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Abstract The electron spin echo envelope modulation
(ESEEM) technique of pulsed EPR spectroscopy was applied
to the anionic semiquinone of the cholesterol oxidase flavin
cofactor, formed when the enzyme was photoreduced in the
presence of 5-deazariboflavin and EDTA. Fourier transforms of
the three-pulse ESEEM spectra showed the presence of 1N
nuclei magnetically coupled to the paramagnet. In 2H,O buffer
the surroundings of the flavin ring were shown to be accessible to
solvent exchange, with a deuterium population in close proximity
to the paramagnetic centre. Upon binding of the pseudosubstrate,
dehydroisoandrosterone, subtle changes were observed in the
coupling to nitrogen nuclei, which are interpreted as changes in
the electron density distribution of the flavin ring system. The
results are discussed in terms of the three-dimensional structure
reported for the protein and the flavin ring architecture.
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1. Introduction

Electron spin echo (ESE) techniques have been shown to be
useful for gaining qualitative and quantitative information on
the structure around paramagnetic centres in biological sys-
tems. Structural data on paramagnetic centres in biological
systems have been obtained by analysing electron spin echo
envelope modulation (ESEEM) from various types of nuclei
[1-3]. ESEEM is a pulsed EPR method which is particularly
sensitive to weak hyperfine interactions between paramagnetic
centres and quadrupolar nuclei such as *N or ?H. Electron
spin echoes are induced by the application of two or more
resonant microwave pulses; the amplitude of the echo shows a
periodic variation as a function of the interval between the
pulses. Fourier transformation of the modulation pattern re-
veals the frequencies of nuclei coupled to the paramagnetic
centre. These frequencies can then be interpreted to determine
superhyperfine and electric quadrupolar couplings. The meth-
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od has been particularly applied to transition-metal centres in
proteins [4,5], and to some radicals such as in amine oxidases
[6] and the neutral semiquinones of the flavoproteins ferredox-
in:NADP reductase and flavodoxin [7].

Cholesterol oxidase (3B-hydroxysteroid oxidase, EC 1.1.3.6)
is a flavin-dependent enzyme that catalyses the oxidation and
isomerisation of steroids having a double bond at A>-AS of
the steroid ring backbone and a 3B-hydroxy group [8,9]. The
enzyme from Brevibacterium sterolicum is a monomeric oxi-
dase containing one molecule of FAD per molecule of protein
[10]. Its three-dimensional structure has been determined at
1.8 A resolution, in the presence and absence of a bound
steroid [11,12]. Tt is related to the glucose-methanol-choline
(GMC) oxidoreductases [13,14], which undergo the flavin-as-
sisted oxidation of an alcohol to an aldehyde or ketone func-
tion. Based on structural observations of cholesterol oxidase
bound to a steroid substrate, speculations have led to two
possible mechanisms for flavin-assisted oxidation, a radical-
mediated mechanism and a hydride-transfer mechanism [12].
Both mechanisms suggest a histidine residue, conserved in
glucose oxidase and other GMC oxidoreductases, as the gen-
eral base, accommodating one proton from the steroid sub-
strate. Moreover, a transient flavin semiquinone would be
expected in the case of a radical mechanism. The formation
of the cholesterol oxidase anionic semiquinone from B. ste-
rolicum has been studied and this redox state has been char-
acterized using EPR and ENDOR spectroscopy [15]. It can be
generated chemically or photochemically, but not by substrate
addition.

A study of nuclear hyperfine couplings in protein-bound
flavins is of interest to determine whether any correlation ex-
ists between the spin distribution about the isoalloxazine ring
and the functional and oxidation-reduction properties of fla-
voproteins. ENDOR spectroscopy of cholesterol oxidase has
already provided information regarding the coupling of the 8-
CHj; group and 6-C proton [15]. In the present paper we have
used ESEEM to investigate the distribution of the unpaired
electron density on the flavin ring, and its accessibility to the
solvent and the substrate. ESEEM spectra were collected for
enzyme samples in HyO, 2H,0 and H,O in the presence of
dehydroisoandrosterone, a steroid substrate which is more
water-soluble than cholesterol.

2. Materials and methods

Cholesterol oxidase was isolated from B. sterolicum and purified
using the methods described by Uwajima et al. [10]. Samples were
transferred into the desired buffer (usually 10 mM Bicine, pH 8.6 in
TH,0 or ?H,0), by dilution and ultrafiltration through Centricon 30
microconcentrators (Amicon), at 4°C.

Cholesterol oxidase was reduced anaerobically by light irradiation
as previously described [15]. Samples (400 pM protein) were prepared
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in a sealed glass vessel under argon and transferred under argon with
a gas-tight microsyringe into quartz EPR tubes, which were immedi-
ately frozen in liquid nitrogen. Samples for ESEEM were illuminated
for 75 min when they were prepared in HoO or for 240 min in 2H,0.
Pulsed EPR measurements were recorded at X-band on a Bruker
ESP380 spectrometer, with a dielectric variable-Q resonator. ESEEM
data were collected at 3.8 K by the three-pulse, stimulated echo pro-
cedure (90°-1-90°-7-90° echo). T was varied in the range 112-480 ns,
so that the t-suppression behaviour of the resolved modulation fre-
quency components could be examined [16]. The time-domain spectra
(echo amplitude vs. T) were linear phase corrected before Fourier
transformation, and magnitude spectra were calculated.

3. Results

3.1. Electron spin echo envelope modulation of cholesterol
oxidase in its semiquinone state

ESEEM was applied to the flavosemiquinone of cholesterol
oxidase in H,0, 2H,0 and in HyO in the presence of the
substrate dehydroisoandrosterone (1.5 mM). Measurements
on the enzyme in HyO at a magnetic field corresponding to
£=2.005, showed modulations due to the matrix protons (14.7
MHz) (not shown). The depth of these modulations was di-
minished in samples exchanged into 2H;O-enriched buffer, or
in the presence of the substrate. These ‘matrix’ protons weakly
coupled to the semiquinone have been previously studied by
ENDOR [15]. Spectra recorded at t values between 112 and
480 ns, revealed strong, low-frequency modulations between
0.6 and 4.8 MHz, the most prominent component being at
3.04 MHz (Fig. 1). At t-values of 136 ns and 296 ns, modula-
tions due to the weakly coupled protons were suppressed and
amplitudes were obtained for the low frequency (<10 MHz)
lines were more intense. In paramagnetic proteins, such low-
frequency modulations are characteristically observed as the
result of couplings to N nuclei.

Fig. 1A shows a Fourier transform of the ESEEM of chol-
esterol oxidase semiquinone, recorded at a T value of 136 ns.
Narrow low-frequency components are observed at 0.55, 1,
2.19 and 3.04 MHz. There are also broader features in the
region 3.9-4.9 MHz. At a 1 value of 296 ns some of these
features have decayed and are no longer detectable.

The spectrum from interaction with a N nucleus is the
result of the combined effects of electron-nuclear hyperfine,
nuclear Zeeman and nuclear quadrupole interactions. A par-
ticularly pronounced ESEEM pattern occurs in the special
case where the hyperfine and nuclear Zeeman terms are equal,
when the quadrupolar peak frequencies and line widths reach
minimum values, and their modulation amplitudes attain a
maximum [16,17]. For strictly isotropic hyperfine interactions,
this situation occurs when v;=1|A4/2|, where v; is the nuclear
Zeeman frequency at the observing magnetic field and A the
hyperfine coupling constant. This is the condition of exact
cancellation between the nuclear Zeeman and hyperfine terms
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Fig. 1. Fourier-transform ESEEM spectra of cholesterol oxidase
from Brevibacterium sterolicum in its semiquinone state at 346 mT
magnetic field (corresponding to g =g, =g, =2.005). Measurement
conditions were: temperature, 3.7 K; microwave frequency, 9.71
GHz; t-value, (A) 136 ns, (B) 296 ns; pulse width (for a 90° pulse)
16 ns; shot repetition time, 31 ms.

in one manifold of the nuclear hyperfine interaction. The ob-
servable spectral features in such a case comprise three quad-
rupole frequencies v,, v—, Vi (v, =Vv,+v_) from the compen-
sated manifold and the double-quantum peak, which is often
broader, from the other manifold [17]. The frequencies of the
pure quadrupolar peaks (v, =e2qOn/2, v_=¢e2qQ(3—m)/4,
v, =e2qQ(3+n)/4) permit a straightforward and direct deter-
mination of the asymmetry parameter (1) and the quadrupole
coupling constant (e2¢Q). The double-quantum peak would
permit the calculation of the hyperfine coupling, Ai,, since
its frequency is given by

Vdq = 2[(Vi + 14101 /2)? + (£90/4)(3 + )] /2

The lineshape of the vq, component is a function of the
anisotropy in the superhyperfine tensor. Model calculations
of ESEEM spectra from nucleus I1=1 have shown that the
quadrupole frequencies can be estimated, within 10% accu-
racy, if |vi—A/2| does not exceed 25% of v; [18]. Upon going
away from the exact cancellation conditions for cases where
v; > | A/2], the lines corresponding to v, and v_ broaden out
and decrease in amplitude, while a less pronounced effect is
observed for the v,.

In Fig. 1B, four lines are well resolved which fit the pattern
expected for the condition of near cancellation for a nitrogen
nucleus. From the frequencies determined from this and simi-

Table 1
Hyperfine (4) and quadrupolar (¢>qQ) coupling parameter for the B. sterolicum cholesterol oxidase semiquinone
Transition
v_ Vi Vdq T]a Aisob eZqQ/h
Semiquinone N-1 2.16 3.03 4.67 0.5 +0.03 1.48+0.1 3.28%0.1
N-2 1.54 2.67 3.95 0.5 £0.05 1.0 0.1 2.68+0.1
+DHA 233 3.02 5.12 0.38+0.03 20 +0.1 3.40%0.1

2The asymmetry parameter was calculated from a range of the v_ and the v, frequencies assuming they are near cancellation conditions.
bThe hyperfine coupling constant was determined under the assumption that the coupling is isotropic (i.e., 4, = 4, = 4,).
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Fig. 2. Stimulated echo ESEEM spectra of cholesterol oxidase from
Brevibacterium sterolicum in its semiquinone state in the presence of
dehydroisoandrosterone. t-value (A) 136 ns, (B) 296 ns. Measure-
ment conditions as in Fig. 1.

lar spectra at longer values of 7, it is possible to estimate the
hyperfine and quadrupole parameters of a nitrogen nucleus
(N-1) (Table 1). The spectra at shorter values of T reveal
further features which appear to result from a second nitrogen
nucleus (N-2). A tentative assignment of the parameters for
this component is calculated on the basis of features at 0.55-1,
1.54, 2.67 and 3.95 MHz. The values obtained, as well as their
variability, are presented in Table 1.

3.2. Electron spin echo envelope modulation of cholesterol
oxidase semiquinone in the presence of
dehydroisoandrosterone

Fourier transforms were obtained for data collected for
cholesterol oxidase semiquinone in the presence of its sub-
strate, dehydroisoandrosterone (Fig. 2A,B), are similar to
those obtained in the isolated enzyme (Fig. 1A,B), but with
some differences. The three lowest-frequency components
shifted slightly to 0.62, 2.13 and 3.02 MHz, and the highest-
frequency features at 1=136 ns showed a shift to higher fre-
quencies, (between 3.95 and 5.3 MHz). The second compo-
nent, N-2, was not discernible. Similar results were obtained
at different t values (not shown). The isotropic hyperfine cou-
pling estimated for N-1 was slightly higher than the one ob-
tained in the absence of substrate (1.95 vs 1.3 MHz), consis-
tent with a change in the electron density distribution of the
flavin ring upon substrate binding.

3.3. Deuterium effect of the electron spin echo envelope
modulation of cholesterol oxidase in its semiquinone state
A three-pulse ESEEM study of cholesterol oxidase semiqui-
none which had been exchanged into 2H;0 showed additional
deep modulations, centred around the deuterium larmor fre-
quency, 2.26 MHz (Fig. 3). This result, attributed to interac-
tion with exchangeable deuterons, is in agreement with pre-
vious ENDOR studies which showed the presence of
exchangeable protons on protein groups, and also water mol-
ecules, surrounding the FAD [15]. From the structure of
cholesterol oxidase it is known that the amino acid residues
that line the active site are hydrophilic near the pyrimidine
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ring, and that a lattice of 13 water molecules occupies the
substrate cavity of the free enzyme [12].

4. Discussion

It is unlikely that N nuclei in a protein environment
would have transitions at a frequency as high as 4.8 MHz
without magnetic contributions from hyperfine contact inter-
actions [19]. Such a contact interaction could result from a
nitrogen of the flavin ring. The observed hyperfine couplings
(Aiso of 0.8-2 MHz) are less than those expected for nitrogens
at position 5 or 10 of the flavin ring, typically 20 and 9 MHz
respectively for an anionic flavin semiquinone [20-22]. Cou-
plings of this magnitude are too large for detection by con-
ventional ESEEM [23].

Another possibility is an amino acid residue, either hydro-
gen-bonded or in close proximity. The crystallographic three-
dimensional structure reported for cholesterol oxidase from B.
sterolicum shows that, besides the nitrogens on the flavin ring,
there are several nitrogen atoms in the neighbourhood of the
ribityl chain, the flavin ring system and the steroid binding
domain [11,12]. The flavin ring has hydrogen-bonding inter-
actions with a number of conserved residues, including Asn-
119, Phe-487 and Met-122. There is a water molecule, H,O-
541, within hydrogen-bonding distance of NDy-Asn-485 and
NE;-His-447, N5 of the flavin moiety and O-1 of the substrate
(Fig. 4). The isotropic hyperfine coupling through a hydrogen
bond would be expected to change significantly upon ex-
change in 2H,0, as 2H in general forms weaker hydrogen
bonds [19]. The “N ESEEM frequencies in the cholesterol
oxidase semiquinone remain unchanged upon exchange in
?H,O (Fig. 3). Because acidic protons are expected to ex-
change readily, this argues against an amide or amino group
which is hydrogen bonded to the flavin radical. A more likely
source of the nitrogen interaction is a superhyperfine coupling
between a nitrogen ligand from an amino acid, such as the
imidazole ring of His447. The position of His-447 in the active
site of cholesterol oxidase is near to that of the flavin ring
system [12,24]. His-447 is believed to be involved in the oxida-
tion reaction of the substrate, accommodating one proton
from the steroid substrate. In addition this histidine is thought
to release the proton to a 4o flavin-peroxide adduct in the
reoxidation step of the enzyme.

Alternatively, good candidates to explain the *N ESEEM
pattern are the nitrogens at positions N-1 and N-3 of the
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Fig. 3. Stimulated echo ESEEM spectra of cholesterol oxidase from
Brevibacterium sterolicum in its semiquinone state in >H,O; t-value
136 ns. Other measurement conditions as in Fig. 1.
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ubstrate

M. Medina et al[IFEBS Letters 400 (1997) 247-251

ubstrate

Fig. 4. Stereo diagram showing the active site of cholesterol oxidase with the bound steroid substrate, dehydroisoandrosterone. The protein resi-
dues are shown with open bonds and the substrate and riboflavin portion of the FAD cofactor are shown in closed bonds. The bound water
molecule, HyO-541 is shown as a double circle. Hydrogen bonds are shown by dotted lines.

flavin ring. So far, no hyperfine couplings have been reported
for these nitrogens in model compounds. The values are ex-
pected to be very small (less than 2 MHz), owing to the al-
most inexistent spin density estimated for anionic flavin semi-
quinone models [25,26]. Unpublished electron spin echo data
on flavodoxin show that the N-1 and/or N-3 nitrogens exhibit
a weak coupling of the order of 1 MHz [21]. Our recent
ESEEM spectra of the neutral semiquinones of the flavopro-
teins flavodoxin and ferredoxin-NADP™ reductase from Ana-
baena have also comprised sharp lines around 3-3.4 MHz,
corresponding to N hyperfine coupling constants of 1.3
MHz [7].

Upon substrate binding, an increase of the hyperfine cou-
pling constant was observed for N-1, while the asymmetry
parameter and the quadrupolar coupling constant were not
significantly altered. This result is consistent with an increased
hyperfine coupling for one or more nitrogen nuclei, arising
from an electronic distribution in the flavin ring. ENDOR
studies on this sample have demonstrated that binding of
the hydroxyl group of the steroid has a polarizing effect on
the flavin ring system, decreasing the electron spin density of
the benzene ring [15]. This is consistent also with our ESEEM
results, if the nitrogen we are detecting magnetically coupled
to the electron unpaired spin is N-1 and/or N-3 of the flavin
ring, or an imidazole nitrogen atom of His-447, each of which
would experience an increase in spin density in the pyrimidine
ring.

ESEEM studies on B. sterolicum cholesterol oxidase semi-
quinone have provided additional information on the differ-
ences in environment and electron-density distribution in the
free enzyme and the substrate-bound semiquinone. To the
best of our knowledge, this is the first report of an ESEEM
characterization of an anionic flavin semiquinone in a protein
molecule, which complements the recent characterization of
the neutral semiquinones of flavodoxin and ferredoxin-
NADP" reductase. It shows that ESEEM may be used for
observation of changes in electron density of flavoprotein
semiquinones.
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