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ABSTRACT: Electron nuclear double resonance (ENDOR) was performed on the protein-bound, stabilized,
high-affinity ubisemiquinone radical, ", of bo; quinol oxidase to determine its electronic spin distribution

and to probe its interaction with its surroundings. Until this present work, such ENDOR studies of protein-
stabilized ubisemiquinone centers have only been done on photosynthetic reaction centers whose function
is to reduce a ubiquinol pool. In contrastyQ serves to oxidize a ubiquinol pool in the course of electron
transfer from the ubiquinol pool to the oxygen-consuming center of terrhmalxidase. As documented

by large hyperfine couplings=(10 MHz) to nonexchangeable protons on thg Qubisemiquinone ring,

we provide evidence for an electronic distribution o Qhat is different from that of the semiquinones

of reaction centers. Since the ubisemiquinone itself is physically nearly identical in hotha@d the
bacterial photosynthetic reaction centers, this electronic difference is evidently a function of the local
protein environment. Interaction of @ with this local protein environment was explicitly shown by
exchangeable deuteron ENDOR that implied hydrogen bonding to the quinone and by weak proton hyperfine
couplings to the local protein matrix.

Ubiquinone binding sites which act as transformers to be controlled by its surroundings so that the semiquinone
between one-electron and two-electron redox processes arean function more effectively in electron-transfer and proton-
found in respiratory and photosynthetic complexes. Such sitestransfer kinetics. When paramagnetic semiquinone is stabi-
often stabilize a singly reduced, paramagnetic semiquinonelized, the thermodynamic implication is that the two one-
anion (Q,! where asterisked protons are those probed by electron couples, quinone/semiquinone (Q)Qand semi-

ENDOR). quinone/hydroquinol (Q/QH,), are equalized 1). The
; prediction of sites to stabilize ubisemiquinone is a feature
o of Q cycles 2, 3.
g. The best delineated, tightly bound quinone sites to date
y H e have been the ubiquinone-1Q,@nd ¢ electron acceptor
MeO /4\/3, sites of the purple bacterial photosynthetic reaction center.
ﬁ T ) These sites function to reduce the ubiquinol pool. At the
|v|eo/6\1/2\(§“/ﬁ tightly bound ubiquinone of Q reducing equivalents are
| [ received in one-at-a-time fashion from photooxidized chlo-
o rophyll and transferred to ubiquinone ofgQ@or ultimate
*H' release of these equivalents into the reduced ubiquinol pool.

Qa and (¢ also function to couple transmembrane electronic
Selective binding of the semiquinone to a protein site allows charge separation to the production of a transmembrane

the reactive semiquinone species to be spatially confined andProton gradient to be used for bioenergetip The protein
structure at both Qand @, including the position of nearby
T Supported by the National Institutes of Health (Grant GM-35103 nnrpgenou; hydrog_en bonding partners and the pOSItIC.m of
to C.P.S.) and by a grant from the U.S. Department of Energy @n Intervening F%L_, is known from X're})’_ C_"ySta”()graph'C
(DEFGO2-87ER13716 to R.B.G.). work on the reaction centers froRps.viridis (5) andRb.
* To whom correspondence should be addressed. Telephone: (518)sphaer0ides(6, 7. A light-induced change in the £

442-4551; Fax: (518) 442-3462; E-mail: cpsl4 -albany.edu. " . 2 . L
xumve'rsi{;xat(A|b§ny_  E-mall: cpsla@cnsvax.albany.edu ubiquinone conformation has been notef). (Primarily

8 University of lllinois. because of detailed EPEENDOR studies, the electronic spin
! Abbreviations: ptp, peak-to-peak; G, gauss; kG, kilogauss; I.D., distribution from the highly stabilized Q and G~

inside diameter; O.D., outside diameter; EPR, electron paramagnetic, . PO : : :
resonance; ENDOR, electron nuclear double resonance; ESEEM ubisemiquinone anions, studied after the paramagnetic

electron spir-echo envelope modulatiopWV, microwatt; nW, nano- intervening F&" had been replaced by diamagneticZris

watt; RF, radio frequency. Qand Q are the ubiquinone binding centers  also the best resolved of any biological semiquinone center
of the photosynthetic reaction centeri\Qand Q*~ are the ubisemi- to date 0—11). The ENDOR studies on £~ and G~ were
quinone radical anions in these centersy @ the high-affinity . ’ . . .
ubiquinone binding center dfos quinol oxidase: @ is the ubisemi- ~ cOmbined with deuteration of solvent, protein, or quinone
quinone radical anion in this center. and with variation in the quinone ring substituents. These
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studies provided hyperfine information on electron spin
densities at the C(3) methyl and C(2methylene isoprenyl

protons, on hydrogen-bonded protons connecting the ubiquino-

ne oxygen(s) to the protein, and on surrounding protons of
the protein matrix9, 10. There was evidence from nitrogen
ESEEM that showed proximity and hyperfine coupling of
nearby 1N nitrogens and indicated hydrogen bonding

Veselov et al.

A strong ubisemiquinone EPR signal has been observed
from bo; at X-band, and unlike signals of the protein-bound
Qa*~ and @ ubisemiquinone anions of the bacterial
photosynthetic reaction centers, this signal has shown
partially resolved hyperfine structure with splittings of
approximatel 4 G (1, 31). As shown here, Q~ hasg values,
as measured with Q-band EPR, typical of ubisemiquinone

between the quinone oxygens and nearby histidine and amideanion. Until now Q*~ and @~ in the bacterial photo-

nitrogens 12). The work on Q*~ and @*~ of the bacterial
reaction centers has led to ENDOR and ESEEM study of
analogous plastoquinone sites of photosysterh316) and
of a phylloquinone site of photosystemlIA-19). This recent
work has focused on finding proton and nitrogen spectro-
scopic evidence for hydrogen bonding that stabilizes the

synthetic apparatus are the only protein-bound ubisemi-
guinone anions whose electronic structure has been deter-
mined with the high resolution of ENDOREPR and whose
physical structure within a protein environment is known
from X-ray crystallography. The function of theyQubi-
semiquinone obo; oxidase is markedly different from that

semiquinone form and may cause its spin densities to changeof the ubiquinones of photosynthetic reaction centers. In light

from those found for semiquinone anion in solvent.

Quinone binding sites have been categorized as reduction

(acceptor) sites, oxidation (donor) sites, and electron-pair
splitting sites 1). The Q—Qg sites of photosynthetic reaction
centers are reductive (acceptor) sites. There are othe

reduction sites whose structure is not yet delineated, such

as the Q@ site of succinate dehydrogenagd)(and the Q

site of NADH dehydrogenase&q). In the cytochromeoc;
complex, ubiquinol is oxidized at the,Qite, near the positive
side of the inner mitochondrial membrane, and quinone is
reduced at the Qite, near the negative side of the membrane
(22, 23. This electron flow is coupled by ubiquinol to
translocation of protons across the mitochondrial membrane.
The combination of Qand Q sites in thebc, complex leads

to a bifurcation 24) or splitting in the flow of a pair of
electrons from the incoming ubiquinol. By use of inhibitors
which selectively bind in place of ubiquinone, the physical
location of the Q and Q sites has been inferred but is yet
to be pinpointed from crystal structures of the complex
(25, 26.

For aerobic respirationE. coli uses electrons from
ubiquinol (Q-8), rather than from ferrocytochronee to
reduce dioxygen at a hemeopper 6;—Cug) binuclear
center 27—29). To accomplish the redox coupling of oxygen
reduction to the source of reducing equivalents in the
ubiquinol pool, a strongly bound ubisemiquinone sitg, Q
acts as an “oxidative transformer” between the two-electron
oxidation of the ubiquinol pool and the one-electron (at-a-
time) reduction of oxygen at the hemeopper center30).
This Qy site that we study stabilizes ubisemiquinongQ
and ubiquinol, whereas {Ftabilizes ubiquinone and ubisemi-
quinone 81). The strongly bound, high-affinity ubiquinone
is retained during enzyme preparatid@®), and the semi-
quinone form is highly stabilized at this sit&,(31). There
is also a low-affinity quinone binding site whose quinone
may exchange with the ubiquinol pod@d). A straightfor-
ward explanation of the bioenergetic role of; @ that all
electrons transferred through it from the ubiquinol pool are
used to reduce oxygen at the henw@pper binuclear center
where the free energy of this reduction is coupled to proton
pumping (30, 32. However, it has been suggested that Q
may function as part of a pair splitter in a Q-cycle (after the
fashion of Q and Q in the bc; complex), where, for each
ubiquinol oxidized, one electron is cycled back to the
ubiquinol pool while the other electron is sent to the heme
copper binuclear centeB38, 34.

of the functional difference, the purpose of our present study
is to contrast hyperfine couplings and underlying electronic
structure inferred from the ENDOR signal of thg*Qanion

of bo; oxidase with the corresponding information on

rphotosynthetic semiquinone anions, for which assignments

of ring methyl, rings-methylene isoprenyl, and exchangeable
protons have been made and for which the local protein
structure is better known.

EXPERIMENTAL PROCEDURES

Materials. Cytochromebo; was made by the method of
ref 35 with modifications detailed in reB6. The detergent
conditions served to remove weakly bound ubiquinone but
to leave the strongly bound ubiquinone at the high-affinity
Qu center. The concentration of enzyme for these studies
was approximately 0.8 mM. In preparation for anaerobic
reduction, samples were repeatedly pump-flushed with pure
argon. By stoichiometric addition of NADH (Sigma) in the
presence of M PMS (phenazine methosulfate), the enzyme
was anaerobically reduced at pH 7.4 in 100 mM HEPES
buffer containing 0.1%n-dodecylf-p-maltoside detergent
(Anatrace, Inc., Maumee, OH) with approximately 2peer
molecule. The sample of50 uL volume was transferred
by an argon-flushed, gastight Hamilton syringe to an argon-
flushed Q-band sample tube (2.0 mm I.D., 2.4 mm O.D.;
VitroCom Inc., Mountain Lakes, NJ), and frozen under the
argon atmosphere by plunging into liquid nitrogen. Deu-
teration to approximately 90% was carried out vs pD 7.6
100 mM HEPES buffer by ultrafiltration with a Microcon 3
concentrator (Millipore, Burlington, MA) over a period of
several hours at 4C. For ongoing studies which included
both this ubisemiquinone-focused study and a separate study
underway on the hem®—Cug center, the total stock
available was 0.8 mL. Thus, it was critical to use smatb(Q
uL) Q-band samples, and the potential for pH and electro-
chemical manipulation was limited.

Methods.Q-band (34 GHz) ENDOR measurements were
performed at both 90 and 2.1 K with a cryogenically tunable
TEo11 Q-band resonatoB{) located in an immersion double
dewar (Janis, Inc., Wilmington, MA) which was filled with
pumped liquid helium at 2.1 K and with He exchange gas at
90 K. ENDOR was obtained under rapid-passag8 (
conditions with 100 kHz field modulatior88) in the 1-2
G (ptp) range for resolving couplings2 MHz and 0.15 G
(ptp) for resolving couplings<2 MHz. The ENDOR RF field
typically had a ptp amplitude of 1 G. The microwave power
at 90 K was 27uW, and at 2.1 K it was in the-2100 nW
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Ficure 1: Spectrum A provides the first-derivative y(tidH)
Q-band EPR spectrum a&t= 90 K, v = 34.1304 GHz, with 100
kHz field modulation of 1.2 G ptp, and 88V microwave power.

This sample was prepared in protonated solvent. Spectrum B show

the second-derivatve {g'/dH?) EPR spectrum obtained by taking
a numerical derivative of spectrum A. Simulations Hirst
derivative) and B (second derivative) using Bruker's WINEPR
SimFonia software package were carried out with the following
set of parametersgy, gy, g, = 2.0060, 2.0054, 2.002%y,, Ay, Az,
=10, 12, 9 MHz with 3 equivalent protons having this hyperfine
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Ficure 2: This figure shows the Q-band ENDOR signal at 90 K
under dispersion rapid passage conditions. Features labeled |, |
had splittings of about 11 MHz, and features labeled Il,hid
splittings of about 4 MHz. Spectrum A was taken with a system
time constant= 0.16 s, RF sweep rate 3 MHz/s, microwave
Jower= 26 uW, 100 kHz modulatior= 2.4 G ptp, magnetic field

= 12.162 kG,ve = 34.137 GHz,g = 2.0055, and overall signal
averaging time of 3/4 h. The RF power was pulsed with a 10%
duty cycle (10us on and 9Qus off). Spectrum B was taken under
the same conditions as spectrum A, except for a smaller 100 kHz
field modulation of 1.2 G ptp; this latter spectrum kadh of signal
averaging.

55 60 65

tensor; Gaussian packet widths between derivative extrema having

W, Wy, W, = 3.1, 4.2, 3.1 G.

couplings. Such inflections occurred in samples made in both
protonated and deuterated solvent. The splitting between

range. For proton ENDOR spectra, one expects two lines second-derivative features was about 4 G. Detailed simula-
for each magnetic nucleus to appear symmetrically spaced tions shown in Figure 1AB' (also see Discussion) required

to first order, about the nuclear Larmor frequeney, and
separated by the respective proton hyperfine couplig,
The ENDOR frequenciesienpor, are given byv*enpor =

lve £ A/2|. EPR frequencies were measured with an EIP

model 548 microwave frequency counter (San Jose, GA);

values were calibrated versus a DPPH (2,2-diphenyl-1-

picrylhydrazyl, Sigma) sample having a knowrvalue of

three equivalent protons with a coupling of abdiG (~11
MHz), consistent with ENDOR results, to reproduce the
splittings.

ENDOR Most of the ENDOR work reported on,Q and
Qg*~ of photosynthetic reaction centers has been done at
liquid nitrogen temperatures and abo®e 10, 41, temper-
atures at which rapid methyl rotation and motional averaging

2.0036. Powder pattern EPR spectral simulations were carriedof the methyl proton features persist. Because the electron

out with WINEPR SimFonia Version 1.25 software from
Bruker Analytische Messtechnik GmbH.

RESULTS

EPR Q-band EPR obtained at 90 K (Figure 1) gaye

spin relaxation times for cupric and ferric transition metals
are too short for ENDOR study at 90 K, the potential for
unwanted, overlapping ENDOR signals of hemeor Cus

was eliminated at 90 K. With our Q-band ENDOR system,
we found that the rapid passage method carried out in the
dispersion mode with 100 kHz field modulation, as opposed

values characteristic of the ubisemiquinone anion radical to the more commonly used frequency modulated absorption
(39). By a double integration comparison with a sample of method, gave us superior signal-to-noise for protons with

TEMPO (2,2,6,6-tetramethyl-4-piperidinol, Sigma) of known

broad ¢~1 MHz wide) signals and large hyperfine couplings.

concentration, the concentration of the ubisemiquinone anionFigure 2A, taken ag, over a 30 MHz range centered at the

radical was determined to be250uM. The g values shown

free proton frequency, brought out nonexchangeable features

in Figure 1A areg values experimentally measured respec- |, 1" with ~11 MHz splitting and II, Il with ~4 MHz

tively at the low-field derivative extremum, the intermediate-
field derivative zero crossing, and the high-field extremum
to give empirical estimates @ = 2.0062+ 0.0001,g, =
2.0050+ 0.0001, andy, = 2.0023+ 0.0001. Theg values

splitting. A coupling of 11 MHz translates into a hyperfine
splitting of ~4 G, like that observed at X-band (refFigure
la,c) and like that resolved with our second-derivative
presentation of Q-band EPR. The features liwith smaller

of the same features in the reaction center ubisemiquinonecouplings of approximately 4 MHz are accented in Figure

spectrum of reB9wereg, = 2.0064,g, = 2.0050, andy, =
2.0023. Explicit resolution of more preciggandg, values

2B, where they were obtained under smaller field modulation
with more signal averaging and higher resolution than Figure

will require higher frequency EPR such as W-band (92 GHz) 2A.

EPR @0). We noted inflections clarified by a second-

In bacterial photosynthetic reaction centers prepared for

derivative presentation (Figure 1B) that indicated hyperfine EPR and ENDOR with diamagnetic Zn rather than
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paramagnetic P& (39, 42, the radical signals of Q~ and py
Qg*~, having no nearby paramagnetic relaxer, saturate very ﬂm
readily; the result can be a very broad and distorted ENDOR I \
signal at liquid helium temperature (R. A. Isaacson, personal \PJ I
communication). The ubisemiquinone signabof certainly | /

was easier to saturate than a transition metal signal, but the A I /‘ n‘”\/\\/\ g =2.0062
ubisemiquinone ENDOR signal at 2.1 K was not exception- ‘ \

ally broadened or distorted from its appearance at 90 K,
possibly because there are other potential spin-relaxing metal
centers inbo; oxidase. Although tunneling behavior of
methyl group protons may provide motion even at liquid -w
helium temperatured@), spectral broadening may result from ‘
freezing out of methyl rotations. The lower helium temper-

Q-band ENDOR

ature might slow the rotation of the methyl group, but it W/ Vo g- 2008

provided much better signal-to-noise compared to 90 K for e
doing ENDOR? At 2.1 K, the ENDOR signals which we 15 10 5 0 5 10 15 20
report here were signals that only occurred over the limited RF, MHz

range of the QH Sig.nal and except for bett.er s!gnal-to- Ficure 3: This figure presents the Q-band ENDOR signal of
noise were similar in appearance to the ‘Qksignals protons taken al = 2.1 K over a 30 MHz range centered at the
observed at 90 K. Thus, we measured ENDOR frontQH free proton frequencys, to show anisotropy of nonexchangeable

at pumped liquid helium temperatures with excellent signal- proton hyperfine couplings, especially those labeled.|The g

to-noise and good resolution so that changes in the couplingsy2lues where spectra were measured vegre: 2.0062 (A),gy =

2.0050 (B), andg, = 2.0023 (C). Experimental conditions were

of features I, 1and Il IV °‘_’ef the entiregx—gz range could 100 kHz modulation= 1.2 G ptp, system time constant0.02 s,
be followed. (Adequate signal-to-noise at 90 K was at best RF sweep rate= 3 MHz/s over a 30 MHz range, microwave power
only obtained at the intermediagevalue,g,, where the EPR = 2.5 nW. The RF power was pulsed with a 10% duty cycle (10

and ENDOR signals are largest.) Figure 3 shows that thexs on and 9%3 gff)- ;hese Sspelﬂfadtcéog fﬂo min of Sig(;lal_ .
features I, 1 had couplings which varied from a maximum 8véraging each. See Figures S-1 and S-2 for an expanded view o
of about 13 MHz in theg—g, region to~9.5 MHz atg, the frequency variation of featuréersusg value.

while the features Il, llhad couplings which diminished from
4—5 MHz atg,—g, to <3 MHz atg,. An expanded, detailed
variation of feature'lversusg value is provided in Figures

S1 and S2 of the Supporting Information. Figure 4 shows g
the variation in proton couplings closer to the free proton S _9=20069
frequency as a function af value; the outlying features I, &
II" with coupling 4-5 MHz at the largesj values diminished S g =2.0062
in their spread and their couplings+@ MHz as the overall £ 0= 20052
pattern shifted inward at the lowest value (2.0023). ° '
Comparison of the protonated and deuterated samples 3 g =2.0045
indicated weakly resolved evidence for exchangeable protons o
in the 4-5 MHz region as well. At lowg values, there was 9=20033
an additional exchangeable feature (starred in Figure 4) which ) S g=20023
had a coupling of+1.8 MHz. s s s s .

To show more definitively that QH had exchangeable 48 50 52 5 56
proton/deuterium features, we performed deuterium ENDOR. RF, MHz

Deuterium ENDOR from our samples can only come from pgure 4: This figure presents the Q-band ENDOR signal of

exchangeable deuterium, and it will have no overlap with protons taken over an 8 MHz range centered at the free proton
nonexchangeable features. The resultant deuterium ENDORfrequency especially to show the decrease in the splitting of features
splitting, as shown in Figure 5, was 0.8 MHz. The 0.8 MHz II, 1I" as theg-value diminished. Experimental conditions wére

= 2.1 K, 100 kHz modulatior= 0.3 G ptp, system time constant
= 0.04 s, RF sweep ratee 2 MHz/s over an 8 MHz range,

2 A broad, weak feature approximately 10.2 MHz above the free microwave power= 2.5 nW,v, = 34.12 GHz. The solid line spectra
proton frequency was noted at 2.1 K. It was not observed at 90 K. It are from the protonated sample, and the dotted spectra are from
could be a distortion due to rapid passage. If real, this feature would the deuterated sample.
belong to a proton having a coupling ©20.5 MHz or 7.3 G. Such a
7.3 G coupling is inconsistent with the experimental Q-band EPR liquid . .
nitrogen temperature line shape of the ubisemiquinone whose featuresCouDIIng toa deUt,e“um would correspond to an exchange-
were sufficiently detailed that a 7.3 G hyperfine coupling would have able proton coupling of 5.2 MHz.
peen highly evident, no such 7.3 G coupling was required in fhe  Finally, the details of the weak couplings 'aja,l; and
simulation of its liquid nitrogen temperature line shape. It is possible . - .
that a methyl group conformation could be locked in at liquid helium € With respective magnitudes of 0.09, 0.27, and 0.50 MHz
temperatures, and that this conformation has a larger hyperfine couplingWere also better resolved as shown in Figure 6; a derivative
than~11 MHz for one of its protons. If the C2C3—CS—Hj methyl presentation corresponding to Figure 6 is presented in Figure
dihedral angles of = 45°, 165°, and=75* happened to be frozenin 5.3 of the Supporting Information. Detailed study with
at 2.1 K, then the methyl proton couplings would be in the ratio of . N .
11:20.2:1.6 MHz at 2.1 K, where the 1.6 MHz feature could be obscured Various combinations of deuterated protein and deuterated

by numerous other weakly coupled protons. guinones 10) established that such weak couplings were due
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Ficure 5: This figure is the Q-band ENDOR signal of exchange-
able deuterium. Experimental conditions wére 2.1 K, 100 kHz
modulation= 0.6 G ptp, system time constant0.08 s, RF sweep
rate= 0.8 MHz/s, microwave powe# 2.5 nW,g, = 2.005. These
spectra were slightly shifted in the direction of the sweep by the
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on ubisemiquinone and other semiquinones having long
hydrocarbon chains and methyl groups, respectively at the
2 and 3 positions, it is evident that the nonexchangeable
proton couplings=2 MHz have been either from the ring
methyl or from theS-methylene isoprenyl proton®,(10,

15, 17. For such ring protons, there is an anisotropic dipolar
contribution of~3 MHz as well as an isotropic hyperfine
coupling, both primarily due to spin on the adjacertarbon.
The contribution of the dipolar coupling will be negative
when measured at thgg tensor component perpendicular to
the quinone plane. For both features' lahd features I, Il
minimal hyperfine couplings were indeed measured,at
and the hyperfine anisotropy as a functiorgofalue was of

the order 3 MHz; the implication is that features'lahd II,

[I" are from ubisemiquinone ring methyl @gimethylene
isoprenyl protons. Next, there was definitive deuteron
evidence of exchangeable deuterons with.8 MHz cou-

effect of the time constant. The deuterium features were nonexistentpling (Figure 5). We found possible evidence for a more
in the protonated sample. This spectrum took 85 min of signal weakly coupled exchangeable proton with hyperfine coupling

averaging.

1 |

1 N L

0.3 0.6

0.3 ‘ 0.0 ‘
RF, MHz
Ficure 6: This figure provides the Q-band ENDOR signal of

-0.6

protons taken over a 1.5 MHz range centered at the free proton

frequency to show features §,b,b, and c,Ewith weak couplings

of about 1.8 MHz from the starred feature (Figure 4). The
evidence from exchangeable proton/deuterons is highly
consistent with @~ being hydrogen bonded to its protein
surroundings, probably through one or both of its oxygens,
O(4) and O(1). As a probe for the protein surroundings, we
observed small proton couplings (a,a,b; c,c < 1 MHz)
which, based on the detailed results of similar weak couplings
of Qa*~ and @°~ in photosynthetic reaction centers (fef,
Table 1), indicate coupling to protons on nearby, although
as yet unidentified, amino acids.

The selective assignment of nonexchangeable features with
couplings of 9.5-13 MHz and of 2-5 MHz, explicitly to
ring methyl or tog-methylene isoprenyl protons, was not
immediately obvious. Therefore, before presenting our

of 0.09, 0.27, and 0.50 MHz, respectively. Experimental conditions rationale for assignment, we first provide an outline of

wereT = 2.1 K, 100 kHz modulatior= 0.15 G ptp, system time
constant= 0.10 s, RF sweep rate 0.5 MHz/s, microwave power
= 83 nW, v, = 34.088 GHz, magnetic field= 12 140 G. This

spectrum took 13 min of signal averaging. See Figure S-3 for the

derivative presentation of this spectrum.

to protons of the nearby protein anmwbt due to weakly
coupled protons of the ubisemiquinone.

DISCUSSION

We summarize our experimental and empirical findings:

previous relevant findings on ubisemiquinones having ring
methyl andf-methylene isoprenyl protons. The couplings
of f-methylene isoprenyl protons were reported &C3rom
single crystals of photosynthetic reaction centers containing
Qa*". These couplings were in the-8.5 MHz range (ref
41, Figure 24). From solutions of reaction centers—&0

°C, the-methylene isoprenyl protons were reported to have
A = 5.1 MHz andA, = 8.4 MHz (9). The ring methyl
protons were reported from single crystals of photosynthetic
reaction centers at @ to have couplings in the-36.5 MHz

The Qy~ site presented a characteristic ubisemiquinone anionrange (ref4l, Figure 24) and from frozen solutions of
Q-band EPR spectrum similar to that reported for ubisemi- reaction centers at 120 K to hawe = 4.1 MHz andA, =
quinone anion in photosynthetic reaction centers and in polar7.2 MHz ©, 10. Thus, in both cases the hyperfine couplings

organic solventq, 10, 41, 43. However, as shown at 90 K

of p-methylene isoprenyl and ring methyl protons were

(Figure 2) and 2.1 K (Figure 3), nonexchangeable proton approximately equal, ands, for both types of protons was

features with couplings in the range 9.53 MHz were

about 6 MHz. [A slightly larger spin coupling to the

observed, and these couplings are larger than those reporte@i-methylene isoprenyl has been suggested to occur because

from ubisemiquinone anion elsewhere. A coupling of the
order 11 MHz is consistent wit4 G splittings previously
observed in X-band EPR spectra (fefFigure la,c) and

selective hydrogen bond stabilization of the negative change
on O(4) leads, by a simple valence bond descriptis) 6r
by a more elaborate density functional calculatid){ to

resolved here in the second-derivative Q-band EPR spectrumpreferential electron spin density on C(4), C(2), and C(6).]
The simulation of the Q-band 90 K second-derivative Q-band Both thef-methylene isoprenyl protons and the ring methyl

EPR spectrum (Figure 1B'B using g values determined
from Q-band EPR and a proton hyperfine tensor with
components in the-912 MHz range, required three equiva-

protons are located gfrcarbons adjacent to an-carbon of
the quinone ring that has spin density. The predominant
isotropic Fermi componenfiso, Of hyperfine coupling to a

lent protons. Other nonexchangeable proton ENDOR featuress-proton depends on the unpaired spin density imtbebital

with couplings in the 25 MHz range were resolved at both

on thea-carbon, and it depends on the square of the cosine

nitrogen and liquid helium temperatures. From previous work of the dihedral angle formed by thex&Cs—Hg plane and
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the 7-Co—C;g plane @7): Aiso = pc(Bo + B, cos ), where

pc is the spin density on the adjacemicarbon,By is close

to 0, andB; has been taken in the range from 12®)(to
212 MHz @7). At liquid nitrogen temperature and above,
the methyl groups rotate sufficiently fast to average? &s
to 1/2, so that the isotropic coupling for a methyl proton
would beAiso = pcB2/2. An isotropic coupling of 6 MHz
for the methyl group provides-610% of an unpaired spin
on the adjacenta-carbon. Even in solution near room
temperature thgg-methylene isoprenyl is hindered in its
motion @8). Analysis of 3-methylene isoprenyl couplings
in ref 15 indicated that the methylene isoprenyl -©32—
Cp—Cy carbon dihedral angle of 9Gs favored by~6 kcal/
mol over the methylene isoprenyl E€2—CS—Cy dihedral
angle of 0 or 18(%, apparently due to the steric clash with
the nearby methyl group. With the stabilized-632—Cp—

Cy dihedral angle of 99 thes-methylene isoprenyt-C2—
CB—Hp dihedral angles lie at-60° (cog 6 = 1/4). With
the less stabilized C3C2—C3—Cy dihedral angle of Dor
18C, the -methylene isoprenylr-C2—Cp—Hpj dihedral
angles lie at 30or 150 (cog 6 = 3/4). [In photosynthetic
reaction centers, it was reporteth] that the C3-C2—CS5—

Cy dihedral angles were 82so that thenr-C2—CS—Hp
dihedral angles would be approximately*snhd —70°.] If
any of the equivalent protons that we observe having
couplings of~11 MHz were to bes-methylene isoprenyl
protons, we would be faced with two possible choices, both
of which we disfavor. Either their-C2—CS—Hg dihedral
angles would bet60°, and an unacceptably high spin
density>20% on the isoprenyl C(2) would be predicted, or
the 7-C2—CpB—Hp dihedral angles would be 3®r 150,

Veselov et al.

of ubisemiquinone in the photosynthetic reaction centers.
However, the details of hyperfine coupling to nonexchange-
able protons were decidedly different from those of photo-
synthetic reaction centers. The most notable difference was
the nonexchangeable proton hyperfine coupling of-4.3
MHz (features I, ), which is larger than any proton coupling
observed in ubisemiquinone of the photosynthetic reaction
centers. Because the fit to hyperfine features in the Q-band
second-derivative EPR spectrum required three such equiva-
lent protons with this large coupling, we assigned these
protons to the ubiquinone methyl group. Such an assignment
implies a larger spin density on tlecarbon C(3) adjacent

to the ring methyl than is found in the ubisemiquinones of
the photosynthetic reaction center. Nonexchangeable protons
with coupling of 25 MHz (features II, IT) were thus
assigned to thg-methylene isoprenyl protons, and such an
assignment implies a smaller spin density on d¢hearbon
C(2) adjacent to the isoprenyl chain than is found in the
ubisemiquinones of the photosynthetic reaction center. The
alteration in spin density suggests a preferential stabilization
of negative charge on O(1) in contrast to the slightly greater
stabilization of negative charge on O(4) in photosynthetic
reaction centers4p, 49. Deuteron ENDOR gave definitive
evidence for exchangeable protons/deuterons consistent with
hydrogen bonding to the quinone oxygen(s), hydrogen
bonding that could be accomplishing this stabilization of
O(1). Evidence of weak proton couplings to the surroundings
indicated protons of the nearby protein matrix. So that in
the future we can delineate critical neighboring amino acids
whose mutation could alter & function, stability, and
electronic spin density, the background is now available for

and the energetically less stable conformation of the isoprenylfuture comparison of electronic spin distribution, exchange-

chain would occur. Furthermore, our Q-band simulations
favor three equivalent-protons in order to predict features

of the Q-band second-derivative EPR line shape, and the

isoprenyl side chain could only provide two sygiprotons.
Isotropic couplings of 10 MHz have been resolved by

ENDOR of the phylloguinone (vitamin K) electron acceptor

anion radical in photosystem 17). Like ubiquinone, this

quinone has a long-chain carbon tail attached at quinone C(2)

and a methyl at C(3). Interestingly, hyperfine inflections in
the X-band EPR spectrum of phylloquinone (1€ Figure

2) and of @~ (ref 1, Figure 1a,c) bear resemblance. Because
three equivalent protons having couplings consistent with
our ENDOR results in the-913 MHz range account for the
detailed hyperfine features in our second-derivative Q-band
EPR spectrum at 90 K, we assign the protons$ With this
coupling in the 9-13 MHz range to the ubisemiquinone
methyl protons. A value ofs, = 11 MHz for methyl protons
would imply that ther spin density on C(3) adjacent to the
methyl group is 1+18% (depending on choice of the
parameteB,), about double that found for ubisemiquinone
methyls in the photosynthetic reaction center. The couplings
of nonexchangeable protons in the2MHz regime are thus
assigned to th@-methylene isoprenyl protons; so the spin
density on C(2) would be somewhat smaller than found for
B-methylene isoprenyl protons in the photosynthetic reaction
centers.

CONCLUSION

The Q-band EPR spectrum of;Q was determined to be
from a ubisemiquinone anion withvalues similar to those

able deuterons/protons, and weak couplings to protons of
the nearby protein surroundings.

SUPPORTING INFORMATION AVAILABLE

The following figures are included: Supplementary Fig-
ures S-1 and S-2 present a more detailed, close-up of the
change of hyperfine coupling to featuré (assigned to
quinone methyl) as a function @ value; S-1 is from a
protonated sample, and S-2 is from a deuterated sample.
Figure S-3 shows by a derivative presentation the elucidation
of the weak couplings initially shown in Figure 6 of the text
(4 pages). This material is available free of charge via the
Internet at http://pubs.acs.org.
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