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Abstract: Cytochrome P450cam (CP450cam) was studied by pulsed ENDOR and two- and four-pulse ESEEM

spectroscopies. Spectra were recorded and simulated

at the three pigpegpads of the rhombic EPR spectrum.

The four-pulse ESEEM experiment gave a direct measure of the anisotropic hyperfine interaction for the protons.
Using the point dipole approximation this gives a-fré distance of 2.6 A. The measured anisotropic hyperfine
interaction reduced the number of hyperfine interaction parameters required to simulate the ENDOR line shapes.
Both the four-pulse ESEEM frequencies and the ENDOR spectra at all three prigisiglaies could be satisfactorily
simulated using two magnetically equivalent protons and a water orientation similar to that obtained in our previous
170 ESEEM study. Thus, the pulsed ENDOR and four-pulse ESEEM results are self-consistent WithEESEEM

data and indicate that the axial ligand is a water molecule rather than ardigadd. The isotropic hyperfine value
derived from the numerical simulations is in agreement with previous values derived from proton NMR relaxation

studies.

Introduction

Cytochrome P450 (CP450) enzymes are ubiquitoys O
activators consisting of a protoporphyrin IX prosthetic group
as the active sit&.* The best characterized CP450 enzyme is
the CP450 camphor frofdseudomonas Puti§@P450cam) for
which several high-resolution crystal structures were repdrted.

In the substrate free CP450cam enzyme th& e low spin
and hexacoordinatéd Upon camphor binding the Febecomes
high-spin and pentacoordinate@!® A cysteine thiolate sulfur
constitutes the proximal ligand which remains bound to the
metal upon substrate binding. From X-ray diffraction studies
it has been concluded that the distal ligand, which is removed
upon camphor binding, is either a water molecule or a hydroxide
ion, with a Fe-O distance of 2.28 A&.
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to the heme plane (within 2817 Moreover, the orientation of
the H—H axis with respect to thgx direction was found to be
rather restricted, 50+ 10°. While the simulation of the
experimental spectra generated one set of parameters describin
the quadrupole interaction, two possible sets of hyperfine

parameters were found to reproduce the experimental spectra.

For the first set, the isotropic and anisotropic componeys,
and ap, were 2.6 and+0.3MHz respectively, while for the
second£0.4 and+1.8MHz, respectively. Both sets indicate
very small*’O hyperfine couplings, consistent with the unpaired
electron residing predominantly in thg,@rbital of F&t.18

The ENDOR spectrum of the protons of the water ligand is
very sensitive to their hyperfine coupling and to the specific
orientation of the water ligand with respect to the heme and
therefore should be related to the magnetic tensors of’the
In this paper we present combined proton pulsed ENDOR and

J. Am. Chem. Soc., Vol. 118, No. 11,2686

g

four-pulse ESEEM results obtained from substrate free CP450cam

from which we determined the hyperfine interaction of the
protons of the water ligand. The results are analyzed using the
constraints on the hyperfine interaction determined from the
orientation of thel’0 quadrupole tensor. The four-pulse
ESEEM experiment is a relatively new experiment and its
advantage stems from the generation of highly resolved
combination harmonié&-22 which have been found to be very
useful for the determination of the anisotropic hyperfine
interaction?’27 The magnitude of the anisotropic hyperfine
interaction,ag, of the protons was determined from the four-
pulse ESEEM spectrum. The value afi along with the
orientation of the!’O quadrupole tensor were used as initial
inputs for the simulations of the ENDOR spectra. The simula-
tions then provided the isotropic hyperfine constant and the
orientation of the anisotropic hyperfine interaction with respect
to theg-matrix. The good agreement between the simulated
and experimental spectra at all three principahlues confirms
the assignment of the axial ligand to a water molecule (for
protein at pH 7.5).

Theoretical Background. The ENDOR frequencies of
protons coupled to an electronic sp®= /,, are given by:
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Figure 1. A schematic illustration of the water molecule orientation
with respect to the principal axis systery,y, z, of the g-matrix.

principal axis of the hyperfine tensor. Using the point-dipole
approximationag is given by:

9895,

=— 2
=" 2)
wherer is the electron nucleus distance.

The two- and four-pulse ESEEM frequencies consist of the
ENDOR frequencies, g and their combinationsy. = wq £
wp. For aweak couplinga; + 2aiso] < 4wn, and orientational
disorder (isotropic powder), the sum combination peak reaches
a maximal amplitude &t

2

=20, + A 3)

WOy max— 2(’UH + rﬁwH

where A is the shift of w4 max from 2wy. When the EPR
spectrum is dominated by a largeanisotropy only a selected
range of orientations of the paramagnetic center contributes to
the echo due to the limited bandwidth of the microwave pulses.
This range is determined by the position of the magnetic field
within the EPR powder pattern. When the measurement is
performed at a magnetic field corresponding toghposition,

A is given explicitly by:

A 9a?[3in’0 co<60]

4
Zar, @
where(ldenotes averaging over the narrow range of selected
orientations. In the above the effect of t@nisotropy on the
ENDOR frequencies has been neglected.

For a non-axially symmetrig-tensor:

cod) = cod), cosy + sind, Simp cosgp, — @) (5)
wheref, and ¢, describe the orientation 1, with respect to
the g-principal axes system (PAS) agdand¢ relate the PAS
of the axially symmetric hyperfine tensor and tiitensor. These
angles are defined in Figure 1.

The normalized intensity of the four-pulse ech&#&

V(z,T/2) =
k Wy wﬁ
C,+2C,co 7(7:+T) +2C4 co 7(r+ﬂ +

1=%
2cc{ c? cos(%(r +T-¢& cos(%(r + T))}] (6)
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where M 2.42
a,g=2.
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The relative intensity of the sum combination peak is given by
1,kC,c2. The intensity of the four-pulse echo in the case of
two interacting protons 3

V(z,TI2)0= V,(z, TI2)V,(z,T/2)00 )

where the brackets represent the orientational averaging.

ENDOR

Experimental Section

T T T T T T
Sample Preparation. The substrate free CP450cam protein was ° 1 F,e;fency (MHz) 2 2 80
purified following the procedure of Gunsalus and WagfieiThe .
material isolated contained approximately equal amounts of high- and Figure 2. Two-pulse cos-FT-ESEEM and pulsed ENDOR spectra of
low-spin F&" CP450. The low-spin form was separated by passing it CP450 recorded & = 2.42, 2.24, 1.92. The ENDOR spectra were
over a G15 Sephadex column, 0.25 mM protein in 0.3 M TRIS/HCL, recorded at 2733, 2939, and 3445 G. For all measuremenas 0.23

pH 7.5. The sample was analyzed by continuous wave X-band EPR#S-

spectroscopy showing the typical rhombic powder pattern of low-spin
CP450cant?

ESEEM and Pulse ENDOR Measurements.The measurements
were performed at 1.8 K using a home-built spectrometer described
elsewheré? The ENDOR measurements were recorded using the
Davies ENDOR sequenéé:

the values read from the field controller. Comparison with the actual
field at the sample as determined from the proton Larmor frequency
showed at+20 G variation. This difference is due to the different
positions of the sample and the gaussmeter. In this paper we present
measured frequencies in MHz, namely,= w/27x. The Fourier
transforms of the ESEEM waveforms are shown in the absorption mode,
i.e., cos FT, which was obtained after removing the background decay
of the waveform and phase correcting. The initial part of the ESEEM
RF T waveform not observed due to the “dead time” of the spectrometer
was not reconstructed.

MW  a—1,—n/2—T1—n—7—echo

The lengths of microwave (MW§ ands/2 pulses were 0.10 and 0.05
us, respectively, while the radio frequency (RF) pulse width was 6.0 Results
us. T was set to 0.2s and the repetition rate was 50 Hz. In
alternating scans the phase of the echo forming pulses was varied by The experiments were performed at three magnetic fields
180, reversing the sign of the echo thereby eliminating baseline offsets. within the EPR powder pattern, correspondingyiealues close

The two-pulse ESEEM waveforms were recorded with the sequence tg the principalg-values,gy = 1.907,g, = 2.26,g, = 2.451°
n/2—1—m—echo and the same phase cycle described above was UsedFigure 2 shows Davies ENDOR spectra, recorded at 2733, 2939,
The pulse lengths used were 0.03 and @«®prespectively. The four- and 3445 G, corresponding t9 = 1.92, 2.24, and 2.42
pulse ESEEM waveforms were recorded employing the seqtfetice respectively ’ Signals below 5 MHz.aré a.ssi(::]ned to. héme

2= 1—7I2—TI12—m—T/2— /12— 1—echo nitrogens'*15 They have been previously discus¥edand are
not the subject of this work. The ENDOR spectrum recorded
The length of all pulses in this sequence was Gi®2nd the amplitude  atg = 2.42 shows a broad structured peak at 11.6 MHz which
of 'then puls_e was twice that of the/2 pulses. This was achieved g the proton Larmor frequencyy, and a doublet at 7.5 and
using two different pulse channe_ls vyhere both the phases and the16'5 MHz (9 MHz splitting) centered about,, Each of the
amplitudes of the pulses can be varied independently. A four-step phasedoublet components exhibits a line shape attributed either to a
cycle, +(0,0,0,0),—(0,0,07), +(0,0,7,0), —(0,0/7,7), was employed .
to eliminate unwanted features in the echo enveldpé both the p_owder pattern _for one type of protqn or for two protons with
ENDOR and the ESEEM experiments the boxar integrator was set to different hyperfine couplings. A similar doublet, although
the center of the inverted echo. The magnetic field was measured with Without such a clear line shape, was observed in the X-band
a Bruker Hall effect field controller calibrated against a Bruker CW ENDOR spectrum of low-spin CP486. Moreover, the
gaussmeter. The magnetic field values used in the simulations whereprotons responsible for this signals were found to be exchange-
14 i i
(28) Gunsalus, 1. C.. Wagner, C. Wieth Enzymal 1978 52, 166, abl91.7 Based ollr:3 these previous results and on the z_maly5|s of
(29) Thomann, H.; Bernardo, Mspectroscint. J. 199Q 8, 119. the 'O ESEEM;® we assign the proton doublet obtainedyat
(30) Davies, E. RPhys Lett A 1974 47A 1. = 2.42 to the protons of the axial water ligand. Below we show
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that the line shape originates from the powder pattern charac- 29.30
teristics arising from the orientation selectivity due ¢tp 29.96
anisotropy and to the fact that the principal axes ofghand

hyperfine tensors are not exactly co-linegr#£ 0, see Figure Wﬁ/\/\/\wﬂ
1).

Four doublets are resolved in the ENDOR spectrum recorded
atg = 2.24. These are centered aboytand have splittings
of 9, 4.2, 2.4, and 0.95 MHz. The 9-MHz splitting is close to
that observed in thg = 2.42 spectrum and is therefore also
assigned to the protons of the water ligand. The inner doublets
are attributed to protons on the heme and/or on the cysteine
ligand. Proton hyperfine splittings observed in the low-spin 26.25
CN complex of metmyoglobin and protoherfirand in low- |
spin bis(imidazole) ligated ferri heme comple¥eto not exceed 97224

4 MHz. It is also plausible that one (or more) of the inner
doublets belongs to the powder pattern of the water protons.
This possibility, as shown below, can be verified by numerical 23.27

simulations of the ENDOR line shapes. Although the S/N of |
the spectrum recorded gt= 1.92 is relatively poor a broad

peak atvy and a broad unresolved doublet centered algut

with a splitting of about~3 MHz are clear. Comparison of

this spectrum and that observedgat= 2.42 indicates that the
hyperfine interaction of the water protons is highly anisotropic.

The reason for the rather low S/N, compared to the spectra
recorded ag = 2.42 and 2.24, is not clear because all spectra

were obtained under similar conditions. It may partly (but not g9=2.42
completely) originate from the limited number of orientations
excited in the EPR powder pattern spectrung &t 1.92.

The two-pulse ESEEM spectrum of substrate free CP450 was
also measured since it provides complementary information to
that obtained by ENDOR spectroscopy. ESEEM is particularly 2'0 2'2 ?4 2'6 2'8 3'0 3'2
sensitive to the anisotropic part of the hyperfine interaction since Frequency (MHz)
the latter is essential for the observation of electron-spirtho

envelope modulation. Therefore, by comparing the ESEEM and %757 o574 3449 G. Thevalues were 0.24, 0.28, and 0.30
ENDQR _spectra it IS poss!ble to gain '”S'th into t_he _relat've us, respectively. Only the region of the proton sum combination
contributions of the isotropic and anisotropic hyperfine interac- 1armonics is shown.
tions. Figure 2 presents a comparison of the pulsed ENDOR
spectra and the two-pulse Fourier transform (FT) ESEEM observed in the ENDOR spectrum are absent. However, one
spectra recorded at the same field values. The line shapesidvantage of the ESEEM spectrum is the appearance of
expected from ENDOR and ESEEM are different due to the combination harmonics in thevid region from which the
orientation dependence of the modulation amplitiidethe anisotropic hyperfine interaction can be directly determitied.
effect of spectrometer deadtirfe,and the appearance of These combination harmonics are observed as negative peaks
combination harmonics in the ESEEM spectra. These differ- in the spectra recorded at all thrgevalues. In the ESEEM
ences are obvious in all spectra shown in Figure 2. The doubletspectra recorded @& = 2.42 and 2.24 two peaks are resolved
with the 9-MHz splitting is also clear in the ESEEM spectrum in the 27y region of the spectra. One peak corresponds to the
recorded atj = 2.42, although the line shape is different from sum combination harmonic of the matrix protons and the high-
that of the ENDOR spectrum. Moreover, combination peaks frequency shoulder corresponds to more strongly coupled
at vy £ v(*N), wherev(*4N) corresponds to th&N peak at protons. In contrast, the proton combination peaks in the
3.7 MHz, are superimposed on the 9-MHz doublet. Other line spectrum recorded & = 1.92 are not resolved.
shape features on the low-frequency side of the doublet may Significantly better resolved proton combination harmonics
also arise from combination harmonics of the nitrogen peaks. can be obtained by the four-pulse ESEEM experiment. Figure
The line shape structure arising from these combination 3 shows the four-pulse FT-ESEEM spectra in the regionaf 2
harmonics is very prominent in the low-frequency region (7 to recorded at the same threpvalues corresponding to the
10 MHz) of the doublet in the spectra recordedjat 2.24 and ~ ENDOR and two-pulse ESEEM spectra shown in Figure 2. The
1.92. resolution is significantly improved, particularly in tige= 1.92

The lower resolution of the ESEEM spectrum as compared Spectrum where twéH combination peaks are clearly detected.
to the ENDOR spectrum in the region af is most evident in Table 1 summarizes the four-pulse ESEEM results and lists the
the spectrum recorded @t= 2.24 where the, signal dominates  values ofag calculated from the shift of the sum harmonic peak

the spectrum and the other doublets and line shape structureusing eq 3 and thevalue determined frora; using eq 2. The
g-values used in the calculations are the effectj\a the field

at which the measurement was performed.

25.17

Figure 3. Four-pulse cos-FT-ESEEM spectra of CP450cam recorded

(31) Mulks, C. F.; Scholes, C. P.; Dickinson, L. C.; Lapidot,JAAm
Chem Soc 1979 101, 1645.

(32) Scholes, C. P.; Felkowski, K. M.; Chen, S.; Bank].JAm Chem The four-pulse ESEEM results give a distributioregfvalues
Soc 1986 108, 1660. _ in the range of 4.24.9 MHz (Table 1). These were calculated
Let(f%g\;tﬁgk%é V.; Dikanov, S. A.; Tsvetkov, Yu. @hem Phys assuming an isotropic powder distribution which is not valid

(34) Astashkin, A. V.; Dikanov, S. A.; Tsvetkov, Yu. @hem Phys for the measurements performed gt= 2.42 and 1.92.

Lett 1985 136 204. However, neagy a rather broad range of orientations is selected.
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Table 1. The Shifts,A, a5, andr Calculated from the Four-Pulse
Data
Hg ZVH ZVH + A A an r
(G) Gt (MHz)  (MHz)  (MHz) (MHz)  (A)
2722 2.42 23.26 24.34 1.074 4.71 2.72
2957 2.24 25.17 26.26 1.075 4.90 2.62
3449 1.92 29.30 29.96 0.66 4.15 2.63

Therefore the value @i calculated from thg = 2.24 spectrum
should be more accurate. This yields= 2.62 A andag =
4.34 MHz forg = 2. The experimental uncertainty in is
approximately 0.1 MHz. The uncertainty &y is proportion-
ately smaller since it depends on the square roohofThe
larger uncertainties in thag values listed are not determined
from experimental limits but rather from the approximations
inherent in using eq 3 rather than eq 4. We estimate the
uncertainty inag to be +0.15 MHz.

Only protons with a relatively large anisotropic hyperfine
interaction contribute to the shifted proton sum combination

peak. Since the heme protons are known to have relatively small

hyperfine coupling® we attribute the'H shifted peak to the
water ligand protons, namely, those responsible for the 9-MHz
splitting in theg = 2.42 ENDOR spectrum. Further quantitative

analysis of the ENDOR and ESEEM spectra was obtained by
numerical simulations of the orientation selective spectra. These
were performed in order to substantiate the above assignment

to account for the ENDOR line shapes, to obtai, and to
determine the orientation of the &l axis with respect to the
PAS of theg-tensor.

ENDOR Simulations. The orientations selected at each
magnetic field,H,, were determined by simulating the EPR
spectrum and searching for all theensor orientations giving
rise to an absorption at, + 0.5, where ¢ is the EPR
inhomogeneous line width. The bandwidth of the microwave
pulse was not taken into account as it is narrower than the
inhomogeneous line width. The final spectrum was obtained
by summing over all the selected orientations using the following
weighing function:

H, — H
o

G0, 3o H) = e{_?l[ ]2} sing, do, dg,  (8)

and 0 = 0/2.345. Detailed discussions of the ENDOR line

Goldfarb et al.

For each simulated ENDOR spectrum the line shape of the
corresponding, + wg peak in the four-pulse ESEEM spectrum
was calculated and the position of its maximum amplitude was
determined. There, an additional weighing factor given by
1/,kC.c? was used (see eq 6). The position of the maximum
intensity of this peak is listed near each simulated ENDOR
spectrum. These should be compared with the experimental
positions given in Figure 3. In principle, when two interacting
nuclei are present eq 7 should be used to obtain the four-pulse
echo intensity. However, whek is small (in our case it is
~20.12) the contributions to the sum harmonic peaks arise mostly
from terms with theC, coefficient (see eq 6) of each nucleus.
The intensity of other combination peaks is proportiond o,
where the indices 1 and 2 correspond to the different nuclei.
This product is negligible compared to the individigal Thus,
the line shape of the sum harmonic peak can be calculated by
taking a superposition of the combination peaks of each nucleus
as in the ENDOR simulations.

The 9-MHz splitting appearing in both thge andgy, spectra
indicates thags, + 2ag5 ~ 9 MHz and thaty is small. The
effects ofy on the hyperfine splitting and on the line shape are
shown in Figure 4, where simulated ENDOR spectra calculated
for the three different fields, 2733, 2939, and 3445 G, are shown.
The variation ofy corresponds either to a change in the HOH
angle or to a tilt of the HOH plane away from thgedirection.

The latter was found to be approximately along the heme
hormat-1” (see Figure 1). Obviously, the variation considered
for v has a larger acceptable range compared to possible
variations in the bond HOH angle.

Generally, increasing’ reduces the splitting of the doublet
of the g = 2.42 spectrum. It also affects the width of each
ENDOR line component. The greatest line width is obtained
for y values in the range of 3660° since the Fe-H direction
assumes more orientations with respectty increasing the
orientational “disorder”. At very low values af the line shape
of theg = 2.42 ENDOR spectrum is not well reproduced and
the splitting between the outer spectral features irgtke2.24
spectrum is too small. Further increaseynincreases the
splittings of the outer spectral features in the 2.24 spectrum
which is accompanied by an increase in the width of the doublet
components in thg = 2.42. The spectra calculated wigh=
30° show a reasonable agreement with the experimental results.
In particular the powder pattern of the doublet in the 2.42
spectrum and the outer spectral features irgthe2.24 spectrum

shapes expected from angle selected ENDOR spectroscopy havare reproduced. These are the most reliable features for

been reported by Hurst al.3¢ and Hoffmanet al.3”

The proton ENDOR simulations were guided by the results
previously obtained from thEO ESEEM analysi&® Therefore,
only the case of two magnetically equivalent protons with the
H—O—H bisector parallel to thg, direction was considered.
Referring to Figure 1y, = v, = ¢ and¢, = ¢, + 180° ®and
the two protons thus have the same valuegigfandag. At
each magnetic fieldag was taken as 4.34#2.0 MHz. The

comparison between the experimental and calculated spectra
as they are unambiguously assigned to the exchangeable
protons!* Note that the simulateq = 2.42 spectrum also
reproduces the asymmetry of the doublet both in amplitude and
in width. This asymmetry originates from the second-order
hyperfine interaction represented by tBéerm in eq 1.

As mentioned earlier, the other signals with smaller coupling
values may be due to heme protons and/or to parts of the powder

ENDOR frequencies were calculated using egs 1 and 6 and thepattern of the exchangeable protons. This complicates the

weighing factor given in eq 8. The hyperfine enhancement
factor was not taken into account in the simulations. This is a

comparison between experimental and calculated spectya at
= 2.24 and 1.92. Based on these simulations the peak centered

reasonable approximation since in the case of pulsed ENDORatvy in theg = 1.92 spectrum is assigned to the water protons
experiments, once the nutation angle for the NMR transition is whereas the=3 MHz doublet is attributed to the heme protons.

greater thanz the ENDOR amplitudes become relatively
insensitive to the hyperfine enhancemgnt®

(35) Scholes, C. P.; Lapidot, A.; Mascarenhas, R.; Inubushi, T.; Issacson,
R. A.; Feher, GJ. Am Chem Soc 1982 104, 2724.

(36) Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. Am Chem Soc
1985 107, 7294.

(37) Hoffman, B. M.; Venters, R. A.; Martinsen,J.Magn Reson1985
62, 537.

This assignment is further supported by the small anisotropy
of the heme proton&.32 Further increase of yields ag =
2.42 spectrum which differs significantly from the experimental

(38) Thomann, H.; Bernardo, MBiological Magnetic Resonange
Berliner, L. J., Reuben, J., Eds.; Plenum Press: New York, 1993; Vol. 13,
p 275.

(39) Tan, X.; Bernardo, M.; Thomann, H.; Scholes, CJ.-Chem Phys
1995 102 2675.
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Figure 4. Simulated ENDOR spectra showing the effectjofor H, = 2733, 2939, and 3445 G calculated with the following parametats=
2.0 MHzay = 4.34 MHz,¢, = 45°, ¢ = 225°, 6 = 50 G, andy = 0, 3¢, 60°, and 90. The number at the left-hand side of each spectrum gives
the position of the corresponding four-pulse ESEEM sum combination peak.
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Figure 5. Simulated ENDOR spectra showing the effecipafp.. All parameters are as in Figure 4 but= 30° and¢./¢, = 0°/18C°, 45°/225,
and 90/27C°. The number at the left-hand side of each spectrum gives the position of the corresponding four-pulse ESEEM sum combination
peak.

spectrum. The numerical “noise” in thp= 2.24 and 1.92 due to heme protons. This is in agreement with previous CW-
spectra foryy = 90° is due to insufficiently small integration =~ ENDOR data on similar systend532:35
steps. The line shape of the ENDOR spectrum strongly depends
Having established thap is approximately 30 we next on the orientations selected. These orientations cannot be
investigated the effect @f; on the ENDOR line shapes as shown determined very precisely. This is well illustrated in Figure 6
in Figure 5. The variation o$, corresponds to a rotation of where the effect of at20 G shift for each of the fields
the Fe-H axis about thez axis (see Figure 1). This defines corresponding tog = 2.42, 2.24, and 1.92 is shown. The
the orientation of the water molecule with respect toxttand parameters used for the simulations are those that gave satisfac-
y axes, which were found to be nearly within the heme pfddie.  tory agreement with the experimental spectra (see figure
In the g = 2.42 spectrumyp, affects both the width and the caption). For this set of parameters, the= 2.42 spectrum
relative intensity of the maxima in the powder pattern for each shows the highest sensitivity to variations k. A better
of the doublet components. Increasifigeduces the amplitude  agreement with the experimental spectra is obtained with 2713
of the inner edges and broadens each component. Italso reduce& rather than with the experimental value, 2733 G. An
the splitting of the outer edges in tlge= 2.24 spectrum and  uncertainty 020 G can originate from an error in determining
increases their amplitudes. From this series of simulations it the magnetic field at the sample or to a small error in the
can be concluded that; is close to 4% and¢, close to 225, principal g values used to determine the selected orientation.
Moreover, they suggest that the 3 MHz doublet inghve 1.92 Changes of up to 0.2 MHz in the position of the maximum of
spectrum and that of the 4 MHz in tlge= 2.24 spectrum are  the proton sum harmonic in the four-pulse ESEEM spectrum
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Figure 6. Simulated ENDOR spectra showing the effect a£20 G shift in the magnetic field on spectra recorded-gf, ~g, and~gx. The
number at the left-hand side of each spectrum gives the position of the corresponding four-pulse ESEEM sum combination peak. The parameters
used in the simulation ar@s, = 2 MHz, ag = 4.34 MHz,y = 30°, ¢./¢, = 45°/225°, andd = 50 G.
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Figure 7. Simulated ENDOR spectra showing the effect of the width of the range of the selected orientation in the fields 2733, 2939, and 3445
G. The parameters used are the same as in Figure B an@5, 50, and 150 G. The numbers at the right-hand side represent the corresponding
position of the four-pulse combination peaks.

can be induced by such shifts in the field. The calculated (or in the principalg values). This is expected as the latter
frequencies of the sum harmorlid peaks are listed near each causes a shift in the range of the orientations selected whereas
spectrum in Figure 6. the former only increases the range without changing its center
The inhomogeneous EPR line width also determines the rangeorientation.
of the orientations selected. The ENDOR spectra shown in  The signs of theag and aiso were taken as positive in the
Figure 7 were calculated with the same parameters as abovesimulations. Reversing the sign af, generated spectra that
but with three values of the line widih= 25, 50, and 150 G. did not agree with the experimental results thus implying that
The difference between the spectra calculatedfer 25 and aiso andag have the same sign. Takirgg, = 2 MHz, ag =
50 G were found to be minor and are manifested mainly in the 4.34 MHz,y = 30°, ¢1 = 45°, ¢» = 180", 6 = 50 G, and
broadening of sharp features. Again, the spectrum recorded atmagnetic fields of 2722, 2957, 3449 G, which are the fields at
g = 2.42 (~g,) was found to be most sensitive to the line width which the four-pulse ESEEM experiments were performed, we
selected. Fod = 150 G the doublet structure disappears and obtained shifted sum combination harmonic peaks at 24.56,
a broad powder pattern is observed. The calculated position25.91, and 29.75 MHz, respectively. This is to be compared
of the four-pulse sum harmonic peak was found to have a to the experimental values of 24.32, 26.24, and 29.95 MHz.
negligible dependence on the EPR inhomogeneous line width.We attribute the discrepancy of0.2 Mhz between the
This is in contrast to the effect of a shift in the magnetic field calculated and experimental values to experimental error in the
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Figure 8. Comparison of the experimental ENDOR spectra in the
region of vy (see Figure 2) and simulated spectra obtained with
parameters within the best fit range, = 2 MHz, ag = 4.34 MHz,y

= 30°, 1/ = 45°/1225°, andd = 50 G. Top: H, = 3465 G. Center:

Ho, = 2939 G. Bottom:H, = 2713 G.

determination of the peak positions and to the uncertainty in

the determination of the selected orientations. Based on the
above simulations, the following parameters were determined
to give the best fit between the simulated and experimental

spectra: aiso = 1.5-2.0 MHz, ag = 4.2—-4.5 MHz, y = 25—
35°%, ¢1 = 40—-50°, ¢» = 220—230C for the water ligand protons.

A direct comparison between the experimental and simulated
spectra obtained with these parameters is shown in Figure 8.

Discussion

Using the constraints on the orientation of the water ligand
as determined from our previoddD ESEEM study'® we are
able to simulate the!H pulsed-ENDOR spectra and the
frequency of the!H combination harmonic in the four-pulse

J. Am. Chem. Soc., Vol. 118, No. 11,2688%

between protons of water ligands and metal ions in other
complexes determined by four-pulse ESEEM or ENDOR
methods240.41 Taking theg, direction along the normal to the
heme plane, parallel to the F® axis, we obtained for a
H—O—H angle of 104 and a G-H bond length of 1 A, an
Fe—O distance of 1.87 A angh = 17.5°. Increasing the HOH
angle to 110 will give a F—O distance of 1.92 A angy =
18.2.

From thel’0O ESEEM dat# we concluded thatag| = 1.8
MHz. Using the point dipole approximation, we obtair=
1.87 A which is in agreement with the value obtained from the
proton dipolar coupling. The crystal structbishows that there
is an oxygen above the heme plane at a distance 2.28 A from
the Fe. This is somewhat larger than the value we estimated
fromag. The discrepancy of 0.3 A could arise in part from the
effect of theg-anisotropy on the ENDOR frequencies which
was not taken into account in the simulations. In our calcula-
tions its affect was accounted for only by taking the effective
gin eq 2, but the explicit expression, as for instance obtained
for an axialg-tensor by Rowan et at?2 was not considered.
Another reason for the discrepancy could be the different
temperatures at which the X-ray and ESEEM/ENDOR measure-
ments were performed. However, it is more likely that the
discrepency arises from the inadequacy of the point-dipole
approximation for describing the anisotropic hyperfine interac-
tion. The presence of a pseudo-dipolar hyperfine interaction
increases the value o resulting in a shorter calculated
distance. This effect is commonly encountered when determin-
ing distances from the anisotropic hyperfine interaction.

Our simulations gave a somewhat larger valueyof25—
35°) than would be expected from the distance calculated based
on the point dipole approximation and assuming thas along
the Fe-O direction. An increase inp can be obtained by
incresing the FeH distance and/or by introducing a tilt of the
HOH plane with respect to the F®© axis. However, such a
tilt, when confined to the direction that keeps the two protons
magnetically equivalent (HOH bisector parallel ¢g), will
introduce a very small change in For instance, a maximum
tilt of 90°, for a Fe-H distance of 2.6 A and a ©H bond
length of 1 A, yieldsy = 22.5. We find, however, the
discrepancy inp of 7—18° to be relatively small and acceptable
considering that it was derived from a frozen solution sample
and not from single crystal measurements.

Conclusions

Using four-pulse ESEEM and orientation selective pulsed
ENDOR techniques the hyperfine interaction of the protons of

ESEEM spectra. This provides further supporting evidence thatthe distal axial ligand in substrate free CP450cam was deter-
the sixth axial ligand in low-spin CP450cam is a water molecule mined. The four-pulse ESEEM experiment gave a direct
rather than a hydroxide. The present results are also consistenieasure of the anisotropic hyperfine interaction for the protons
with an earlier conclusion derived from &f0 ESEEM studif on the water ligand from which a Feéd distance of 2.6 A was
that the water molecule exists in only one conformation. In obtained. This reduced the number of the hyperfine interaction
contrast, in a recent CW Q-band ENDOR study the proton parameters determined from the ENDOR line shape simulations.
signals were assigned to two different conformational subsets Further reduction in the number of parameters was achieved
of the water in the distal heme pocKét. using the constraints imposed on the water orientation from
The orientation of the HH axis with respect to thex previous'’0O ESEEM data. The pulsed ENDOR and four-pulse
orientation was determined to be 4B0°. This is in good ESEEM results are self consistent with our previ6i ESEEM
agreement with thé’0 ESEEM® data where it was found to  data and indicate that at a pH of 7.5 the axial ligand is a water
be distributed in the range 58 10°. The value obtained for  molecule.
aiso (1.5-2 MHz) also agrees with the value of 2:3.1 MHz JAG51307E

estimated from proton relaxation studi@g? @) ” —
; ; it 40) Lee, H.-l.; McCracken, Jl. Phys Chem 1994 98, 12861.
Assuming thatag can be described by the point-dipole (41) Atherton, N. M.; Horsewill, A. JJ. Mol. Phys 1979 32, 1349.

approximation we obtain a distance of 2.62 A between the Fe (42) Rowan, L. G.; Hahn, E. L.: Mims, W. B2hys Rev. A 1965 137,
and the water protons. This value is comparable to distances61.




