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ABSTRACT. In this report, we describe the electron paramagnetic resonance (EPR) spectroscopic
characterizations of the fast-relaxing ubisemiquinonen(p€pecies associated with NADHIbiquinone
oxidoreductase (complex I) detected in tightly coupled submitochondrial particles (SMP). The signals of
SQ\r are observed only in the presenceAyiy+, whereas other slowly relaxing SQ speciesnSénd

SQux, are not sensitive tauy+. In this study, we resolved the EPR spectrum of Mag+-sensitive SQ,

which was trapped during the steady-state NAB®} oxidoreductase reaction, as the difference between
coupled and uncoupled SMP. Thorough analyses of the temperature profile of the resolyeiyB&)s

have revealed previously unrecognized spectra fiam-+-sensitive S@ species. This newly detected

SQur signals are observable only below 25 K, similar to the cluster N2 signals, and exhibit a doublet
signal with a peak-to-peak separatiadxB) of 56 G. In this work, we identify the partner to the interacting
cluster N2. We have analyzed the= 2.00 andg = 2.05 splittings using a computer simulation program
that includes both exchange and dipolar interactions as well as the g-strain effect. Computer simulation
of these interaction spectra showed that cluster N2 and fast-relaxingsp€ries undergo a spispin
interaction, which contains both exchange (55 MHz) and dipolar interaction (16 MHz) with an estimated
center-to-center distance of 12 A. This finding delineates an important functional role for this coupled
[(N2)rea—SQuf] structure in complex |, which is discussed in connection with electron transfer and energy
coupling.

NADH —ubiquinone oxidoreductase, complekdatalyzes clusters (designated N1a and N1b for [2fZS] centers and
electron transfer from NADH to ubiquinone-10 via a series N2, N3, N4, N5, N6a, and N6b for [4FelS] centers) to
of intrinsic redox centers and actively translocates protons carry out the intramolecular electron transf&ri3, 14). The
across the mitochondrial inner membrane to generate elec-subunit locations of the FMN and all eight iresulfur
trochemical proton gradiemkuy+ (1—4). Complex | from  clusters have tentatively been identifiet3( 15—20). The
bovine heart mitochondria is composed of at least 46 jron—sulfur cluster N2 has attracted the attention of inves-
dissimilar subunitsg). Low-resolution electron microscopic  tigators in the complex | field because of its pH dependence
images depict an asymmetric L-shaped form composed of(—60 mV/pH) and highest apparef, value @1). This
two major parts: a membrane part embedded in a lipid specific iron-sulfur cluster is thought to donate electrons
bilayer and a hydrophilic peripheral part protruding into the gjrectly to ubiquinone. Although the subunit location of
matrix or cytoplasmic spacé< 11). Complex | contains one  cjyster N2 has been under debate, recent site-directed
noncovalently bound FMN 1) and eight iror-sulfur mutagenesis studies wilscherichia coli{20) andYarrowia
lipolytica systems Z2) have provided experimental data
o TTth;\Sl Wg'glv(\';a'a ;(l)i%?gfttec% bé#ﬂ“ﬁ_d States Public Health Service strongly supporting that cluster N2 is located in the PSST/

rgr_;_o v(\?ﬁom correspondeoncé sh(r;lljsldlbe addressed. For T.O., phoneNl'IOB quun't' A"_ of the COfaCtor',blr_]d'ng subunits are
(215) 898-8024, fax (215) 573-3748, e-mail ohnishi@ located in the peripheral parb) This indicates that the
mail.med.upenn.edu; for T.Y., phone (215) 898-2939, fax (215) 573- electron transfer from NADH through the irewsulfur
37?%”?\;22;{ yg?%(é@nrgglli\r/r;?‘ciiéupenn.edu. clusters occurs in the peripheral part, whereas thie H

E Universit§ of Michigén Medical School. translocation takes place through' Hransport pathways

! Abbreviations: complex |, NADHubiquinone oxidoreductase;  formed within the membrane part. These distinct functions

SMP, submitochondrial particles; :Qubiquinone-1; SQ, ubisemi- — f the two spatially separated parts of complex | must be
quinone; SQr, complex | associated fast-relaxing ubisemiquinone;

SQuw, complex | associated slowly relaxing ubisemiquinonexsQ ~ Mechanistically linked to each other to conserve energy

complex | associated very slowly relaxing ubisemigquinongg+, (2, 4).
electrochemical proton gradierty,, midpoint redox potential; EPR, . d d . h
electron paramagnetic resonance; CCCP, carbonyl cyamidblo- Two very important and unanswered questions are the

rophenyl hydrazon; EIPA, BN-ethyl-N-isopropyl)-amiloride; FMN, following: how is the H translocation in the membrane part
flavin mononucleotide.
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linked to the redox reaction, and what is the driving signal under various condition84). The 33 G splitting of
mechanism of the Hpump in the membrane? Complex | the g, = 2.05 signal of cluster N2 has been confirmed by
contains three potential subunits, which form thetkansport two different groups; however, solid experimental evidence
pathway, namely, ND2, ND4, and ND5, in the membrane to identify the partner of the spin coupling with cluster N2
part. These subunits are related via evolution to"/Na has not yet been obtained. In the NADH O, or succinate
antiporters in some bacterid3—25). The ND1 subunitisa  — O, systems, significant overlaps of free radical signals
highly conserved subunit; however, the functional role of from SQ species formed within complex Il and Il make
this subunit is still not fully understood26—28). Only further analysis very difficult. Particularly, since the
limited information is available to understand the structure Aun+sensitive S@ species is so far detectable only in the
and function of the membrane part of complex I. The ND5 steady-state reaction in the coupled SMP, it is essential to
subunit of bovine heart complex | has been labeled by a establish experimental conditions to resolve them spectro-
fenpyroximate photoaffinity analogue, which is correlated scopically and characterize different SQ species. We have
with inhibition of the enzyme activity and is prevented by limited the enzyme reaction in the complex | segment by
EIPA, an inhibitor of Na/H™ antiporters 29, 30). The site- using an exogenous electron acceptor, ubiquinone-1, in the
directed mutagenesis study of the ND2 subunit homologue presence of inhibitors of complexes Il and Ill. Some of the
of E. colicomplex | has suggested that the subunit contains preliminary data have been reported earlig, 38).

a Q-binding site 1). More recently, the ND4 subunit In the present study, we report more detailed characteriza-
homologue ofE. coli complex | was directly photoaffinity  tion of physicochemical properties of the:.+-sensitive SQ
labeled by an azido-Q analogu®2]. These experimental species in the steady-state NADH Q. reaction. We
data Suggest that thetHranslocation in the membrane part discovered that while the SQspecies exhibits a usual
is linked to the redox reactions mediated by Q. Possible jsotropic EPR line shape at high temperature, below 25 K
Q-binding sites in ND4 and ND5 subunits have been the SQ species shows 56 G splitting centered at ghve
proposed based on the amino acid sequence comparisong 0o4 SQ signal, which has not been recognized previously.
(33). Therefore, it is probable that the oxidation and reduction \y/e analyzed this new spirspin interaction signal with a
of Q can be an integral component of the driving mechanism computer simulation program that includes both exchange
of the H" pump and that the interface between the hydro- and dipolar interactions as well gsstrain effects 9, 40).
philic and hydrophobic parts most likely holds a key to Both 33 and 56 G splitting of cluster N2 and §@pectra,
elucidate the coupling mechanism, where a crucial compo- respectively, were fit with the same exchange (55 MHz) and
nent, cluster N2, is located as a direct electron donor to Q dipolar (16 MHz) coupling parameters with a center-to-center
species. However, the electron-transfer steps involving clustergistance of 12 A, indicating that the interaction between these
N2 and ubiquinone has remained unknown. two redox centers does in fact cause the splitting of the
Vinogradov et al. reported that ubisemiquinone (SQ) respective EPR lines. These new findings shed light on the
signals are detectable in the complex | segment of the dynamic electron-transfer reactions in the catalytic core

mitochondrial respiratory chain during steady-state oxidation region of complex |, which is tightly coupled to thetH
of NADH or succinate 34—36; also see citations in these translocation.

refs) (expressed hereafter as NADHO, and succinate~
Oz reaction). Physicochemical properties of these SQ speciesEXPERIMENTAL PROCEDURES
differ considerably, specifically in their spin relaxation

behavior, allowing us to distinguish them as\g@ast), SQs Preparation of Mitochondria and Submitochondrial Par-
(slow), and SQy (very slow) species34, 35). The SQs ticles. Bovine heart mitochondria and submitochondrial
signals are observed only in the presencépf,", whereas ~ Particles (SMP) were prepared according to the methods
both SQis and SQyx species are insensitive i+ (34— previously described4(l). The SMP was then treated with

37). Because semiquinones have their spin densities distrib-2ppropriate amounts of oligomycin to block proton leak
uted over several atoms, their spin relaxation rates are mosthrough ATP synthase, thereby increasing the efficiency of
strongly determined by the presence of nearby spin systemsenergy coupling in SMP4Q). Complex | was activated by
via spin—spin interactions. The markedly different properties the method of Kotlyar and Vinogrado#1). To study effects
of the SQ species, therefore, indicate that these SQ specie§f pH the activated SMP was centrifuged and suspended in
are located at different sites in the enzyme complex and maydifferent pH buffer containing 50 mM each of MOPS, Tris,
play distinct roles%8) or that their neighboring redox centers of HEPES. The pH of the buffers was adjusted by HCI or
are in differing redox states indicating a different location NaOH to desired values. The suspensions were ultracentri-
in the electron pathway. Hence, to better understand thefuged again and suspended in the buffers. The pH of the
electron-transfer coupled to*Hranslocation of complex I, final SMP suspensions was directly checked by a pH meter.
it is important to individually characterize these SQ species For HO/DO exchange experiments, the final suspension
in more detail. We are particularly interested in theysQ  buffer was prepared with 99%,D (Sigma), and pH instead
species, because this SQ species is extremely sensitive t@f PD was adjusted with HCl and a pH meter. The activated
Auy+ posed across the mitochondrial inner membrane. The SMP was ultracentrifuged at 167 060g for 20 min, and
highly enhanced spin relaxation of the $@ an indication ~ the pellets were suspended in@buffer. This process was

of the spin coupling with tetranuclear iresulfur clusters ~ repeated at least three times to exchang® With D;O.

(36, 38). We have proposed mutual interaction between the For the standard activity assay, SMPs 300 ug of
SQur and cluster N2 based on a close correlation between aprotein/mL) were preincubated in a standard reaction mixture
line shape alteration of thg = 2.05 signal (either splitting  containing 0.25 M sucrose, 50 mM Tris-HCI (pH 8.0), 0.2
or broadening) of cluster N2 and quenching of thexSQ mM EDTA, and 1 mg/mL bovine serum albumin. The
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reaction was initiated by adding 160 NADH (at the final Scheme 1
concentration) and the decrease of absorbance at 340 nm
was monitored by spectrophotometer. For uncoupling, CCCP
was added to be 24M.

EPR Sample PreparatioEPR samples were prepared as
follows. The activated SMPs were suspended in the reaction
buffer to be 25 mg/mL. The suspension in a glass test tube
was kept on ice with a constant stirring with a small magnet
bar. Antimycin, myxothiazol, carboxin, and; @ecyl-UQ,
nonyl-UQ) were subsequently added slowly, and the mixtures
were incubated on ice for at least 1 h. The suspension was
split into two equal portions, and CCCP was added into one-

half for an uncoupled sample. These treated SMPs wereconcentrated into four elements of thex44 Hamiltonian
transferred into EPR tubes, and the tubes were preincubatednatrix. Because the Hamiltonian has this block diagonal form
at 25°C for 1 min. The NADH-Q oxidoreductase reaction t can be “diagonalized” algebraically by solving a quadratic
was initiated by adding NADH using a specially designed equation. With the solution of the energy Hamiltonian, the
rapid mixing device. The mixtures were rapidly frozen in \ave functions rotated back to lab frame to calculate the
dry ice/ethanol mix, typically within 57 s after adding the  transition intensities. This process is repeated for each
substrate, and the EPR sample tubes were stored in liquid-crystal-frame” orientation to form the powder spectra shown
nitrogen until analysis. in Results. There are small terms off the diagonal, which

EPR MeasurementE£PR spectra were recorded by a can be ignored in the present spectra but can be important
Bruker ESP 300E spectrometer at X-band (9.4 GHz) with tg the so-called “half-field” resonances, especially their
an Oxford Instrument ESR900 helium flow cryostat, a intensities. These are calculated with conventional second-
Hewlett-Packard microwave frequency counter 5350B and order perturbation theory but are irrelevant to this study,
a temperature controller ITC4 to control sample temperatures.pecause we observed no half-field resonances. A complete
EPR conditions are described in |egendS to figureS in detail. parameter set for the relevant Spectra includes @H‘ﬂﬂues

Computer SimulationsThe computer program used in  and three line widths for each of the interacting centers, plus
these simulations was written by K. Schepler originally for the four parameters that describe the interaction, the mag-
use on samples from another part of the respiratory chainpjtydes ofJ (exchange coupling constant) andcenter-to-
(43, 44). Itis a second-order perturbation theory calculation center distance) and polar angig) @nd azimuthal angley,
of a spin-spin interaction between tw®= "/, spin systems,  necessary to specify the direction of theector in the crystal
interacting via the dipoledipole and the exchange coupling, frame as shown in Scheme 1. We assumed that the N2
where the size of this interaction is small compared to the g-values are nearly equal in ti@, regions, but the spectra
size of the Zeeman splitting of the interacting spins but are independent of their exact values. We assumed that the
otherwise unconstrained. Since its original form, the program g-yalues and line widths are isotropic for the semiquinone.
has been rewritten to include the complexity gfstrain” All of these parameters are described in Results. The theory
(45-47) in the interacting spins and to include automatic and the spectra are independent of the sigh dhere is no
spectral fitting using a form of principal-axis minimization p pecause the dipole interaction is given by
with quadratic interpolation4@). o I

The complete Hamiltonian is given by L Hriy 3y T)(EyT)

rs r°

= pH-G,*S, + BH-G,*S, — 2JS;*S, +
This is the interaction that is calculated to 2nd-order, not
Uqthy 3y T)(yT) the expansion of its operator equivalent. This complexity is
3 - (5 well-described by the quoted papers by Schepler e#48). (
44). We chose this method because we found that by using
where the first two terms are the electron Zeeman terms,the above-mentioned method of calculation we were able to

which account for the EPR spectra of isolated spin systems.CONstruct an exact representation of the classical dipole
The next term is the exchange interaction, shown here as gOP€rator without recourse to an expansion in the Hilbert
scalar interaction because of its small size relative to the SPace. This method of calculation is not available if the
electron Zeeman terms and the magnetic dipdigole exchange term is large as it is for the work of Stevenson et
interaction. The last two terms are the dipolar term, which &l (40) from our laboratory. Here, the off-diagonal terms in
is also assumed to be small relative to the Zeeman termsth€J-matrix and their representation in the Hilbert space must
but not small relative to the exchange terms. With these be included. However, it is interesting to note that even in
assumptions, the Hamiltonian can be set up in a frame in this space the matrix can be diagonalized algebraically, albeit
which the Zeeman terms are on the diagonal of the NOt €asily because the secular equation is cubic. ,
Hamiltonian matrix. This frame is commonly referred to as ~ R€agentsAll chemicals were of the highest grade avail-
the prime frame by Abragam and Bleaneig) and is the ~ able from Sigma-Aldrich.
frame of which thez-axis is parallel to thez-axis of the

L . RESULTS
quantization system. Thus, the Zeeman terms are written as
some constants times the operat8isandS,,. This frame To optimize our experimental condition, we examined the
is also one in which the exchange and dipolar terms are effects of pH on the NADH-@Qoxidoreductase activity in
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Ficure 1: The effects of pH of the NADHQ,; oxidoreductase
activity of submitochondrial particles (SMP) in the absence of 208 207 206 205 204 203
CCCP and on the EPR signal of the:+-sensitive S@ species.
The NADH-Q; oxidoreductase activity®) was measured as g value

described in Experimental Procedures. The EPR spectra of thepgyre 2: EPR spectra o) = 2.05 region of SMP. The SMP

coupled and uncoupled samples were measured at 40 K at 20 MW samples (pH 8.5) were prepared as described in Experimental
The Auy+-sensitive SQr EPR spectra were resolved as difference  procedures. Spectrum 1 shows coupled SMP; spectrum 2 shows
spectra. The signal amplitude of the $@ignals (peak-to-peak)  yncoupled SMP; spectrum 3 shows fully reduced SMP. EPR signals

was measureq. EPR conditions are microwave_ frequ9n9)422 were an average of four scans. EPR spectra were measured at 16
GHz, modulation frequency 100 kHz, modulation amplitude: K and 10 mW. Other EPR conditions are the same as those in Figure
5.085 G, conversion times 81.9 ms, and time constant 163.8 1 except for microwave frequency 9.421 GHz.

ms.

cluster N2 is almost fully reduced, whereas clusters N3 and
SMP used in this study. As we previously report88)(the N4 are partially reduced to 570% @4, 50). At 16—18 K
NADH-Q, oxidoreductase (NADH— Qi) activity had its  with microwave power levels of-110 mW, theg, = 2.05
optimal pH only in a narrow range between 7.5 and 8.5. At EPR signal of cluster N2 is readily detectable without
pH 8.0, the electron-transfer rates were 0.56 and Q86| overlapping signals from other tetranuclear irGulfur
of NADH oxidized per minute per milligram of protein in  clusters in complex I34). When theg, = 2.05 signals were
the presence and absence of CCCP, respectively (Figure 1)compared among the coupled, uncoupled, and “fully reduced
Both reactions were inhibited more than 90% byul SMP” samples at 16 K and 10 mW, the reduction levels of
rotenone. At pH 6.0 and pH 9.0, the activities decreased to cluster N2 in the coupled and uncoupled SMP were found
~0.27 and~0.19umol of NADH oxidized per minute per  to be the same as that of the “fully reduced SMP” (Figure
milligram of protein in the presence and absence of CCCP, 2). Clusters N3 and N4 were only partially reduced in the
respectively. A respiratory control ratio (RCR) was-1.2  coupled and uncoupled samples, and their reduction levels
1.5 within this pH range. RCR of the same SMP was were almost the same under these two conditions. These
determined to be-7 for the NADH oxidase reaction (NADH  gbservations indicate that the intramolecular electron transfer
— Oy); in the presence of CCCP; the activity was irol through the iror-sulfur clusters of complex | in SMP
of NADH oxidized per minute per milligram of protein, resembles that in the steady-state NABHO, reaction. The
indicating that the SMP preparations used were tightly electron transfer from flavin to cluster N2 is not the rate-

coupled 88). The low RCR value for NADHQ, oxi- limiting step in either coupled or uncoupled states in the
doreductase was caused by a low membrane proton motivesteady-state NADH~ Q; reaction.
force generated by the NADHQ, oxidoreductase (NADH EPR Characterization of the Resetl SQ SpeciesFigure

— Qu) as compared to those by NADHD, (NADH — O,) 3A shows EPR spectra at tie= 2.00 region of the SMP
and succinateO, (succinate— O;) reactions. Despite the  samples in the steady-state NADH Q; reaction in the
low RCR value in the complex | segment (NADH Q) of absence and presence of uncoupler CCCP (pH 8.5) measured
the respiratory chain, we clearly discerned distinct redox and at 40 K. The difference spectrum gave an isotropic SQ EPR
spectral behaviors of SQ species in coupled and uncoupledspectrum with a central transition at,x = 2.004. The
SMP, as shown below. amplitude of the SQ free radical signal is much smaller than
Redox State of Cluster N2 in the Steady-State NABDH  that observed in the steady-state NAPHO, reaction. This
Q: Reaction.In the steady-state NADH> Q; reaction, we is partly due to the elimination of SQ signals arising from
examined the redox state of iresulfur clusters of complex  other respiratory complexes. This is also caused by a lower
I, especially, cluster N2, a key redox component in the Q enzyme turnover and lowexuy+ generated in this system.
reduction processes. Cluster N2 has the highest apparenNevertheless, th&uy+-sensitive SQ component is evident
midpoint redox potential 7 = —150 to —50 mV) in by comparing the spectra in the absence (spectrum 1) and
complex | of bovine heart SMP. The,Evalue of cluster N2 presence (spectrum 2) of CCCP. As reported earBdy, (
is variable dependent on complex | preparations. The the power saturation analysis revealed the presence of both
reduction state of N2 during turnover can, therefore, be fast-relaxing SQ: species and slowly relaxing S€species
indicative of whether the reactions involving N2 are rate- in the g = 2.004 signals from coupled SMP. In contrast,
limiting or not. In the steady-state NADH- O, reaction, only slowly relaxing SQs species is seen in uncoupled SMP



1748 Biochemistry, Vol. 44, No. 5, 2005 Yano et al.

A B
1 1 40K

35K

30K

26K
24K

56 gauss 22K

1-2
B g=2.004 20K
« 18K
16K

i

3320 3340 3360 3380 3400
Magnetic field (gauss)

FiGURe 4: Temperature dependence of the resolved EPR spectra
of the Auy+-sensitive SQ species detected in the steady-state
NADH —Q; oxidoreductase reaction at pH 8.5. EPR spectra were
measured at different sample temperatures-d® K). The EPR
spectra have been corrected for the temperature effects from the
Curie law. Other EPR conditions are same as those in Figure 3.
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Ficure 3: EPR spectra off = 2.00 region of the coupled and
uncoupled SMP and the difference spectra [couptefljncoupled]:

(A) EPR spectra off = 2.00 region measured at 40 K and 1 mW;
(B) EPR spectra off = 2.00 region measured at 20 K and 1 mW;
(1) coupled SMP; (2) uncoupled SMP; {12) difference spectrum
[coupled]— [uncoupled]. EPR conditions are the same as Figure 1

except that microwave frequency was 9.423 GHz and EPR spectra s
are an average of nine scans. complexes Il and Il inhibitors recorded at 20 K and 1 mW.

The difference spectrum (spectrum 1 minus spectrum 2)

(data not shown). The EPR spectra of the+insensitive  clearly exhibited a doublet signal withB = 56 G withg,
SQ components in both coupled and uncoupled samples were= 2.004 signal in the center. The amplitude of the doublet
almost identical 34). Therefore, theAuy+-sensitive SQ signals increased as temperature was lowered to 20 K and
species can be spectroscopically resolved by taking abecame roughly constant within the temperature range of
difference spectrum between coupled and uncoupled SMP16—20 K, whereas the signal intensity of the nonsplit
in the steady-state NADH> Q; reaction (spectrum 1 minus ~ 2.00 signal decreased by a factor of more than three over
spectrum 2). This difference spectrum should represent thethis temperature range (Figure 4). When the temperature was
spectrum of the “fast SQ” because it has characteristically lowered below 16 K, EPR signals arising from iresulfur
very short spin relaxation times. These difference spectraclusters (S3 of complex Il) became stronger, interfering with
allowed us to investigate EPR properties of the the splitsignal atthg = 2.01-2.02 region (data not shown).
Aup+-sensitive S@r species in detail. We also used decyl- Both the line width narrowing of the isotropic SQ free
UQ or nonyl-UQ as an exogenous substrate at pH BI1D. ( radical signal and the disappearance of the doublet signals
The same results were obtained with both substrates (datawith increasing temperature were due to the effects of thermal
not shown). averaging of a nearby irersulfur cluster. The EPR line

We analyzed the temperature profile of they+-sensitive width (due to lifetime of an irofrsulfur cluster) is extremely
SQur spectra between 16 and 100 K. It was found that the temperature-sensitive as a result of the high-spin iron ions
resolved S@ signal dramatically changes line shape below that comprise these centers.
40 K as shown in Figure 4. pH Dependence and Effects of®/D,O Exchange on the

) 33'20 33'40
Magnetic field (gauss)

Temperature Dependence of thexg&ignal in the Lower
Temperature Rang#&Vithin a higher temperature range (25

100 K), the EPR spectra of the §Fhowed a characteristic

isotropic EPR line shape wittp,x = 2.004 andr = 0.0030

SQir EPR SignalWe examined effects of buffer pH on the
resolved SGx spectrum at 40 K. As briefly reported earlier
(38), the SQ¢ EPR signal showed unique pH dependence.
The signals were clearly observed within a pH range between

(line width expressed ig-units) as a single component of pH 7.0 and pH 8.5 but diminished abruptly below pH 6.5
Gaussian line shape. Figure 4 shows the stacked differenceand above pH 9.0. Because of the narrow peak-to-peak line
spectra at various temperatures{4® K) with the intensity width of <9 G, this SQ species is considered to be anionic
corrected for the temperature effect from the Curie law. The within this pH range. The effects of pH on the low-
signal intensity of this species is almost constant over the temperature S@Q EPR signal, however, differ from those
temperature range from 40 to 35 K. Relatively minor on theAuy+-insensitive SQs anion. In the uncoupled SMP,
broadening of the central free radical EPR line shape wasthe EPR signal arising from the {¢steadily increases with
observed by lowering temperature. A peak-to-peak line width pH, as expected for the usual SQ ani88)( The pH profile

of theg = 2.004 signal isAHp, = 7.7 G at 60 K and higher.  of the SQ: EPR signal did not follow the pH profile of the

At lower temperatures, the line width became slightly general SQ anion but was parallel to the pH dependence of
broader: AHp, = 8.4 G at 40 K andAH,, = ~8.8 G at 25 NADH—Q; oxidoreductase activity in the absence of CCCP
K. The signal intensity increased as the temperature de-as shown above (Figure 1). Since the SMPs used in this study
creased to below 25 K concomitant with the appearance of were tightly coupled, it is concluded that they+ generated

the 56 G doublet. Figure 3B presents EPR spectra of coupledby the redox-coupled reactions stabilizes theyS€pecies.
(spectrum 1) and uncoupled (spectrum 2) SMP trapped in  To further examine the protonation state of thengQ
the steady-state NADH> Q; reaction in the presence of species, we exchanged:® with D,O to examine isotope
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Ficure 5: EPR spectra of thg, = 2.05 signal of cluster N2
detected in the fully reduced SMP (A) and in the tightly coupled
SMP in the steady-state succinateO, reaction (B) and computer
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FIGURE 6: EPR spectrum of the S@species measured at 16 K
and 1 mW and computer simulated spectrum of the doublgk SQ
spectrum. The experimental EPR spectrum of theyS®as

measured under the condition described in Figure 3. The spectrum
was simulated — —) as described in Experimental Procedures.

as compared to the perpendicular orientations. We achieved
a computer fit with the following parameters:= 12 A, ¢
= 65°, n = 0°, andJ = 55 MHz. It should be emphasized

simulated spectra. These EPR spectra were reproduced from Figuréhat Figure 5B is an output from the same computer program

6 in ref34. The EPR spectra were measured at 16 K and 1 mW for

and has the same simulation parameters as Figure 5A, but

spectrum A and 18 K and 10 mW for spectrum B. EPR conditions yjith the four additional spirspin parameters. With this

were the same as those in Figure 1 except for microwave frequency,

of 9.422 GHz. The individual experimental EPR spectra were

simulated (broken lines) as described in Experimental Procedures.

effects on an EPR line shape of the $®ignal. If the SQ
species is in a protonated form (QHH,O/D,O exchange
should affect the line width of the signal. No difference was
observed in line width and line shape, confirming that the
SQur species is in an anionic form (), as indicated by
the narrowAHp, < 9 G in comparison with the\Hp, =
10—12 G for the QH (Figure 4).

Computer Simulation of the Split EPR Signals of&®d
Cluster N2.From the result of Figure 4, let us hypothesize
that the spin-spin interaction between cluster N2 and the
SQur is discernible below 25 K. Then, known parameters
for these two interacting centers are thgivalues and line
widths: g, = gy = gx = 2.0043 andr,yx = 0.0030 @-units)
for SQur, andg, = 2.05,gx = gy = 1.92 for cluster N2. The
axial g values are not very important in this calculation
because only the interaction along tipeaxis of the iron-
sulfur cluster is visible in the relevant spectrum. Usiag-
2.054 and a line width of 0.0048-units), we achieved the
fit as shown in Figure 5A. As described in the computer

simulation part of the Experimental Procedures, there are

four parameters left to describe this quantum system if we

ignore g-strain. Three of these parameters describe the

distance (distance is important to the dipetipole interac-
tion) and direction of the dipotedipole interaction. In the
axis system describing the irersulfur g-tensor,y, , andr

describe the polar angle, the azimuthal angle, and the

intercenter distance, respectively. The fourth parametgr is
the exchange coupling constant, given in MHz and defined
by the following equation: 7 = —2J5-S,. Thus, this
computer program was found to be applicable for the

problem of a SQ interacting with another spin system (cluster

N2) in complex I. In this system, cluster N2 is about 50%
reduced.

The effect of the dipoledipole interaction depends on
the orientation of the intermolecular vect&, with respect
to the applied magnetic field. The interaction is twice as
strong wherR is oriented along the applied field direction

parameter set, we simulated the= 2.00 signal. As shown

in Figure 6, a good fit to the 56 G doublet was also attained
using the same spirspin simulation parameters used in
Figure 5B.

The main goal of this fitting model is to show that it is
possible to simulate simultaneously the= 2.05 splitting
(33 G) andg = 2.00 splitting (56 G) with the same
interaction parameter set. We conclude that EPR spectra
strongly indicate that cluster N2 and &Qre interacting in
complex | at a center-to-center distance of 12 A. Previously,
EPR analysis of the multilayered oriented membrane prepa-
ration revealed that thg direction of cluster N2 corresponds
to a unique angle, perpendicular to the membrane pi2)e (
Combining this information with the current computer
simulation data, the N2SQys vector angle is optimal at 85
4+ 10° from the normal to the membrane, which is much
closer to the in-plane direction.

g, = 2.05 Signal Splitting in the NADHQ, Oxidoreduc-
tase.We examined the effects afuy+ on theg, = 2.05
EPR signals in the steady-state NADH Q; reaction. We
measured difference spectra, ([coupled] minus [uncoupled]),
around theg = 2.05 region at 16 K and at different incident
microwave power levels similar to the characterization of
the SQi species described above. The spectra are shown in
Figure 7. Although the signal amplitude was very small, we
could observe some differences in the= 2.05 region. At
high power levels (5 and 10 mW), clear positive changes in
signal amplitude were seen at 3295 and 3263 G with a peak
separation 0of~33 G. The signal at 3295 G is higher than
that at 3263 G. These two positive signals are similar to that
of the computer simulation of the splitting signal of the
= 2.05 signal of cluster N2 shown in Figure 5B. The
remaining small unsplit 2.05 signal is discerned in the center
position of the split signals at the microwave power level of
10 mW (Figure 7).

DISCUSSION

Previously, it has been reported that cluster N2 displays
interaction fine structure afj, = 2.05 resonance in the
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1 mwW purpose of Figure 7 is to show that this splitting is also visible
when the electron transfer is run in the forward direction,
albeit with great difficulty.

Before discussing the observed EPR signals, it is necessary
to emphasize some general properties of -sgjpin interac-
5mw tion with a semiquinone. Because in a semiquinones an

1/, electron spin resides inasystem of the molecule, the

spin—lattice relaxation time (EPR lifetime) is not readily

affected by changes in the nearby atoms. This isolation is

because the Zeeman interaction energy of the spin system
is several orders-of-magnitude smaller than available phonon
energies. Therefore, stable forms of magnetically isolated

semiquinones (in flavodoxin, for example) are observable

by EPR even at room temperature in liquid solution. On the

other hand,S = %, forms of iron-sulfur clusters have

. . lifetimes so short that they are only observable near liquid

3260 3280 3500 helium temperatures. In this case, the spin systems contain

. energy differences that are comparable to the phonon

Magnetic fleld (gauss) energies, thus encouraging energy transfer. Sggin in-

Ficure 7: Difference spectra, [coupledt [uncoupled], atg = teraction between these = %/, spin systems is, therefore,

2.05 region. The EPR spectra of the coupled and uncoupled SMP .
in the steady state of NADH- Q; reaction were measured at 16 likely to be observable only at very low temperatures when

K at 1, 5, and 10 mW. EPR conditions are the same as those inthe iron=sulfur cluster is relaxing slowly and can display
Figure 3. The simulated spectrum of the sglit= 2.05 EPR signals ~ an EPR signal.

of cluster N2 is shown at the bottom for comparison. As the temperature is raised from 16 K, two phenomena
coupled SMP in the steady-state reactions of NABHD, are likely to be seen: (1) the EPR signal of the ir@ulfur
or succinate—~ O,. Theg, signal shows splitting wittAB = cluster (and its interaction) will become smaller at temper-

33 G centered ai, = 2.05. The previous EPR characteriza- atures between 30 and 150 K; (2) with increasing temper-
tion of the split signals at multiple frequencies has demon- ature, the faster spin relaxation rate of the ir@lfur cluster
strated that the doublet signals result from a s@pin will augment the spin relaxation of the semiquinone via a
interaction 60). Nevertheless, the cause of this splitting has spin—spin interaction. In this case, even though the interac-
not been found. While the spirspin interaction between tion between the spin systems is not visible in their EPR
cluster N2 and the S@ has been proposed to show such spectra, it can still result in a rapid relaxation of the
splitting on cluster N2 EPR spectra4, 35, 53), it has also semiquinone EPR signal.

been suggested that tB = 33 G (cf. 29 G) splitting is As a consequence, there are some general properties of
the result of the spirspin interaction between two clusters the EPR signals from these centers in conjugate proteins.
N2 in the TYKY subunit, which is induced by protein For example, studying the line width of a SQ in a conjugate
conformational changes driven by the membrane proton protein amounts to study the surrounding ir@ulfur clusters
motive force Aun* (50). In the present study, we successfully because they usually determine the line width of the SQ. It
detected the S EPR signals, which showed the splitting is difficult to estimate the effect of a spirspin interaction
with AB = 56 G at temperatures lower than 25 K. Therefore, on the line width of a SQ at high temperatures. Thermal
it is possible that the doublet RKQEPR signal is the result  averaging of spins in the interacting irosulfur cluster tends

of the spin-spin interaction with the paramagnetic cluster to narrow the SQ signal with increasing temperature.
N2 spin system; however, we were puzzled by the fact that Increased relaxation of SQ spin system due to interaction
the observed splitting for thg, = 2.05 signal was 33 G with the thermally averaged irersulfur cluster tends to
while theg = 2.00 splitting showed a doublet signal with a broaden the SQ signal via “lifetime broadening”. Therefore,
splitting almost twice as large &B = 56 G. This disparity estimating the strength of the spigpin interaction and the

in the size of the two splitting signals raises the question of distance between interacting spins based on the SQ line width
whether the interaction signals observed in these two spinis not a simple matter.

systems are related to each other because the same amplitude Spin—Spin Interaction between Cluster N2 and they§Q

of splitting is generally expected to appear for two interacting In this study, we have analyzed the interaction EPR spectra
paramagnetic centers when only dipotipole interaction atg = 2.00 and ag = 2.05 and have achieved computer
is taken into account witlg-value corrections. We decided fits to these spectra with individuglvalues and line widths

to reinvestigate this issue using a computer simulation and four common additional parameters to describe this
program that includes both exchange and dipalgpole guantum system. A dominant exchange coupling (55 MHZz)
interactions to describe the interaction between two arbitrary is present between these two redox centers, cluster N2 and
g-tensorg-strained spin systems. As we have reported before SQys, in addition to the dipolar interaction (16 MHz), while
(34), 33 G splitting of theg, signal of cluster N2 was most  their center-to-center distance is 12 A. The formation of this
clearly detected in the tightly coupled SMPs during the steady transition intermediate structure [(N&)-SQu¢] explains the
state of the electron reverse from succinate to NAD novel spin-relaxation properties of the GE&PR signal as
utilizing Auy+ attained by succinate> O, reaction. There-  due to the spin relaxation properties of cluster N2. The
fore, our present computer simulation data onghsplitting exchange interaction (implying overlap of electron orbitals)
of cluster N2 are from that electron reverse system. The resulted in theg-shift of cluster N2 EPR signal; thg, =
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2.054 for the noninteracting system becorges- 2.050 in involved in the energy coupling reaction34( 35, 38).
the interacting system. This shift indicates that there is a The PSST subunit is an essential subunit of the catalytic
significant change in the geometry of cluster N2 (or its core unit along with 49 kDa, TYKY, 30 kDa, ND1, and'H
nearby environment) concomitant with the exchange interac- transport pathway forming subunits (ND2/4/5). The location
tion with SQy. This is another confirmatory correlation with  of cluster N2 in the PSST has been confirmed by the recent
the presence of the direct interaction between these two spinsite-directed mutagenesis and EPR characterizati@n obli
systems. complex | @0, 57). The site-directed mutagenesis of the
We have detected two S£EPR signals, nonsplitting SQ  PSST and 49 kDa subunit homologues Yf lipolytica
and doublet SQ signals, in a different temperature range. A complex | have provided evidence that cluster N2 is locatedin
guestion remains as to whether these EPR signals arise fromthe PSST close to the interface to the 49 kDa subuat (
the same system. The short answer is that we have no59). PSST, 49 kDa, ND1, and ND5 subunits are also known
information that they are not the same system. If cluster N2 to be specific binding sites of potent complex | inhibitors
and the SQ are exchange-coupled, then they could generat¢27, 29, 60—63). The catalytic unit of complex | is structur-
the doublet EPR spectrum shown in Figure 3B. As the ally highly homologous to the energy-transducing membrane-
temperature is increased, we would expect the EPR spectrunbound [NiFe] hydrogenases (e.§dethanosarcina barkeri
of the cluster N2 to broaden and disappear (as it does), theEch), indicating that they are evolutionarily closely related
interaction spectrum of the SQ to disappear (as it does), and(64—69). The PSST subunit is homologous to the binding
the spin relaxation time associated with @ increase domain of the [4Fe4Skoxima Cluster of the subunit (e.g.,
(which it does). Furthermore, from Figure 4, it is clear that EchC) of the [NiFe] hydrogenases; however, the
at least 70% of the nonsplitting &Qsignal has become  cluster binding motif for cluster N2 in the PSST subunit
something else at low temperature. The obvious explanation(CC...GxCxxxG...PGC) is different from that for the
is that this decreased nonsplitting @@ignal has become  [4Fe—4S},oxima Cluster CxxC...GXCxxxG...PGC) in the
the doublet S@ signal by lowering the temperature. hydrogenase subunit. Only three cysteine residues are in
A Role of the SQ Species in the Energy-Transducing common between complex | and [NiFe] hydrogenases. It has
Electron-Transfer Reaction®Ve defined the SQ species been suggested that either the fourth ligand is a noncysteinyl
as an anion and found that its behaviors were considerablyresidue of the PSST subunit or is provided from a neighbor-
different from those of known anionic SQ species such as ing subunit (49 kDa subunit)2@, 66, 70) or that the two
the Q@ in complex Il 64), the @~ in complex Il (55), adjacent cysteines may be able to coordinate to a single
and the @ in the bacterial reaction centes@). The latter [4Fe—4S] cluster by overcoming steric hindran@®), The
three SQ species are thermodynamically stable and generallyatter possibility has recently been examined by a means of
not sensitive tdAuy+. These SQ species are responsive to the molecular dynamic calculation using the X-ray structure
local pH and their stability constants are enhanced following of the small subunit of th®esulfaibrio gigashydrogenase
a pH increase. These SQ species function asl < n = that houses the [4Fe4S}yoxima Cluster, suggesting that such
2 converters in the respective enzyme complexes, catalyzinga coordination can be allowe@X). Although this important
the complete reduction of Q to QHNe have reported earlier  issue remains to be addressed in the future, it is certain that
that this type of SQ species is present in complex I, which the ligand coordination of cluster N2 is exceptional; therefore,
is the Aup+-insensitive SQs species 8, 77). The SQs is it is proposed that the PSST subunit and its neighboring
an anion and thermodynamically stable. This species is subunits contain specific structures to aid electron transfer
located>30 A away from the paramagnetic cluster N2 and from cluster N2 to Q. It has been proposed that such
thus distinct from the S species. The S@is most likely significant changes in the irersulfur cluster binding
bound to the site where a substrate Q is completely reducedsequence motif occurred in the PSST subunit as well as some
to QH: (38). In the electron-transfer scheme from cluster sequence changes in the 49 kDa and ND1 subunits are
N2 to the Q pool, we propose that the g®@pecies catalyzes associated with the changes in its physiological functions
then = 1 electron transfer between Q and @s a bound from “hydrogenase” to “Q-reductase” during the evolution
form of Q and transfers electrons to the substrate Q binding of complex | (72). In this connection, the unique [(N&)—
site. In contrast to the SQ the SQ EPR signal exhibited = SQ.] transition intermediate state captured in this study is
a unique pH profile. The S@ EPR signals were readily one proof that complex | has evolutionarily acquired the
detectable only between pH 7.0 and pH 8.5, and the signalability to facilitate rapid energy-coupled electron transfer to
amplitudes were roughly constant. The signal amplitudes Q by modifying the local structures in the catalytic core unit
paralleled the NADH-Q, oxidoreductase activity in the subunits {2). It is suggested that the exchange coupled
absence of CCCP. The {species was only kinetically  [(N2).s—SQu] Species constitutes an integrated part of the
trapped in theAuy+ posed steady-state thus far. We did not energy-coupling machinery in the catalytic core unit. It is
detect any SQ species equivalent to the,3Q SMP in the hypothesized that the formation of the [(N&) SQu] species
absence ofAuy+ by a redox titration method (Yano et al., is a prerequisite to convert the redox energy to the electro-
unpublished data). The electron transfer from NADH to chemical potential energy. The formation of the [(N&)
cluster N2 does not limit turnover of the enzyme. The,+ SQus] species may trigger charge or structural arrangements
slows down the electron-transfer process from cluster N2 to or both in and around this vicinity as an essential step of the
the Q-pool whereby the [(NR)—SQu] becomes readily  gating system for the Hpump in the membrane part of
detectable. This part of the electron-transfer pathway is highly complex I. One such arrangement can be provided by nearby
sensitive toAuy+; therefore, the SQ species can be seen carboxylates the 's of which change in response to the
even with 1.2-1.5 of RCR as described in the present study. change in the redox states of cluster N2 and/of;Sbcal
This unambiguously confirms that this §Qspecies is motions of such amino acid residues may promote H
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transfer {3, 74). Potential amino acid residues, for example,
aspartic acid, glutamic acid, or tyrosine are conserved in the
catalytic core subunits, PSST and 49 kDa subunits, and the
involvement of carboxylates responding to the redox reac-
tions have been reported?, 75, 76). Such local rearrange-
ments may induce rather large conformational changes.

In summary, the present study has provided the first direct
evidence of the mutual interaction between cluster N2 and
the Auy+sensitive S@ by a means of the spirspin
interaction. The characterizations of the exchange-coupled
[(N2)e—SQui] Species have revealed that this intermediate
redox species is involved in the electron-transfer processes
that are tightly coupled to thAuy+ formation.
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