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Abstract: We report CW and pulsed Q-bahéH ENDOR measurements of intermedidtéormed during the assembly

of the diferric tyrosyl radical cofactor of the R2 subunit in ribonucleotide reductase. These studies, performed with
H,0 and DO buffers, were designed to determine whether the exchangeable proton signals are associated with an
hydroxo bridge, a terminal water, or both. In doing so, we identify the types of protonated oxygensfizidies
coordinated to the iron ions of and their disposition relative to the ferric and ferryl iron ions. The exchangeable
proton signals displayed by intermediatebelong to two protons associated with a terminal water bound tb Fe,

and not to an hydroxo bridge; within the precision of the modeling, this picture of a terminal water is indistinguishable
from that of a 2-fold disordered terminal hydroxyl. The fact tHadisplays strong spin-coupling between iron ions
requires that there be one or more oxo/hydroxo bridges. These findings then establish ¢batains the
[(HxO)Fe"OF€V] fragment.

Introduction based on its symmetrical Mebauer spectrund (= 0.66 mm

. . s™1)? and an'®0—180-sensitive stretch in its resonance Raman
The non-heme diiron enzymes have attracted keen interest )

by their di hemical fivity t d di R spectrumi® IntermediateP is converted to a second intermedi-
by their diverse chemical reactivity towar ioxygleh evers- ate,Q, that is catalytically competent to oxidize methane into
ible obxygen-blndlgg ththe diferrous form gf hﬁmg;ythnn (?r) methanol. The isomer shift(s) observed in the dglmauer
may be contrasted with oxygen activation by the diferrous forms - : : -

of methane monooxygenase (MMO) and of the R2 subunit of spectra ofQ from the MMO in Methylosinus trichosporiury

- - i ; = 0.17 mm s and Methyloccus capsulatu@Bath) ©; =
Escherichia coliribonucleotide reductase (RNR). Reductive 0.21 mm s, 8, = 0.14 mm s%)1° have been interpreted to

O, activation in MMO generates a species that is capable of support the presence of a diiron(IV) cluster. The recent
oxidizing methane to methanol, while in R2 one is formed that determination by EXAFS spectroscdyhatQ has a short (2.5
oxidizes an adjacent tyrosine to a tyrosyl radical. Despite the A) iron—iron separation has prompted its description as a
availability of X-ray crystallographic analyses, which show that “diamond core” dix-oxo-bridged diiron(IV) complex

the diiron centers of MMOand R2 have oxygen-rich primary The diiron center in the R2 subunit plays no role in the

qoor_dination spher_es, in contrast to the_nitroge_n?rich coordina- nucleotide reduction process catalyzed by RNR but is required
tion in Hr 8 the basis for the differences in reactivity towarg O e :
remains unknown, and its discovery is the focus of many to generate the d"“?”'C cluster/tyro_syl rad|ca1_(122) cofac- .
laboratories ’ tor'314that is essential to the catalytic mechanism of nucleotide
. ) . . reduction. The time course of the reaction of apo-R2 with Fe
The_lntermedlates along the pathways Ieadlng to oxygen 0., and reductant, and that of diferrous R2 with, @ave been
activation in both MMO and R2 have been the subject of recent o e g using stopped-flow U¥is spectroscopy in conjunction
phyS|_ca|—b|ochem|caI investigations e_mploylng tlrr_le-resolved_ with rapid freeze-quench (RFQ) EPR and Msbauer spec-
experiments. Among the earliest species detected in the react|or*{roscopiesl_5 In the former case. a paramagnetic diiron inter-

g{f:rlrfii rro;rf)x'}gl'\e/lOd(\aNslithng'lcgg);%evcths prl:)ta(t)lzee dS;TJTtitrrécg mediate X) has been observed that is one-electron-oxidized
P ’ 9 ' prop above the diferric resting state and is catalytically competent

T Northwestern University. to oxidize tyrosine to tyrosyl radica?. The use of a site-directed
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mutant, Y122F, has shown th¥tcan be generated in stoichio- Model B: Hydroxo bridge

metric amount$-17in the absence of a tyrosyl radical, facilitating Ay =[-TOT g

its characterization. Recent Msbauer and stopped-floi

studies of the wild-type protein have observed an intermediate

prior to X whose properties resemble those of the diferric o)
peroxide P seen in MMO. The chemical basis for the O v
conversion ofP into Q in MMO, in contrast to the conversion Fe Fe
of a similar species intX in R2, remains to be elucidated. Our

recent EXAFS findingd? that X contains an FeFe distance H

of 2.5 A in both mutant and wild-type proteins, raise the question

of whetherX contains a diamond core motif similar to that 0 o
proposed forQ.

The paramagnetism &f, in contrast to the diamagnetism of H/ \ Fem TN FeIV
bothP andQ, means that the study &f by EPR and ENDOR
methods affords an unmatched opportunity to determine the fate
of O, during the formation of an intermediate in the reductive
activation of dioxygen with a non-heme diiron center. In order Figure 1. Alternate, partial models for exogenous ligands to intermedi-
to define the composition and structureXafwe have extended  ateX. Top, hydroxo bridge& model); bottom, oxo bridge plus terminal
the RFQ technique to Q-band ENDOR spectroscopy.>%e water (T model). Approximate characteristics of the cluster dipolar
ENDOR study®@clarified the electronic properties of the diiron  hyperfine tensors are indicated (eqs-#43).

center ofX and offered a revised spin-coupling paradigm which  orientation selection of the published CW data collected at Q
describesX as having ar = %/, diiron center with antiferro-  pand allows a distinction between the two models sketched in
magnetic coupling between (S = %,) and F& (S= 2) Figure 1. In one model, which we dendge all exchangeable
ions. The observed antiferromagnetic exchange-coupling be-proton/deuteron signals with substantial couplings are assigned
tween iron ions requires the presence of one or more oxy and/to a hydroxo bridge; in the other, denot&dthese signals are

or hydroxo bridges. A preliminary Q-band CW ENDOR study assigned to the two protons of a water molecule bound #a Fe
of X by Burdi et al?®® using'’O, and KO corroborated the  The number and nature of Qtigand(s) to the diiron center of
earlier observation of’O coupling by X-band EPR and X thus remained undetermined.

demonstrated the presence of one oxygen ligand derived from \we now report CW and pulsed Q-bariPH ENDOR
solvent and at least one from dioxygen. The same report alsomeasurements of intermediatein the cofactor assembly of
presented a limited 2-D set of orientation-selective CW Q-band the R2 subunit of ribonucleotide reductase, isgOHand DO

'H ENDOR spectra taken at several fields across the EPR buffers. These were designed to determine whether the

Model T: Terminal water
AH =~ [-T/2, -T/2, T]

envelope of samples of prepared in both O and RO buffer. exchangeable proton signals are associated with a hydroxo
At fields nearg,, a signal was observed from an exchangeable pridge, a terminal water, or both. In doing so, we identify the
proton or protons having a coupling constantgf= 21 MHz. types of protonated oxygen (QHspecies coordinated to the

The hyperfine tensor was highly anisotropic, with the breadth iron ions of X and their disposition relative to the ferric and
of the pattern decreasing at longwalues (higher fields). At ferryl iron ions. This information is an important component
fields neargs, the spectra revealed intensity from (an) exchange- in the eventual determination of the fate of the atoms of
able proton(s) having a coupling 6f~ 9 MHz. The possible  dioxygen and of the structure ¥f. Given the widespread ability
relationship between these two sets of signals was unclear; aiof nonheme diiron centers to bind dioxygand to activate it
intermediateg values, they overlapped with intensity from for reaction:2the unique opportunity provided B to examine
nonexchangeable protons, and this mage/B,0 subtraction¥ an intermediate in the reaction of dioxygen with a non-heme
unreliable. Comparison of the orientation-selective proton diiron center is important for our understanding of all such
ENDOR results with those from the mixed-valence state of centers, not only for deducing the mechanism of activation of
MMOH and HP showed a similarity that suggested that the this enzyme.

signal of the more strongly coupled proton frofrmight arise .

from a hydroxo bridge, and the other signal from the proton(s) Materials and Methods

of a terminally bound aqua species. A subsequent CW X-band Preparation of Apo Y122F. R2-Y122F was isolated from the
study? concluded that the exchangeable protons were associatedVerproducinge. coli strain BL21 (DE3)/pTB2 (Y122F) and purified
with a hydroxo bridge. However, further analysis by us has @S described previoustj. Apo-R2-Y122F was prepared from its
disclosed that the two types of signals probably arise from a diferric precursor using a modificatiéhof the chelation procedure of

. . - .~ Atkin et al’®* Th trati f -R2 determinedby
single type of hydrogenic species, and that not even the superior_ 1lgoema|vr1 Cmi;‘;;“:e” ration ot apo-iz was determine e

(17) Tong, W. H. Ph.D. Thesis, Massachusetts Institute of Technology, ~ Preparation of RFQ Q-Band ENDOR Samples. RFQ ENDOR
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(18) Riggs-Gelasco, P.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.; Que, 610 ms was selected. Buffered solutions iOHvere prepared by the
L. J.; Stubbe, JJ. Am. Chem. Socsubmitted. addition of HEPES (23.8 g, 100 mmol) t® (1 L) and adjusting the

(19) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of ; ; ; ;
Transition lons 2nd ed.; Clarendon Press: Oxford, 1970. EH to a meter reading of 7.7 UQIJ.B. M NaOH. Buffered solutions in
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Figure 2. Pulsed ENDOR microwave sequences used in this study:
(a) Davies, (b) Mims, and (c) ReMims. The rf sequence is common to
all.

ENDOR Spectroscopy. The CW ENDOR spectrometer and
procedures employed in this study have been briefly desctfoedl.
description of the 35 GHz pulse ENDOR spectrometer employed in
this study has been published recedflyThe proton CW ENDOR
spectra reported have been recorded using “Packet-Shifting” ENDOR.
Although this type of ENDOR has many advantages when studying
metalloproteins, including excellent signal/noise ratios, at low sample
temperature, where relaxation rates are slow, it also can manifest
distortions in peak shapes and intensities. In particular, signals with
small hyperfine coupling may not be well-resolved, and those with
larger couplings that are resolved exhibit line shapes and intensities

that depend on the spectrometer settings, such as microwave power

field modulation amplitude, rf power, and rf scan rate and direction.
The CW*H ENDOR spectra presented in this paper have been taken
under conditions, given in the appropriate figure legends, where the
shapes match those obtained using the Davies pulsed ENDOR
protocol??3 which does give reliable shapes; we note that this was
not the case in the original repdft. The Davies (Figure 2a) ENDOR
pulse sequené&®is hyperfine-selective because the ENDOR response,
R, is jointly dependent on the hyperfine couplig,and the length of

the microwave pulse,, in the preparation phase, through the selectivity
factor,n = Aty

whereR, is the maximum ENDOR responde.The equation shows
that an optimal ENDOR response is obtained i At, = 0.7; when
n < 0.7, the response is suppressed. For a given sample, the value o
t, cannot be lengthened beyond samieinsic maximum,t,"? because
dephasing during the pulse diminishes or abolishes the spin-echo
observed in the detection phase of the experiment. As a result, the
smallest hyperfine couplingh™, that can be observed with sufficient
signal/noise ratios using a Davies ENDOR sequence is rouijhly~
1/tpmax.

Deuterium ENDOR spectra were collected using the Mims stimulated-
echo ENDOR pulse sequeriéé (Figure 2b). This protocol also is
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1991 113 1533-1538.
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hyperfine-selective because its ENDOR respdRsepends jointly on
the nuclear hyperfine coupling and the intervak according to
RO [1 — cos(2rAr)] (1)
This equation shows that the ENDOR response will fall to zerdfor
=n=1, 2, ... and will reach a maximum for= 0.5, 1.5, .... Such
“hyperfine selectivity” normally is considered as one of the key benefits
of pulsed ENDOR techniques. However, orientation-selective ENDOR
analysis of frozen solutions relies on accurate line shapes and intensities.
Our experience with Mims ENDOR of powder or frozen solution
samples shows that one obtains ENDOR pattern essentially undistorted
by the blind spots only for couplings in the range< 1/(2r).??> Thus,
in practice in the study of frozen solutions, the maximum hyperfine
value, A" that should be studied using a Mims ENDOR sequence is
restricted by the minimum usable valuewfdenoted as the deadtime,
tq, with the result thah™> ~ 1/(2ty). The deadtime is defined as the
minimum time after the last pulse that the ENDOR effect can be
detected against the resonator ringdown, and it depends not only on
the spectrometer performance but also on the strength of the ENDOR
signal. If the effective spectrometer deadtime is long, thereby reducing
Amin a Mims sequence, or if the sample phase memory is short,
thereby increasing™" in a Davies sequence, it is not possible to obtain
undistorted spectra for hyperfine couplings that fall in a “gap” defined
by 1/(2g) < A < 1M

In the case of intermediat®, the maximum useful value df,
typically was of the order of 0.2s, which means that an optimized
Davies ENDOR response could be achieved for nuclei having hyperfine
coupling constants larger thar8.5 MHz (as will be seen below because
of other considerations, the minimufd hyperfine coupling that can
be well-studied for exchangeable protons is closer to 8 MHz). The
effective deadtime of the spectrometer, as configured, was ap-
proximately 0.5:s for the available samples of intermedixte Hence,
the maximum hyperfine value accessible using a Mims pulse sequence
is roughly 2 MHz. Consequently, for this sample, there, in fact, is a
gap, such that signals with hyperfine couplingss?A < 3.5 MHz
cannot be well-studied by the conventional pulsed ENDOR protocols,
and this is crucial for théH ENDOR measurements. To fill this gap,
we used the recently described Refocused Mims (ReMims) pulse
sequence (see Figure 2€).This is a four-pulse stimulated-echo
ENDOR variation of the original Mims ENDOR sequence that
eliminates the linkage between hyperfine coupling and spectrometer
deadtime by permitting experiments whergs less than the deadtime
of the detection system: the hyperfine selectivity is governed by
according to eq 1, but the deadtime only must be shorter thant;

(see Figure 2c), which can be set to an arbitrary value. The ReMims
sequence, therefore, increases &i€* of a Mims ENDOR so as to
recover the hyperfine values poorly interrogated by both the Davies
and Mims ENDOR sequences.

A proton ENDOR signal for a single molecular orientation consists
of a doublet centered at the Larmor frequeney, and split by the
hyperfine couplingAy; spectra in this paper are plotted As= v —
vu. A deuterium signal consists of a doublet centeredpatind split

y Ap, with an additional splitting caused by the nuclear quadrupole
nteraction. The Larmor frequency and hyperfine constants of protons
and deuterons are related by the equatighpo = Au/Ap = gu/gp =
6.5. As discussed in detdfl3"38for a frozen solution sample, the
determination of the full hyperfine tensor (and quadrupole tensor) of
an interacting nucleus is achieved by obtaining a 2-D set of orientation-
selective ENDOR spectra collected at multiple fields across the EPR
envelope and comparing this set with simulated 2-D patterns. Although
X gives an essentially isotropic EPR spectrum at X band, and hence
no orientation selection, EPR spectra at Q band show thay téesor
is rhombic, withg = [g1, g2, gs] &~ [2.0081(5), 1.9977(5), 1.9926(5Y,
which is adequate to allow such an analysis at Q band. The ENDOR
simulations were performed on a PC using the program Gensim, a

(36) Doan, P. E.; Hoffman, B. MChem. Phys. Lettl997 269, 208—
214.

(37) Hoffman, B. M.Acc. Chem. Red991, 24, 164-170.

(38) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.;
Houseman, A. L. P.; Telser, J. EMR of Paramagnetic MoleculeBerliner,
L. J., Reuben, J., Eds.; Biological Magnetic Resonance 13; Plenum Press:
New York, 1993; pp 15%218.
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model) with a dipolar hyperfine interaction to the two iron ions,
eg Al. Inthese calculations, an idealized geometry is assumed
in which the O atom is the apex of an isosceles triangle with
the two Fe ions and with H in the plane of the other atoms and
forming an Fe-H—Fe isosceles triangle. The +Ee separation
was chosen to be 2.5 A. One obtains a hyperfine tensor whose
maximum principal component matches the maximum coupling
observed experimentally (see below) by selecting arHre
distance of~2.57 A and an angl; of ~70°; this is represented
------------------------ as B in Figure 4. The precise metrical parameters and the
drere hyperfine tensor components are listed in Table 1. Note,
Fe however, that the required metrical parameters for the sym-
Figure 3. Definition of metrical parameters used in calculation of metrical bridge include an ireroxygen distance that is rather
cluster hyperfine tensok (eqs A1-A3). short for a bridging hydroxidex~1.7 A. The optimization
included the isotropic contribution to the hyperfine tensor as a
modified version of the simulation program GEND®Ryhich speeds parameter. As noted in Table 1, the optimized tensor foBthe
calculations when orientation selectivity is poor, as in the case of model includes a small isotropic componehts(*H) = 2 MHz,
intermediateX. while those for theT model are purely dipolars, = O.

We were prompted by our recent EXAFS dét consider
as well a bridge with an unsymmetrically placed hydroxyl,
Alternative Models for the Protonated Oxygenic Species  \where the F&—0O distance is 1.8 A and Hte-O is 2.0 A.
of Intermediate X. The preliminary'H and ‘O ENDOR However, this model, represented as t# point in Figure 4,
measurements of Burdi et #k clearly demonstrated the |eads to a longer Pe—H distance; as a result, its maximum
presence of signals from exchangeable proton or protonsphyperfine component is substantially too small to reproduce the
associated with a hydroxo bridge (Figure 1, top), a terminal maximum breadth of the proton pattern, ngarand its smallest
water (Figure 1, bottom), or both. This section presérits component is far too small to reproduce the smallest breadth
ENDOR spectra calculated for the two different models using of the pattern, neags. The largest and smallest widths of the
parameters for each that are chosen to optimize the agreemengNDOR pattern can be reproduced by adding a large, negative
with experiments presented below. The similarities and dif- isotropic term Aso = —8 MHz), which might arise because of
ferences between the two sets of calculations are carefully notedspin delocalization onto the bridge, as suggested bytRe
in prepar_ation for comparison with the experiments._ ENDOR study ofX,?? despite findings that there is no such
Our prior work33%:4%shows that the protons of a bridge and  component for a proton on oxygen bound to a ferric ion or the
of a terminal water both exhibit dipolar interactions with an bridge of an F& —Fe! mixed-valence clusté?3%4° However,
interacting Fe ion. The Appendix gives equations for the \th the addition of this term, the predictions of the two versions
observed cluster hyperfine tensor of a proton that is dipole- of the B model are essentially indistinguishable. Hence, the
coupled to theS = %/, ground state of a spin-coupled [Se¢ 2-D set of2H ENDOR spectra displayed in Figure 5a can be

*;)—Fe(S= 2)] diiron center. The equations apply to anucleus regarded as being representative of both the symmetrical and
that occupies an arbitrary position relative to the two Fe ions ynsymmetrical bridges.

and are functions of the cluster’s metrical parameters as defined
in Figure 3; a limiting form of this treatment, appropriate only
for a bridge, was given in a discussion of the'{Fe~€') clusters
of “mixed-valence” MMOHZ® Figure 4 presents the values of
the principal components of the hyperfine tensor that are the
largest ;) and smallest inmagnitude (A,), given in a
representative contour plot as a function géndg; for a fixed
Fe'—FeV separation, as defined in Figure 3. For a terminal
water (or hydroxide), where the proton is positioned either so
thatf3; > 90° or 5, < 90° (Figure 3), then the dipole interaction
muhcrtuhug gg;?:;?rge:{gl; g;g“&‘it/ef_tl?;zﬂjﬁ_e%rﬁeTtﬁenizr, OH)- TheZH_quadrupoIe interaction was idealized as being axial,
axis lies close to the FeH vector, and'i’ ~ (7}3)gﬁgrﬂn/r13 Wlth the unique axis along the_+D bond (Table 1).
when the ligand is bound to the ferric ion afd> 90°, but T Figure 5b presents an optimized set' 8 ENDOR spectra
~ (—43)gBgsB+/r23 when it is bound to the ferryl ion angh < _calcul_ated using eq A3 under the alterna_lte assumption that two
90° (See Appendix). In contrast, a proton of a bridging inequivalent protons of a water are termmally bound tj IF& _
hydroxide interacts strongly with both Fe ions, and it is model)._ As nqted above, the hyp_erflne tensor for a terminal
characterized by a nearly rhombic hyperfine tengory [T, proton is predicted to be apprommately axial an_d bec_:omes
0, T], whereA; lies normal to the Fe(H)Fe plane aAds rotated effectively so forf; 2110° (Figure 3). We have simplified
about theA, direction by the angle relative to the cluster axes ~ the problem by working in this limit, as the mildly anisotropic
(eq A3). g tens_or of X (vide suprd gives relatively poor (_)nentatlon
Figure 5a presents an optimized 2-D set'8H ENDOR selection even at Q band, which does not permit an accurate
spectra calculated for a proton hyperfine tensor obtained from determination of the small experimental deviations from axiality.

eq A3 by assuming the presence of a bridging hydrogyl (!N this case, the hyperfine tensor components for a proton

depend almost exclusively on the FeH distance. The

Sog?’%g':gnl”l’?\(él%g?gfiel? Nocek, J. M.; Hoffman, B. B1.Am. Chem. — distances of the two protons to Favere chosen by assuming
(40) Fann, Y. C.: Gerber, N. C.; Osmulski, P. A.; Hager, L. P.; Sligar, that the maximimum calculated dipolar interaction for each

S. G.; Hoffman, B. M.J. Am. Chem. S0d.994 116, 5989-5990. one gives rise to one of the two largest doublet splittings in the

1

Results

To complete the determination Afrequires the specification
of the Euler angles relating th& and g tensors. Optimal
agreement with experiment (see below) is achievef}ifies
alonggs, with g; lying roughly betweerd; and Ag; the Euler
angles and linewidths used in the calculations of Figure 5 also
are given in Table 1. For comparison with the experiments,
the spectra fog values neag; were calculated for a proton,
while those to lowelg values were calculated for a deuteron,
with the IH and?H signals being displayed on a common axis
through a scaling of the proton ENDOR shifts by the ratjg/ (
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Figure 4. Contour plot of cluster hyperfine tens@r(eq Al) principal component; (largest; solid line) and, (smallest but second in magnitude;
dashed line) as calculated with eq A3 for the metrical parameteand 3, as defined in Figure 3, for a fixed tte-FeV distance of 2.5 A. Tp1l
(Light-gray area):T (terminal) model, proton 1. Tp2 (dark-gray ared)model, proton 2 (see Table 1). B (bridge) model, symmetrical oxygen
(O), see Table 1B model, unsymmetrical oxyger®j, see text.
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Figure 5. Optimized simulations of the field dependence!df (as indicated) ENDOR responses for intermedbtavithin (a) the B model
(bridging hydroxide, left), and (b) th& model (terminal water plus oxo bridge, right). THe¢ and?H signals are displayed in a common axis as
ENDOR shifts from the Larmor frequency¢) through a scaling of the proton ENDOR shifts by the raifgy; all spectra have been centered
around the nuclear Larmor frequency. The maximum breadth of the ENDOR pattern has been indicated by the dashed lines.

experiments (see below). The ranges of acceptable values forand lone pairs about the O, with one lone pair coordinated to
the locations of these protons are indicated by the two gray Fe'", then such an inequality in FeH distances could come
areas of Figure 4 and are quite reasonable for a bound waterfrom as little as an-7° twist of the water about the bisector of
with Fe—O and G-H distances used in the bridging model. the H-O—H angle. It isnot possible to reproduce the breadth
The two Fe-H distances chosen to best match the experimental of the spectrum by assuming a terminal water bound 4% Fe
splittings differ by only~4% (Table 1), corresponding to a while using reasonable metrical parameters. According to eqs
minimally distorted water coordination. For example, if we A1—A3 (Figure 4), the maximum hyperfine tensor component
begin by assuming an idealized tetrahedral disposition of protonsfor a water attached to the ®¢S= 2) ion would only be 8-10
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Table 1. Metrical and'?H Spin Hamiltonian Parameters Used To Calculate the 2-D ENDOR Patterns Displayed in Figure 3

T model
B modeP proton 1 proton 2
r1 (&) 2.56+ 0.05 2.55+0.03 2.67+0.03
f1(deg) 72.30.3 1406-220 135-225
T modef
B modeP proton 1 proton 2
1H 2H 1H ZH lH ZH
A; (MHZz)de —-17.5 —2.686 —10.25 —1.5745 —8.8 —1.3518
A, (MHz) -9 —1.382 —10.25 —1.5745 —8.8 —1.3518
As (MHz) 20.5 3.147 20.5 3.149 17.6 2.7035
ENDOR line width (MHz) 0.5 0.07 0.5 0.07 0.5 0.07
EPR line width (MHZ) 90 35 35

a Components of the hyperfine tenstrare calculated according to eqs Al and A3; variations of these hyperfine components with the metrical
parameters are plotted in Figure 4. Parameters are defined in Figure 3. Componeniafubdrupole tensoP, are idealized from those given
for water in ref 43: Py, P, P3] = [—0.045,—0.045, 0.09] MHz. In other terminologg?qQ = 2P; = 4K andy = 0. Simulations employed
= [g1, G2, 03] =[2.0081, 1.9977, 1.9926%.For modelB, a small isotropic hyperfine componentAf,(*H) = 2 MHz improved the agreement with
the experimental data and is includéd.his model, as implementeg@,(> 90°), is insensitive to FeFe distances. As stated before, a value of 2.5
A was used, which is in accordance to the EXAFS d4@he Euler angles foA in the B model area. = 50° and8 = 90°. The Euler angles for
A in the T model are as follows: proton & = 10.3 andf = 72.8; proton 2,a. = 20° and = 90°. For definition of angles, see ref 48The
Euler angles folP of deuterons in th& model area. = 20° and8 = 90°. The Euler angles foP of deuterons in thd model are as follows:
proton 1,a = 45°, 8 = 61.1°; proton 2,a. = 70°, 8 = 90°. f FWHM Gaussian.

MHz, not the 1720 MHz for water bound to F (S = 5/,), then remains unchanged betweprandgs. In contrast, model
the difference coming from the coefficients in eq Al (for B predicts that the breadth of the pattern changes little between
Fd'', but —4; for FéY). We note explicitly that the model of  g; andgy; then, as the magnetic field increases further, the width
a bound water is indistinguishable from one with a 2-fold of the ENDOR pattern decreases slowly until at gedge of
disordered bound hydroxyl. the spectrum it becomes9 MHz. Although both models
The hyperfine tensors for the two protons, and hence the waterpredict a sharp-9 MHz doublet of doublets neay, in the T
molecule itself, were oriented relative ¢§oso as to achieve the  model the secondary splitting reflects the fact that the two
best agreement under the constraint that they are related as paihequivalent protons have different hyperfine couplings for the
of a tetrahedral water molecule. TAgaxis, and thus the bound g3 orientation, and it occurs in boftd and2H calculations. In
water, lie roughly along they axis. The precise distances contrast, in théB model, the!H spectrum arises from a single
chosen, the resulting hyperfine tensor components, and thehyperfine coupling to the unique bridge proton; the secondary
orientational parameters are listed in Table 1. The calculated splitting in the2H spectrum arises solely from the quadrupole
2-D pattern provided by the spectra calculated at fields acrossinteraction. Finally, in th® model, this 9 MHz doublet appears

the EPR envelope of (Figure 5b) again is a composite 8 as a sharp feature only for fields betwegrandgy; the peaks
and?H simulations, witi?H quadrupole parameters chosen as proaden quickly ag increases toward;. In contrast, in thel
in the B model#! model, the sharp pair of doublets persists frgsito g values

The parameters defining tiieandT model calculations were  well abovegs.

chosen to generate sets of 2-D spectra that optimize the ¢ of Multiple ENDOR Techniques To Obtain Optimized
agreement with experiments presented below, and, as a resultiqy gpectra. To distinguish between these two models requires
the two sets areo_nstralnedto have_ important similarities. At the acquisition of a complete 2-D set of spectra from the
gl,_e_ach simulation shows a pair of proton dogblets, with exchangeable protons taken at fields across the EPR envelope
splittings of 16.8 and 19.6 MHz. In thB model, Figure 5a, of X.31.37.38 These spectra must be collected in such a manner
these both arise from the single bridge proton, while inThe as to give reliable peak intensities and shapes as well as

modell, Figure Sb, each doublet is_ from_a distin_ct proton terminal frequencies, so that the different predictions by the two models
to_ Fé', with the two protons haw_ng slightly different ¥e-H discussed above can be tested. This section indicates how the
distances, as noted. The deuterium spectra also agreggyear combinationof CW and pulsed ENDOR measurements can

n rfsveal_ln_g a parr of sh_arp features, adoub_let of d.OUbIEtS. V‘.'hoseanswer these questions, although they are beyond the reach of
main splitting is approximately 1.38 MHz, with a minor splitting any one protocol

of about 0.12 MHz. However, there are a number of key . )
The 12H ENDOR signals from exchangeable hydrogenic

differences between the models, as well. In Bhenodel, the " y e . . i
strongly coupled signals neas exhibit smooth $houlder, species associated with intermedixteexhibit hyperfine cou-

whereas thd model has peakliké features. Perhaps the most  Plings that range from-20 MHz (for protons) to a fraction of
transparent difference between the two models is in the field @ megahertz (for deuterons). For investigations of the ex-
dependence of the overall breadth of the ENDOR pattern at changeabléH ENDOR signals that have A 12 MHz and do
intermediate values af. As indicated by the dashed lines in  not overlap with the signals from nonexchangeable protons,
Figure 5, within theT model, the overall breadth decreases hamely the “wings” of the ENDOR pattern at fields in the
rapidly from its maximum value 0f20 MHz (for H; 3 MHz vicinity of g;, CW ENDOR is the technique of choice because

for 2H) to approximately 9 MHz (1.38 MHz fofH) as the it gives the best S/Nprovided the shapes are not distorted by
magnetic field is increased from to g,. The pattern breadth ~ relaxation effects. As discussed in the Materials and Methods
E— : section, Davies pulsed ENDOR measurements, which are useful
(41) The relative orientations of the hyperfine and quadrupole tensors o gch “larger” coupling constants and do give reliable peak
for each protonic species depend on the exact orientation of the water, with -
indistinguishable results for an appreciable range of choices; such detailsShapes, were used to select the CW spectrometer settings that

are irrelevant to this report. give proper shapes for the strongly-coupled exchangeable proton
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Figure 6. 2H Q-band ENDOR spectra taken=as of X using each

of the techniques employed in this study. Th&and?H signals are
displayed in a common axis through a scaling of the proton ENDOR
shifts by the ratiogo/gn; all spectra have been centered around the
nuclear Larmor frequency (temperature, 2 K). (a) @4spectrum of
intermediateX in H,O buffer. Conditions: microwave frequency, 35.3
GHz; modulation amplitude, 8 G; modulation frequency, 100 kHz; rf
scan speed, 1 MHz/s; rf frequency sweep, from high frequency to low.
(b) CW proton spectrum of intermediatein D,O buffer. Experimental
conditions are as in (a). (c) Mim31 pulsed ENDOR spectrum of
intermediateX in D,O buffer. Conditions: microwave frequency,
34.975 GHzyr = 500 ns; microwave pulse width, 28 ns; rf pulse width,
60 us. Then = 1 Mims hole (eq 1) has been indicated by the dashed
arrows; the points of maximum sensitivity have been indicated by the
solid arrows. (d) ReMim&H pulsed ENDOR spectrum of intermediate
X in DO buffer. Conditions: microwave frequency, 34.978 Gz

204 ns; microwave pulse width, 28 ns; rf pulse width &0, = 216

ns. The rf frequency window has been indicated by the solid arrows.
The n = 1 Mims “hole” (eq 1) is out of the frame; the points of
maximum sensitivity have been indicated by the solid arrows.

signals neag;. Although the Davies technique could not simply

Willems et al.

spectrum of the same compound inM@solvent. The CW
spectra have good S/N but are unsymmetric arodmd= 0
MHz, as is often the case in Q-band CW ENDOR; in this
instance, thev— branch Av < 0) is more clearly seen.
Comparison of the two spectra shows that a proton signal in
the range-6 < Av < —3.5 MHz, corresponding tdy ~ 7—12
MHz, has disappeared in the;O buffer (Figure 6b), proving
that the proton(s) responsible for this signal are solvent
exchangeable. Unfortunately, it is not possible to obtain a
reliable shape for this feature by subtraction. Indeed, it is
impossible to determine whether thereasy exchangeable
intensity in the long trailing edge to low frequency; in addition,
the peak that is obviously lost upon exchange gives evidence
of structure, but the structure is not well-resolved. Theignal

(Av > 0) at 3.5< Av < 6 MHz is barely detectable and, thus,
offers no assistance. Likewise, our experience shows that it is
not possible to determine whether any intensity associated with
couplings of, e.g.A4 < 3 MHz is lost upon solvent exchange.

A Mims pulse ENDOR deuteron spectrum negy for
intermediateX in D,O buffer (Figure 6c), taken with = 500
ns, shows théH signals from exchangeable protons without
an interfering background. The bold arrows indicate the
frequencies of sensitivity maximumm (& Ar = 0.5) for this
value ofz, according to eq 1. In practice, this experiment is
excellent for all hyperfine coupling®y < 1 MHz (n < 0.5).
Thus, one sees the presence of a broad central fea#tgrs,
0.8 MHz, with sharp inner lines akvp = +£0.1 MHz (Ap =
0.2 MHz; n = 0.04), These inner lines can be assigned to
“matrix” deuterium atoms (e.g., from the histidinemidazole
amino N-H, etc). However, in this experiment, the signals
from nuclei where the hyperfine value approaches 2 Mhiz (
> 1) are strongly influenced by the hyperfine selectivity that is
described by eq 1. As a result, it would be impossible to
determine whether there are “wings”, corresponding to even
higher A value, because the region of interest falls essentially
under the Mims hole around, ~ 2 MHz (n = 1). In addition,
although this Mims spectrum clearly shows both theandv_
partners that correspond to the exchangeable peAkat= 9
MHz in the CW*H spectrum (Figures 6a,b), presumably because
the portions of théH signal that correspond to largan are
severely attenuated as predicted by eq 1,2Hhg@eaks do not
show any additional structure.

Complete information requires additional spectra with a
shorter value of, where the intensity maximum and Mims hole

be used rather than CW ENDOR because it has poorer S/N,are moved to higheh. Because of the long effective deadtime

the pair of'H doublets withAy ~ 18—20 MHz seen neag;

for this sampleg cannot be sufficiently shortened in a Mims

were shown to have the same shapes when detected with thexperiment, but any desired value is feasible using the ReMims

CW and Davies protocols.
We have reported that, when the signals from exchange-

stimulated-echo pulsed ENDOR protoébl As can be seen by
comparing parts ¢ and d of Figure 6 the use of a shorter

able protons overlap those from nonexchangeable protons, therinterval ¢ = 204 ns) in the ReMims pulse sequence moves the
the signal shapes obtained for the exchangeable ones byintensity maximum outside the entifel spectrum. ThéH v..

subtracting the spectra from samples igCHand DO buffers
often are not reliablé? In this case, as explained in the

Materials and Methods section, it is best to use the stimulated-

echo Mims pulsed ENDOR technique to directly examine the

doublet corresponding to th; ~ 9 MHz feature in Figure 6a

is well-resolved now and, in fact, is disclosed to be a doublet
of doublets. This sensitivity to requiresthat the?H doublet

of doublet contains contributions from deuterons with different

2H signals from deuterons that have been exchanged into thehyperfine couplings and proves that the subsidiary splitting is

sites of interest in BD buffer. However, the hyperfine

not wholly the consequence of tiel quadrupole interaction,

selectivity of this technique, as manifest in eq 1, can cause which does not enter into the dependence of eq 1; the two

difficulties in obtaining undistortedH signals. These issues
are illustrated in Figure 6 by the proton/deuteron ENDOR
spectra taken negg, where the'H and?H signals are displayed

peaks that result from a quadrupole splitting would be jointly
suppressed, causing an attenuation but not an apparent frequency
shift. For completeness, note that #hedistant ENDOR signals

on a common deuteron frequency axis through a scaling of thewith small A are severely suppressed with the shottealue

proton ENDOR shifts by the ratign/gy. Figure 6a shows the
CW Q-band proton ENDOR spectrum negrof intermediate
X dissolved in HO; Figure 6b displays the proton ENDOR

in Figure 6d. Thus, just as the larger hyperfine couplidgs,
2 12 MHz, are addressable by a combination of CW and Davies
pulsed ENDOR techniques, f&f the smaller couplingss <
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L2 ENDOR then remains constant At ~ 9 MHz, as inT; for fields between
Exberi g2 and g, there is no intensity from protons withyA& 9 MHz,
xXperiment: > . . R
in agreement with th& model and in opposition to tHe model
Frequency v -vy, (MHz) To be able to make this statement definitively required particular
10 5 0 5 10 care. As shown by Figure 5, in tl& model the signals with

o b b bewa 1 larger splittings in this field range have low intensity. However,
\//\—\r the ReMims protocol permitted us to select a valuer dat
T \-/\< g, optimizes the response to such signals; the baseline in this
experiment is flawless, and extensive signal averaging produced
. ¥/\’¥ spectra with good signal/noise ratios. Thus, even the low-
! intensity “wing” signals predicted by th® model would have

M been cleanly detected if they had been present. We conclude
M that they are not. (i) ThéH ReMims experiment withr =

Wz

204 ns reveals a sharp doublet of doublets with major splitting
of Ap ~ 1.38 MHz neags, but the hyperfine selectivity shown
by comparison to the spectrum with a larger value ef 500

) ’ g ns (Figure 6¢) shows that this doublet is not simply a quadrupole
M 2 splitting, as it would be in th& model, but reflects the unequal

Re-Mims

hyperfine couplings of the two inequivalent protons in the
model (see the discussion above). (iv) The doublet of doublets
seen ags persists fronys to g values substantially greater than

:
(

LA RARRNLARRY RLERY LRRR RLRRD ALY LALS 02, rather than abruptly broadening and disappearing at fields
-1.0 0.0 1.0 neargy; this, again, is in accord with tHE but not theB model.
Frequency v -v (MHz) (v) For clarity, we emphasize that the absence in the experi-

Figure 7. Experimental>2H ENDOR spectra taken across the EPR menta!lvzH spectra ofany unexplained features with the large
envelope ofX. TheH and?H signals are displayed in a common axis hyperfine couplingsrequired for the proton of a bridging

through a scaling of the proton ENDOR shifts by the ragifgy; all hydroxyl precludes there being both a bridging hydroxyl and a
spectra have been centered around the nuclear Larmor frequencywater molecule. (vi) Finally, we may comment on the pos-
(temperature, 2 K). The CWH spectra come from a sample in® sibility of an additional HO terminally bound to the P& which

buffer, and the pulseéH spectra come from a sample in® buffer.

The maximum breadth of the ENDOR pattern has been indicated by
the dashed lines, as in Figure 5. Conditions: CW, as in Figure 6a;
ReMims pulse, as in Figure 6d.

would have smallH couplings. The current data give no
evidence of such a species but neither disprove nor prove its
presence; futuré’O ENDOR measurements will address this
issue.
1.85 MHz (corresponding téy < 12 MHz), are accessible
through a combination of Mims and ReMims experiments.  conclusions
Proton/Deuteron ENDOR of Intermediate X. An extensive
2-D set of experimentdt?H ENDOR spectra was taken across The striking agreement between the 2D set of experimentally
the EPR envelope of intermediate The spectrum at each  optimized Q-band'?2H ENDOR spectra in Figure 7 and the
field was taken by the appropriate technique, CW, Davies simulations based on tiemodel displayed in the right diagram
pulsed, or ReMims pulsed ENDOR, chosen so as to ensure thain Figure 5 show that the exchangeable proton signals displayed
the intensities and shapes of the peaks associated with thepy intermediateX, belong to two protons associated with a
strongly coupled exchangeable protons/deuterons are reliableierminal water bound to fe Table 1 presents the principal
a portion of this data set is displayed in Figure 7. The input values and orientations of the hyperfine tensors for both protons,
parameters (Table 1) for the model calculations presented inalong with the metrical parameters describing the terminal water
Figure 5, namely the metrical parameters of the protonated model. Within the precision of the modeling, this picture is
oxygenic species bound to the diiron center (Figure 2) and the jngjstinguishable from that of a 2-fold disordered terminal
orientation of theg tensor relative to the center, were optimized hydroxyl; ESEEM experiments will address this issue.
so as to make each model fit the experimental data as closely he strond spin-counlina between the iron ions and the short
as possible, with particular focus on achieving the best possible The strong P pling .
Fe—Fe separation observed by EXAFS spectroscopy requires

ggrt](;h ;ﬁsz%eg:‘r?hzt ;t(@l e?ﬁggtgld?::uﬁgtgi dE;F\; ig}/fd?aﬁ% ns that intermediateX contain one or more oxo/hydroxo bridges.

b P The determination thaX does not have a hydroxyl bridge, in

permits a definitive conclusion that intermediatecontains a ) - . - - .
conjunction with the finding of a terminal water, then establishes

terminal water molecule (or 2-fold disordered hydroxyl; see : . )
above) bound to Rt and does not contain a hydroxyl bridge. that intermediat contains the [(HO)Fe!' OF€"] fragment that
defines theT model (Figure 1). The presence or absence of

The above conclusions were reached by comparison of the g / S
two sets of calculations with the experiment and are based onthe second oxo bridge of a diamond core, a determination of
the following observations. (i) Spectra taken ngashow a the fa’Fe of the two atoms of dioxygen, gnd a conﬁrm_atlon that
pair of strongly coupled doubletg\§ ~ 19— 20 MHz) with there is not a second;® bound to F¥ will be the .subject. of
peaklike features, not shoulders, in agreement wititheodel a detailed report of’O ENDOR measurements using enriched
and in opposition to thB model. (i) As already stated, perhaps ~solvent and gas.
the most transparent difference between models seen in Figure
3 regards the field dependence of the maximum breadth of the Acknowledgment. The authors would like to express their
ENDOR pattern. The breadth of the experimental pattern doesgratitude toward C. E. Davoust for his extensive technical
not remain roughly constant &4 ~ 20 MHz fromg; to g; as support and to the NIH (Grants HL 13531 (B.M.H) and GM
in the B model but, as indicated, decreases frgqtto g, and 29595 (J.S.)).
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Appendix: Hyperfine Tensor for a Proton Dipole-
Coupled to an Antiferromagnetically Coupled (S= %;;
S = 2) Binuclear Center

IntermediateX is a diiron S = %/, center comprised of an
Fe' (S= %) ion antiferromagnetically coupled to a'FéS=
2)ion?” As has been discussed extensively (Hendrich eal.,
DeRose and Hoffm#f), a nucleus of a diiron center that has
hyperfine couplings to the individual ferric and ferryl iron ions
of Areqy andAseqv), respectively, will have an observed cluster
hyperfine coupling matrix to the cluster spifgys that is a
weighted sum of the individual ion interactions (eq Al),

7 4
Agps= §AFe(|||) - éAFe(IV) (A1)

Our previous worke324%has shown that the ENDOR patterns
for a proton attached to an oxygenic species bound to iron
(terminal water, bridging hydroxo) can be understoo8f

and Arev) are taken to be poinrtdipole interactions between
the proton and the localized spins on the individual iron ions.

We therefore considered a nucleus at an arbitrary location, as

depicted in Figure 4, took the classical form of the peidipole
interaction with the individual uncoupled iron ion#\suiy and
Areqv) in eq Al), expressed them in the common axis frame of
Figure 4, and added them according to eq Al to obtain the
effective hyperfine tensoA for the S = 1/, ground state
Hamiltonian of the spin-coupled cluster syst&mTo carry this
out, it is convenient to define a right-handed coordinate frame
(e), the unit vectors of which are;, lying parallel to Fe-Fe;

ey, lying in the Fe(H)Fe plane perpendiculamgpande,, normal

Willems et al.

Aicogy + Assity O (Au— Ag)siny cosy
A=10 A2 0

(Av—Ag)sinycosy 0 A;sity + Agcody

(A2)
This corresponds to the matrix for an interaction with principal
values A = [A4, Ay, Ag], where the hyperfine frame is rotated
relative to the molecular], e,, €3] frame by a rotation around
& through the anglg. This dipolar interaction matrix depends
on the metrical parameters for the center, and we chose to
parametrizeéA for a given geometry of Fe(H)Fe in terms af
dre-re, and the angle8; that is subtended by the fe-H and
Fe—Fe vectors (Figure 4). The principal values of the dipolar
interaction tensoA then are given in eq A3, whem is the
distance between the feand the proton ant; is the distance
between the F¥ and the proton:

_ 7(2989., 42989,
1 3 rl3 2 3 r23
_ [ty sin 28, +t,sin 25,
tan 2y = [t, cos B, +t, cos B, (A3)
t,+t
A= %[( ! 5 2) gcoi 3/(tl cos P, +t, cos 2{)’2)]

Ao= =3t +1)
Ay =—(A+A)

With these equations, it is possible to calculatéor a proton
at any position relative to the Fd-e framework; this, in turn,
allows us to simulate a 2-D set of ENDOR spectra for the proton

to the plane. As expressed in this frame, the cluster hyperfine at multiple fields across the EPR envelope. Calculations with

interaction matrix takes the form given in eq A2:

(42) Hendrich, M. P.; Fox, B. G.; Andersson, K. K.; Debrunner, P. G;
Lipscomb, J. DJ. Biol. Chem.1992 267, 261—269.

(43) Edmonds, D. TPhys. Lett.1977 C29, 233-290.

(44) True, A. E.; Nelson, M. J.; Venters, R. A.; Orme-Johnson, W. H.;
Hoffman, B. M.J. Am. Chem. S0d.988 110, 1935-1943.

(45) Note Added in Proof: The problem of a proton dipole-coupled to
a dinuclear center has been treated recently by others. (a) Randall, D. W.
Gelasco, A.; Caudle, M. T.; Pecoraro, V. L.; Britt, R. D. Am. Chem.
Soc.1997 119, 4481-4491. (b) Fiege, R.; Zweygart, W.; Bittl, R.; Adir,
N.; Renger, G.; Lubitz, WPhotosynthesis Re$996 48, 227—237.

these formulas show that, when the proton lies outside of the
region between the two iron iongsy(z 90 orfS, < 90), namely
when it is part of a terminal ligand to one ion, then, to a good
approximation, this result reduces to a peidipole interaction

with the adjacent iron. When the nucleus is located sym-
metrically relative to the two iron ions, namely when it is
associated with an hydroxo (or aquo) bridge, then these results
-reduce to those reported previoudlyFor coupling of ions with
different spins, only the coefficient in egs Al and A3 change.
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