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Interspin Distances in Spin-Labeled Metmyoglobin Variants
Determined by Saturation Recovery EPR

Yi Zhou, Bruce E. Bowler, Kim Lynch, Sandra S. Eaton, and Gareth R. Eaton
Department of Chemistry and Biochemistry, University of Denver, Denver, Colorado 80208-2436 USA

ABSTRACT Saturation recovery (SR) electron paramagnetic resonance was used to determine the distance between iron
and nitroxyl for spin-labeled metmyoglobin variants in low-spin and high-spin states of the Fe(lll). The interspin distances were
measured by analyzing the effect of the heme iron on the spin-lattice relaxation rates of the nitroxyl spin label using the
modified Bloembergen equation for low-spin species, and an analogue of the Bloembergen equation for high-spin species.
Insight simulations of the spin-labeled protein structures also were used to determine the interspin distances. The distances
obtained by SR for high-spin and low-spin complexes with 15-20 A interspin distances, for low-spin CN~ and high-spin
formate adducts at distances up to about 30 A, and results from Insight calculations were in good agreement. For variants
with 25-30 A interspin distances, the distances obtained by SR for the fluoride adducts were shorter than observed for the
CN™ or formate adducts or predicted by Insight simulations. Of the heme axial ligands examined (CN ", imidazole, F~, and

formate), CN ™~ is the best choice for determination of iron-nitroxyl distances in the range of 15-30 A.

INTRODUCTION

Electron paramagnetic resonance (EPR) of spin labels at-
tached to proteins is a powerful tool to study protein struc-
ture and dynamics (Berliner and Reuben, 1989). Initially,
spin labeling took advantage of the naturally occurring
cysteines in proteins. More recently, site-directed mutagen-
esis has been used to introduce cysteines at desired locations
in a protein (Hubbell and Altenbach, 1994). Stable nitroxyl
free radicals are then attached to the cysteine residues to
provide a paramagnetic probe. Due to the larger magnetic
moments of unpaired electrons than of nuclei, electron-
electron spin-spin interactions can be detected over longer
distances than electron-nuclear or nuclear-nuclear interac-
tions. The EPR technique required to obtain structural in-
formation in systems with two paramagnetic centers de-
pends on the interspin distances and on electron spin
relaxation times. A variety of continuous wave (CW) and
pulsed techniques have been developed to determine dis-
tances in biomolecules labeled with two nitroxyl spin labels
(Barnes et al., 1999; Rabenstein and Shin, 1995; Milov et
al., 1998; Martin et al.,, 1998). In systems that contain a
rapidly relaxing paramagnetic metal center, the effect of that
paramagnetic center on the electron spin relaxation rate of a
more slowly relaxing center can be used to determine in-
terspin distances (Poole and Farach, 1971; Kulikov and
Likhtenshtein, 1977). Early uses of the effect of a rapidly
relaxing metal ion on a more slowly relaxing center to
obtain interspin distances relied upon CW power saturation
curves to estimate a value of T, in the presence and absence
of the rapidly relaxing metal (for reviews see Kulikov and
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Likhtenshtein, 1977; Eaton and Eaton, 1988). Due to the
orientation dependence of the dipolar interaction, the satu-
ration recovery (SR) curve for the slowly relaxing partner is
not a single exponential and, therefore, the interspin dis-
tance can be evaluated more accurately by examining the
full shape of the SR curve (Hirsch and Brudvig, 1993;
Rakowsky et al., 1995) instead of approximating it as a
single exponential.

We are interested in assessing how accurately interspin
distances can be obtained by analysis of long-pulse SR
curves for the slowly relaxing partner in systems such as
heme proteins for which the metal relaxation rate can be
measured directly. In studies of spin-labeled heme porphy-
rins and spin-labeled hemoglobin, reasonable distances in
the range of 10 to 17 A were obtained (Budker et al., 1995;
Rakowsky et al., 1995, 1998; Seiter et al., 1998). In this
study we seek to extend the measurements of heme-nitroxyl
distances via analysis of EPR SR curves to longer distances
using variants of sperm whale myoglobin (Fig. 1). For four
variants, we have examined the effect of both low-spin (S =
1/2) and high-spin (S = 5/2) heme on the relaxation rate of
nitroxyl spin labels attached to cysteines at selected loca-
tions on the protein. Interspin distances are in the range of
16 to 30 A. We have compared the utility for distance
measurements of imidazole and CN~ low-spin complexes
and F~ and formate high-spin complexes. The interspin
distances obtained by analysis of the SR data were com-
pared with distances calculated by molecular modeling us-
ing the Insight II software.

EXPERIMENTAL SECTION
Preparation of spin-labeled myoglobin

Wild-type sperm whale Mb synthetic gene carried in the vector, pMb122,
was a generous gift from Sligar’s lab (Phillips et al., 1990; Springer and
Sligar, 1987). The gene was excised from the pMb122 vector with the
restriction enzymes Psfl and Kpnl, followed by ligation between the PstI



1040

FIGURE 1 Structure of sperm
whale myoglobin based on the
Brookhaven Protein Data Bank
pdblmbw file. The heme and muta-
tion sites are shown.

and Kpnl sites of the phagemid vector pBS(—) (Stratagene, La Jolla, CA)
using standard techniques (Maniatis et al., 1992). The resulting vector,
pBS/Mb, was transformed into Escherichia coli XL-Blue cells (Strat-
agene). Single-stranded DNA was generated by infection of these cells
with helper phage R408 (Russel et al., 1986) and used as a template for
oligonucleotide-directed mutagenesis. Variants MbV66C (notation V66C
indicates that valine 66 was replaced by cysteine), MbK98C, MbH12C, and
MDbAS53C, were prepared using the Sculptor in vitro Mutagenesis System
(Amersham Pharmacia Biotech, Piscataway, NJ). The following oligonu-
cleotides were used as mutagenesis primers: MbV66C, 5'-GAAAAAA-
CATGGTTGCACCGTGTTAAC-3"; MbK98C, 5'-GCTACTAAACATT-
GCATCCCGATCAAA-3'; MbHI2C, 5'-GCTGGTTCTGTGCGTTTG-
GGCTA-3'; and MbAS3C, 5'-TGAAAACTGAATGCGAAATGAAAGC-3'
(the site of mutation is in italics in each oligonucleotide). Complete
sequences of the mutant genes were verified by using the dideoxy sequenc-
ing method (Biggin et al., 1983), and the genes were transformed into TB-1
E. coli cells (New England Biolabs, Beverly, MA). Expression of Mb
followed a modified Springer and Sligar (1987) procedure (Chen and
Sligar, personal communication). A starter culture of 5 ml LB media (10 g
tryptone, 5 g yeast extract, and 10 g NaCl in 1 L water) containing 200
mg/L ampicillin was grown at 37°C overnight in a 250-rpm shaker. An
intermediate culture was grown for ~8 h after inoculating 65 ml of LB
media with 650 ul of the starter culture. Six 2800-ml Fernbach flasks, each
containing 1 L of media, were inoculated with 10 ml of the intermediate
culture and grown overnight, followed by 3 to 4 h of slow shaking (100
rpm). Harvested cells were spread thinly (~2—5 mm) in a plastic bag and
frozen at —80°C for at least 2 h. Typical wet cell weight was 25 to 35 g.
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In the following paragraphs, Mb is used as a generic abbreviation for
wild-type and variants of myoglobin.

Cell lysis was performed by the Springer and Sligar (1987) procedure,
except that the dithiothreitol (DTT; Sigma, St. Louis, MO) concentration
was increased from 0.5 mM to 5 mM in the MbHI12C preparation to
prevent auto-oxidation, and in the MbAS53C preparation to prevent dimer-
ization. Lysate was spun down at 13.5K rpm in an ss34 rotor (Dupont) for
30 min. The supernatant was collected and adjusted to pH 6.0 with 50 mM
NaH,PO,, and then diluted four- to fivefold with cold distilled deionized
water. This solution was refrigerated at 4°C for 2 h, centrifuged in a GSA
rotor for 30 min at 10K rpm, and batch-loaded onto ~20 ml of CM
Sepharose resin (Amersham Pharmacia). In later preparations of MbH12C
and MbAS3C, immediate filtration through a 0.4-um filter was used
instead of the refrigeration and centrifugation step. The Mb-loaded resin
was then placed on top of an approximately 80 ml bed-volume column
(3 X 20 cm, glass) of CM-Sepharose resin. Mb was eluted using a linear
gradient from 10 mM NaH,PO,, | mM EDTA (pH 6.0) to 30 mM
Na,HPO, (pH ~9.0). Mb fractions eluted at about pH 7.0. When preparing
MbHI12C and MbAS53C, 5 mM freshly prepared DTT was added to all
chromatography buffers to decrease oxidation of the Fe(II) heme or dimer-
ization via disulfide formation. Mb-containing fractions were combined
and run through a G-50 superfine (Amersham Pharmacia) column (~80 ml
bed volume, 1.7 X 40 cm, glass) in 20 mM Tris-HCl, 1 mM EDTA (pH
8.4) buffer. Fractions with ratios of the absorbance of the Soret band
(typically 415-417 nm as a result of a mixture of OxyMb and MetMb) to
that of the protein band (280 nm) higher than 3.2 were collected. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis showed that Mb frac-
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tions with this ratio were homogeneous. In preparing MbHI12C and
MDbAS53C, DTT was removed with a Sephadex G-25 (medium) column
(~45 ml bed volume) before spin labeling. Cysteine was assayed with
5,5'-dithio-bis(2-nitrobenzoic acid) (Sigma) (Zuniga and Nall, 1983; Ha-
beeb, 1972), confirming that there was one cysteine on each metMb
molecule. Typical yield was ~1 mg Mb/g wet cells.

Spin labeling with 4-(2-iodoacetamido)-TEMPO (Sigma) to form
metMb-SL followed the procedure of Manoharan et al. (1990) with some
modification. The labeling reaction lasted either 1 h at room temperature
followed by overnight refrigeration or 2 h at room temperature. In the
second preparation of MbAS3C-SL, the protein concentration was de-
creased from 1 mM to ~0.2 mM to decrease the dimerization rate. 1.5
molar equivalent K;Fe(CN), was added to oxidize oxyMb-SL to metMb-
SL, and excess oxidant was removed together with free spin label by
passing the sample through a Sephadex G-25 column (~45 ml bed volume)
equilibrated to 30 mM potassium phosphate buffer, pH 6.8, immediately
after adding the K Fe(CN),. Protein was stored in 30 mM potassium
phosphate buffer, pH 6.8, and its concentration was determined by the
intensity of the Soret band (409 nm, € = 1.57 X 10° cm™'M~'; Antonini
and Brunori, 1971). The concentration of spin label in metMb-SL was
determined by double integration of the room temperature CW EPR
spectrum of the nitroxyl signal and comparison with the double integral of
spectra of known concentrations of 4-ox0-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPONE) in water. Labeling efficiency was 70—100%.

Horse heart Mb (metHHMDb) was used as a model to estimate the ligand
dissociation constants and molar absorptivities for sperm whale Mb vari-
ants. Titration of CN~, Im ™, and F~ into Mb solutions was monitored
using UV-Vis spectroscopy. The Mb concentration before titration was
determined by the intensity of the Soret band (408 nm, € = 1.88 X 10°
cm 'M™'; Antonini and Brunori, 1971). Molar absorptivities and ligand
dissociation constants are consistent with literature values for sperm whale
myoglobin (Table 1). Values of K;, were used as a guide to determine
concentrations of ligands in preparing samples for EPR experiments.
CN-metMb-SL was prepared by addition of KCN solution to produce a 3:1
ratio of CN™ to Mb. Samples of CN-metMb-SL were handled quickly in a
cold room to minimize destruction of the spin label (Budker et al., 1995).
Im-metMb-SL was prepared by addition of pH 6.8 imidazole solution to
give a final imidazole concentration of 200 mM. F-metMb-SL was pre-
pared by addition of pH 6.8 KF solution to give a final F~ concentration
of 100 mM. EPR samples were diluted with glycerol to give 1:1 H,O:
glycerol (v/v) solutions, and frozen immediately in liquid nitrogen. For-
mate-metMb-SL was prepared differently due to the low binding constant
for formate to heme iron, K, = 1.0 X 10" (Leci et al., 1995; Aime et al.,
1996), and the fact that Mb precipitates at high formate concentrations. A
1:1 (v/v) mixture of aqueous 6 M sodium formate/formic acid pH 7.0 and
glycerol was added to metMb-SL and the solution was concentrated in an
Ultrafree-0.5 concentrator (Millipore, Bedford, MA). This step was re-
peated several times to change the buffer from phosphate to formate. EPR
samples had a protein concentration in 1:1 H,O:glycerol solution of 0.5—
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1.0 mM. Samples were degassed by several freeze-pump-thaw cycles
followed by back-filling with helium immediately before EPR experi-
ments.

Preparation of Zn-MbV66C-SL

Purified MbV66C was used to make apoprotein by the acidic methyl ethyl
ketone extraction method (Teale, 1959). The aqueous layer containing
apoMb was diluted 10-fold with water and then concentrated to 1-2 ml in
a Centriprep—10 concentrator (Millipore). A Sephadex G-25 column (~45
ml bed volume) equilibrated with water was used to remove residual
methyl ethyl ketone from the concentrated aqueous phase. UV-Vis spec-
troscopy (280 nm € = 15.8 cm™ ' mM™'; Stryer, 1965) was used to
determine the yield of apoMb. The crude apoMb was dialyzed against 20
mM Tris-HCI, | mM EDTA (pH 8.4) buffer for at least 6 h, and a small
amount of precipitate was removed by centrifugation. The apoMb was spin
labeled as described above. Zn-porphyrin reconstitution was performed
using a modification of literature procedures (Scholler et al., 1978; Leonard
et al., 1974; Axup et al., 1988). Five equivalents of Zn-protoporphyrin IX
were added to a minimum amount of 0.1 N NaOH (~2 mg/ml) and
vortexed for at least 30 min in the dark. The solution was centrifuged to
remove any suspended solids and added dropwise to a solution of
apoMb-SL (0.5 to 1 mg/ml) in 30 mM sodium phosphate (pH 6.8). The pH
was monitored and adjusted with the same buffer to prevent it from going
above 9.0. The mixture was stirred overnight in the dark, the pH was
adjusted to 6.0 with 50 mM NaH,PO,, and the solution was diluted
fourfold with water. The dilute solution was loaded onto a CM-Sepharose
column (~100 ml bed volume, 3 X 20 cm glass column) equilibrated with
10 mM NaH,PO,, pH 6.0, buffer. After washing with 1 bed volume of
buffer to remove Zn-porphyrin and apoMb-SL, Zn-Mb-SL was eluted with
20 mM Tris-HCI, 1 mM EDTA (pH 8.4) buffer. Fractions with Abs(427
nm)/Abs(280 nm) = 8 were collected and concentrated, and an equal
volume of glycerol was added. To check the effect of high salt concentra-
tions on the spin-lattice relaxation of the spin label, Zn-MbV66C-SL in 3
M formate buffer was prepared using the buffer replacement method
described above.

CW EPR spectra

Microslides (0.4 mm path length; VitroCom, Rockaway, NJ) were used for
room temperature spectra. Quartz tubes (4.0 mm outside diameter) were
used for liquid nitrogen and liquid helium spectroscopy. CW EPR spectra
at room temperature or liquid nitrogen temperatures were obtained on a
Varian E9 spectrometer with a TE,, rectangular resonator and 100 kHz
magnetic field modulation. Spectra at liquid helium temperatures were
obtained on a Bruker ESP380E spectrometer operating at 9.2 GHz with a
split ring resonator and an Oxford CF935 cryostat. Spectra were obtained

TABLE 1 Binding of axial ligands to metmyoglobin
Literature values of €
e(ecm 'mM™h), (em™ ! mM™h),T Literature values of K,
complex (Amax) PH 8.4 Kp (M)* (Amax), PH'7 (M)}
CN-metMb 8.7 (542 nm) 5X107°° 10.7 (540 nm) Hanania et al., 1966 1.3 X 107°, Dou et al., 1996
Im-metMb 8.8 (536 nm) 45%x 1073 0.022, pH 8.0, Mansy et al., 1998
F-metMb 6.6 (605 nm) 1.6 X 1073 7.82 (609 nm) Hanania et al., 1966 (crystal) 0.013-0.017, Conti et al., 1993;

Formate-met Mb
(crystal)

Aime et al., 1996
— 0.1; Leci et al., 1995; Aime et al., 1996

*Values of K, were obtained for horse heart myoglobin (Sigma) by titration.

TFor sperm whale myoglobin.

For ease of comparison, when the association constant, K,, was reported, it was converted to K, for inclusion in this table.
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with microwave powers that produced signals in the linear-response
regime.

Pulsed EPR measurements of iron
relaxation rates

For low-spin Fe(IlI), values of 1/T, were obtained by long-pulse saturation
recovery on a Bruker ESP380E spectrometer with a split-ring resonator at
5-13 K for CN-metMb and at 6—15 K for Im-metMb, and by 3-pulse
inversion recovery at 5—-17 K for CN-metMb, at 12-28 K for Im-metMb,
at 4.8 -7 K for F-metMb and at 4.7-6 K for formate-metMb. Experimental
data were fitted to a single exponential using a nonlinear least-squares
algorithm. There were some deviations from a single exponential that may
be due to a distribution in relaxation rates. Relaxation rates obtained by
saturation recovery and inversion recovery were in good agreement.

SR measurements of nitroxyl relaxation rates

A locally constructed spectrometer and a TE,,, rectangular resonator were
used for the SR measurements (Quine et al., 1992). Temperatures between
16 and 70 K were obtained with liquid helium and an Oxford ESR900 flow
cryostat. Temperatures between 70 and 170 K were obtained with a Varian
liquid-nitrogen-cooled gas flow system. The temperatures at the sample as
monitored on the ITC601 variable temperature controller readout were
calibrated by replacing the sample with a tube containing a thermocouple
immersed in 1:1 H,O:glycerol. Between 10 and 70 K, the temperature at
the sample is strongly dependent upon the helium flow rate, which causes
as much as 2 K uncertainty in temperature. Between 90 and 170 K the
uncertainty in temperature is <1 K. The effects of spectral diffusion were
monitored by measuring the saturation recovery time constant as a function
of the length of the saturating pulse. The data were obtained in the limit
where the saturation recovery time constant is independent of the length of
the pump pulse. Pump times were typically 400 us to 1 ms. Recovery
curves were signal averaged 2000 to 32,768 times in a LeCroy 9400 digital
oscilloscope or an EG&G (Princeton, NJ) 9825 digitizer. All EPR data
were obtained at ~9.1 to 9.2 GHz.

Insight Il simulations

Insight IT software (Molecular Simulations, Inc., San Diego, CA) was used
to model the structures of the spin-labeled myoglobin variants. X-ray
crystallographic structures of sperm whale myoglobin were downloaded
from the Brookhaven Protein Data Bank: pdblmbw (Phillips et al., 1990)
for H,O-metMb and pdb1mbi (Lionetti et al., 1991) for Im-metMb. Struc-
tures with other ligands in the heme sixth position, CN™, F~, and formate,
were modeled based on the pdblmbw file. The heme Fe(I) oxidation state
was used to preserve the charge symmetry of the porphyrin. The nitroxyl
radical N-O group was modeled as a partial double bond. Three different
solvent environments were used: without solvent box, with 5 A water box,
and with 10 A glycerol box. Charges and potentials of all atoms in the
system were assigned with the extensible systematic force field. Simula-
tions started with a crude energy minimization, followed by a dynamics
simulation sampling 800 out of 8,000 conformations in a canonical en-
semble at 300 K. Multi-step energy minimization with final maximal
derivatives less than 0.2 kcal/mol-A gave the stable minimized conforma-
tions. All bonds and angles in the protein structure were allowed to vary in
the dynamic simulations. In the multiple-step minimization, atom displace-
ment initially was restrained by a tethering force, which was gradually
relaxed to zero. Iron-nitroxyl interspin distances were calculated as an
average of distances measured from Fe to N and Fe to O coordinates.
Protocols were validated by reproducibility checks. Maximum variations in
interspin distance less than 0.5 A and 0.2 A between repeated trials were
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considered adequate for dynamic simulation and energy minimization,
respectively.

Analysis of experimental data

Analysis of CW lineshapes to determine Fe(lll)
relaxation rates

The linewidths of the Fe(III) signals are temperature-dependent above ~15
K for high-spin Fe(IlI), above ~35 K for CN-metMb and above ~60 K for
Im-metMb. The CW spectra of the high-spin Fe(III) complexes at 5 K and
of the low-spin Fe(III) complexes at 15 K were analyzed with the locally
written program SATMON (Rakowsky et al., 1998). The low temperature
linewidths were modeled as Gaussian distributions of T,-determined spin
packets that are narrow relative to the distribution width. The widths of the
Gaussian distributions, in G, for the various samples, listed in the order x,
¥, z, are: CN™, 800, 200, 47—60; Im, 200250, 35-40, 50-75; F~, 15-20,
13-17, 12.5; formate, 12-20, 12-26, 7.2. The ranges of values indicate
differences between variants. In the spectra of F-metMb fluorine hyperfine
coupling of 42 cm ™! was resolved at the g’ = 2 turning point, which is in
good agreement with ENDOR data for F-metHb (Fann et al., 1995).
Unresolved fluorine hyperfine of 2024 cm™' was used to simulate the
perpendicular region of the spectrum, consistent with ENDOR data for
F-metHb (Fann et al., 1995). It was assumed that the distribution widths
and g values are independent of temperature. In the temperature range
where linewidths are temperature-dependent, the iron T, was determined
from the temperature-dependent contribution to the linewidth (Rakowsky
et al., 1998) and the assumption was made that T, = T,. For the high-spin
iron porphyrins and heme proteins, the relaxation rate at 5 K is orientation-
dependent, but rates at temperatures above ~15 K are not orientation-
dependent (Rakowsky et al., 1998; Seiter et al., 1998).

Although excess ligand was added with the intent of converting all of
the heme to a particular spin state, the conversions were not complete.
There were some low-spin species in high-spin samples and some high-
spin species in low-spin samples. The locally written program MONMER
(Rakowsky et al., 1998) was used to simulate the CW spectra at 15 K as
mixtures of two components with weightings adjusted to match the spectra.
The high-spin complexes were simulated with fictitious S’ = 1/2. The
relative weightings of the two components would reflect the relative
concentrations if all of the high-spin Fe(IlI) were in the m; = *+1/2 levels.
The zero-field splitting D for F-metMb has been reported as 6.1 cm ™'
(Scholes et al., 1971) to 6.4 cm™ ' (Oganesyan and Sharonov, 1998). The
value of D for formate-metMb was estimated as 8.5 cm ™! because the iron
electron spin relaxation rates are slightly slower than for aquo-metHb,
which has D in the range of 8 to 11 cm ™' (Seiter et al., 1998). Using these
values of D, the fractions of the Fe(Ill) in the m; = =1/2 levels for
F-metMb and formate-metMb are about 75% and 85%, respectively, at 15
K. The calculated ratios of concentrations for high-spin and low-spin
Fe(III) were corrected to account for the populations of the other m levels.
The calculated populations are quite sensitive to the accuracy of fits to the
lineshapes, so there are significant uncertainties in the resulting values.
However, they provide useful estimates of the relative concentrations.

Temperature dependence of nitroxyl and Fe(lll) spin-lattice
relaxation rates

In the absence of interaction with a rapidly relaxing paramagnetic center,
T, for nitroxyl radicals is longer when the external magnetic field is along
the g_ axis and shorter when the magnetic field is in the x, y plane (Du et
al., 1995). Data for a doped single crystal and for a glassy sample indicated
that the orientation dependence of 1/T, was approximately linear in sin>6),
where 6 is the angle between the external magnetic field and the nitroxyl
g axis (Du et al., 1995). The SR experiments for Zn-Mb-SL and L-
metMb-SL were performed with a critically coupled resonator with Q ~
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3000, so only a narrow band of resonant energies is excited and observed
in the experiment. However, that band of frequencies encompasses a
relatively wide range of orientations of the nitroxyl because unresolved
proton hyperfine splittings blur out the orientation selection of the exper-
iment. The linewidths of the nitroxyl signals in CW spectra at low tem-
perature are about 10 G. The SR curves for Zn-MbV66C-SL were simu-
lated assuming a random distribution of orientations of the spin label, but
only those orientations that are at resonance within a 10-gauss band
centered at the experimental magnetic field were included in the simulated
SR curve. An orientation selection bandwidth of 8 gauss gave similar
results. In the simulations the T, along the g_ axis was 3.7 times the value
of T, in the perpendicular plane.

The temperature-dependent nitroxyl relaxation rates in the perpendicu-
lar plane are similar for 1.1 mM Zn-MbV66C-SL in 1:1 H,O:glycerol and
for 0.4 mM Zn-MbV66C-SL in 1:1 H,O:glycerol containing 3 M formate.
The relaxation rates as a function of temperature were fitted to Eq. 1 (Zhou
et al., 1999). The temperature dependence between 14 and 148 K is
consistent with a dominant Raman process with a Debye temperature of 82
K. The coefficient, Ag,,,,, was 2.0 X 10*s~"in 1:1 H,O:glycerol and 2.2 X
10*s7 " in 1:1 H,O:glycerol containing 3 M formate. An additional process
makes a small contribution at higher temperatures and was modeled as a
local mode with a characteristic energy of 450 K (Zhou et al., 1999).

L AT+ A (™) 5 A .
f_ girl T RamFDJST + locm
A(3)rb 2Tc
+ Aow ey o B Agperm 1+ o (1)

where T is temperature in Kelvin, Ay, is the coefficient for the contribution
from the direct process, Ag,,, is the coefficient for the contribution from
the Raman process, 6, is the Debye temperature, J5 is the transport

integral,
GD Op/T ex
| = 8 00
J*(T) CES
0

A, 1s the coefficient for the contribution from a local vibrational mode,
A, is the energy for the local mode in units of Kelvin, Ay, is the
coefficient for the contribution from the Orbach process, Ag,, is the energy
separation between the ground state and the excited state for the Orbach
process, Ay 1S the coefficient for the thermally activated process =
25T E_ is the activation energy for the thermally activated process, 7° is
the pre-exponential factor, and w is the Zeeman frequency.

The temperature dependence of T, for low-spin Fe(IlI) obtained from a
combination of saturation recovery and inversion recovery at low temper-
atures and from CW linewidths at higher temperatures was fitted to Eq. 1
(Zhou et al., 1999). Within experimental uncertainty there was no differ-
ence in the iron relaxation rates between variants, and spin labeling had no
impact on the iron relaxation rate. A contribution from the direct process
dominated near 5—6 K, the Raman process dominated between ~6 and 25
K, and a thermally activated process dominated at higher temperatures. The
experimental data points for the iron and nitroxyl relaxation times were
often obtained at different temperatures. The fit functions obtained with
Eq. 1 for Zn-MbV66C-SL and for low-spin Fe(IlI) were used to interpolate
the relaxation rates required for the MENOSR simulations described in the
following section.

Measurements of high-spin Fe(III) relaxation rates are more compli-
cated. Due to the large zero-field splittings for F-metMb and formate-
metMb, only the transitions between the my = =1/2 energy levels are
observed at X-band. Transitions involving my = *=3/2 and my = *5/2 are
not observed. The temperature dependence of the relaxation rates obtained
for the m, = *1/2 transitions (Fig. 2) is consistent with Orbach processes
involving excited states at 2 D and 6 D (Zhou et al., 2000). When the model
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FIGURE 2 Temperature dependence of electron spin relaxation rates,
1/T,, for high-spin Fe(Ill). (A) (+) F-metMb including wild-type and
several of the spin-labeled variants, based on inversion recovery and
analysis of linewidths in CW spectra, solid fit line obtained with A_,, =
Ay = 19X 103 sTIK ™A, = 14K, A =45 X 10°s "and A, =
1000 K; (©) effective iron relaxation rates for F-metMbK98C-SL based on
values required to fit the nitroxyl SR curves assuming interspin distance =
19 A, solid fit line obtained with A, = 3.0X 10°s7'K 3, A, = 4.7 X
10 s 'K 3, A, = 16 K. (B) () formate-metMb including wild type and
several of the spin-labeled variants, based on inversion recovery and
analysis of linewidths in CW spectra, solid fit line obtained with A_,, =
6.4 X 10°s7'K™3, Ay, = LIX 103 s7T'K™% A, = 23 K, A, = 29X
10'°s7 ! and A, = 700 K; (A) effective iron relaxation rates for formate-
metMbK98C-SL based on values required to fit the nitroxyl SR curves
assuming interspin distance = 19 A, solid fit line obtained with A, =
1.0X 10* s7'K ™3, A, = 2.0 X 103 s 'K ™3 A, = 20K, A, = 1.2 X
10" s7" and A, = 500 K.

described below was used to calculate iron-nitroxyl distances based only
on the relaxation times observed for the my = *1/2 energy levels, the
calculated distances are shorter by 13% at shorter distances and up to 33%
at longer distances than the distances obtained for low-spin complexes of
the same variants, which we attribute to systematic errors in the high-spin
Fe(II) relaxation rates. However, it is expected that the relaxation rates
will be faster for transitions involving m, = *3/2 and £5/2 than for m, =
+1/2 (Rubenstein et al., 1971). Lacking data for these unobserved transi-
tions, we used high-spin metMbK98C-SL complexes as a reference to
estimate the effective iron relaxation rates. Based on results obtained for
the low-spin analogs and on the results of the Insight II calculations, it was
assumed that the interspin distance was 19 A for metMbK98C-SL. The iron
relaxation rates were then adjusted to fit the SR curves, calculated using
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Eq. 3, to the experimental data for the interacting nitroxyl radical. The
resulting effective iron relaxation rates (Fig. 2) are faster than the rates
determined from the observed transitions by a factor of about three for
fluoride and six for formate.

By either method of estimating the high-spin Fe(III) relaxation rates, the
rates are faster for the formate complexes than for the fluoride complexes
(Fig. 2). Part of this difference is likely to be due to differences in
zero-field splitting. However, the mobility of the axial ligand may also be
a factor. According to x-ray crystallographic and 'H-NMR relaxometric
studies (Aime et al., 1993, 1996), the fluoride is hydrogen bonded to both
the distal His and to a water molecule that significantly interacts with the
same His. Hydrogen bonding of formate to distal His is similar to fluoride,
but there is not a hydrogen-bonded water in the formate complex (Aime et.
al., 1996).

Analysis of nitroxyl SR data to obtain interspin distances

The effect of a rapidly relaxing electron spin on the spin-lattice relaxation
rate for a slowly relaxing partner was described by Bloembergen (Bloem-
bergen et al., 1959; Kulikov and Likhtenshtein, 1977). We proposed a
modification to give the correct limiting behavior of the B term when w, -
w, approaches zero (Budker et al., 1995; Rakowsky et al., 1998) as shown
in Eq. 2:

st oL
T a T?s ( ) 1+ (wr— ws)zT%f + sz]fTZf
B term
N Ty N e’Ty;
1+ &®TE 1+ (0 + )Tk
C term E term
8 J 1 (1 —3cos’ )7
2 _°l_ T _ 7 2
b 3 2 4 gsng ﬁI'3 :| (2)

=22 2
2 5, S0 6 cos” 0

¢’ =3gigiB 7

o4
& = e s
2 h'r

where f and s denote the fast- and slow-relaxing spins, respectively, TY; is
T, for the slow-relaxing spin in the absence of spin-spin interaction, T, is
T, for the slow-relaxing spin perturbed by the fast-relaxing spin, S is the
electron spin on the fast-relaxing center, w; and w, are the resonant
frequencies for the fast- and slow-relaxing spins, respectively, r is the
interspin distance, and 6 is the angle between the interspin vector and the
external magnetic field.

Although Eq. 2 typically is written in the form including the factor of
S(S+1), its derivation is based on the matrix elements and raising and
lowering operators for S = 1/2. Its application to systems with S > % is
an approximation. Consideration of the full 12 X 12 matrix for dipolar and
exchange interaction between centers with S = 5/2 and S = 1/2 for the case
where D is much greater than the EPR quantum, gives Eq. 3. This equation
explicitly takes account of the dependence of the energy separation be-
tween the resonance for the metal and the radical on zero-field splitting D
and the dependence of each term on the populations of individual m, levels
of the S = 5/2 ion. Although it is expected that T ;and T, will be different
for different values of m,, we do not have experimental access to these
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values, so the equation is expressed in terms of effective values of T, and T,

(I oy 10(Ps + P3) Ty 16(P; + P)) Ty
T, T 1+ @D — w)’T% 1+ (2D — 0)’T%

n 18P1T2f
1+ (wf - ws)zT%f

5(Ps + P3y)Ty

N 2[(25P5 + 9P; + 4P )T}
c

1 + T} 1 + (4D)’T%
8(P;+P )Ty 9P, T
1+ (2D)*T: 1+ wfTj

16(P; + P)) Ty
1 + (2D + w)’T3

2 10(P5 + PS)TZf
“I1T+ (4D + )T,

I+ (wf + ws)zTgf ( )

where P, P5, and P, are populations of my = *5/2, £3/2, and *1/2 energy
levels of the S = 5/2 manifold, respectively, and other variables have the
same meanings as in Eq. 2. The calculations of Ps, P;, and P, assume that
the Zeeman interaction is negligible compared to the zero-field splitting.

Simulations of nitroxyl SR curves based on Egs. 2 and 3 for interaction
with low- and high-spin Fe(Ill), respectively, were performed with a
locally written program, MENOSR (Rakowsky et al., 1995). The calcula-
tions assumed a random distribution of molecules in the external magnetic
field, but only those for which the nitroxyl resonance occurred within a
band of 10 G centered at the magnetic field used for the experiment were
included in the calculation. The g values for low-spin Fe(IIl) were taken
from the CW simulations. For high-spin Fe(III), effective g values were
used to calculate w, for the m; = *1/2 transitions. The zero field splitting
used for F-metMb was 6.4 cm ™' (Oganesyan and Sharonov, 1998), and for
Formate-metMb was estimated to be 8.5 cm ™!, as described above. Values
of TY, (including orientation dependence) and T, were taken from the fit
functions for the temperature dependence of relaxation for Zn-Mb-SL and
iron, respectively. At low temperatures electron spin echo decay constants,
T,,, for the heme Fe(IIl) are of the order of 1 ws. Precise values of T, are
difficult to determine because of deep echo envelope modulation due to
interaction with the coordinated nitrogens. A variety of processes other
than T, can contribute to echo dephasing (Zecevic et al., 1998). However,
T, must be at least as long as T,, so at low temperature T, must be greater
than about 1 us. At the temperatures where the iron had significant impact
on the nitroxyl T;, T, is much shorter than 1 ws, so it was assumed that T,
was driving T, and that T, = T, At the long interspin distances of these
samples, it seems reasonable to assume that the contribution of electron-
electron exchange is negligible compared to dipolar interaction. For initial
calculations, the angle between the interspin vector and the heme z axis and
the projection on the heme plane were both set to 45°. Subsequent calcu-
lations were performed to determine the sensitivity of the estimated dis-
tance to the orientation of the interspin vector. The value of r was adjusted
to fit the nitroxyl SR data (Figs. 3-6). Plots of the difference between
calculated and experimental data (Figs. 3—6) show that there are systematic
deviations, which are the subject of ongoing investigations.

The calculated interspin distances for the range of temperatures at which
the effects of the iron on the nitroxyl T, were significant are summarized
in Tables 2 and 3. SR data were used for distance determinations only at
temperatures where interaction with the iron caused more than a 15%
change in the nitroxyl T,. The uncertainties listed in Tables 2 and 3 are the
standard deviations for the distances calculated from SR data at multiple
points within the temperature ranges listed. To check the contribution of
temperature uncertainty to uncertainties in the interspin distances, calcu-
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FIGURE 3 Saturation recovery curves for spin label in (4) 0.6 mM
CN-metMbK98C-SL at 64 K and (B) 0.5 mM CN-metMbH12C-SL at 65
K in 1:1 buffer:glycerol. The dashed lines are simulated curves obtained
with MENOSR for interspin distances of 20.5 A (4) or 27.0 A (B). The
solid lines are the SR curves calculated for nitroxyl at the same tempera-
tures in the absence of Fe(Ill), based on the fit function for which the
parameters are given in the text. Differences between simulated and ex-
perimental values are plotted in the curves labeled residuals.

lations were performed in which it was assumed that the temperature at
which the nitroxyl SR data were obtained was either higher or lower by 1
K than the temperature at which the values of T, and T, were obtained
from the fit functions. The calculated deviations were about 0.5 A, which
is of the order of the experimental standard deviations, and suggests that
uncertainties in temperature are a significant contribution to the standard
deviations.

Analysis of results from Insight Il simulations

Structures obtained by energy minimization and dynamic simulations were
considered (Table 4). Due to the limited number of dynamics simulations
and limited sampling, one cannot expect the sampled conformations to
represent a Boltzmann distribution, so the calculated iron-nitroxyl dis-
tances were energy weighted using a Boltzmann distribution

B 182(1 Ri X e—AEi/kT

R= 800

“AEAT  »
i=1€
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FIGURE 4 Saturation recovery curve for spin label in 0.6 mM Im-
metMbK98C-SL at 77 K in 1:1 buffer:glycerol. The dashed line is the
simulated curve obtained with MENOSR for an interspin distance of 16.3
A. The solid line is the SR curve calculated for nitroxyl at the same
temperature in the absence of Fe(IlI), based on the fit function for which
the parameters are given in the text. Differences between simulated and
experimental values are plotted on the curve labeled residuals.

where AE; = E;, — E,;,- We also used —AE/10kT instead of —AE/KT in
order to check the impact of other conformations with higher energies. The
average distances were the same for both weighting methods and the
spread was less than =1 A for any data set.

To determine the orientation of the interspin vector relative to the heme
axes, the origin of the coordinate system was moved to the iron and the x,
y, z-axes were transformed. The transformed axes defined the iron-to-sixth-
ligand direction as the z axis, the iron-to-a-ligating-N-of-heme as the x axis,
and the direction perpendicular to the x and z axes as the y axis. The
coordinates for the midpoint of the N-O bond of the nitroxyl radical were
used to define the location of the unpaired electron. Each coordinated
nitrogen was used, in succession, as the definition of the x axis, to obtain
four sets of coordinates for angle calculation. These angles were averaged
(Table 5). Uncertainties in angles reflect the irregularities in the structures:
the heme plane is not perfectly planar, the four nitrogens ligated to the Fe
are not at exactly the same distances, and the Fe is not precisely in the heme
plane.

RESULTS AND DISCUSSION

The goal of this work is to use the effect of a rapidly
relaxing low-spin or high-spin heme Fe(IIl) on the spin-
lattice relaxation rate for a nitroxyl spin label to determine
distances between the two paramagnetic centers in the range
of 15 to 30 A. The spin labels were attached to cysteines
introduced into sperm whale myoglobin (Fig. 1). Surface
locations were selected to minimize the effect of the label
on the protein structure. Ligands were added to metMb and
metMb-SL solutions to define the spin state of the iron.
CN™ and Im (imidazole) form low-spin (S = 1/2) com-
plexes and F~ and formate form high-spin (S = 5/2) com-
plexes. Ligand concentrations were selected based on K
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FIGURE 5 Saturation recovery curves for spin label in (4) 0.7 mM
F-metMbV66C-SL at 55 K and (B) 0.7 mM F-metMbAS53C-SL at 56 K in
1:1 buffer:glycerol. The dashed lines are simulated curves obtained with
MENOSR for interspin distances of 18.5 A (4) or 23.0 A (B). The solid
lines are the SR curves calculated for nitroxyl at the same temperatures in
the absence of Fe(IlI), based on the fit function for which the parameters
are given in the text. Differences between simulated and experimental
values are plotted on the curves labeled residuals.

values for horse heart myoglobin (Table 1). The goal was to
achieve at least 97% conversion to the desired spin state.

CW EPR spectra

CW EPR spectra for characterization of the complexes were
recorded at 15 K. At lower temperatures the spin-lattice
relaxation rates for low-spin Fe(Ill) are so slow that it is
difficult to record unsaturated spectra that are free of pas-
sage effects. Accurate CW spectra were necessary to esti-
mate the relative proportions of high-spin and low-spin
Fe(Ill) in the samples. The nitroxyl signal obscures the
high-spin g’ = 2 signal but does not interfere with the g’ =
6 signal or with the g values for the low-spin iron, so the
CW spectra for each of the spin-labeled variants provided
useful quantitation of the iron spin states.
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FIGURE 6 Saturation recovery curves for spin label in (4) 0.7 mM
formate-metMbV66C-SL at 46 K and (B) 0.7 mM formate-metMbAS53C-SL
at 46 K in formate buffer:glycerol. The dashed lines are simulated curves
obtained with MENOSR for interspin distances of 19.8 A (4) or 26.5 A (B).
The solid lines are the SR curves calculated for nitroxyl at the same
temperatures in the absence of Fe(IIl), based on the fit function for which
the parameters are given in the text. Differences between simulated and
experimental values are plotted in the curves labeled residuals.

The g values obtained for CN-metMb and CN-metMb-SL
were g, (too broad to observe), g, = ~1.8-2.0, and g, =
3.43. They are similar to literature values for a single crystal
of CN-metMb: g, = 0.93, g, = 1.89, g, = 3.45 (Hori,
1971). For Im-metMb and Im-metMb-SL: g, = 1.55, g, =
2.28, g, = 2.90, are similar to literature values for a single
crystal of Im-metMb: g, = 1.72, g, = 2.22, g, = 2.80 (Hori,
1971). The g values for the low-spin complexes are signif-
icantly different from those for OH-metMb, g, = 1.83, g, =
2.14, g, = 2.55 (Magliozzo and Peisach, 1992), which
confirms the coordination of the added ligands. The con-
centrations of high-spin species, presumably H,O-metMb,
present in the low-spin samples as determined by simulation
of the CW spectra (Table 2) were typically less than ~5%,
consistent with expectations of ligand binding based on the
room temperature values of Kp,.
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TABLE 2 Iron-nitroxyl distances for low-spin complexes of metmyoglobin variants calculated from nitroxyl SR curves

b —CN —Imidazole
variant R (A) Temp (K) h.s.% R (A) Temp (K) h.s.%
V66C 19.8 = 0.8 16.3-172 3 16.9 = 0.5 38-171 8
K98C 193+ 13 16.2-168 2 158 £ 1.1 16.5-167 3
Hi12C 279 1.9 30-118 5 - - -
A53C 304 = 0.8 30-128 Low* - - -

Uncertainties are the standard deviations of distances obtained at a series of temperatures within the range listed in the table.

*Low means not detectable in CW spectrum at 15 K.
h.s., high-spin.

High-spin complexes have distinctive g; = g/ = 6 and
g, = 2. The concentrations of low-spin species in the
high-spin complexes ranged from about 10 to 30% (Table
3). These concentrations are higher than expected based on
the ligand dissociation constants for F~. The g values for
the low-spin impurities in the F-metMb samples were g,,
1.56-1.72; g,, 2.21-2.23; g,, 2.78-2.80 and, in formate-
metMb, were g, 1.56; gy 2.14-2.23; g,, 3.1, which are
significantly different from OH-metMb. Based on the g
values and on the variations between preparations of the
same variant, we propose that the low-spin species are
hemichromes formed by protein degradation (Bizzari and
Cannistraro, 1993; Dilorio, 1981). It appears that strongly
binding CN~ can largely convert reversibly formed
hemichromes to the desired cyano complex (Table 2), but
F~ and formate ligands do not bind tightly enough to
compete effectively with hemichrome formation (Table 3).
The UV-Vis spectra of the metMb-SL samples did not
indicate the presence of hemichromes, which is consistent
with literature reports (Arnold et al., 1999). Two kinds of
metMb hemichromes have been reported (Arnold et al.,
1999); a dihistidyl complex has g, = 1.53, g, = 2.21, g, =
2.97, and a hydroxide derivative has g, = 1.83, g, = 2.18,
g, = 2.59. These g values suggest that the low-spin impurity
in the high-spin samples is a dihistidyl hemichrome.

Differences between variants in the extent of hemichrome
formation may be due to differences in stabilities of the
variants. The first and rate-controlling step of autooxidation
is the loss of oxygen from oxyMb (Brantley et al., 1993).

Based on qualitative observations of the rate at which the
Soret band shifted from 418 nm (oxyMb) to 409 nm
(metMb) during sample preparation, the autooxidation rate
is faster in all of the Mb variants examined than in wild-type
Mb, and differs from variant to variant. The faster rates of
autooxidation indicate that all of the variants are less stable
than wild-type Mb. Conversion to the desired spin state
tended to be more complete for the more stable variants
metMbV66C and metMbK98C than for metMbH12C and
metMbAS3C. MetMbHI12C is a very unstable variant,
which may be related to the observation that spin-labeled
His12 exhibits unusual pH-dependent changes in spin-label
mobility (Postnikova, 1994). MbAS3C dimerizes readily via
disulfide formation, but this does not occur after spin-
labeling. The presence of a mixture of iron spin states does
not affect Fe T, measurements from CW line widths via
simulation, since the high-spin and low-spin Fe signals are
well separated. It can, however, affect calculations of the
interspin distance based on the effect of iron on the nitroxyl
relaxation.

Iron-nitroxyl interspin distances obtained from
the nitroxyl SR curves

Low-spin Fe(lll)

The iron-nitroxyl interspin distances obtained for the low-
spin Fe(IlI) complexes of the spin-labeled myoglobin vari-

TABLE 3 Iron-nitroxyl distances for high-spin complexes of metmyoglobin variants calculated from nitroxyl SR curves
—F —F t
Mb ormate
variants R (A) Temp (K) 1.5.% R (A) Temp (K) 1.5.%
V66C 18.3 = 0.6 16-162 Low* 21.6 =25 17-167 20
K98C 19 16-157 9 19 16-158 20
HI12C(D)f 24.1 = 0.8 45-75 18 29.8 = 1.5 46-108 20
HI12C(2) 245+ 1.5 26-59 14 27.0 0.4 26-57 29
A53C(1) 239=*+24 36-75 13 28.7 =28 26-98 26
A53C(2) 259 + 1.1 26-57 30 26.6 = 1.2 26-57 29

Iron relaxation rates used in the calculations were obtained from the nitroxyl SR curves for F-metMbK98C-SL or formate-metMbK98C-SL with an interspin
distance of 19 A. Uncertainties are the standard deviations of distances obtained at a series of temperatures within the range listed in the table.

*Low means not detectable in CW spectra at 15 K.
(1) and (2) refer to two replicate preparations of the Mb variant.
Ls., low-spin.
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TABLE 4 Iron-nitroxyl interspin distances calculated with Insight (in A)

Without solvent

With 5 A water

With 10 A glycerol

Mb

variants minimized dynamics minimized dynamics minimized dynamics Avg
V66C-H,O 18.1 19.7 17.7 18.7 19.0 19.6 18.8
V66C-CN 18.9 20.9 17.0 18.4 17.0 18.2 18.4
V66C-Im 17.8 20.0 17.0 18.6 19.5 20.5 18.9
V66C-F 18.0 20.1 18.8 19.8 18.7 18.9 19.0
V66C-For 20.5 19.9 18.9 19.6 19.2 19.4 19.6
K98C-H,0 17.3 16.3 17.8 17.3 18.1 18.5 17.6
K98C-Im 19.2 19.6 17.5 19.0 18.9 19.7 19.0
K98C-F 17.6 18.6 17.9 18.3 18.3 19.4 18.3
H12C-H,0 33.0 32.7 29.8 31.0 31.9 31.7 31.7
HI12C-CN 32.6 34.5 30.6 30.8 31.0 31.1 31.8
H12C-Im 314 334 33.5 33.7 31.7 32.1 32.6
HI12C-F 312 32.8 30.7 31.5 30.1 323 314
H12C-For 325 335 29.0 30.3 32.9 30.2 314
A53C-H,0 27.7 242 29.8 30.5 25.6 29.7 27.9
AS53C-Im 26.2 28.5 28.0 294 28.1 29.2 28.2

Minimized refers to the energy-minimized structure and dynamics refers to the structure obtained by dynamic simulation, as defined in the Insight software.
The iron-nitroxyl distance is defined as the average of Fe-to-N and Fe-to-O in the spin label.

ants by analysis of the nitroxyl SR curves using Eq. 2 are
shown in Table 2. For the cyanide adducts the distances
increased in the order V66C ~ K98C < H12C ~ AS3C.
The effect of the low-spin Fe(Ill) on the nitroxyl relaxation
decreases as the distance is increased from 19 to 28 A (Fig.
3) and significant effects are not expected at distances
greater than about 30 A for low-spin Fe(III) with relaxation
rates comparable to those for CN-metMb. For approxi-
mately the same interspin distance the iron had a smaller
impact on nitroxyl relaxation in Im-metMb-SL (Fig. 4) than
in CN-metMb-SL (Fig. 3) because the relaxation rates for
Fe(Ill) in Im-metMb are slower than in CN-metMb (Fig. 5
in Zhou et al., 1999). Interspin distances could not be
obtained from the nitroxyl SR curves for Im-metMbH12C-SL

or Im-metMbAS3C-SL because of the small effect of the
low-spin Fe(IIl) on the nitroxyl at the longer interspin
distance of these variants. Systematically shorter interspin
distances were obtained for the imidazole adducts of V66C
and K98C than for the cyanide adducts. Since the axial
ligand was not expected to have a large impact on the
protein structure, these systematic differences were surpris-
ing.

High-spin Fe(ll)

In our previous analyses of the effect of high-spin Fe(III) on
nitroxyl SR curves we used Eq. 2 with the B term modified
to include only the contribution from the my = *1/2 tran-

TABLE 5 Orientation of interspin vector relative to heme axes calculated from structures generated with Insight

Without solvent With 5 A water With 10 A glycerol Average
Mb variants E 0 e e 0 e 0
V66C-H,0 56 £4.8 40 = 3.0 66 = 2.8 36 = 0.8 59 +35 41 = 8.5
V66C-CN 62 = 0.6 41 £ 0.5 56 £0.1 36 £0.1 50%1.1 36 £0.4
V66C-Im 61 = 0.6 50 = 0.3 63 = 1.1 35+0.5 57+ 1.1 40 £ 0.6
V66C-F 55+1.0 49 = 0.6 65+ 1.6 35+0.6 68 0.4 33+0.2
V66C-For 65 £22 41 £ 0.5 63 £24 4712 52+ 1.3 3512 60 =5 40 =5
K98C-H,0 21 £ 2.1 26 = 1.0 28 £2.5 16 £ 1.2 52 +32 1515
K98C-Im 46 = 0.1 16 £ 0.1 41+ 1.3 11+15 44 + 0.8 10+ 04
K98C-F 30 £ 0.8 19+04 41 £1.2 12+0.5 39 =04 26 £0.5 38 =10 176
H12C-H,0 55+ 1.6 91 =2.7 54+ 1.5 77 £ 2.1 59 =26 95 2.0
HI12C-CN 65+ 0.6 87 £0.2 60 £ 1.2 82 + 0.3 51 %0.1 86 = 0.7
HI12C-Im 60 = 0.1 91 = 1.1 57 = 0.6 82+ 1.0 52 +0.6 81 = 1.3
HI12C-F 56 =22 82+ 1.5 51+0.8 71 = 1.6 65 = 0.6 110 £ 0.3
HI12C-For 52+25 90 = 0.6 52+1.7 72 +2.7 61 = 0.1 85+ 0.8 57+%5 85+ 10
AS53C-H,0 18 £2.38 88 + 13 1223 87 +22 14 =27 85+ 12
A53C-Im 26 £2.5 79 = 8.5 1220 89 = 16 25+19 110 £ 5.1 186 90 = 11

& = angle between interspin vector and the normal to the heme plane, 6 = angle between the projection of the interspin vector on the heme plane and the
x axis as defined by Hori (1971) and Sage (1997). Uncertainties reflect the deviations of the heme structure from a perfect plane.
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sitions (Rakowsky et al., 1998; Seiter et al., 1998). The
rationale was that because of the large zero-field splitting,
wg - wg Was so large for transitions involving mg = *3/2 or
+5/2 that the contributions from these transitions were
negligible. We have now derived Eq. 3 in which the con-
tributions from transitions with all values of m, are included
and the zero-field splitting is explicitly taken into account in
the calculation of w;. Analysis of the nitroxyl SR curves for
the high-spin spin-labeled variants using either the modifi-
cation of Eq. 2 used previously (Rakowsky et al., 1998;
Seiter et al., 1998), or Eq. 3 and the iron relaxation rates
determined by analysis of the iron CW spectra for the m, =
*1/2 transitions, gave interspin distances systematically
shorter than those obtained for the low-spin adducts or from
the Insight calculations described below.

New estimates of the high-spin Fe(IlI) relaxation rates
were determined by setting the interspin distance for
F-metMbK98C-SL and formate-metMbK98C-SL at 19 A
and adjusting the iron relaxation rates in Eq. 3 to fit the
nitroxyl SR curves. The resulting iron relaxation rates are
consistently faster than calculated from linewidths of the
EPR-observable transitions (Fig. 2). These iron relaxation
rates were then used with Eq. 3 to calculate the interspin
distances for the other spin-labeled variants (Table 3). In
effect, this procedure for the high-spin Fe(Ill) complexes
obtains distances for other variants, relative to the assumed
distance for the K98C variant. For both the fluoride and
formate adducts the resulting interspin distances increased
in the order V66C < H12C ~ AS53C, although the distances
for the fluoride adducts were systematically shorter than for
the formate adducts. The iron relaxation rates for high-spin
F-metMb are significantly slower than for formate-metMb
throughout the temperature regime in which the effects of
the iron on the nitroxyl relaxation rates were examined (Fig.
2). Because of the slower relaxation rates, the iron in the
fluoride complexes has a smaller impact on the nitroxyl
relaxation, for a given temperature and interspin distance,
than the iron in the formate complexes (Figs. 5 and 6). The
smaller effects of fluoride than of formate on the nitroxyl
relaxation are expected to make the interspin distances
calculated for the fluoride complexes more uncertain than
for the formate complexes. However, the higher concentra-
tions of hemichromes in most of the formate samples com-
pared with the fluoride samples, could increase the uncer-
tainties for the formate samples. To test the impact of
low-spin hemichromes on the calculated interspin distances,
results are compared for two preparations of the H12C and
AS3C variants (Table 3). In the second preparations efforts
were made to decrease the total time required for protein
purification, with the goal of decreasing hemichrome for-
mation, but the impact on the hemichrome concentrations
for most of the axial ligands was not large. The presence of
low-spin hemichromes at concentrations of the order of
20% of the heme is likely to be a significant source of error.
Work is in progress to prepare samples by another method

1049

with the goal of obtaining samples with lower hemichrome
concentration.

Based on the larger value of S for high-spin Fe(IlI) than
for low-spin Fe(IIl) it might have been anticipated that
high-spin Fe(IIl) would have larger effects on the nitroxyl
relaxation than low-spin Fe(Ill). Comparison of the satura-
tion recovery curves for low-spin CN-metMbK98C-SL at
64 K (Fig. 3 4) and for high-spin formate-metMbV66C-SL
at 57 K (Fig. 6 A4) indicate comparable effects of the two
Fe(Ill) spin states at similar interspin distances (~20 A).
The dominant reason why the high-spin iron is not more
effective than low-spin iron in enhancing the nitroxyl relax-
ation rate is that in this temperature range low-spin Fe(III)
relaxes faster than high-spin Fe(IlI) (Fig. 2). The maximum
% change in nitroxyl relaxation rate due to interaction with
low-spin CN-Fe(III) was observed at about 64 K, where the
iron relaxation rate is about 5.8 X 10° s~'. The maximum
percentage change in nitroxyl relaxation rate for high-spin
formate-Fe(III) complexes occurs at about 57 K, where the
iron relaxation rate is about 3.0 X 10® s™!. The relaxation
rate for high-spin Fe(Ill) increases with increasing temper-
ature more slowly than that of the non-interacting nitroxyl,
so when viewed as a fractional change in the nitroxyl
relaxation, the high-spin Fe(IIl) becomes less effective at
higher temperatures. In addition, for most orientations of the
molecules with respect to the external magnetic field, the
denominator for the B term in Eq. 2 is substantially larger
for high-spin Fe(IIl) than for low-spin Fe(III), which also
diminishes the effectiveness of high-spin Fe(IIl) relative to
low-spin Fe(III).

Iron-nitroxyl distances obtained from
Insight simulations

Because of the many approximations used in modeling
structures of large molecules, we examined several aspects
of our calculations to test for reliability. All of our labeling
sites are on the surface of the protein, so the 7- to 8-A long
spin label could be oriented in many different directions.
Effects of solvation on geometries for the surface-exposed
labels were of particular concern, so calculations were per-
formed for three cases: without solvent, with a 5 A water
solvation shell, and with a 10 A glycerol solvation shell.
The SR data were obtained in 1:1 H,O:glycerol solutions,
but such a solvent box is at the limit of the software’s
capability, so the separate solvation models were used as an
alternative. For the three models most of the calculated
iron-nitroxyl distances fell within about =1 A of the mean
values (Table 4). Comparison of structures obtained by
dynamic simulations indicated a variety of conformations
with comparable energies, but these conformations result in
similar iron-nitroxyl distances and orientations of the inter-
spin vector relative to the heme axes (Table 5). Due to
differences in local protein flexibility, there was a smaller
range of iron-nitroxyl distances for the V66C and K98C
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variants than for the H12C and AS53C variants. The four
heme ligands that were varied in SR experiments, and
water, were modeled in V66C and H12C simulations, and
several ligands were modeled for K98C and AS53C, to
examine effects of the ligand on interspin distances. Con-
sistent with expectations, the calculated iron-nitroxyl dis-
tances were not strongly dependent upon the axial ligand
(Table 4).

Comparison of interspin distances from Insight
calculations and from nitroxyl SR data

Since the iron-nitroxyl distances calculated with Insight
were not strongly dependent on solvation model or on axial
ligand, the averages of values for various solvation models
and axial ligands were calculated for each variant and are
compared with the distances obtained from the SR data
(Table 6). The distances between heme iron and the -car-
bon of the naturally occurring amino acid at the mutation
sites, calculated from the x-ray structures, are included in
Table 6. Since the sites of the mutations are surface-ex-
posed, the labels protrude into the solution and the iron-
nitroxyl distances calculated with Insight are longer than
Fe-Cg distances (Table 6). For the CN™ and formate ad-
ducts, the distances from the SR curves agree with each
other and with the Insight results, within the estimated
uncertainties. For L-metMbV66C-SL the interspin distances
agree reasonably well for all ligands except imidazole. For
the variants with longer distances, H12C and AS53C, the
distances obtained for the F~ adducts are systematically
shorter than for the CN~ or formate complexes, or the
Insight calculations, and seem unreasonably short relative to
the Fe-Cg distances (Table 6). As discussed above, the
effects of the iron on the nitroxyl relaxation rates are smaller
for the Im and F~ complexes than for the CN™ and formate
complexes. It appears that when the effects of the iron are
smaller, the calculations tend to underestimate the interspin
distance, which requires further investigation.

There also is greater variation in interspin distances at the
longer distances, which may be due to several factors. 1)
Distances of about 30 A are near the upper limit for this
technique for heme Fe(III) with relaxation rates comparable
to those for CN-metMb and formate-metMb. Larger uncer-
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tainties are expected near the upper distance limits. 2) In this
set of variants, the ones with the longer distances also are
the less stable ones. The higher concentrations of
hemichromes in samples of the less stable variants may
contribute to greater uncertainty in the calculated distances.
3) The Insight calculations indicate that the HI2C-SL and
AS53C-SL variants are more flexible than K98C-SL or
V66C-SL, so the conformations of H12C-SL and A53C-SL
may be more sensitive to concentrations of other species in
solution than the conformations of K98C-SL and V66C-SL.

Another uncertainty in the calculations of interspin dis-
tance based on the nitroxyl SR curves is the orientation of
the interspin vector relative to the axis of the heme. This is
further complicated by the lack of agreement in the litera-
ture concerning the position of the principal g axes in the
heme x, y plane. Although g, is easily determined to be
perpendicular to the heme plane, reported g, orientations are
as much as 40° away from each other (Hori, 1971; Shulman
and Glarum, 1971; Sage, 1997). For high-spin Fe(III), this is
less of a problem, as g,” = g, ' = 6.0, and the orientation of
the projection of the interspin vector on the heme plane does
not affect our MENOSR simulations. Therefore, the only
uncertainty in orientation for the high-spin Fe(Ill) is the
angle between the interspin vector and heme z axis. For
low-spin species, there is large g-anisotropy in the x, y
plane, so both angles can affect our simulations. To deter-
mine the extent of such uncertainties, we used angles from
the Insight simulations (Table 5) as well as random combi-
nations of angles in the analysis of the SR curves. The
variation in the interspin distances for high-spin species was
+0.5 A at a distance of 24 A for A53C-SL, which is well
within the overall uncertainties of our experimental data.
For the low-spin complexes the calculated interspin dis-
tances were more sensitive to the orientation of the interspin
vector. For CN-metMbV66C-SL and Im-metMbV66C-SL
the maximum variations in interspin distance over the range
of relative orientations examined were 1.7 A and 0.6 A,
respectively.

CONCLUSIONS

Interspin distances calculated by analysis of the effect of
high-spin and low-spin heme Fe(III) on nitroxyl SR curves

TABLE 6 Comparison of interspin distances (i\) obtained from nitroxyl SR curves with Insight calculations

Ligand/ Insight,

variant CN™ Imidazole Formate F~ Fe-NO Fe-Cg*
K98C 193+13 15.8 = 1.1 (19)* (19)7 189+ 1.0 11.1
V66C 19.8 0.8 16.9 = 0.5 21.6 £2.5 183 £ 0.6 183 0.9 12.3
H12C 279+ 1.9 284 £22 243 = 1.1 31.8 1.3 25.2
AS53C 30.4 = 0.8 27.8+29 249 = 2.1 28.1*+19 234

*Distance from iron to B-carbon of naturally occurring amino acid at this position, calculated from the X-ray crystal structure, Brookhaven pbd file

pdblmbw.

fAssumed distance used to determine high-spin Fe(Ill) relaxation rates that were then used in distance calculations for other variants with the same axial

ligand.
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for CN-metMb-SL and formate-metMb-SL were in reason-
able agreement with each other and with distances obtained
by Insight calculations for distances in the range of 18 to 30
A. Distances were less reliable for imidazole and fluoride
adducts, which is probably due to the slower relaxation rates
for Im-metMb than for CN-metMb and of F-metMb than of
formate metMb. Of the ligands examined, CN " is the ligand
of choice for the distance determinations because of tight
ligand binding that provides uniformity of spin state, faster
relaxation rates for the iron than when coordinated to other
axial ligands, and the larger impact on nitroxyl relaxation
rates over a wide temperature range. The upper limit for
heme iron to nitroxyl distance measurements by these tech-
niques is about 30 A for iron relaxation rates similar to those
in CN-metMb.

Partial support of this work by National Institutes of Health GM 21156 (to
G. R. E. and S. S. E.) and GM57635 (to B. E. B.) is gratefully acknowl-
edged.
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