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ABSTRACT. Bacteriophage protein phosphatas@®P) is a member of a large family of metal-containing
phosphoesterases, including purple acid phosphatase, protein serine/threonine phosphatatesjdase,

and DNA repair enzymes such as MrePP can be activated several-fold by various divalent metal
ions, with Mr#™ and N?* providing the most significant activation. Despite the extensive characterization
of purified APP in vitro, little is known about the identity and stoichiometry of metal ions usetiR#/

in vivo. In this report, we describe the use of metal analysis, activity measurements, and whole cell EPR
spectroscopy to investigate in vivo metal binding and activationiBP. Escherichia colicells
overexpressingPP show a 22.5-fold increase in intracellular Mn concentration and less dramatic changes
in the intracellular concentration of other biologically relevant metal ions compared to control cells that
do not expressPP. Phosphatase activity assessed ysamg-nitrophenylphosphate as substrate is increased
850-fold in cells overexpressingPP, indicating the presence of metal-activated enzyme in cell lysate.
EPR spectra of intact cells overexpressiif exhibit resonances previously attributed to mononuclear
Mn2™ and dinuclear [(MA");] species bound tdPP. Spin quantitation of EPR spectra of int&ctcoli

cells overexpressingPP indicates the presence of approximately:¥dmononuclear M#*-APP and 60

uM [(Mn2%),]-APP. The data suggest that overexpressiotP&f results in a mixture of apo-, mononuclear-
Mn2*, and dinuclear-[(M#");] metalloisoforms and that M is a physiologically relevant activating
metal ion inE. coli.

The bacteriophagel protein phosphataselRP)} was Each phosphatase in the family appears to have different
originally identified and characterized as a phosphatase bymetal ion requirements. Various metalloisoforms of purple
Cohen et al. on the basis of significant amino acid sequenceacid phosphatase have been isolated, includingHes Fe-
homology with mammalian protein phosphatases (PP) 1 andZn, and Fe-Mn forms 20—24). Both PP1 and PP2A are
2A (9, 10). One hundred fifteen residues of the N-terminus activated in vitro by MA", C?*, and Fé'/ascorbate, but
of APP have 35% sequence identity to the N-terminal the identity of the native metal ions is not yet resolveg
sequences of protein phosphatases 1 and 2A (PP1 and PP2/32). Calcineurin (PP2B), an F&Zn enzyme activated by
respectively) 9, 10). PP1, PP2A, andPP belong to alarge  C&*/calmodulin (9, 33, 34), can also be activated in vitro
family of metallophosphoesterases, which includes bacterial/by Mn?" and N#t, but there is no evidence that Ftnis an
cyanobacterial 1), archaeal 12), fungal (L3—15), protist intrinsic metal activator33, 35—41). APP and other bacterial
(16), plant (L7, 18), and animal 19) protein phosphatases, phosphatases can be stimulated severalfold by divalent
Mrell nuclease7), 5-nuclectidase &), and purple acid metals, with MA* and N?* providing the most significant
phosphatase20—24). The enzymes in this family share a activation @7, 42). The ability of purified APP to bind a
common phosphoesterase mdiif{H (X) ,\GDXXD(X) nGN- dinuclear [(Mrf"),] cofactor has been confirmed by EPR
HD/E (25—27). The amino acids highlighted in bold are
situated in loops within a common secondary structural motif, 2 Four variations of the metallophosphatase active site have been

_ ; ; ; classified by the Structural Classification of Proteins (SCOP) database
the fofo5-fold, and are metal ligands to an active site (http://scop.mrc-Imb.cam.ac.uk/scop/). The hallmark is a dinuclear metal

dinuclear metal centé(1—8). center with separation between metal ions from 3.1 to 3.4A8].
Of the two metal ions, designated M1 and M2, the M2 site is most

T This work was supported by a grant from the National Institutes highly conserved. In all cases, the ligands to the M2 site are a
of Health, GM46865. carboxamide ligand from an asparagine group, two histidine imidazole
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Boston, MA 02445. Tel: (617) 432-2501. Fax: (617) 432-0377. M1 and M2 ions, and an additional bridging oxygen ligand usually
E-mail: treiter@hsph.harvard.edu. from solvent. The coordination environment about M1 differs for the
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! Abbreviations: BSA, bovine serum albumin; EPR, electron calcineurin A), besides the bridging ligand atoms, the M1 ion is
paramagnetic resonancéPP, bacteriophage lambda protein phos- coordinated by a histidine imidazole group and an aspartate carboxylate
phatase;APPpT77, bacteriophage lambda protein phosphatase T7-(1-5). These, plus an additional glutamine ligand, are observed
promoter based protein expression vector; ICP-ES, inductively coupled coordinated to the M1 ligand i. coli 5'-nucleotidase®), whereas an
plasma emission spectroscopy; IPTG, isoprgpyp-1-thiogalactopy- additional histidine is found in the DNA repair enzyme Mrell from
ranoside; PMSF, phenylmethylsulfonyl fluoride\PP,para-nitrophe- P. furiosus(7). In the purple acid phosphatases, a tyrosine residue
nyl phosphate; PP, protein phosphatase; PP1, protein phosphatase Isubstitutes for the histidine, and a histidine replaces a solvent molecule,
PP2A, protein phosphatase 2A; PP2B, protein phosphatase 2B (cal-for a net tyrosine for solvent substitution in the coordination sphere of
cineurin); PrPA, protein phosphatase A. the M1 site B).
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spectroscopy43, 44) and X-ray crystallographylj. Nev- Metal StoichoimetryThe metal stoichiometry ofPP in
ertheless, several other divalent metal ions are suitablecell lysate was determined from the metal concentrations,
activators. Extensive characterization of purifigéP has determined as described above, and an estimation of the
been performed, but little is known about the identity and concentration ofiPP, determined by comparing the Coo-
stoichiometry of metal ions utilized in vivo. massie blue-stained intensity of an aliquot of cell lysate
In this report, whole cell EPR spectroscopy, metal analysis, against known quantities of purifietPP by use of SDS
and activity measurements are utilized to investigate metal PAGE. For each gel, the intensity of bands corresponding
binding and activation ofPP in vivo. The data indicate that to APP were analyzed using ImageQuant software (Molecular
APP preferentially binds and is activated by ¥Mnwhen Dynamics), and a standard curve of intensity versus micro-
overexpressed i&. coli. grams of purifiedl PP was used to estimate the concentration

EXPERIMENTAL PROCEDURES of ZPP in cell lysate.
Phosphatase Actity AssaysCell lysate prior to nitric acid

Cell Culture and Protein Expressio@ompetent cells of  treatment was assayed for phosphatase activity in 0.1 M Tris-
the E. coli strain BL-21 Star (DE3)pLysS (Invitrogen) were CI, pH 7.80, using 20 mM-nitrophenylphosphateplPP)
transfected with one of two plasmidstPPpT77, which as substrate. Product formation was measured spectropho-
contains theAPP gene upstream of the T7 polymerase tometrically at 410 nm using\eso = 14 400 Mt cm™ at
promoter and is used to overexpred3P, or pT#7, the pH 7.8. It was necessary to dilute cell lysate from overex-
parent vector without the gene fdPP @5). Cells were pressing cells 20-fold in 0.1 M Tris-Cl, pH 7.80, prior to
grown in LB media or M9 minimal media with ampicillin  use in the phosphatase assays but there was no need to dilute
(0.1 mg/mL). For LB media, cultures were grown with or the lysate from nonexpressing control cells. Protein concen-
without metal supplementation consisting of 5M FeCl, trations were determined using the Coomassie Plus Protein
25.6uM CaCl, 20.8uM H3BOs, 4.0 uM MnCl,, 1.52uM Assay Reagent (Pierce, Rockford, IL) using BSA as a
CoClb, 49.8uM ZnCl,, 50.0uM Na;MoO,, and 4.Qum NiCl, standard.

(46). For cells grown in M9 minimal medium (per liter: 6 EPR Spectroscopgultures (75 mL) of. coliBL-21 Star

g N&HPO,, 3 g KH:PO,, 1 g NHCI, 0.5 g NaCl, 0.12g  (DE3) cells transfected withPPpT77 or control cells without
MgSQ,, 11.1 mg CaG) culture were grown containing 0.4%  this plasmid were grown with metal supplementation in LB
glucose, 5 mL of 208 vitamin solution (per liter: 200 Mg with ampicillin (0.1 mg/mL) or LB, respectively, and induced
biotin, 200 mg choline chloride, 200 mg folic acid, 200 mg with IPTG as described above. After 21 h, 40 mL of each
of nicotinic acid, 200 mg of pantothenate, 200 mg of cylture was centrifuged at 23 7§04 °C, for 5 min to pellet
pyridoxal, 200 mg of riboflavin, pH adjusted to 7), 0.5 mL  the cells. The supernatant was discarded and each cell pellet
of 0.1% thiamine, and a 5%M MnCly, FeC}, or ZnChmetal  was resuspended in 86825uL of 0.1 M Tris-Cl, pH 8.00
supplement. (Chelex-treated), to normalize samples to equivalent optical

Cultures in LB (350 mL) were grown at 3TC until the  densities at 600 nm. An aliquot (256L) of each cell
absorbance at 600 nm wad..00. Cultures were then induced  syspension was transferred to a quartz EPR tube and frozen
with 1 mM isopropyl-p-1-thiogalactopyranoside (IPTG), by immersion in liquid nitrogen.
and the temperature shifted to 2C. After 21 h the cells EPR spectra were recorded using a Bruker ESP 300E
were harvested and washed three times with 100 mL of ghectrometer operating at X-band microwave frequency
Chelex-treated 50 mM Tris-Cl, pH 7.00, by resuspension e ipped with an Oxford Instruments ESR 900 continuous-
followed by centrifugation at 11 9@0for 20 min at 4°C. oy cryostat for cryogenic temperature regulation. Signal
Crude_extract was prepar_ed by resuspending 0.5 g wet Ce"averaging to improve signal-to-noise was performed by
paste in 5 mL of 0.1 M Tris-Cl, pH 8.00, containing 4 MM ayeraging 20 scans for each EPR sample of whole cells.
phenylmethylsulfon_yl fluoride (PMSF) and 0.4 mg/mL Samples of mononuclear Mn and dinuclear [(MA)]-
lysozyme (Sigma), incubatedrf@ h at 4°C; homogenized  ;pp \ere prepared as describd@)( Following desalting,
(Ultra-Turrax T8, IKA Labortechnik) three times for 30 S,  the mononuclear Mé-1PP sample had an Mn/protein ratio
and centrifuged at 23 79@4 °C) for 45 min. The supernatant ¢ 9 63. The dinuclear [(MAT),]-APP sample was prepared

was used_ directly fpr phosphata_se assays and protginby addition of two equivalents of Mri to the enzyme
concentration determination (described below). Cultures in sample.

minimal media were grown and cell lysate prepared as
described above, with the exception that induction was
performed for 14 h.

Metal AnalysisConcentrated nitric acid (11 M) was adde
to an aliquot of the supernatant prepared as above to a final
concentration of 1 M. The suspension was incubated
overnight at £C and then centrifuged at 16 0§04 °C, for
15 min. Each supernatant was diluted in 0.1 M Tris-ClI, pH
8.0 for metal analysis. Mn and Ni analyses were performed
using atomic absorption spectroscopy (Perkin-Elmer 3100,
Shelton, CT), and Fe, Zn, Cu, Ca, and Mg analyses were gegLTS
performed using Inductively Coupled Plasma Emission
Spectroscopy (ICP-ES) in the Mayo Metals Laboratory. Metal Content of E. coli Cells Following &&rexpression
Metal concentrations reported represent the concentration inof Bacteriophagel Protein Phosphatasé PP was overex-
crude cell extract. pressed irk. coliusing a T7 expression system as described

Estimation of the concentration of mononuclear’rand
dinuclear [(Mr#"),]-APP in whole cell EPR samples was
d performed by comparing the intensity of specific EPR signals

in the spectra from intadg. coli cells to the corresponding
signals observed in spectra of mononuclea*Mmand
dinuclear-[(Mr#t),] forms of APP, prepared as described
previously @3, 44). EPR spectra were measured at equivalent
microwave power and temperature and corrected for gain
and number of scans.
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Table 1: Metal Concentrations of Crude Extract from Control Table 2: Metal Concentrations of Crude Extract from Control
(pT77 and BL-21 Star) and OverexpressingPpT77) Cells Grown (pT77 and BL-21 Star) and OverexpressidgPpT77) Cells Grown
in LB Medium with a Multiple Metal Supplemeht in Minimal Medium Containing 5«tM MnCl,, ZnCh, or FeC}?
control cells overexpressing cells average fold Mn Supplement
metal [metal] @:M) [metal] M) difference control cells overexpressing cells average fold
Mn 26+15 58.4+ 19.3 22.5 metal [metal] M) [metal] M) difference
Ca 96.9+ 20.2 114.6+21.3 1. M 48403 1.0+ 14 2 3
Mg 211.9+42.1 339.5+ 98.6 1.6«
Ca 54.9+ 0 64.0+ 7.9 1.2
Cu 1.45+0.51 1.57+0.49 1.1x
Mg 105.6+ 13.1 165.9+ 13.0 1.6¢
Zn 11.0+ 2.4 62.5+ 17.7 5.%
Cu 0.58+ 0.10 0.17+0 0.3x
Fe 152+ 4.1 64.9+ 14.5 4.3 7 19+ 0 251 0.2 13
Ni <2.0 <2.0 1.0¢ n 9% =0, .
Fe 15+0.2 1.3+ 0.06 0.%

@Metal concentrations were measured using inductively coupled

plasma emission spectroscopy (ICP-ES), except Mn and Ni, which were Zn Supplement

determined by atomic absorption spectroscopy. Experiments were control cells overexpressing cells average fold
repeated witm = 19—-21 for control cells andh = 17—18 for cells metal [metal] M) [metal] (M) difference
overexpressinglPP, respectively, with the meatt 0.5 standard
deviatign shov%. Valpesp markez; with<" represent samples which L\:AQ <6%2()i 79 gfgi 983 = 211><X
had metal concentrations below the detection limit. Mg 256.'4i 1'3_0 452'.& 2é.6 1'.8<
Cu 2.6+0.3 2.9+ 0.3 1.3«
previously @7). Cells that either did not contain this plasmid ﬁ” Zg'ﬁ ‘1"1 78'% 8'421 EZ;;
or that were transfected with the parent plasmid (pTy © ' ' ' ' '
were prepared in a similar fashion and used as the negative Fe Supplement
control. Crude extracts from control and overexpressing cells control cells  overexpressing cells average fold
were prepared and the concentrations of Ca, Cu, Fe, Mg, metal  [metal] («M) [metal] (M) difference
Mn, Ni, and Zn were measured (Table 1). The metal Mn 24401 43+15 1.8«
concentrations of fifteen preparations of BL-21 Star (DE3) Ca 237.9£7.9 247.0£0 1.0x
pLys transfected with pT7-7, and six preparations of this '(\:"3 753'% (3)47'5 853'& 2769 iix
strain without pT7-7 were found to be statistically equivalent 7, 38403 8.1+ 35 2 1%
and are therefore grouped together in the column marked Fre 26.7+ 1.3 44.0+ 4.0 1.6¢
“Control Cells” in Table 1. aMetal concentrations were measured using inductively coupled

Mn showed the greatest increase upon overexpression ofplasma emission spectroscopy (ICP-ES), except Mn, which was
APP (Table 1). In six separate preparations, the Mn contentdetermined by atomic absorption spectroscopy. Experiments were
of crude extract increased from 9- to 48-fold, for an average repeated wittm = 3 for control cells and cells overexpressiagP,

. ’ with the meant 0.5 standard deviation shown. Values marked with
22-5'f9|d Increase compargd to Cont.ml cells (CPmp|ete “<” represent samples which had metal concentrations below the
experimental data provided in Supporting Information). Fe detection limit.
and Zn concentrations also increased following overexpres-
sion of .MDP’ with a"era?ge increases of 4.3- and 5.7-fold, Table 3: Phosphatase Activities in Lysates from Overexpressing
respe_ctlvely. A smaller increase was observed for Mg (1_.6- (APPpT77) and Control (pT77) Cells
fold increase), whereas Ca and Cu both showed slight
increases. Metal stoichiometries were determined by compar-

phosphatase activity:tol min-tmg1)

ing metal concentrations of crude cell lysate with an +Mn2t —Mn?"
estimation of the concentration éPP in crude lysate as A
described in the Methods. The average MR molecule ggﬁtrfoﬁpressed 0 001638ﬁ 3'8324 0 gbil%it 3-3832
metal stoichiometry was found to be 0.340.04 q = 7). B ’ ’ ’ '
When cells overexpressirid®P were grown in LB media overexpressed 7.36 3.39 0.194+ 0.100
control 0.0081 0.0018 0.0036: 0.0008

in the absence of the multimetal supplement, only modest
changes in intracellular metal concentrations were observed, @For each assay, lysate was incubated with 100 mM-TCis pH
with Mn, Ca, Zn, and Fe increasing2-fold (data not 7.8, with or without addition of 1 mM MnGl Samples were incubated

SHRP at 27° C for 2 min prior to addition of 20 mMp-nitrophenylphosphate.
shown). The metal content of cells overexpres Specific activities were determined as described.(Data from cells

following growth in minimal media selectively supplemented  4ron in LB medium with (A) and without (B) metal supplementation
with 50 uM Mn?*, Zn?*, or Feé* was also assessed (Table are shown separately. Activity measurements were repeated six times
2). Modest increases in Mn, Zn, and Fe of 2.3-, 2.7-, and with the meant 0.5 standard deviation shown.

1.6-fold were observed.

Phosphatase Adtities of E. coli Crude Extract @erex- grown with and without metal supplementation are compa-
pressingiPP. The question of which metal is bound A&P rable. In the absence of exogenous?¥rthe phosphatase
in vivo can be partially addressed by phosphatase assaysactivity of lysate from cells overexpressiig@P is 850-fold
Phosphatase assays were performed on freshly prepared celigher than basal phosphatase activity in control cells when
lysates from overexpressing and control (i.e., those trans-both are grown in the presence of a multi-metal supplement
fected with pT7-7) cells when grown on LB medium with (Table 3A) indicating that metal-activated enzyme exists in
(Table 3A) and without (Table 3B) metal supplementation, lysate from the former. In contrast, the phosphatase activities
and measured in the presence or absence of exogenous ih the absence of exogenous Mmprepared from cells grown
mM Mn?*. Basal phosphatase activities of control cell lysates without metal supplementation show a less significant
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Ficure 1: EPR spectratad K of control (--) and overexpressing) cells. Microwave frequency, 9.45 GHz; modulation amplitude and

frequency 2 G and 100 kHz; microwave power, 0.5 mW. Spectra are offset for clarity. Inset: Difference spectrum generated by subtracting

EPR spectra of control from overexpressing cefty.(A spectrum of MA*-reconstitutedPP (1.2 mM) is shown for comparison (---).

difference (54-fold) between overexpressed and control cell
lysate activities (Table 3B). These results suggest that a
portion of APP is active when cells are grown in LB, but
better metallation of the enzyme occurs when the cells are
grown with metal supplementation. OverexpressioriRP

in metal-supplemented LB media only results in partially
activated enzyme as additional f#nadded to the assay
buffer results in 4-fold further activation (Table 3A). These
data suggest that whelPP is overexpressed in cells grown
on a metal supplement, only 25% of tofd#P is in its fully
metallated or active form. This is consistent with metal
stoichiometry measurements, which give a M ratio of
~0.34 in crude cell lysate from overexpressing cells grown
with metal supplementation (vide supra). The observation

that comparable phosphatase activities are obtained in the

presence of M# using lysates prepared from cells overex-
pressing APP, regardless of their growth conditions, is
evidence for equivalent levels of protein overexpression.
EPR Spectrometry of Whole Cella&@expressingiPP.
Direct evidence that M is bound toAPP in vivo is
provided by whole cell EPR data. EPR samples were

prepared from a concentrated cell suspension of control and

overexpressing cells grown with metal supplementation. At
4 K, the EPR spectrum of cells overexpressiRP exhibits
three distinct resonances compared to the control sample
These are marked by asterisks in Figure 1: a feature
extending from 1.0 B < 2.0 kG @ = 6.7—4.5) that also
exhibits®*Mn hyperfine splitting (inset, Figure 1), a feature
at 2.3 kG ¢ = 2.9), and a broad signal centered ngar 2
extending from 2.5 to 4.5 kG that replaces a six-ffdn
hyperfine-split signal in the control sample that can be
attributed to Mn(HO)e?". These features are characteristic
of the mononuclear Mii-bound form ofAPP (inset, Figure

1) (43, 44). When the temperature is raised to 30 K, two
new resonances & ~ 3.0 and 2.5 appear in the sample
overexpressingtPP (Figure 2, asterisks) that have been
previously attributed to an excited-state resonance from a
dinuclear [(Mr#),] cofactor of APP @3, 44). The concentra-
tions of the mononuclear Mh and dinuclear [(M#f"),] forms

i
1000 2000 3000 4000
Magnetic Field (Gauss)

Ficure 2: EPR spectra at 30 K of controk{) and overexpressing
(—) cells. Microwave frequency, 9.45 GHz; modulation amplitude
and frequency2 G and 100 kHz; microwave power, 20 mW.
Spectra are offset for clarity. The inset is an enlargement of the
difference spectra between overexpressing and control cells
(—) and the di-MA*" APP (2.0 mM) spectra (---).

crude cell lysate is estimated to be 0.80:0.08:0.12, based on
the average Mn/protein stoichiometry and the ratio of
mononuclear M#™- to dinuclear [(MiA™),]-APP. Thus, the
whole cell EPR spectra indicate thRP exists as a mixture

of the apo-, mono-, and di-Mh metalloisoforms in vivo.

DISCUSSION

With examples found throughout all five taxonomic
kingdoms, the protein motif that provides scaffolding for the
active site metal ions oflPP is one of the most highly
distributed motifs in nature. One unresolved feature of many
enzymes in this class is the identity of the intrinsic metal
ion cofactor(s). A corollary to this is whether the same metal
ion cofactors are used in different organisms; i.e., is the
requirement for specific metal ions also conserved throughout
evolution? The identity of the physiologically relevant metal
ion is often unknown because most structure/functions studies

of APP in cells overexpressing the enzyme were determinedrely upon recombinant proteins often purified using buffers

to be~40 and~60 uM, respectively. The proportionation
of apo-, mononuclear M-, dinuclear [(Mri),]-APP in

containing EDTA or supplemented with exogenous divalent
metal ions. To date, only a handful of enzymes from this
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class have been purified from native sources and characterprovided toE. coli cells overexpressingPP in a defined
ized with respect to their intrinsic metal ions. Purple acid medium, only a modest 2.3-fold increase in intracellular Mn
phosphatases purified from mammalian tissue, e.g., porcineoccurs, suggesting that Mnimport may require the presence
uterus and bovine spleen, contain a dinuclear iron ceB@r (  of other exogenous metal ions. The involvement of both Fe
21), whereas plant purple acid phosphatases contaitZRe and Mn in the transcriptional regulation of MntH (described
or Fe—Mn centers 22—24). Calcineurin purified from bovine  above) 60) indicates that divalent metal transport may often
brain is an Fe-Zn enzyme 87, 47). It is also likely that be cooperatively regulated by several different metal ions.

protein phosphatase 2A is an+&n metalloenzyme48). | is worth noting that in addition to Mn, Fe and Zn
None of the bacterial protein phosphatases have been purified,qncentrations also increase uptPP overexpression. Zn
containing native metals, although some, suciB and  yansport is regulated by the Zn-dependent repressor Zur. In
PrpA and PrpB fronBalmonella entericaave been shown s 7n_replete state, Zur inhibits transcription of the znuABC
to be activated by a number of divalent metal ions, witlPMn gene locus, which encodes a Zn transpoiéy. (Fe transport
and NF" providing the highest specific activit, 42). is regulated by the Fur repressor, which in its iron-bound
In this manuscript, we provide evidence thatMifs the  form inhibits genes for outer membrane proteins and also
physiological activator folPP. We have resorted to using  those involved in siderophore biosynthe&g)( An argument
an overexpression system to increase the yield of protein inco1d be made that the use of a multimetal supplement could
cell lysate such that changes in intracellular metal content o\ arwhelm transport of P& and Z#+, which might be the
upon overexpression can be measured. Overexpression ofeq) in vivo activators ofiPP. However, neither Fe(ll) or
APP resulted in a sizable (22.5-fold) increase in intracellular Zn(ll) activate APP as noted above. More importantly, the
[Mn2*]. Compared to the extracellular concentration ofMn o and 7zn content of cells grown in minimal m;adia
of 4 uM (in cultures grown in LB media)E. coli cells supplemented individually with these metal ions showed only
overexpressingPP concentrate Mr200-fold. Furthermore,  qqest (2-fold) increase in their respective concentrations,
APP in crude extracts is active in the absence of eX0genoUling out Mn(ll) as an inhibitor of Fe or Zn uptake. The
divalent metal ions, indicating the presence of metal-activated ¢yt that Mn. Fe. and Zn import are regulated by different

enzyme. In all preparations in whidhPP is overexpressed,  anscriptional repressors, and of these three, Mn uptake
Cu and Ni are present at substoichiometric quantite3Q1  jycreases the most updiPP overexpression, indicates that

equivalents), thus ruling out these metal ions as being e intracellular Mn concentration becomes significantly
responsible for the phosphatase activity observed in CrUdedepIeted inE. coli under these conditions

extracts. The other metals tested (Mg, Mn, Ca, Zn, and Fe) h ority of . . I
are present at near-stoichiometric concentrations bdtMg | "€ majority of spectroscopic studies on metalloenzymes

Zn?*, and F&" do not activatelPP @7). Thus, only Mn and utilize homogeneously purified and highly concentrated
Ca, which are present in near-stoichiometric quantities €NZyme samples. Although these studies provide detailed
compared to PP], can be responsible for the observed structural and mechanistic information, one can be left with
phosphatase activity in crude extract. Of these twozMs questions of_phy3|olog|9al relevance and whether the mfor-
a more potent activator(17x, see ref27) and is the only mation from in vitro studies correctly represents the protein’s
one of these two metals which has a significant increase in M&chanism of action within the cell. Whole cell spectroscopy
intracellular concentration upon overexpressioaR®. Metal ~ ¢an provide significant information on the metal content,
analyses of cells grown in minimal media with singular redox states, and dynam|c_s of metalloenzyme action in the
additions of exogenous Mn, Zn, or Fe show only modest €€l (53—56). However, high (or over-) expression and

increases in the cytoplasmic concentration of these metalsSignificant metalation of an enzyme are necessary in order
(2.3-, 2.7, and 1.6-fold, respectively). These experiments © observe and discern resonances above the background

indicate that even when provided individually, Fe and zn Signals of whole cells, making the use of this technique rare.
do not accumulate as much as Mn does in metal-supple-Wh'le such high protein overexpression may not be deemed

mented LB media overexpressingP. physiological, such techniques are often employed to gain
The choice of metal ion(s) utilized by a metalloprotein in useful information on an enzyme’s metallation/oxidation state

a given organism is governed by a number of factors IN Vivo. EPR spectroscopy of intaé. coli cells overex-
including environmental availability, the presence of specific PréSSingtPP provides evidence that Ffnis bound directly

transport systems, thermodynamic and kinetic considerations® APP inside the cells, as noted by the appearance of
regarding metal binding and dissociation, and whether f€sonances previously attributed to mononuclea#Mand
specific metal-chaperoning systems are required for metaldinuclear [(Mri?),] species ofiPP.

insertion. In Salmonella typhimuriumand E. coli, the APP is an enzyme that has been shown to be activated by
NRAMP protein MntH is likely to be involved in metal a variety of divalent metals including Mhand NP* in vitro
uptake bylPP overexpressing cell49). In E. coli, tran- (27). EPR spectroscopy8, 44) and X-ray crystallography
scription of MntH is regulated by both the Fur protein, which (1) have verified tha.PP is capable of binding two atoms
functions as a repressor in its Fe- or Mn-replete std® (  of Mn?" in its active site. Despite these previous studies,
and the Mn-dependent repressor, MnBR)( Overexpression  the identity of the activating metal in vivo had not been
of APP may transiently lower cytosolic Mhconcentration resolved. The best activating metal for an enzyme in vitro
and result in derepression of Fur- and MntR-regulated genesmay not be bioavailable or correctly targeted for insertion
and upregulation of MntH. MntH, which has a higher affinity into the apo-enzyme in vivo. Through a combination of
for Mn2* than for Fé" or Zr?*, with Kps of 1, 100-200, whole cell EPR spectroscopy, kinetic measurements, and
and >100 uM, respectively 49), will likely result in an metal analysis we have shown ti&P can effectively bind
increase in cellular Mn. Curiously, when Kialone is and become activated by ¥min vivo.
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is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1

2
3.
4

© 0 ~NO

10.

11.
12.

13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

23.

24.

. Voegtli, W. C., White, D. J., Reiter, N. J., Rusnak, F., and

Rosenzweig, A. C. (200@iochemistry 3915365-15374.

. 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. A., 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.

. Kndfel, T., and Stiter, N. (1999)Nat. Struct. Biol. §448-453.
. Hopfner, K. P., Karcher, A., Craig, L., Woo, T. T., Carney, J. P.,

and Tainer, J. A. (2001¢ell 105 473-485.

. Strder, N., Klabunde, T., Tucker, P., Witzel, H., and Krebs, B.

(1995) Science 2681489-1492.

. Cohen, P. T., Coallins, J. F., Coulson, A. F., Berndt, N., and e

Silva, B. (1988)Gene 69131-134.

Cohen, P., and Cohen, P. T. W. (1989iol. Chem. 26421435~
21438.

Missiakas, D., and Raina, S. (19%yIBO J. 16 1670-1685.

Mai, B., Frey, G., Swanson, R. V., Mathur, E. J., and Stetter, K.
0. (1998)J. Bacteriol. 180 4030-4035.

Liu, Y., Ishii, S., Tokai, M., Tsutsumi, H., Ohki, O., Akada, R.,
Tanaka, K., Tsuchiya, E., Fukui, S., and Miyakawa, T. (1991)
Mol. Gen. Genet. 22752—59.

Cyert, M. S., Kunisawa, R., Kaim, D., and Thorner, J. (199bg.
Nat. Acad. Sci. U.S.A. 8376-7380.

Higuchi, S., Tamura, J., Giri, P. R., Polli, J. W., and Kincaid, R.
L. (1991)J. Biol. Chem. 26618104-18112.

Garcia, A., Cayla, X., Barik, S., and Langsley, G. (19Ra)asitol.
Today 15 90-92.

Smith, R. D., and Walker, J. C. (1998hnu. Re. Plant Physiol.
Plant Mol. Biol. 47 101—-125.

Luan, S. (1998 rends Plant Sci. 3271-275.

Rusnak, F., and Mertz, P. (200@Bhysiol. Re. 80, 1483-1521.
Campbell, H. D., Dionysius, D. A., Keough, D. T., Wilson, B.
E., de Jersey, J., and Zerner, B. (19B8)chem. Biophys. Res.
Comm. 82615-620.

Davis, J. C., and Averill, B. A. (198B®roc. Nat. Acad. Sci. U.S.A.
79, 4623-4627.

Beck, J. L., McConachie, L. A., Summors, A. C., Arnold, W. N.,
de Jersey, J., and Zerner, B. (19&pchim. Biophys. Acta 869
61—-68.

Schenk, G., Ge, Y., Carrington, L. E., Wynne, C. J., Searle, I. R.,
Carroll, B. J., Hamilton, S., and de Jersey, J. (1999¢h.
Biochem. Biophys. 37183-189.

Schenk, G., Boutchard, C. L., Carrington, L. E., Noble, C. J.,
Moubaraki, B., Murray, K. S., de Jersey, J., Hanson, G. R., and
Hamilton, S. (2001)). Biol. Chem. 27619084-19088.

25

Biochemistry, Vol. 41, No. 51, 20025409

. Koonin, E. (1994Prot. Sci. 3 356-358.

26. Barton, G. J., Cohen, P. T. W., and Barford, D. (1984}. J.

6

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

41.
42.
43.
44,
45.

46.
47.

48.

49.

50.
51.

52.
53.
54.
55.
56.

57.

Biochem. 220225-237.

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

Hubbard, M. J., and Cohen, P. (1993Fnds Biomed. Sci. 18
172-177.

Chu, Y., Lee, E. Y. C., and Schlender, K. K. (1996Biol. Chem.
271, 2574-2577.

Chu, Y., Wilson, S. E., and Schlender, K. K. (19®ipchim.
Biophys. Acta 120845—54.

Yu, J. S., Chan, W. H., and Yang, S. D. (1996protein Chem.
15, 455-460.

Cai, L., Chu, Y., Wilson, S. E., and Schlender, K. K. (1995)
Biochem. Biophys. Res. Comm. 2084—279.

Pallen, C., and Wang, J. H. (198B)Biol. Chem. 2588550~
8553.

Klee, C. B., Ren, H., and Wang, X. (1998)Biol. Chem. 273
13367-13370.

Pallen, C. J., and Wang, J. H. (1984Biol. Chem. 2596134~
6141.

Pallen, C. J., and Wang, J. H. (1986Biol. Chem. 26116115~
16120.

King, M. M., and Huang, C. Y. (1984) Biol. Chem. 2598847
8856.

Wolff, D. J., and Sved, D. W. (1983) Biol. Chem. 2604195~
4202.

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

King, M. M., and Huang, C. Y. (1983Biochem. Biophys. Res.
Comm. 114955-961.

Gupta, R. C., Khandelwal, R. L., and Sulakhe, P. V. (19%&BS
Lett. 169 251—255.

Shi, L., Kehres, D. G., and Maguire, M. E. (20Ql)Bacteriol.
183 7053-7057.

Rusnak, F., Yu, L., Todorovic, S., and Mertz, P. (19B@)chem-
istry 38 6943-6952.

White, D. J., Reiter, N. J., Sikkink, R. A., Yu, L., and Rusnak, F.
(2001) Biochemistry 408918-8929.

Tabor, S. (1990) irCurrent Protocols in Molecular Biology
(Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D.,
Seidman, J. G., Smith, J. A., and Struhl, K., Eds.) pp 16:2.1
16.2.11, Greene Publishing and Wiley-Interscience, New York.
Garboczi, D. N., Hullihen, J. H., and Pedersen, P. L. (1988)
Biol. Chem. 26315694-15698.

Yu, L., Haddy, A., and Rusnak, F. (1995)Am. Chem. Soc. 117
10147-10148.

Nishito, Y., Usui, H., Shinzawa-Itoh, K., Inoue, R., Tanabe, O.,
Nagase, T., Murakami, T., and Takeda, M. (1998BS Lett.
447, 29—33.

Kehres, D. G., Zaharik, M. L., Finlay, B. B., and Maguire, M. E.
(2000) Mol. Microbiol. 36, 1085-1100.

Patzer, S. |., and Hantke, K. (20QIL)Bacteriol. 1834806-4813.
Patzer, S. I., and Hantke, K. (20QD)Biol. Chem. 27524321
24332.

Escolar, L., Perez-Martin, J., and de Lorenzo, V. (1999)
Bacteriol. 181 6223-6229.

Lepoivre, M., Flaman, J. M., and Henry, Y. (1992Biol. Chem.
267, 22994-23000.

Wever, R., Roos, D., Weening, R. S., Vulsma, T., and Van Gelder,
B. F. (1976)Biochim. Biophys. Acta 42B28-333.

Popescu, C. V., Bates, D. M., Beinert, H.; i, E., and Kiley,
P. J. (1998)Proc. Nat. Acad. Sci. U.S.A. 983431-13435.

Otto, C., Sijtsema, N. M., and Greve, J. (1988pc. Nat. Acad.
Sci. U.S.A. 9513431-13435.

Mertz, P., Yu, L., Sikkink, R., and Rusnak, F. (1997Biol. Chem.
272 21296-21302.

BI10263170



