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Abstract: FosA is a manganese metalloglutathione transferase that confers resistance to the broad-spectrum
antibiotic fosfomycin, which contains a phosphonate group. The active site of this enzyme consists of a
high-spin Mn?* ion coordinated by endogenous ligands (a glutamate and two histidine residues) and by
exogenous ligands, such as substrate fosfomycin. To study the Mn?* coordination environment of FosA in
the presence of substrate and the inhibitors phosphonoformate and phosphate, we have used 3P pulsed
electron—nuclear double resonance (ENDOR) at 35 GHz to obtain metrical information from 3!P—Mn?2*"
interactions. We have found that continuous wave (CW) 3P ENDOR is not successful in the study of
phosphates and phosphonates coordinated to Mn?*. Parallel studies of phosph(on)ate binding to the Mn?+
of FosA and to agueous Mn?* ion disclose how the enzyme modifies the coordination of these molecules
to the active site Mn?*. Through analysis of 3P hyperfine parameters derived from simulations of the ENDOR
spectra we have determined the binding modes of the phosph(on)ates in each sample and discerned details
of the geometric and electronic structure of the metal center. The 3'P ENDOR studies of the protein samples
agree with, or improve on, the Mn—P distances determined from crystal structures and provide Mn—phos-
ph(on)ate bonding information not available from these studies. Electron spin echo electron paramagnetic
resonance (ESE-EPR) spectra have also been recorded. Simulation of these spectra yield the axial and
rhombic components of the Mn?* (S = 5/,) zero-field splitting (zfs) tensor. Comparison of structural inferences
based on these zfs parameters both with the known enzyme structures and the 3P ENDOR results
establishes that the time-honored procedure of analyzing Mn?* zfs parameters to describe the coordination
environment of the metal ion is not valid or productive.

Introduction Scheme 1
0

The FosA group of fosfomycin resistance proteins catalyzes 0\ o
the addition of glutathione to carbon-1 of the broad-spectrum °\ FosA. Mn2*. K* N/

, [ OH
antibiotic fosfomycin ((R,29-epoxypropylphosponic acid) to o/P\ CH, T HO™~ >_<
ylel_d lT(_SgIut_ath|onyl)-2-hydroxypropylp_hosphon_lc acid, ren- OH GS CH,
dering it inactive (Scheme 1, where GSH is glutathidnéBoth

P A plasmid and genomically encoded versions of FOsA are capable
Northwestern University. . . . . Lo
#Vanderbilt University. of conferring clinically significant resistance to the antibiotic

8 Current address: Department of Chemistry, Simon Fraser University, in pathogenic microorganismis.

8888 University Drive, Burnaby, British Columbia V5A 1S6 Canada. ; i
'Permanent address: Chemistry Program, Roosevelt University, Chicago, Biochemical and spectroscopic studies of the plasmid-encoded

IL 60605-1394. enzyme have demonstrated that a 2Mrcenter is directly

(1) Abbreviations used: DTT, 1,4-dithio-DL-threitol; ESEEM, electron spin involved in catalysis and that Kis required for optimal
echo envelope modulation; FosA, fosfomycin resistance protein (fosfomycin

is (1R 25)-epoxypropylphosponic acid); TMA-HEPES, tetramethylammo- ~ activity 2357 Mutagenesis and sequence alignment experiments
nium 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid. Symbols used: hgyve identified H7. H64. and E110 as the protein Iiga?n"ds
Aiso, isotropic hyperfine interaction;-EIn2+-X, without indication of the T ! X . :
enzym?]s’ origin is(fgePomical)ly efn(c?]dedhpos;f\ (PA]_]iz%mﬂaen;]gi- Electron paramagnetic resonance (EPR) experiments first dem-
nosa where X= S (fosfomycin), Pf (phosphonoformate), phosphate indi i i i
bufier): Mre+-X s frozen agueous MnGlsolutions. where X— S, Pf, onstrated the binding of fosfomycin and P the active site

POy; T, anisotropic hyperfine interactior;., through-space interaction
with spin density in the local orbitals that is derived from through-bond (4) Rife, C. L.; Pharris, R. E.; Newcomer, M. E.; Armstrong, R. N.Am.

interaction with the paramagnetic cent@rgn-1oc, NONlocal, through-space Chem. So0c2002 124, 11001-11003.
contribution to anisotropic hyperfine coupling. (5) Bernat, B. A.; Laughlin, L. T.; Armstrong, R. NBiochemistry1999 38,
(2) Arca, P.; Rico, M.; Brana, A. F.; Villar, C. J.; Hardisson, C.; Suarez, J. E. 7462-7469.
Antimicrob. Agents Chemothet988 32, 1552-1556. (6) Bernat, B. A.; Armstrong, R. NBiochemistry2001, 40, 12712-12718.
(3) Bernat, B. A,; Laughlin, L. T.; Armstrong, R. NBiochemistry1997, 36, (7) Smoukov, S. K.; Telser, J.; Bernat, B. A.; Rife, C. L.; Armstrong, R. N.;
3050-3055. Hoffman, B. M.J. Am. Chem. So@002 124, 2318-2326.
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Mn2*+ of FosA (from transposon TN2921), and analysis of the containing 100 mM NacCl and 100M EDTA (buffer C) plus 1 mM
zero-field splitting (zfs) parameters determined from these DTT. Protein was passed through an S100 column equilibrated with
spectra led to conclusions regarding the symmetry of th&tMn  buffer C and eluted with an isocratic gradient of buffer C. Purity was
coordination environment through analysis of the zfs param- confirmed using SDS-PAGE. Protein was then dialyzed in 20 mM
eters’ The above results have largely been confirmed by the gMnﬁl\_AHEEEi’ fo'nf\;v%éBgﬁeéigl)‘glsusml an'\fAfe?ng gr%ftgzel\:;‘sa&den
recent publication of the crystal structures of the genomically concentrated and stored >i/n aliq){JOtS—ESO oC '

encoded FosA (PA1129) frorRseudomonas aeruginosa } . ' .

which the Mr#* ion is coordinated by PE} substrate fosfo- Preparation of Aqueous Mr?™ Samples.Aqueous solutions of

in4 and inhibi hosphonof fTh f Mn2*-Pf, Mn?*-S (Pf = phosphonoformate, S fosfomycin) were
mycin,* and inhibitor phosphonoformateThese structures o prepared in 20 mM TMA-HEPES buffer, pH 8, with 504 MnCls,

FosA with phosphate, fosfomycin, and phosphonoformate were 1459 mm KCI, 1mM Pf or S. M&*-PQ; was prepared with phosphate
determined at 1.35, 1.19, and 0.95 A resolution, respectively, yyffer at pH 8.

from data collected at 113 K. The crystal structure of &Mn Pulsed/CW EPR and Pulsed ENDORThe 35 GHz pulsed and
enzyme with F:oordir]ated phosphate shows théMa be four- _ CW EPR/ENDOR spectrometers have been described previdtisly.
coordinate with a highly distorted tetrahedral geometry, while Both instruments are equipped with helium immersion dewars, and all
coordination of fosfomycin produces a Km“very close” to measurements were carried out at approximately 2 K. The EPR spectra

five-coordinate with nearly perfect trigonal bipyramidal geom- from each exhibit absorption line shapes rather than the first derivatives
etry with a phosphonate oxygen in the plane and the oxirane yielded by conventional slow-passage field-modulated EPR. In our CW
oxygen located at one of the apical sitéBhe coordination of 100 kHz field modulated experiments, absorption line shapes arise
the phosphonoformate inhibitor likewise produces a five- because adiabatic rapid-passage conditiom® obtained at the tem-

coordinated M@, but the fifth ligand in this case is supplied perature and microwave powers used in these studies; in discussing
by a formate OX);geﬁ the microwave power dependence of these spectra we specify the

L . . attenuation of the output of the Gunn diod@eyhose nominal output
Metal—phosphate coordination is abundant in nature, and is 190 mw.

general methods for its 1|nvest|gat|on are highly desirable. We Electron spin echo EPR (ESE-EPR) measurements employed a two-
report here the use of'P pulsed electronnuclear double. pulse Hahn ESE sequence-(t—2t,—7—echo), which produces an
resonance (ENDOR) techniques at 35 GHz to probe the direct apsorption-display spectrutiThe intensity of the spinecho at a given
coordination of the substrate fosfomycin and the inhibitors field depends om and the applied microwave pulse power and duration
phosphonoformate and R@ both FosA and M#" in aqueous (t,). Ordinarily, these are jointly varied so as to achieve the maximum
solution. The3!P hyperfine couplings disclose the differences echo intensity (ag ~ 2 here), where the EPR envelope is maximal,
in Mn2*—0O—P bonding and phosphate speciation in solution with the constraint that the echo shape (echo intensity versus time after
and in the enzyme. Comparison of the results from electron the second pulse) is undistorted; in this case the microwaves nominally
spin echo (ESE) and continuous wave (CW) EPR at 35 GHz rotate the electron spins by2 and the echo approximates to a single
with the known enzyme structures and #i8 ENDOR results Gaussian. For completeqess, we also explored the effects of deviating
establishes that the procedure of analyzingMfs parameters from these constraints (i.e., by use of higher powers and/or longer

tod ibe th dinati . tof th tal hil pulses) on the ESE-EPR spectrum ek&?"-S, the sample of greatest
0 e;crl _e € qoor |na_|on anronmen orthe metalion, Whil 1o chemical interest and with the richest 35 GHz EPR spectrum.
long in history, is short in utility.

For high-spin M&* (S= %), the spectrum is dominated by the fine-
Experimental Section structure interaction, described by .axie.D)(and rhombic (—;) zfs .
_ _ _ _ parameters. The slow-passage, derivative presentation discriminates

Preparation of Protein Samples. (a) Cloning, Expression, and  against broad features arising from the outer fine-structure transitions
Characterization of FosA from P. aeruginosa The construction of 45/, <> £3/,, +3/, <> £/, of the high-spin MA*, and usually only the
the expression vector and expression of the protein was as previouslyinnermostt!/, <> FY, fine-structure transition is detected. In contrast,
described. Bacteria were lysed by sonication, and protein was purified - optimized absorption-display spectra, whether via pulsed (ESE) or CW
by anion exchange chromatography as follows. Crude protein was rapid-passage methods, show all of {héVls| = 1 transitions clearly
dialyzed in 20 mM Tris, pH 7.5, plus 1 mM DTT (Buffer A) and then  and thus allow far better determination of the zfs parameters.
passed thr_ough a dlethylamlnoethyl (DEAE)_ column equilibrated with Pulsed ENDOR.The pulsed ENDOR experiments used the Davies
20 mM Tris, pH 75 Pr'ot(.eln was eluted W_'th a2600 mM NaCl microwave pulse sequence<T—a/2—t—x—7—echo) where the radio
gra_dlent. Further dialysis in buffer A_cont_algrﬁ g of Chelex_lOO frequency (RF) is applied during the intervalTEor both EMn2*
resin and 5 mM EDTA followed by dialysis in buffer A provided a  po, 504 ‘Emn2*-Pf, low signal intensities required that the applied
metal-free p.rgteln SOIUF'On' The prot.eln was then loaded onto aHiPrepQ pe bandwidth be broadened by mixing with 100 kHz noise to improve
column eqUIllbr_ated W_'th 20 mM Tris pH 7.5 and e_Iuted W'tham?o the sensitivityt* Selected measurements without noise mixing dem-
_mM NaCl gradient using an FPLC system. Protein was then dialyzed onstrated that the ENDOR line shapes of the Mrf@zen solutions
in 20 mM KH,PG,, pH 6.8, plus 1 mM DTT and loaded onto a were not affected. In the case ofNin?"-S, resolution was significantly

hydrquapatitlca C(i;ubmn eqﬁi_librat_eg vr\:ith 20_?_’1bM IEIPDE pﬁH 6.8.The enhanced without noise broadening, while satisfactory signal-to-noise
protein was eluted by washing with the equilibration buffer. Purity was /\y as still possible.

confirmed using SDS-PAGE. Protein was then dialyzed in 20 mM
TMA-HEPES, pH 8.0 (Buffer B), plus 1 mM DT,13 g of Chelex, and

5 mM EDTA followed by dialysis in buffer B. Protein was then .
concentrated and stored in aliquots—&80 °C. (10) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Sod.991,

_— - ; - 113 1533-1538.
(b) Pot_assmm Free PL_Jrlflcatlon.Pro_teln was expressed an_d purified (11) Mailer, C.. Hoffman, B. MJ. Phys. Cheml976 80, 842-846.
as described above until after the HiPrepQ column. Protein was then (12) Hyde, J. S.; Newton, M. E.; Strangeway, R. A.; Camenisch, T. G.; Froncisz,
i i i W. Rev. Sci. Instrum.1991, 62, 2969-2975.
concentrated to 10 mg/mL and dialyzed in 20 mM Tris, pH 7.5, (13) Schweiger, A.; Jeschke, ®rinciples of Pulse Electron Paramagnetic
ResonanceOxford University Press: Oxford, U.K., 2001.

(8) Rigshy, R. E.; Rife, C. L.; Fillgrove, K. L.; Newcomer, M. E.; Armstrong, (14) Hoffman, B. M.; DeRose, V. J.; Ong, J. L.; Davoust, CJEMagn. Res.

R. N. Biochemistry2004 43, 13666-13673. 1994 110, 52-57.

(9) Davoust, C. E.; Doan, P. E.; Hoffman, B. Nl. Magn. Resonl1996 119,
38-44

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8311



ARTICLES Walsby et al.

For an electron-spin system with sp ENDOR spectra are a
superposition of signals from all of tieMs = +1 transitions that have
intensity at a particular magnetic field position. Forlaa Y/, nucleus,
the nuclear transitions associated with electronic fine-structure levels,
[Ms|, have ENDOR frequencies given by:

v, (Mg) = vy £ (2IMg)A/2 1)

wherewy is the Larmor frequency and is the orientation-dependent
hyperfine coupling constant.

In principle, ENDOR signals from any hyperfine coupled nucleus
with | > 0 are observable. In practice, this is not always the case. This
study focuses on ENDOR signals observed¥& (I = /,, isotopic
abundance= 100%) from exogenous substrate and inhibitors. Signals
from *H were also readily observed, but not extensively investigated
as these arise from a combination of exogenous and endogenous
sources. Surprisingly, although the active site of FosA comprisés Mn
directly coordinated by histidine nitrogéfi,no signals assignable to
1N (I = 1, 99.63%) were observed by pulsed or CW 35 GHz ENDOR,;
however, spectroscopic efforts in this area were not extensive. It was
not deemed useful to employ X-band ESEEM measurements to examine
the histidyl *“N, as their coordination had been disclosed by X-ray

diffraction*® and at X-band, the EPR signal forNn?*-S is unfavor- Mn_Pf
able for any advanced technigues.
Results Mn”PO,
Genomically encoded FosA (PA1129) frofh aeruginosa 0 4000 8000 12000 16000
is the subject of this study, rather than the TN2921 enzyme Magnetic Field (G)
examined beforéand the notation #1n?"-X without qualifica- Figure 1. ESE-EPR of FosA and Mr complexes. Pulse lengths 80 and

tion will refer to this enzyme, with X= S (fosfomycin), Pf 160 ns, interpulse time 460 n§,= 2 K,.102§+points/scan., ScanHtim’e
(phosphonoformate), RQ(in phosphate buffer). The FosA 22_08 jé_"él'\irnoz‘fj‘;’& f;aqggg_cg\sm(gHszl)l.érfg_ |\/.|§'+-?s’4'3843;’35v:\;|]ﬁ+:§;’
solutions described here all contained potassium ion (100 mM), 34.840: Mr#+-PQy, 34.853. Non-Kramers EPR signal from a very small
which is required for enzyme functidrHowever, no differences  component of Mn(lll) arising from a minimal amount of oxidation is
were seen when Kwas absent. Parallel experiments were also !ndicated by the asterisk (*). Intensity from a forpid_den transition, which
conducted on frozen aqueous solutions of Mn@ith added :jsag(;teflgg)-ressed even at extremely low power, is indicated by the double
X, denoted MA™-X.

ESE-EPR of Mn**-X and of E-Mn?*-X. The 35 GHZESE-  increase in the relative intensity of thkls| = ¥, (Figure 1)
!EPR spectra of all three Mh-X (X =S, PHf, PQ) exhibit an fine-structure transition. In both cases, the “perpendicular”
intense absorption envelope centered at2.0 (Figure 1), with o atre of the fine-structure interaction is resolved for the outer
a sharp central sextet arising from hyperfine splittings by {ansitions and readily assigned, as shown; the spectra are
*Mn (I = ®/5, isotopic abundance 100%) of th& Ms[= simulated very well using the parametélg = 0.105(5) cnt
%2, £Y,00 |3/,, F/,(Aransitions; this sextet is readily observed and|E| = 0.020(5) cnt for both (Figure S5). The spectrum of
in conv_entional slow-passage d.erivative-c.iisplay EPR spgctra. E-Mn2*-Pf has somewhat better resolution of the perpendicular
The ."W'ngS” of the spectra in Figure 1 anse.from. transitions components of the fine-structure interaction, but has similar
that involve the otheMs states. These absorption-display ESE- plittings and comparable zfs parametei3] = 0.090(5) cnTt
EPR spectra and rapid-passage CW-EPR spectra (not shown nd|E| = 0.003(1) cm™ (Figure S5). The ESE:EPR spectrum
of the Mr?*-X are almost indistinguishable; they are signifi- of E-Mn”-é has greater breadth (éignals at low field), which
cantly broadened compared to that of Wim aqueous solution indicates a larger value db, and extra splittings due’ i a

because the zfs parameters are larger. Simulations indicate an.~ "~ . . . )
axial zfs parameter ofD| ~ 0.03 cn? for all Mn2+X, with significant rhombic distortion of the zfs (Figures 1, S4);

- C . simulation gives zfs parameteit®| = 0.235(5) cn! and
negligible rhombic distortionE).” -~ P . o
In contrast, the ESE-EPR spectra ofMB2™-X exhibit LE| — 0_'02|2(§1) cm (Flg_ulrtl? SS)_ath mtgns!nes ;S caIcuIa_tec_zI
significant intensity outside thg = 2.0 region, extending to 0 notinclude any special linewidth broadening effects to mimic

fields as low as~1500 G for X= S. The features in the these variations in relaxation time as a function ®s or other
spectra can be assigned to allowed transitionslg) = 1) as distortions. Thus, the good match between experiment and

indicated in Figure 1. We have simulated the ESE-EPR Spectlrasiml,!lation in terms of intensity, as weII_ as resonance position,
of E-Mn2+-X to determine their zfs parameters, which are confirms that the ESE-EPR spectrum is undistorted.
collected in notes to Table 1. The 35 GHz rapid-passage CW CW versus ESE-EPR of EMn?*-X. The earlier EPR study
EPR spectra of 8In?*-X shown in Figures StS4 are similar, highlighted the differences between the appearance of conven-
but not identical, to the corresponding ESE-EPR spectra. Thesetional, slow-passage, derivative-display EPR spectra and that
differences will be discussed below. of rapid-passage, absorption-display rapid-passage CW EPR
The ESE-EPR spectra of @n%t and EMn2"-PQ, are almost spectra, demonstrating that the latter are substantially more
indistinguishable except that with the latter there is a slight informative in the case of high-spin Mh’ Here, we compare

8312 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005
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Table 1. Simulation Parameters for 3P Hyperfine Couplings at g
~ 2.0 for Mn%* in FosA and Related Species?

Aso T Tioc Thon—loc Mn-P) linewidth
compound (MHz) (MHz) (MHz) (MHz) A (MHz)
MnZ*-X, All Parameters from Simulation of ENDOR Déta
Mn2+-PQy 5.5(2) 1.19 0.45 0.73 3.4(2) 1.1
MnZ*-Pf 2.2(1) =<0.35 =<0.18 =<0.17 =5.6 1.1
MnZ*t-S 4.8(2) 1.08 0.40 0.68 3.5(2) 1.1
E-Mn2*t-X, All Parameters from Simulation of ENDOR Déta
E:MnZt-PQy 59(2) =146 <049 <097 =3.1 1.8
E:Mn2*t-Pf —3.2(2) =163 =—-0.26 <1.89 225 1.7
E-Mn2t-s¢  —3.15(5) 0.58 -0.26 0.85 3.2(1) 0.25
E-Mn2*t-& 1.20(5) <0.26 =<0.10 <0.16 =5.6 0.25

E-MnZ*+X, Trhon-loc Calculated from Crystal Structures

E-Mn2-POg  — 258 050 208 2.49(3.25)—
E-Mn2-Pf  —3.4(2) 079 —028 1.07 3.0 1.7
E-Mn2+.S  —3.00(5) 0.63 —0.25 0.88 3.2 0.25
E-Mn2*+-S 1.20(5) 0.14 0.0 0.04 9.08 0.25

aUncertainties were estimated by visual comparison of the experimental
spectra with a series of simulations with varied parameters. The calculations
of r(Mn—P) were made with the assumption of 90% spin localization on
MnZ*; the assumption of full spin localization on Kfnwould increase the
ENDOR calculated distances by0.1 A.P The 35 GHz EPR spectra for
all Mn?*-X are essentially indistinguishable from that of Mpg |D| <
0.03 cnTt, E~ 0. ¢ The 35 GHz EPR spectra for@n2*-X are dependent
on X: none, PQ |D| = 0.105(5) cm?, |E| = 0.020(5) cm%; Pf: |D| =
0.090(5) cn1?, [E| = 0.003(1) cn1%; S: |D| = 0.235(5) cn?, |E| =
0.022(1) cm. dValues ofAiso for E-Mn?+X using Thon-loc based on the
values ofr(Mn—P) from crystal structures were established by keeping
Thon-loc fixed and iteratively fittingAiso and T, sinceTqc is dependent on
Aiso- © Values are given for the more strongly coupled signal, assigned as a
coordinated substrate molecule (Figure '5)jalues are given for the less

strongly coupled signal, assigned as a distant substrate molecule (Figure

5). 9 The crystal structure for the phosphate complex was refined with two
partially occupied phosphate sites near the Mn in each subunit of the dimer:
a primary site with occupancy 0.60 and a secondary site with occupancy
0.35. Use of the distance for the primary sittMin—31P) = 2.49 A, gave

a value of T that was completely incompatible with the experimental
ENDOR spectrum. However, the distances for the secondary site,
r(Mn—31P) = 3.33 A for one subunit and 3.17 A for the other (the average
distance is given), are fully compatible with the ENDOR-derived distance.

and contrast the more subtle differences between rapid-passag
CW EPR and ESE-EPR, both of which give absorption line
shapes.

The rapid-passage CW EPR spectr2 & of the EMn2*-X
collected at very low microwave power-60 dB attenuation,
<1 uW; Figures S2-S4) are almost indistinguishable from those
of Figure 1. However, the CW spectra vary strongly with the
applied microwave power. At higher microwave powers
(=1 uW at 2 K), the CW EPR spectra of-En?"-PQ, and
E-Mn2*-Pf both exhibit features below8000 G, Figures S2
and S3). The power dependence of these low-field peaks is
consistent with their assignment as “forbidden” transitions
(IAMg| > 1). Unfortunately, at the extremely low powers needed
to prevent excitation of the forbidden transitions in the CW
experiment, conditions for adiabatic rapid passage are not wel
met, leading to distortion of the spectra (see particularly Figure
S3). Furthermore, the S/N is diminished relative to that at higher
powers.

In contrast, it is relatively easy to choose pulse widths and
powers that maximize the Hahn ESE intensity while maintaining

proper echo shape (i.e., a single Gaussian). When this is done
the resulting ESE-EPR spectra have substantially better S/N than

the low-power CW spectra; they do not show the forbidden
transitions and are relatively straightforward to analyze.

For completeness, however, we have explored the conse-
quences of deliberately mis-setting the pulse parameters on the

ESE-EPR spectra. Interestingly, if the microwave pulse duration
and/or power are increased beyond the optimum values, which
correspond tar/2 spin mutation, as indicated by distorted echo
shapes, then forbidden transitions become observable; in addi-
tion, the intensity of the allowed transitions is altered. These
effects are demonstrated in Figure S6, which shows the
dependence of the ESE-EPR spectrum dfli2*+S on pulse
width and power and om; the figure shows that an increase in
pulse power by 6 dB corresponds exactly to an increase in pulse
length by a factor of 2. It can be seen that only very high powers
result in significantly distorted ESE-EPR spectra. The effect of
delay time,z, is much less significant, provided that it neither
becomes so short as to present “ring-down” problems (i.e., data
sampling too soon after the microwave pulse) nor so long
(21 us) as to substantially reduce the echo intensity.

In summary, optimizing the intensity of the Hahn echo ESE-
EPR signal automatically gives an undistorted EPR envelope
and optimal S/N, whereas to acquire an undistorted CW
spectrum requires low microwave powers that give low S/N.

EPR of FosA from PA1129 (Genomically Encoded) versus
TN2921 (Plasmid-Encoded).The EPR spectra and analyses
of E:Mn?"-X (X = none, PQ) in the present report differ from
those of the previous study of the plasmid-encoded FosA from
transposon TN2921, which employed only CW EPR in the
study? However, we have confirmed thatM¥n2*-S, whether
from TN2921 or PA1129, have very similar spectra and are
simulated with zfs parameters (given above) that match, within
experimental uncertainty.

The earlier spectra of ‘In2" presented a pattern similar to
those shown here for the frozen solutions aWkX, although
with somewhat wider shoulders indicating larg@randE. In
contrast, as described above, CW and ESE-EPR measurements
of PA1129 EMn?" have revealed a much broader pattern with
resolution of the electron spin manifolds (Figure 1). Repeated
greparation of this sample, with great care taken to exclude
phosphate (the absence of which was confirmed uSiRy
ENDOR), lead us to conclude that the EPR spectra-Mri2+
and EMn?+-PQ, from both TN2921 and PA1129 are all very
similar and are simulated with the same zfs parameters (given
above). There were several difficulties with the earlier study.
First, the TN2921 FosA sample used in the earlier study was
contaminated by excess unboundnand the earlier spectra
were a composite of this signal plus the trud&2" spectrum.
Second, peaks seen belevB000 G for TN2921 EMn?-PQy
were interpreted a&Ms = 1 transitions for centers with a large
zfs. However, the spectra were collected at relatively high CW
microwave power, and the peaks in question should instead be
assigned aAMs > 1 forbidden transitions, as discussed above.
Finally, a peak close to zero field in the spectrum of TN2921
E-Mn2"-PQ, was not attenuated with reduced microwave power,
and we suggest that this is a non-Kramers EPR signal from
Mn3+ (S = 2),!5 arising from an oxidized component in the
protein sample. Similar signals are also observed with PA1129
E-Mn2*-Pf (Figure S3).

3P ENDOR of Mn?*-X and of E-Mn?2*-X. Davies pulsed
31p ENDOR spectra were collected at fields corresponding to
g = 2.0 for each of the samples and at the outer fine-structure
transitions when resolved. Representative spectra for all six

(15) Campbell, K. A.; Yikiimaz, E.; Grant, C. V.; Gregor, W.; Miller, A.-F.;

Britt, R. D. J. Am. Chem. Sod.999 121, 4714-4715.
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Mn’"-PO,

2 0
v —v(''P) (MHz)
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Figure 2. Davies pulsed ENDOR (35 GHz) gt= 2.0. Black lines: data
collected with 100 kHz RF noise broadening. Gray line: spectrum collected
without RF noise broadening. Blue lines: simulations as described in text.
Simulatedv+ and v— peaks have been scaled independently to match
experimental data when necessary. The spectrumMhE -Pf is shown
after subtraction of a baseline feature~at4 MHz on the scale shown.
The baseline spectrum used was that frorM&", which is completely
featureless between5 and+3 MHz. Simulation parameters: MhX, as

in Table 1; EMn2t-PQy , r(Mn—P) = 3.4 A, Ao = 5.9 MHz, EMn2*-Pf,

as in Table 1, using crystal structur@Mn—P); EMn2*-S, as in Table 1,

all parameters from simulation. Conditions: microwave frequencies as in
Figure 1, microwave pulse lengti¥s 80—40—80 ns, RF pulse lengtk

60 us, number of averaged transients per point:2MRQy, 640; MI?*-S,
1040; Mr¢+-Pf, 960; EMn?*-PQy, 3680; EMn?*-Pf, 4320; EMn?"-S with
noise, 1360; BMn2*-S without noise 1280. The asterisk (*) indicates the
position of an experimental artifact arising from nonlinearity in the RF

response that attenuates the ENDOR response around that frequency and
causes some spectral distortion, most significantly in the spectrum of

E:Mn2*-PQy.
samples are shown in Figure 2. Nea= 2.0, the ENDOR

spectra are completely dominated by nuclear transitions from

the [Ms| = 1/ fine-structure levels, and thus, according to eq 1,
for each orientation, a pair of peaks fré#® (I = %/, isotopic
abundance= 100%) separated by the hyperfine couplify ic
expected. Because tlgematrix for Mr?* is nearly isotropic,

there can be almost no orientation selection in such spectra,

and a3'P ENDOR spectrum is a powder pattern composed of
statistically weighted contributions from all molecular orienta-
tions relative to the external magnetic field (the possible

8314 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005

contribution of the zfs to orientation weighting will be discussed
later). Such an ENDOR powder pattern for a weakly coupled
nucleus withl = %, consists of two branches whose center of
integrated intensity is at = + Aiso/2 whereAs, is the isotropic
hyperfine coupling arising from a through-bond transfer of
electron spin density from the paramagnetic®¥oenter to the
31p of the phosphate/phosphonate.

As described by eq 2, in addition to thés = =%, ENDOR
signals, we might expect to see signals from ke = 43/,
and +5, fine-structure levels. These were detected lfh
ENDOR experiments (not shown), but due to relaxation effects
and S/N limitations3'P signals associated with the highdg
electron-spin levels were measurable only itMBE2"-S, and
assignment of these peaks was precluded by the overlap of
signals from the two types &P nuclei, baseline effects, and
asymmetry in the spectra.

We have simulated théP ENDOR spectra from all six
samples, and the hyperfine parameters are given in Table 1.
The uncertainties given in the table are the results of visual
comparison of the experimental spectra with a series of
simulations with a range of parameters. The spectra have been
fitted with a hyperfine tensor composed of a dominant isotropic
componentAis,, and an axial anisotropic contribution, and thus
the hyperfine tensor elements can be writtédn= [An, A, Al
=[Aso — T, Aiso — T, Aiso + 2T]. In all casesAiso, > 3T, and
the v+ branches each exhibit a peak; these two peaks are
separated byAn. Disregarding linewidth contributions, each
branch has a breadth of2. All the spectra of Figure 2, except
that of EMn2*-S, are of this type; this sample shows a signal
from a second!P that will be discussed later. Each spectrum
has been simulated, as shown in Figur® @ijth resultingAiso
andT given in Table 1. As Figure 2 and Table 1 show, there is
significant variation in théP hyperfine couplings among the
different samples.

The 3P hyperfine interaction observed in all of the samples
is dominated byAiso, Which arises from electron spin density in
the 3s orbital at the phosphorus nucleus, and reflects the 3s
orbital contribution to the phosphorus 3shybrid that is
involved in the P-O bond to the oxygen bound to ¥in As a
result, Aiso can be written,

Aso = Agpel (1 + 1) ®3)

wherepp is the spin density in the hybrid orbitah, = 13 306
MHz17 for one electron in the phosphorus 3s orbital, ane

3 for phosphate. The anistropic hyperfine interaction has two
contributions:

T=Te+T (4a)

non—loc
The first of theseT e, can be written in terms of the p orbital
contribution to this hybrid,

Tioe = [W(1+ )] Tyop (4b)
where Ty = 367 MHz for one electron in a phosphorus 3p
orbital}” Even though the spin density ofP is less than
0.05%?° the local dipolar interaction is non-negligible in these

(16) Program ENDORSIM written by Peter E. Doan, latest version 2003.

(17) Weill, J. A;; Bolton, J. R.; Wertz, J. [Electron Paramagnetic Resonance:
Elementary Theory and Practical ApplicatioiWiley & Sons: New York,
1994.
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systems. The second termTin{Thon-I0c) represents the through-
space interaction between the magnetic dipole of théMn
(S = 5/,) electron spin and the nuclear spin 8P (| = 1),
which is determined by the distance between?Mand 3P,
r(Mn—P), according to the electron point dipeleuclear point
dipole modek’

Tnon—loc = [gegegNﬁN/r(Mn—P):;] Pnin (4C)
wherepun & 1 is the fractional spin population on ¥t gy is
the nuclearg factor for3P = 2.26322, and the other constant
terms have their usual meanings.

Writing the two contributions as the simple sum of eq 4a
implies that the local and nonlocal interactions are coaxial. In
the case of BMn2*-X, the crystal structure gives a MiP—O
angle for the coordinated phosphate/phosphonate36f, which
is equal to the angle between the unique valud@f-ioc that
lies along the Mr-P vector and that of,, arising from spin
density in the sporbital contributing to the PO bond whose
unique value lies along the-€P bond. We have calculated the
rhombic T that arises from the vector sum of the noncoaxial
dipolar tensors and used this in simulations. However, the
difference in the simulations arising from this correction is small
(barely resolvable within the ENDOR linewidth) and would lead,
at most, to underestimation ofMn—P) by 0.1 A.

the accuracy of the derivedMn—P), we made comparisons
with crystal structures of relevant Mh complexes. As there
are no crystal structures of Mhwith only aqua and phosphate
ligand(s), we averaged Mf(O)—P distances in octahedral
Mn(11)Oe complexes with at least one phosphate group coor-
dinated, as listed by the November 2003 release of the
Cambridge Structural Database (CSD). This distance,
r(Mn—P) ~ 3.4 A, agrees with the value for(Mn—P)
established by simulation of the ENDOR speéfta.

Mn2*-S has a very similar spectrum that can be simulated
with a small decrease in both the isotropic and dipolar hyperfine
couplings obtained for MAi+-PQ,. The decreased value Afs,
correlates with a decreasé@@. (eq 4c); as a resulfnon-ioc is
very close to that for M#t-PQ, andr(Mn—P) is the same within
experimental uncertainty. THéP ENDOR spectra of MY -Pf
do not show powder line shapes determined by the anisotropic
coupling. Rather, they are a doublet split By, with each
partner line exhibiting a Gaussian line shape; the anisotropic
coupling is smaller and unresolved within the intrinsic ENDOR
linewidth. Correspondinglyiso for Mn2*™-Pf is only ~60% that
of Mn2"-PQ,, indicating that the interaction of Pf with Mhis
quite different.

We next consider the ENDOR spectra of these small
molecules bound to the enzyme. The crystal structures and thus
r(Mn—P) values for all the enzyme samples are avail&Ble.

For those samples where the dipolar hyperfine pattern of the Thus we have derivedMn—P) values directly from simulations

vy branches is resolved and gives a well-defined valueTfor
(Figure 2: Mi+t-PQy; Mn?™S; EMn2™-S (more strongly
coupled P)), it is possible to determine the value @in—P)
from Thon-10c (€9 4C), Obtained by combining eqs 3 and 4b, to
obtain an equation fofo in terms ofAiso,8

TIoc = n(Aisc/Ao)To (5)

and then subtractingoc from T (eq 4b). In the cases where the
dipolar pattern is not resolved (Figure 2: RArPf; E-Mn2*-
PQy; E-Mn?*-S (less strongly coupled P);-En2™-Pf), we
determined, via simulation, an upper limit fdifrom the width
of each ENDOR branch (which is equal at most 1@23; from
eq 4c this yields a lower limit for(Mn—P). In the case of Mit-

Pf, we assumed that the intrinsic linewidth was the same as for

the other MA"-X and then systematically increasgdintil the

simulation no longer matched the experimental data. The same

approach was used forEn2*-S (weaker coupling), but in this

case the intrinsic linewidth was assumed to be the same as E

Mn2*-S (stronger coupling). For-EIn2"-PQ, and EMn2*-Pf,

the spectra were simulated with a range of input parameters

until the combination with the maximum value df and
minimum value of the linewidth consistent with the experimental
data was determined.

Figure 2 overlays thé'P ENDOR spectrum of M -POy

with the excellent simulation based on the parameters listed in

Table 1, which correspond t¢Mn—P) = 3.4(2) A. To establish

(18) Manikandan, P.; Choi, E.-Y.; Hille, R.; Hoffman, B. Nl. Am. Chem. Soc.
2001, 123 2658-2663.

(19) The unpaired electron spin density in the phosphorus 3s orbital is calculated

from Aisd/Ag WhereAy(3'P) = 13 307 MHz. Our calculations, by analogy
with previous worki® do not include separately the contribution of core s
electron density (1s, 2s). If a portion 8f, is derived from spin density
on 1s and 2s orbitals then, from eq 3, the valudgf will be somewhat
overestimated. This in turn will lead to an underestimatio,@f-ioc and
consequently a value a{Mn—P) that is too small. Our calculations of
r(Mn—P) for EMn?"-X agree, within experimental uncertainty, with the
X-ray-derived distances.

of the ENDOR spectra, as with the KX samples, and
compared these results with the crystallographi®n—P)
values.

The 3P spectrum of BMn?"-PQ, has a similar overall
splitting to that of Mi#*-PQy, and hence the isotropic coupling
is similar; however, in the case of-En?"-PQ, the dipolar
coupling is not resolved. The best simulation fola2-POy
employs parameters similar to those for MrPQ, (Table 1);
the minimum value of(Mn—P) = 3.1 A is consistent with a
similar distance between the phosphate and thé&"\anter in
each case. As will be discussed below, the minimum value of
r(Mn—P) from the fitting of the ENDOR data is significantly
longer (0.7 A) than that reported from the crystal structure (see
Table 1).

The enzyme in the presence of substratd/(E2"-S) exhibits
two 31P doublets, the most widely split of which can be assigned
to coordinated phosphonate. The hyperfine splitting has an
isotropic component £3.15 MHz) that is intermediate in
magnitude between that observed in W8 and that in
Mn2+-Pf. The second doublet has a much smaller isotropic
splitting (1.20 MHz) and a dipolar component that is not
resolved. This second signal cannot be associated with the EPR
transition between otheMs levels because the observed
coupling would be larger, rather than smaller, than that
associated with the central transition (eq 1). Possible explana-
tions for this signal are discussed later. The spectra collected
without RF broadening reveal distinctive line shapes arising
from an almost completely axial dipolar interaction whére
is larger thanT, (Figure 2). This requires th&t,on-1oc have a
sign opposite fronf\s, and, according to eq 5, also frofpe.2

(20) The calculation takes into account modest covalency of migahd bonds,
by use of 90% spin localization on Mh A change in covalency a£10%
changes the calculate@Vin—P) values by ca+0.1 A.

(21) The absolute signs @so, Tioc, aNd Tron-10c CaNNOt be determined by these
measurements, and thAg, is arbitrarily assigned as negative. However,
their relative signs are internally consistent.
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oo

FosA + PO, FosA + fosfomycin

Cambialistic SOD Barley oxalate oxidase

Figure 3. Mononuclear MA™ enzyme active sites with four-, five-, and six-coordination as determined by X-ray crystallography of Eas#ialistic

SOD2 and barley oxalate oxidage.

E-Mn2"-Pf has an isotropic coupling very similar to that from
E-Mn2"-S and almost twice that observed in ¥MrPf. The
contribution to the lineshape from is obscured by a large

studies indicate relatively large zfs valug®| = 0.3562 and
|E| = 0.0068 cnmt.28 However, HFEPR of six-coordinateans-
Mn(o-phenanthrolingX, (4N, 2X; X = ClI, Br, 1) yielded

ENDOR linewidth. Given that the crystal structures indicate |D| = 0.359 for X= Br;2° essentially the same value as for the
chelation by Pf, as is the case with fosfomycin, we anticipate five-coordinate enzyme active site. Moreover, the magnitude
that the spin polarization characteristics will be similar. There- of bothD andE is sensitive to the nature of the nitrogen donor
fore, we assume th#s, has the sign opposite to that Bfon-ioc (o-phenanthroline op-picoline) and extremely sensitive to the
and with this we arrive at'P parameters very similar to those halide ligand. The difficulty of correlating zfs parameters with

from E:Mn2"-$22 and a minimum value of(Mn—P) that is
consistent with the crystal structure (Table 1).

Discussion

coordination chemistry has also been pointed out in a very
thorough recent HFEPR study of a series ofMaomplexes
of 2,2:6',2"-terpyridine3°

Indeed, the present results again demonstrate thadehéty

We first discuss the correlation between the zfs parametersOf the M ligands can have a greater effect on the values of

determined by EPR and the Kincoordination geometry. We
then discuss the correlation between e hyperfine coupling

D andE than does the coordinatiarumber Thus, simulation
of the ESE-EPR spectra gave similar valuesDo&ind E for

parameters determined by pulsed ENDOR and the binding E‘Mn***POs and EMn?"-Pf (Figure S5), yet the crystal

modes of small molecules (substrate/inhibitor) to theZMn
active site of PA1129 FosA.

EPR and Coordination Geometry. Previous CW EPR
studies of FosA followed a long tradition of using the zfs
parameters of a MiT center to infer its coordination number
and substrate binding modeéslistoric correlations of zfs with
geometry, however, were based on Wrsites with close to
ideal symmetries-octahedral or tetrahedrabnd ligands with
“cylindrically symmetric” w-bonding (halide or oxide donors,
for which m ~ 7p).2324 The recent determination of crystal
structures for a number of Mh metalloenzymes and Mn

structures reveal that -EIn?"-PQ, has a highly distorted
tetrahedral M&" coordination environment while -EIn?*-Pf
exhibits a five-coordinate, highly symmetric trigonal bipyramidal
ligand arrangement. Further:Mn2"-Pf and EMn2"-S have
very similar coordination environments, bl and E are
dramatically larger for BMn2*-S. Clearly, zfs parameters for
the Mre™ (S = %) ion cannot be readily correlated to the
coordination number and geometry, despite the temptation to
do so and the long history of such attempts.

31 ENDOR. There are several reports 8P ENDOR
experiments on phosphatenetal interactions in biological

complexes now reveals that predictions of coordination number SyStems, almost all of which used CW techniques to probe the

and geometry of M#" sites based on zfs parameters act
robust. The crystal structure of barley oxalate oxidadisplays
an octahedral M#t with 3N, 30 coordination (Figure 3) and
an EPR signal typical of MAt with small zfs (values oD,
E not stated but clearly smafy. In contrast, MA™ bis(2-

bonding of metal ions to nucleotides and nucleic acids. Of direct
relevance here are the X-band CW experiments oA'Nmthe
oxalate-ATP complex of pyruvate kinagkand the 35 GHz
CW studies of the Mf" site in the hammerhead ribozyrite.

In both cases’'P couplings of~4 MHz for phosphate directly

pyridylmethyl)amine has a 6N octahedral coordination environ- coordinated to3the Mit ion were within the range of couplings
ment, but single-crystal EPR studies show that its zfs parameters'ePorted heré? In comparison with the CW spectra of those

are large in magnitudeD = —0.2190 and= = 0.0058 cnl.2”
Cambialistic superoxide dismutase frdPorphyromonas gin-
givalis contains five-coordinate Mri 28 (Figure 3), as in FOSA
with substrate or Pf, and high-field/frequency EPR (HFEPR)

(22) A satisfactory simulation can also be obtained with andTnon-10c having
the same sign.

(23) Hempel, J. C.; Palmer, R. A.; Yang, M. C. I.. Chem. Phys1976 64,
4314-4320.

(24) Sharma, R. RPhys. Re. B: Solid Statel97Q [3]2, 3316-3318.

(25) Woo, E.-J.; Dunwell, J. M.; Goodenough, P. W.; Marvier, A. C.; Pickersgill,
R. W. Nat. Struct. Biol.200Q 7, 1036-1040.

(26) Whittaker, M. M.; Whittaker, J. WJ. Biol. Inorg. Chem2002 7, 136—
145

27) Glei'up, J.; Goodson, P. A.; Hodgson, D. J.; Michelsen, K.; Nielsen, K.
M.; Weihe, H.Inorg. Chem.1992 31, 4611-4616.
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studies, the Davies pulsed spectra reported here provide
dramatically better resolution of théP hyperfine peaks,

(28) Un, S.; Tabares, L. C.; Cortez, N.; Hiraoka, B. Y.; Yamakura].FAm.
Chem. Soc2004 126, 2720-2726.

(29) Lynch, W. B.; Bourse, R. S.; Freed, J. H.Am. Chem. S0d.993 115,
10909-10915.

(30) Mantel, C.; Baffert, C.; Romero, |.; Deronzier, A.;d2et, J.; Collomb,
M.-N.; Duboc, C.Inorg. Chem.2004 43, 6455-6463.

(31) Tan, X.; Poyner, R.; Reed, G. H.; Scholes, CBRchemistry1993 32,
7799-7810.

) Morrissey, S. R.; Horton, T. E.; DeRose, V.JJ.Am. Chem. So200Q
122 3473-3481.

) In agreement with these results, X-band ESEEM studies of adenine
nucleotide binding to a Mn-substituted Rig-protein, F1-ATPase, showed
modulation assigned t&'P with hyperfine coupling of 4.5 0.1 MHz:
Zoleo, A.; Contessi, S.; Lippe, G.; Pinato, L.; Brustolon, M.; Brunel, L.-
C.; Dabbeni-Sala, F.; Maniero, A. Biochemistry2004 43, 13214-13224.

(32
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Figure 4. Phosphate/phosphonate binding modes as determined by X-ray

crystal structuregs® and 3P ENDOR studies. The degree of protonation
shown for the P-containing molecules is not meant to be definitive; hydrogen
atoms on the aqueous Mthare not shown. Unidentate coordination for
the carboxylate in M#Pf is shown but is not experimentally determined.

allowing analysis of the dipolar component of the hyperfine
interaction. In our experience, 35 GHz puls€® ENDOR
experiments on M#t-X produce data with high S/N in a single

3 min scan, while 35 GHz CW experiments on the same samples

demand a 20-fold longer collection time even to produce
distorted, lower S/NIP peaks.

There are two previous reports of the application of pulsed
ENDOR techniques to measure metRIO, interactions in
biochemical system¥,3> but those studies are not directly
comparable to the present study. In both cases, little or no
isotropic3'P hyperfine coupling was observed, and the signals

were thus assigned to outer-sphere nucleotide phosphates; ong

case involved DNA binding to a Co(ll)-substituted Zn finger
protein3® To our knowledge, the present article describes the
first use of pulsed®P ENDOR to study phosphates (and
phosphonates) directly coordinated to a metal center in a
biological system.

Comparisons of th&!P coupling for phosphate bound to fn
in the protein samples with the couplings from MmX have
enabled us to determine how the enzyme cavity modifies the
manganese coordination environment. Figure 4 shows a sche
matic representation of the X-ray-derived coordination in E
Mn2*-X and the coordination in the equivalent #X samples
as is now inferred from the ENDOR data.

Phosphate Coordination.E-Mn2"-PQ, and Mr#+-PQ, have
similar values foAs, (Table 1), which implies that the bonding

in the two cases is very similar. Phosphate has unidentate

coordination to MA" in the enzyme. However, the crystal-
lographic study reported a surprisingly short¥ bond (1.785
A) and thus a valuey(Mn—P) = 2.494 A, which likely is too

(34) Hoogstraten, C. G.; Grant, C. V.; Horton, T. E.; DeRose, V. J.; Britt, R.
D. J. Am. Chem. SoQ002 124, 834-842.

(35) Walshy, C. J.; Krepkiy, D.; Petering, D. H.; Hoffman, B. 81.Am. Chem.
So0c.2003 125 7502-7503.

small* An analysis of the more than 150 N¥incomplexes
reported in the CSD with formula MnQwheren =5, 6, 7, 8
has determined that the MO bond lengths average 2.2 A with
a minimum of 1.98 A36 Likewise, our analysis of the far fewer
four-coordinate MA" complexes with at least one oxophos-
phorus donor ligand indicates that the average-@n-(P) bond
distance is 2.0 A and the average M{®©)—P distance is 3.3
A. The ENDOR analysis yields an average /A®sition with
r(Mn—P) = 3.2 A, in agreement with the small-molecule
crystallographic data. We suggest that the-\M®)—P distance
in the crystal structure of #n2"-PQ, is underestimated, as a
result of disorder in the coordinated RCDisorder of the
coordinated phosphate is consistent with3eENDOR spectra
where thev, peak has a large linewidth (1.8 MHz) and is
almost Gaussian-shaped, indicative of a distribution of orienta-
tions and distances.

Indeed, the conclusions of ENDOR and small-molecule
studies are not incompatible with the protein crystallography.
The best explanation of the electron density near the Mn in the
crystal structure of the phosphate complex was obtained with
two partially occupied phosphate sites in each subunit that were
refined with occupancies of 0.60 and 0.35, respectively. The
r(Mn—P) for the secondary sites are 3.33 A for one subunit
and 3.17 A in the othet,which is an average in excellent
agreement with the ENDOR-derived distance.

Substrate Coordination. Considering now complexes of
substrate, the crystal structure oMh2™S shows that the Mt
is five-coordinate with nearly perfect trigonal bipyramidal
geometry: the oxirane oxygen of the substrate is located at one
of the apical sites; the phosphate oxygen and histidine nitrogens
make up the equatorial plane. The reported-Mrirane oxygen
distance (2.350 A) is somewhat longer than expected for a five-
coordinate MA™ complex® presumably because of the poorer
electron-donating ability of this oxygen.

Considering the ENDOR characterization $fbinding to
Mn2*, Ao for Mn2t-S is ~14% smaller than that for Mn-
POy, suggesting slightly weaker bonding of phosphonate to
Mn2*, as might be expected for the less ionic phosphonate
and.

However,As, for E-Mn2™-S is ~40% smaller in magnitude
than that for MA™-S, and the sign of the coupling is reversed,
demonstrating that enzyme binding has a large effect on the
interaction between fosfomycin and K The decrease in
magnitude suggests that spin density on the phosphdtate
has been reduced and has instead been distributed onto the
oxirane O. The sign change requires a change in spin polariza-
tion at the3'P nucleus, which, in a simplified model, can result
from a change by one in the number of bonds in the
delocalization pathway. This suggests that the major pathway
for transfer of spin density to the phosphorus may occur via
the oxirane oxygen (i.e., via MfO(uxiraneyC—P) rather than
via the coordinated, phosphonate oxygen (i.e., viad®a-P).

As described abové!P ENDOR spectra of #1n2+-S show
a second set of peaks with an isotropic splitting less than half
that of the coupling from the metal-bound substrate. We have
suggested that this arises from a second “outer-sphere” substrate
molecule nearby, but there are several possible alternative
interpretations.

19

(36) Palenik, G. Jinorg. Chem.1997, 36, 4888-4890.
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The first explanation is that all of the ENDOR pattern arises
from the phosphonaté'P of a single, directly coordinated
fosfomycin molecule. There are two possible alternatives: (i)
ENDOR involving multiple electron spin manifolds, (i.e.,
IS, MsT= [%12, 50,0 515, £3,08nd (%2, 3,0 |9, £1,00n
addition to|%,, £Y,00 |%,, F/,0) and (ii) ENDOR involving
multiple relative orientations of the nucleay, and D matrix
coordinate systems with respect to the external magnetic field.

(i) One could imagine that the more weakly coupled peaks
are associated with thes = +%/, from the interaction of the
levels of the MA" ion and that the larger couplings are
associated witHMs| > 1/, transitions, as described by eq 1.
However, we would expect the ENDOR intensity involving the
higher [Ms| manifolds to be relatively insignificant in thg~
2 region as the EPR intensity of these higher transitions is much
less than that of thed1/,00< |FY,0signals in this region.
Instead, the more weakly coupled peaks in#ReENDOR from

Figure 5. Proposed hydrogen bonding pathway for electron spin density
to 31P of second fosfomycin substrate molecule. Atomic coordinates as
reported by Rife et &.Hydrogens atoms are positioned so as to minimize
the P-O—H—0 path length.

inner-sphere molecules, respectively. The occupancy of the
outer-sphere binding site is probably the result of the high

E-Mn2+-S are actually less intense than the outer peaks. Further,concentration of fosfomycin used in the crystallographic and
the smallAs, and the narrow width of the peaks, implying a Magnetic resonance experiments. The specific binding site of
small value ofT, demonstrate that the inner peaks cannot be the outer-sphere fosfomycin may be due to very favorable
from a phosphonate directly coordinated to the metal. hydrogen-bonding interactions between the phosphonate and the

(i) To test whether orientational effects within th&l/,(<
|F1/,0signals lead to multiple signals as a function of applied
field (g value), we have collected additiorfdP ENDOR across
the entire|£Y,0«< |FY,0region (1.8< gos < 2.2) to probe
the effect of orientation selection derived from the zfs tensor
(Figure S7). Only small variations are observed in the positions
of the lines in the’lP ENDOR. This implies that both sets of
signals are “powder averages” associated with an isotrgpic
value on the|Ms| = 1/, levels and thus cannot arise from a
single31p.

We conclude that the second doublet is associated with a
second fosfomycin bound near to the active site. The additional
signal could, in principle, arise from another fosfomycin
molecule in the same general location, but with a different mode
of coordination, similar to the disorder observed crystallographi-
cally for the phosphatt,as mentioned above. For example,
weaker 3P coupling might occur upon coordination of the
oxirane oxygen without coordination of a phosphonate oxygen.
However, it seems implausible that there would be such
nonspecific binding of substrate at the active site of an enzyme.
Indeed, in contrast to the phosphate complex crystal structure,
that of the fosfomycin complex at a resolution of 1.19 A reveals
no indication of a second inner-sphere orientation of the

substrate or other phosphorus species that might give rise to

the weakly coupled ENDOR signal.

We therefore suggest that the signal instead is associated wit
a “second-shell®!P nucleus located further from the Rfnthan
that of the primary substrate molecule. Although the dipolar
contribution to the®P hyperfine interaction is not resolved
within the ENDOR linewidth, we have determined a minimum
value ofr(Mn—P) of 5.6 A, which correlates with the crystal
structure of EMn2*-S that shows a second (“outer-sphere”)
substrate molecule close to the (“inner-sphere”) fosfomycin
coordinated to the active site (Figure 5). This outer-sphere
molecule exhibits well-defined electron density with a higher
average B-factor (30.6%than that of the inner-sphere molecule
(15.0 A3). However, the phosphonate groups of both are very
well defined in the structure with average B-factors for the
phosphorus atoms of 19.8 and 14.4f8r the outer-sphere and
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ammonium group of Lys90 and the guanidinium group of
Arg93. It is possible that this site may be part of a cationic
pathway for substrate approach to the Mwenter.

Although Ais, for this secon@?P is substantially smaller than
that of the inner-sphere substrate molecule, it is still much larger
than might be anticipated given the distance from?M(®.08

). However, the observation of &P isotropic hyperfine
interaction derived from spin density transferred over a large
distance is not unprecedent&dn this case, the relatively large
Aiso(3P) from the outer-sphere fosfomycin might be explained
by the nature of the hydrogen bondibgtweerthe two substrate
molecules. As shown in Figure 5, the crystal structure reveals
two water molecules located between the phosphonate oxygens
of each fosfomycin. These water molecules are arranged in a
highly symmetric fashion with respect to the closest phosphonate
oxygens, which suggests a H-bonding pathway for transfer of
spin density to the phosphorus nuclés.

Phosphonoformate Coordination.Aso for Mn2*-Pf is less
than half that for MA™-S (Table 1). This suggests that, in
aqueous solution, Pf does not bind via the phosphonate; only
the formate group of Pf is coordinated to Mn(Figure 4). As
a result, the isotropic coupling is derived from transmission of
spin density to the phosphonate P via thbonding framework
Mn—Orormate—C—P, rather than directly via MAO—P. In
contrast, the crystal structure ofMn?"-Pf indicates that here
the Pf chelates to the Mh via the phosphonate and carboxylate

rIgroups. The Mr-O bond to the carboxylate is shorter than that

to the oxirane in BMn2*-S and at 2.232 A is closer to that
expected for typical five-coordinate Mh36 As with the
coordination of the substrateds, is significantly reduced
compared with coordinated phosphate, in this case likely
reflecting delocalization of spin density onto the carboxylate

(37) Pulsed®P 35 GHz ENDOR measurements of the Co(ll)-substituted Zn-
finger protein with bound DNA indicateds,(3'P) = 0.24 MHz arising
from the 3P of the nearest DNA phosphodiester which, from the crystal
structure, is located 8.3 A from the metal cerifer.

(38) The Quistant substratey Owatery— O(coordinated substrardinedral _angles' of 98Gand
99.5 are close to that f)or water (104)5and combined with the short
Osubstrate; Owatenbond distances (2.672.78 A) suggest strong H-bonding
by the two water molecules, as diagramed in Figure 5.

(39) Sugio, S.; Hiraoka, B. Y.; Yamakura, Eur. J. Biochem200Q 267, 3487
3495.
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of Pf. Given that Pf coordination is similar to that of substrate, = Earlier CW EPR experiments on FosA were misled by
we have assumed the same polarization of the spin density atforbidden transitions that appear at relatively high microwave
the phosphorus and with this model obtain hyperfine parameterspowers and possibly by sample preparation issues as well. ESE-
very similar to those for BMn?*-S. The change in spin  EPR has the advantage over CW EPR in having good S/N for
polarization pathway is the cause of the difference in sign of what corresponds to CW spectra with very low microwave
Aiso for Mn?*-Pf relative to EMn?™-Pf, as described above for  power. Both EPR techniques show that absorption-display
E-Mn?*-S and M#*-S. spectra are far more revealing than the conventional derivative
display for revealing the details of fine structure transitions in
high-spin Mr#*. From the ESE-EPR spectra reported here, we
FosA is inherently important from medical and biological have determined the zfs parameters of théMrenters studied.
points of view, but it also serves as an excellent testing ground However, our results, combined with those for various?Mn
for the use of spectroscopic techniques to determine details of complexes and other metalloenzymes, have disclosed that it is
the coordination of phosphates and phosphonates. With thenot possible to determine the coordination number and geometry
publication of the crystal structures ofMn2+-S, EMn2+-Pf, for Mn?* complexes solely by analysis of these zfs parameters.

2+, il
Er;dEEE'\g; P(?“’ V\lle %?/eEz(;eon;tile IE]O pompzatlre the ab|I|t);hof We anticipate that the use of puls&® ENDOR techniques
§ and puse echniques to measure ey fing wide application in understanding the coordination of

ligand binding modes and bonding characteristics. Mn2* to phosphorus-containing biological metal centers such

The high resolution and signal-to-noise available from the as small molecules, proteins, and perhaps most notably in studies
pulsed3P ENDOR, as compared with that of CW ENDOR - » proteins, P p ) A0l
of the binding of metal ion to DNA and nucleic acids.

experiments, have proven extremely useful in probing the details
of the binding of phosphates and phosphonates t8"MNot

only has this allowed an accurate measurememigf which Acknowledgment. This work was supported by NIH Grants
gives information on MA"—P bonding covalency, but also R01 Al42756, T32 GM65086, P30 ES00267 (R.N.A.), and
critically permits an analysis of the through-space component HL13531 (B.M.H.). We thank Dr. Peter E. Doan and the
of the hyperfine coupling and, thus, direct information on-Mh reviewers for helpful suggestions.

distances. Comparison of the isotropic and dipolar components

of the 31P hyperfine coupling has allowed us to determine how ] ) ) . .

the environment in the enzyme pocket influences coordination _ SuPpPorting Information Available: Figures S+S7 showing

of the guest molecules (X) by comparison with their coordina- CW 35 GHz EPR spectra of-EIn?*-X, effect of experimental
tion to aqueous M. For X = PQy, coordination is very similar ~ conditions on ESE-EPR spectrum ofNin*-S, and field-

in both cases; for X= Pf, coordination is modified from  dependentP Davies ENDOR spectra of -BIn?*-S. This
carboxylate-only binding in free solution to chelation via the Material is available free of charge via the Internet at
phosphonate in enzyme; for S (fosfomycin), phosphonate-  http://pubs.acs.org.

only binding in free solution is modified to chelation with the

oxirane O in enzyme. JA044094E

Conclusions
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