E= Q[S(SJF 1) - S(S,+1)—S(S+1)] (5 (H20)¢** and the residual mononuclear Krsite effectively
2 obscure the EPR spectra of any additional components that
may be present at 3.7 K.

EPR spectra of the samples treated with either 1 or 2 equiv
of Mn?* recorded at 31 K are shown in Figure 5. Several
new features appear at this temperature in the sample
containing 2 equiv of MA (compare Figure 5B with Figure
4B). These include distinct resonances at 0.49, 2.30, and 2.69
kG (g = 14.6, 2.93, and 2.51, respectively), a shoulder at
4.66 kG @ = 1.45), and a very broad feature extending from

For antiferromagnetic coupling, the ground state is diamag-
netic (S= 0) and is EPR silent while each excited ste®e (
=1, 2, ..., 5) can give rise to a unique EPR spectrum. Thus,
the observed EPR spectra are temperature-dependent an
represent a sum of spectra contributed from each spin level
weighted according to a Boltzman distribution governed by
eqg 5 and the temperature of the system (eq 6).

(2S+ 1) exp[-S(S+ 1)IKT] 5.310=6.6 kG (Figure 5B). These features are not observed
ny(T) = (6) at low temperatures, and they are not present in the sample
= containing 1 equiv of MA" at either 3.7 or 31 K (Figures
Z(ZS + 1) exp[-S(§ + 1)JkT] 4A and 5A, respectively). A series of spectra recorded from

I 3.7 to 130 K suggest that these new features are absent in

The 3.7 K EPR spectra of a sample of apoenzyme treatedthe spectrum at 3.7 K but begin to appear&tK and reach
with either 1 or 2 equiv of MnGlare shown in Figure 4. maximum intensity atc20—30 K. These results indicate that
The EPR spectrum df protein phosphatase in the presence they arise from a low-lying excited state(s) that becomes
of 1 equiv of Mr*™ (Figure 4A) is essentially identical to  populated as the temperature is increased. At least two of
the spectra in Figures 1 and 2 and represents a mononucleathe features in the 30 K temperatures exhibit multiline
Mn?* ion bound to the enzyme. The sample Aoprotein hyperfine patterns. An expansion of the 31 K spectrum of
phosphatase treated with 2 equiv of Wis shown in Figure Figure 5B in the region from 0.5 to 3.0 kG is shown in Figure
4B. In comparing the spectra of panels A and B of Figure 4, 6. Two 11-line hyperfine patterns, labeled A and C in Figure
we observed several notable differences. First, the six-line 6, exhibit an average splitting of 39 G, a value that is
feature atg = 4.05 in Figure 4B is weaker in intensity by approximately half of that expected for a single high-spin
more than 75% relative to this feature in Figure 4A. In Mn?" ion. These characteristics are representative of exchange-
addition, the low-field transition aj > 17 observed in the  coupled Mi" ions (@44). The six-line hyperfine pattern with
EPR spectrum of the mononuclear Mrsite is absent, and  anA of 89 G atg = 4.05 representing a residual amount of
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Ficure 7: Dependence of the intensity of the EPR resonance due
to Mn(H,O)¢?" in the presence and absencé. girotein phosphatase
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as a function of total MnGlconcentration. Curve A represents a
1000 2000 Ma:r(::t(:c Fielzofgauss)sooo 6000 7000 least-squares fit to the EPR signal intensity of Mp@h?* in 50

mM Tris-HCI, 10% glycerol, and 100 mM NaCl (pH 7.5) as a
FicurRe 5: EPR spectra ofl protein phosphatase following the  function of total MnC} concentration®). (B) EPR signal intensity
addition of 1 or 2 equiv of MA at 31 K. (A) The EPR spectrum  of Mn(H,0)s?" (®) as a function of total MnGlconcentration in
of 3.0 mM A protein phosphatase in the presence of 1 equiv of the presence of 188M A protein phosphatase in the same buffer
MnCl,. (B) The EPR spectrum of 3.0 mM protein phosphatase  used for trace A. Spectrometer conditions were as follows:
in the presence of 2 equiv of MnCIThe spectra were recorded  temperature, 300 K; microwave frequency, 9.438 GHz; modulation
using the same samples described in the legend of Figure 4.amplitude and frequency, 2.0 G at 100 kHz; and microwave power,
Spectrometer conditions were as follows: microwave frequency, 8.0 mW.
9.45 GHz; modulation amplitude and frequency, 2.07 G at 100 kHz;

microwave power, 20 mW; and receiver gainx110°. at g = 2 is observed. A standard curve of EPR signal
c intensity versus Mn(kD)e?" concentration can be obtained
TN from EPR spectra of a series of standard Mn&ilutions

(Figure 7). This standard curve can then be used for
determining the concentration of free Mn®)e?" in equi-
librium with Mn2* bound tol protein phosphatase following
addition of MnC}, to the sample.

Figure 7 shows the results from a typical experiment in
which Mr** was added to buffer in the absence (Figure 7,
curve A) and presence (Figure 7, curve B) ofprotein
phosphatase. The standard curve in the absence of enzyme
is linear over the range of Mih concentrations as expected.
In the presence oft protein phosphatase, however, the
addition of up to 1 equiv of Mfr (190 uM) resulted in a
negligible EPR signal from Mn($0)s**, a result indicating
that the first equivalent of Mi1 binds to the enzyme. Further
additions of MnC} of up to 600uM resulted in a nonlinear
dependence of the intensity of the EPR signal due to free
Ficure 6: Multiline hyperfine pattern ofl protein phosphatase Mn(HZO)G.z+ "’?S "?‘ function of to.t".il M ancentratlon’ a
due to the presence of an exchange-couplec?fjrcenter. The  result which indicates that additional Ffnions beyond 1
figure is an expanded-scale version of the 31 K spectrum depictedequiv bind to the enzyme.
in Figure 5B. A and C denote the positions of hyperfine-split A binding isotherm from 1x 10%to 1 x 1073 M Mn?%*
resonances due to a spin-coupled f¥n cluster with an average a5 gbtained and could be fit to a model assuming two types
?ggggg;ea;%lﬁt;]rs%fo;‘h’égs&livr\%llitZ\%g a(;tta:rnsgegc))t?gsgzaﬁgs a of noni_nt(_aracting sites with Mn?* ions b_ound per site_ with
due to occupancy of the mononuclear site only. dissociation constantsq; andKq, according to eq 2 (Figure

8). Due to the fact that M binding occurs over a range of
the mononuclear Mt ion is highlighted for comparison ~ Mn?* concentrations that spans 3 orders of magnitude, four
(pattern B in Figure 6). sets of experiments with different enzyme concentrations

Evidence for Two Distinct Mif Binding Sites or Protein were used to obtain the complete binding isotherm. A least-
Phosphataserurther evidence for the presence of twoain  squares fit to eq 2 for these data indicated one tight'Mn
binding sites oni protein phosphatase is provided by binding site (i = 0.71) with a dissociation constal; of
titrations of the enzyme with Mnglfollowed by EPR 2 4+ 1 uM and two weaker Mfi" binding sites if; = 1.9)
spectrometry at room temperature. In the liquid state, the with a Ky, of 160+ 20 uM (Figure 8).

EPR signal of MA™ bound to protein is broadened due to Correlation between M Binding and Enzyme Aciity.
zero-field splitting contributions such that it is essentially The phosphatase activities of the apoenzyme and the-Mn
undetectable at the X-band frequency. For My@H?", reconstituted protein phosphatase containing approximately
anisotropy due to zero-field splitting is averaged by rapid 1 equiv of Mr?* were assayed using pNPP as the substrate
tumbling and an isotropic six-line EPR spectrum centered as shown in Table 2. The apoenzyme assayed in the absence

1000 1500 2000 2500 3000
Magnetic Field (Gauss)
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FiIGURE 8: Bjerrum plot representing the binding of ®mto 4

protein phosphatase. The data were collected from four separat

titrations of A protein phosphatase with MNnCEPR spectrometer

conditions were as follows: temperature, 321 K; and microwave
frequency, 9.438 GHz. The modulation amplitude and frequency
were 1.0 G at 100 kHz, respectively, and the microwave power

was 8.0 mW for samples containing 188 and 200 A protein
phosphatase. For samples containing(®bA protein phosphatase,
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Table 2: Enzyme Activity of the Apoenzyme and
Mn2*-Reconstituted BacteriophadgeProtein Phosphatase in the
Presence and Absence of Exogenous™n

% activity % activity
sample (without Mn2+)b (with Mn2*)e
apoenzyme <0.3 60+ 20
Mn?"-reconstituted enzyme 4H0.3 70+ 20

aAn activity of 260 + 70 umol min~* mg™ (defined as 100%
activity) represents the activity of the enzyme in buffer containing'™Mn
(see footnote c below) prior to reconstitution. The activities of the
apoenzyme or the Mti-reconstituted enzyme represent the activities
after reconstitution in the presence or absence of'Mis described in
Experimental Procedure$The assay buffer contained 25 mM Tris-

eHCI, 50 mM NacCl, 5% glycerol (pH 7.5), 1.0 MM DTT, 10 mM pNPP,

and 17-50 nM 4 protein phosphatase as described in Experimental
Procedures. No other source of Mnwas provided other than that
bound to the enzyme prior to dilution into assay bufféfhe assay
buffer was the same as in footnote b with 1 mM MpnClI

the modulation amplitude was 5.0 G at 100 kHz and the microwave 7 uM for Mn2*, a value in good agreement with the value

power was 20 mW.

of Mn?* is inactive 0.9 umol of pNPP hydrolyzed mint
mg1), but the addition of MA" to a total concentration of
1 mM results in activation to a specific activity of 26070
umol of pNPP hydrolyzed mint mg* (defined as 100%
activity for reference, Table 2), verifying the requirement
for a divalent metal ion activator (e.g., ¥inor Ni%")
demonstrated previously by Zhuo et &1). In comparison,
Mn?*-reconstituted bacteriophageprotein phosphatase had
a specific activity of 10.4+ 0.8 umol of pNPP hydrolyzed
min~!t mg-* when Mr?* was excluded from the assay buffer,
4% of the activity of the fully activated enzyme. The
inclusion of Mr?* in the assay buffer increased the specific
activity of Mn?*-reconstituted. protein phosphatase to 70%

of 10 uM reported previously for the wild-type enzynij.
DISCUSSION

In this study, bacteriophagé protein phosphatase was
reconstituted with Mf" to understand how this divalent
metal ion interacts with the enzyme to activate it for
phosphate ester hydrolysis. Incubation of the enzyme in the
presence of 1 mM MnG] followed by a rapid desalting step
over a NAP-25 gel filtration column, resulted in recovery
of the enzyme containing approximately 1 equiv of Mn. EPR
spectrometry revealed spectra dominated by a singl&Mn
ion bound in a coordination environment of oxygen and/or
nitrogen ligands, ligands which are predicted by analogy with
other enzymes containing the phosphoesterase mdfi2().

of the activity of the untreated enzyme. The apoenzyme The EPR spectra of this Mhion are quite similar to EPR

subjected to the same treatment but without Mn@lthe

spectra previously reported for the manganese dioxygenase

incubation buffer was equally as active. The time course for ffom Arthrobacter globiformisin the presence of 3,4-

activation was rapid with full activity being achieved #b
min.2 If it is assumed that the tightly bound Nthion does
not further dissociate following dilution for activity measure-
ments, these results suggest that a singlé™Nbn bound to
the enzyme is not sufficient to activate the enzyme. Ad-
ditional Mr?* is required to convert the enzyme into the fully
active state.

The activation ofd protein phosphatase by Nthwas

dihydroxyphenylacetic acid4{), and the spectra of Mn

in ternary complexes of pyruvate kinase with pyruvate or
phosphoenolpyruvatd®). The X-band EPR spectra of Nih
ions bound to these enzymes are highly anisotropic and
characterized by large zero-field splittings, the result of
asymmetry in the ligand environment. The manganese
dioxygenase contains a Mihbinding site consisting of two
histidines, a glutamate, and probably either one or two

explored by assaying the enzyme at total pNPP concentra-Phenolate oxygens from the substrat@ @9), while an X-ray

tions of 0.1, 1.0, and 10.0 mM and 10 different total
concentrations of MnGIfrom 2 4M to 1 mM. Because pNPP
forms a complex with Mfi", the concentration of free Mh

available to bind to the enzyme can be calculated from the

equilibrium expression in eq 1.
Lineweavefr-Burk plots for the three concentrations of

pNPP were used to estimate the dependence of phosphatase

activity on free Mi3™ concentration. Replicate measurements
at each concentration of pNPP yielded&a value of 16+

21n all but one case, the enzyme activity of the Whmeconstituted
enzyme reached 90% of the maximum activity within 2 min following
dilution into buffer containing M#™ and essentially full activity inc5
min. The activity was stable up to about 60 min but declined slightly
after this time. In the one exception, the activity of Mweconstituted
enzyme required a significantly longer time period to reach the

maximum (80 min). The reasons for the delayed response for this

preparation of enzyme are not understood.

structure of the pyruvate complex of pyruvate kinase shows
a Mr#t ion coordinated by two carboxylates from the protein,
the carboxylate and carbonyl group of pyruvate, and possibly
two water molecules50). A similar asymmetric MA"
coordination environment is expected for Mn-reconstituted
A protein phosphatase.

Somewhat unexpected was the absence of a second bound
Mn?* ion following reconstitution since the phosphoesterase
motif is predicted to accommodate two closely spaced metal
ions as a dinuclear metal unit. Indeed, the formation of a
spin-coupled F&—F¢&* cluster has been demonstrated in
bacteriophagé protein phosphatas@2), indicating that two
intimate metal binding sites exist for this protein. Binding
of the second M# ion could only be detected when the
concentration of free Mt exceededv100uM (or 1 equiv

for concentrated solutions of the enzyme), implying a much
weaker affinity for the second Mh ion. 4 protein phos-
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phatase is thus capable of binding two Mions, one with compared toJ values measured for model (¥, com-
high affinity, and a second with much lower affinity that pounds and used to infer the presence of-H,O ligand
readily dissociates from the enzyme. This was confirmed by bridging the two MA* ions rather than a-OH (64). Further
Mn?* titrations of the apoenzyme which revealed one binding experiments are in progress to confirm the strength of the
site (» = 0.71) with a micromolar dissociation constant and exchange interaction and determine the ligand environment
is attributed to the Mf'" ion that remains tightly associated in this enzyme for comparison with other metallohydrolases
with the enzyme after desalting. These titrations also which utilize a dinuclear (M#r), center.
indicated at least one additional Bmbinding site with an The relationship of enzymatic activity to Mhconcentra-
approximately 100-fold lower affinity exists. The presence tion can be estimated by measuring tgfor Mn?*. In the
of two divalent metal ion binding sites with disparate presence of three different concentrations of pNPP Kihe
affinities has been observed in a number of enzymes suchfor Mn?* was determined to be 16M, a value 10-fold lower
as the Cé-dependent prolidase from the archeRyrococ- than the dissociation constant measured for binding of the
cus furiosus(51). This enzyme is a member of a separate second MA" ion to the enzyme. This result alone could be
superfamily of metallohydrolases which utilize dinuclear taken to indicate that the enzyme is active when only one
metal centers as active site cofactors. Other examples includevin?* ion is bound to the enzyme since this value is only
enolase an&-adenosylmethionine synthase, both dinuclear slightly higher than the value estimated for the dissociation
metal-containing enzymes which bind one divalent metal ion constant of the first Mff ion that binds to the enzyme in
with high affinity and a second metal with weaker affinity the absence of substrate. Results from Table 2, however,
whose binding is facilitated by the presence of the substrateindicate that the M#f-reconstituted enzyme has only low
(52—54). activity unless additional Mii is added to the assay buffer,
Although the binding isotherm was best fit by modeling a result which suggests that the enzyme requires more than
two low-affinity Mn?" ions (, = 1.9), the existence of a one Mr¥" ion for full activity. However, these assessments
third divalent metal ion binding site is tenuous. The pos- of Mn?" activation are complicated by the fact that, in
sibility of three divalent metal ions binding tb protein addition to binding to the enzyme in the absence of substrate
phosphatase, in analogy Escherichia colialkaline phos- (Figure 8), Mr#™ can also bind to substrate pNPP in an
phatase which binds two 2hions and one Mg ion (55), independent equilibrium governed by eq 1. It is thus possible
is not supported by X-ray structures of other members of that the enzyme binds one N¥mion tightly but the second
this family of enzymes such as purple acid phosphatase, PP1pne enters as a complex with substrate; i.e., the-pNPP
and calcineurin. Since the highest experimental stoichiometry complex may be the true substrate for the enzyme. Further
obtained was 2.4 and exceeded 2 equiv only when thebiochemical and kinetic experiments are necessary to deter-
concentration of free Mit was>300uM (Figure 8), amore  mine the order of metal and substrate binding and the
likely situation is that nonspecific M binding is occurring mechanism of the reaction.
at these high concentrations as has been observed, for We have investigated the binding of kirto bacteriophage
example, with MA" binding to the (ZmMg form of E. coli A protein phosphatase to provide insight into the mechanism
alkaline phosphatas&6g). of divalent metal ion activation. These studies may also
Low-temperature EPR spectroscopy indicated that the provide a framework for understanding the mechanism of
second MA' ion binds close to the first to form a spin- divalent metal ion activation of the serine/threonine protein
coupled (Mi™), cluster. Thus, EPR spectra showed multiline phosphatases calcineurin, PP1, and PP2A. Calcineurin has
features with arA of 39 G which were absent at the lowest been shown to be activated by Krand N?* (25, 28—33).
temperatures but appearedat K and exhibited maximum  Interestingly, neither Mn nor Ni could be detected in samples
intensity at~20—30 K. These features are characteristic of of calcineurin following purification Z5) or rapid immuno-
exchange-coupled (Mh), centers 44) such as those found precipitation 65), indicating that these are not likely to be
in enolase %7, 58), S-adenosylmethionine synthasB4j, native metal ions. Rather, Fe and Zn were found to be tightly
manganese catalases9{-62), and rat liver arginase6). associated with the purified enzyme as a dinucledr e
The presence of additional paramagnetic components, inZn?t active site cofactorl(7, 18, 25, 26), analogous to the
particular, residual amounts of the mononuclear?Mn  Fe*"—Zn?* dinuclear site in the purple acid phosphatase from
component and a trace of Mn{B)s?", effectively obscures  kidney bean 19, 66). Similar divalent metal ion activation
the EPR spectra of this coupled (fh), species for tem-  has been noted for PP1 and PP2A. Thus, PP2A can be
peratures of<20 K, making it difficult to follow its activated by C&" or Mn?*, and the enzyme that had lost
temperature dependence with accuracy. Nevertheless, wdhe activity can be reactivated by the same divalent cations
have attempted simulations of the temperature dependencé37, 38). PP1 undergoes analogous activation, with?Mn
of several features noted in Figure 5B and found that we bringing about the highest level of activitg4—36, 39, 40).
could obtain reasonable fits to & 2 state with a coupling The mechanism of divalent metal ion activation of the
constant J) of about 3 cn1? for the features at 0.3, 2.3,  serine/threonine protein phosphatases may involve substitu-
and 2.7 kG. The strength of the exchange interaction is ation of one or both of the endogenous metal ions present in
function of the distance between metal ions and the type of the native enzyme. Thus, Zh Ni?*, Ci?*, Hg?", Mn?*, and
ligand bridging the two metal ions (if present). Thealue Cc?" have been shown to substitute for théFsite of the
estimated ford protein phosphatase is significantly lower Fe*™—Fe** dinuclear cluster of porcine uteroferrin or beef
thanJ values observed for manganese catalases but similarspleen purple acid phosphataé@-£72). Similarly, Fé* can
to values obtained for rat liver arginase, an analogous replace the Z#t ion of the F&"—Zn?* center of kidney bean
metallohydrolase which convertsarginine toL-ornithine purple acid phosphataség, 73) or bovine brain calcineurin
and urea 1, 64). For arginase, the weak coupling was (26), yielding a spin-coupled Fe—Fe&** cluster. Recombi-
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nant PP1 used for X-ray studies contained 0.92 equiv of Mn
and 0.45 equiv of Fe following crystallization in M
containing buffers, leading Barford and colleagues to propose
an Fe-Mn dinuclear metal centerlf) and indicating that

at least one of the sites of the dinuclear metal center may
accommodate a M ion. Interestingly, prolonged incubation

of calcineurin with®Ni2* or *Mn?* leads to the association

of up to 2 equiv of these metal ions, suggesting th&t Ni
and Mt may be able to displace not just one but possibly
both of the endogenous (Fe and/or Zn) ions. Recently, Merkx
and Averill (74) were successful in replacing the3Féon

with Ga&* to generate Gd—Fe&*" and G&"—Zn?* forms of
bovine spleen purple acid phosphatase, indicating that it is
possible to bring about selective substitution of both metal
ions.

It is thus reasonable to hypothesize that divalent metal ion
activation of calcineurin, PP1, and PP2A may involve
substitution of one of the intrinsic metal ions of these
enzymes. Continued investigation into the mechanism of
divalent metal ion activation of calcineurin, PP1, and PP2A
will require careful analytical and spectroscopic analyses to

resolve the issue of whether these enzymes have a weakly 23.

bound metal ion which can be easily replaced by exogenous
divalent metal ions. At least in the case of bacteriophage
protein phosphatase, we have shown that activation b/ Mn
likely requires the assembly of a dinuclear Wi site. The
presence of two metal sites with different affinities makes it
possible to produce mixed metal clusters and allows for the
possibility of exploring the roles of individual metal ions of
the dinuclear metal center.

ACKNOWLEDGMENT

We thank Mr. Robert Sikkink for technical assistance in
preparing the enzyme used in this study.

SUPPORTING INFORMATION AVAILABLE

Three graphs showing the temperature dependence of
selected EPR resonancesigirotein phosphatase containing
2 equiv of Mr#* together with theoretical fits to eq 6. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Hunter, T. (1995 ell 80 225-236.

2. Kennelly, P. J., and Potts, M. (1998)Bacteriol. 1784759~

4764,

Smith, S. C., Kennelly, P. J., and Potts, M. (199./Bacteriol.

179, 2418-2420.

Hunter, T., and Cooper, J. A. (198Bhnu. Re. Biochem.

54, 897-930.

Edelman, A. M., Blumenthal, D. K., and Krebs, E. G. (1987)

Annu. Re. Biochem. 56567—-613.

Shenolikar, S., and Nairn, A. C. (19%4y. Second Messenger

Phosphoprotein Res. 23—121.

Charbonneau, H., and Tonks, N. K. (1992)nu. Re. Cell

Biol. 8, 463—493.

Ingebritsen, T. S., and Cohen, P. (19&)ence 221331~

338.

9. Cohen, P. (1989%nnu. Re. Biochem. 58453—-508.

10. Cohen, P., and Cohen, P. T. W. (1989Biol. Chem. 264
21435-21438.

11. Rusnak, F., Yu, L., and Mertz, P. (1996)Biol. Inorg. Chem.
1, 388—-396.

3.

4.

5.

6.

7.

8.

Biochemistry, Vol. 38, No. 21, 199%951

12. Barton, G. J., Cohen, P. T. W., and Barford, D. (1984).

J. Biochem. 220225-237.

Koonin, E. V. (1994Protein Sci. 3 356-358.

Lohse, D. L., Denu, J. M., and Dixon, J. E. (19%8jucture

3, 987—990.

Goldberg, J., Huang, H.-B., Kwon, Y.-G., Greengard, P., Nairn,
A. C., and Kuriyan, J. (1999)ature 376 745-753.

Egloff, M.-P., Cohen, P. T. W., Reinemer, P., and Barford,
D. (1995)J. Mol. Biol. 254 942—959.

Griffith, J. P., Kim, J. L., Kim, E. E., Sintchak, M. D.,
Thomson, J. A., Fitzgibbon, M. J., Fleming, M. A., Caron, P.
R., Hsiao, K., and Navia, M. A. (1995}ell 82 507—522.
Kissinger, C. R., Parge, H. E., Knighton, D. R., Lewis, C. T.,
Pelletier, L. A., Tempczyk, A., Kalish, V. J., Tucker, K. D.,
Showalter, R. E., Moomaw, E. W., Gastinel, L. N., Habuka,
N., Chen, X., Maldonado, F., Barker, J. E., Bacquet, R., and
Villafranca, J. E. (1995Nature 378 641—644.

Stiger, N., Klabunde, T., Tucker, P., Witzel, H., and Krebs,
B. (1995)Science 2681489-1492.

Klabunde, T., Sttar, N., Frdich, R., Witzel, H., and Krebs,
B. (1996)J. Mol. Biol. 259 737—-748.

Zhuo, S., Clemens, J. C., Hakes, D. J., Barford, D., and Dixon,
J. E. (1993)J. Biol. Chem. 26817754-17761.

. Mertz, P., Yu, L., Sikkink, R., and Rusnak, F. (1997Biol.
Chem. 27221296-21302.

Kurtz, D. M., Jr. (1990Chem. Re. 90, 585-606.

Vincent, J. B., Olivier-Lilley, G. L., and Averill, B. A. (1990)
Chem. Re. 90, 1447-1467.

King, M. M., and Huang, C. Y. (1984). Biol. Chem. 259
8847—-8856.

Yu, L., Haddy, A., and Rusnak, F. (1995)Am. Chem. Soc.
117, 1014710148.

Yu, L., Golbeck, J., Yao, J., and Rusnak, F. (198ibchem-
istry 36, 1072710734.

King, M. M., and Huang, C. Y. (1988iochem. Biophys. Res.
Commun. 114955-961.

Pallen, C. J., and Wang, J. H. (198B)Biol. Chem. 258
8550-8553.

. Pallen, C. J., and Wang, J. H. (198%)Biol. Chem. 259
6134-6141.

. Gupta, R. C., Khandelwal, R. L., and Sulakhe, P. V. (1984)
FEBS Lett. 169251—-255.

. Li, H.-C. (1984)J. Biol. Chem. 2598801-8807.

. Wolff, D. J., and Sved, D. W. (198%). Biol. Chem. 260
4195-4202.

. Berndt, N., and Cohen, P. T. W. (1998)r. J. Biochem. 190
291-297.

.Zhang, Z., Bai, G., Deans-Zirattu, S., Browner, M. F., and
Lee, E. Y. C. (1992)). Biol. Chem. 2671484-1490.

. Alessi, D. R., Street, A. J., Cohen, P., and Cohen, P. T. W.
(1993) Eur. J. Biochem. 21,31055-1066.

Chu, Y., Wilson, S. E., and Schlender, K. K. (1984)chim.
Biophys. Acta 120845—-54.

Cai, L., Chu, Y., Wilson, S. E., and Schlender, K. K. (1995)
Biochem. Biophys. Res. Commun. 2284—279.

Chu, Y., Lee, E. Y. C., and Schlender, K. K. (1996Biol.
Chem. 2712574-2577.

Endo, S., Connor, J. H., Forney, B., Zhang, L., Ingebritsen,
T.S., Lee, E. Y. C., and Shenolikar, S. (19%ipchemistry
36, 6986-6992.

Zhuo, S., Clemens, J. C., Stone, R. L., and Dixon, J. E. (1994)
J. Biol. Chem. 26926234-26238.

Massoud, S. S., and Sigel, H. (198®%)rg. Chem. 271447
1453.

Bourne, N., and Williams, A. (1984) Org. Chem. 491200~
1204.

Reed, G. H., and Markham, G. D. (19&ipl. Magn. Reson.

6, 73—142.

Griscom, D. L., and Griscom, R. E. (1967) Chem. Phys.
47, 2711-2722.

Schreurs, J. W. H. (1978) Chem. Phys. 62151-2156.
Whiting, A. K., Boldt, Y. R., Hendrich, M. P., Wackett, L.
P., and Que, L., Jr. (199@iochemistry 35160-170.

13.
14.

15.
16.

17.

18.

19.
20.
21.

22

24.
25.
26.
27.
28.

29.

37.

38.

39.

40.

41.
42.
43.
44.
45,

46.
47.



6952 Biochemistry, Vol. 38, No. 21, 1999

48.
49.

50.
51.
52.
53.

54.
55.

56.

57.
58.
59.
60.

61.

Reed, G. H., and Cohn, M. (1978)Biol. Chem. 2486436~
6442.

Boldt, Y. R., Whiting, A. K., Wagner, M. L., Sadowsky, M.
J., Que, L., Jr., and Wackett, L. P. (199ipchemistry 36
2147-2153.

Larsen, T. M., Laughlin, L. T., Holden, H. M., Rayment, I.,
and Reed, G. H. (199Biochemistry 336301-6309.

Ghosh, M., Grunden, A. M., Dunn, D. M., Weiss, R., and
Adams, M. W. W. (1998)). Bacteriol. 180 4781-4789.
Faller, L. D., Baroudy, B. M., Johnson, A. M., and Ewall, R.
X. (1977) Biochemistry 163864-3869.

Reed, G. H., Poyner, R. R., Larsen, T. M., Wedekind, J. E.,
and Rayment, I. (19963urr. Opin. Struct. Biol. §736-743.
Markham, G. D. (1981). Biol. Chem. 2561903-1909.
Coleman, J. E. (1992)nnu. Re. Biophys. Biomol. Struct.
21, 441-483.

Schulz, C., Bertini, I., Viezzoli, M. S., Brown, R. D., lll,
Koenig, S. H., and Coleman, J. E. (1988prg. Chem. 28
1490-1496.

Chien, J. C. W., and Westhead, E. W. (19Bigchemistry
10, 3198-3203.

Poyner, R. R., and Reed, G. H. (198&)chemistry 317166—
7173.

Fronko, R. M., Penner-Hahn, J. E., and Bender, C. J. (1988)
J. Am. Chem. Soc. 113554-7555.

Khangulov, S. V., Barynin, V. V., Voevodskaya, N. V., and
Brebenko, A. I. (1990Biochim. Biophys. Acta 102B05—
310.

Khangulov, S. V., Pessiki, P. J., Barynin, V. V., Ash, D. E.,
and Dismukes, G. C. (199Biochemistry 342015-2025.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Rusnak et al.

Meier, A. E., Whittaker, M. M., and Whittaker, J. W. (1996)
Biochemistry 35348—-360.

Reczkowski, R. S., and Ash, D. E. (1992)Am. Chem. Soc.
114, 10992-10994.

Khangulov, S. V., Sossong, T. M., Jr., Ash, D. E., and
Dismukes, G. C. (1998Biochemistry 378539-8550.

Rao, J., and Wang, J. H. (198®)Biol. Chem. 2641058~
1061.

Beck, J. L., de Jersey, J., Zerner, B., Hendrich, M. P., and
Debrunner, P. G. (1988). Am. Chem. Soc. 118317-3318.
Keough, D. T., Dionysius, D. A., de Jersey, J., and Zerner, B.
(1980) Biochem. Biophys. Res. Commun, 8680-605.

Davis, J. C., and Averill, B. A. (198Broc. Natl. Acad. Sci.
U.S.A. 794623-4627.

Beck, J. L., Keough, D. T., de Jersey, J., and Zerner, B. (1984)
Biochim. Biophys. Acta 79B57-363.

Beck, J. L., McArthur, M. J., de Jersey, J., and Zerner, B.
(1988)Inorg. Chim. Acta 15339—44.

David, S. S., and Que, L., Jr. (199D)Am. Chem. Soc. 112
6455-6463.

Holz, R. C., Que, L., Jr., and Ming, L.-J. (199R)Am. Chem.
Soc. 114 4434-4436.

Suerbaum, H., Koer, M., Witzel, H., Althaus, E., Mosel,
B.-D., and Miler-Warmuth, W. (1993Fur. J. Biochem. 214
313-321.

. Merkx, M., and Averill, B. A. (1998)Biochemistry 37

8490-8497.
BI1982606U



