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ABSTRACT: Electron-transfer flavoprotein-ubiquinone oxidoreductase (ETF-QO) is an-galfur fla-
voprotein that accepts electrons from electron-transfer flavoprotein (ETF) and reduces ubiquinone from
the Q-pool. ETF-QO contains a single [4Fe-43} cluster and one equivalent of FAD, which are
diamagnetic in the isolated oxidized enzyme and can be reduced to paramagnetic forms by enzymatic
donors or dithionite. Mutations were introduced by site-directed mutagenesis of amino acids in the vicinity
of the iron—sulfur cluster ofRhodobacter sphaeroidésTF-QO. Y501 and T525 are equivalent to Y533

and T558 in the porcine ETF-QO. In the porcine protein, these residues are within hydrogen-bonding
distance of the % of the cysteine ligands to the irersulfur cluster. Y501F, T525A, and Y501F/T525A
substitutions were made to determine the effects on midpoint potential, activity, and EPR spectral properties
of the cluster. The integrity of the mutated proteins was confirmed by optical spectrag-E&Res, and
spin—lattice relaxation rates, and the cluster to flavin peidipole distance was determined by relaxation
enhancement. Potentiometric titrations were monitored by changes in the CW EPR signals of the cluster
and semiquinone. Single mutations decreased the midpoint potentials of thesilfur cluster from

+37 mV for wild type to—60 mV for Y501F and T525A and te-128 mV for Y501F/T525A. Lowering

the midpoint potential resulted in a decrease in steady-state ubiquinone reductase activity and in ETF
semiquinone disproportionation. The decrease in activity demonstrates that reduction of theuffon

cluster is required for activity. There was no detectable effect of the mutations on the flavin midpoint
potentials.

Electron-transfer flavoprotein-ubiquinone oxidoreductase result in a severe metabolic disease known as multiple acyl-
(ETF-QQ) is a monotopic protein that is located in the inner CoA dehydrogenase deficiency or glutaric acidemia type Il
mitochondrial membranel). ETF-QO is the electron ac- (5). Interest in the pathophysiology of this metabolic disease
ceptor for electron-transfer flavoprotein (ETF) which cata- and the role of the enzyme in oxidative metabolism motivates
lyzes the oxidation of nine flavoprotein dehydrogenases andinvestigation of the kinetic and thermodynamic properties
two N-methyl dehydrogenase®, (3). Ubiquinone is the of ETF-QO.
physiological electron acceptor for ETF-QO and transfers ETF-QO contains a [4Fe-48]'* cluster and a single
the electrons to the cytochrore; complex (complex Ill).  gqyivalent of flavin adenine dinucleotide (FAD). Both centers
ETF-QO is essential for the oxidation of fatty acids and some 516 giamagnetic in the oxidized as-isolated enzyme. In the
amino acids , 3, 4). Inherited deficiencies of this protein g type protein the redox midpoint potentials of the two
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EB002807 (G.RE. and S.S.E.), The Children’s Hospital Research N @ State where both the [4Fe-4S3luster and the flavin
Foundation, Denver, CO (F.E.F.), and the BBRSC Underwood Fund are partially in the paramagnetic formd).( Enzymatic
(N.J.W.). reduction of the wild type protein with octanoyl-CoA adds
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introduced to eliminate the hydrogen bonds to cysteipe S
atoms of the [4Fe-4S] cluster and determine the impact of
the hydrogen bonds on redox potentials and activity.

1. EXPERIMENTAL PROCEDURES

Cloning, Site-Directed Mutagenesis andédexpression.
The ETF-QO gene was located in thHe. sphaeroides
genome, chromosome 1 (RSP1777f), by BLAST search using
FiGURE 1. Relative locations of the irensulfur cluster, the residues ~ the human amino acid sequence as the qurgphaeroides
that were mutated, and the FAD based on the crystal structure of DNA was isolated with the DNeasy kit (Qiagen) from cells

porcine ETF-QO (2GMH). The distance of closest approach ; e
between the cluster (Fe3) and the isoalloxazine ring (C8) of the grown on LB medium at 30C. The gene was amplified

FAD is 11.5 A. Residues Y533 and T558 form hydrogen bonds to USing the long PCR system (Roche) according to the
Sy in C559 and C556, respectively. manufacturer’s instructions except that reactions contained

5% dimethyl sulfoxide. No product was obtained when the
charge 6). Computational methods predicting the effects of dimethyl sulfoxide concentration was below 2%. The primers
protein environment on the redox potentials of ir@ulfur were as follows: forward primer, GACCGCCA/TATG-
clusters are now complemented by direct determination of ACCGAGCAGACTCCC; reverse primer, GCGGTCAG-
cluster potentials in site-directed mutan®-(0). In par- A/AGCTTACATGTTGGGATAGTTCGG. The underlined
ticular, Denke et al. have shown alteration of the midpoint sequences indicate thiédd and Hindlll recognition sites,

FAD

potential and catalytic activity of the Rieske iresulfur and the backslash indicates the cut site, respectively. Under
protein by eliminating hydrogen bonds to the &ilfur atoms these conditions a single produetl.7 kb, was generated.
bound to the cluster8j. The product was purified by agarose gel electrophoresis and

Recently, the crystal structure of porcine ETF-QO (2.7 ligated into the pCR-TOPO cloning vector (Invitrogen). The
A) was determined in the presence and absence of boundgene was removed from the pCR-TOPO cloning vector by
ubiquinone (UQ) 11). The structure shows that the three digestion withNdd andHindlll and ligated into the pET21a
functional domains, i.e., the irersulfur cluster, FAD, and  expression vector, which had been digested Wtd and
ubiquinone domains, are closely packed and share structuraHindlll, and purified by agarose gel electrophoredts-
elements. The spatial relationship between the flavin and thecherichia coliBL21 (DE3) was transformed and recombi-
cluster are shown in Figure 1. The distance of closest nants were selected and screened for synthesis of a protein,
approach between the flavin (C8) and UQ (02) is 9.9 A, M, ~ 60,000, after addition of IPTG, that cross reacted with
which is much shorter than the 18.8 A distance between antisera raised against porcine ETF-QO. The wild type
cluster (Fe3) and UQ (02). A survey of intramolecular protein and mutants were overexpressedircoli C43, a
electron-transfer pathways in proteins concluded that the derivative of BL21 (DE3) 15). Site-directed mutagenesis
upper limit for direct transfer was 14 A2). Thus, the shorter ~ was carried out using the Stratagene Quickchange system
distance between the flavin and UQ suggests that the flavinaccording to the manufacturer’s instructions.
is responsible for the reduction of UQ and not the cluster. E. coliC43 was transformed with the plasmid, and a starter
There is no structural information available on the docking culture was grown overnight to an Q@fg.n— 3 to 5 from
sites of ETF to ETF-QO, but the relative proximity of the glycerol stock solutions in a LB media. The next day 700
cluster to the enzyme surface§ A), as opposed to the flavin ~ mL of LB medium was inoculated with 1 mL of starter
(>14 A), suggests that the cluster might accept electronsculture containing 10@g/mL ampicillin, 2 «M riboflavin
from ETF. The midpoint potentials for flavin semiquinone and 40uM Fe*" complexed with 8-hydroxyquinoline. The
(+28 mV) and cluster{t47 mV) are similar, and the Fe3 synthesis of the enzyme was induced atsgF»= 0.6—1.0
atom of the cluster is 11.5 A from the C8 atom in the by the addition of 0.5 mM IPTG to each flask, and the cells
isoalloxazine ring, consistent with rapid equilibration between were grown for~16 h at 30°C until the OQoonni= 5. The
the two centersl)). Zhang et al. proposed) that the cluster  cells were collected by centrifugation and washed twice with
may serve as a redox-poising or an electron storage site forcold phosphate buffered saline. The cell pellets were
the flavin as in NADH-UQ oxidoreductase (complex 18]. homogenized in 4 times (w/v) of 20 mM Tris-HCI, 50 mM
The structure reveals that the cluster is supported throughNaCl, 10% glycerol, and 0.1 mM DTT at pH 7.4 with
hydrogen bonds betweery &toms of the four cysteines and protease inhibitors, and then cell lysis was achieved by two
the polypeptide chain. Amino acids H503, T558, and Y533 passages through a French pressure cell. The disrupted cells
in porcine ETF-QO form weak hydrogen bonds to cysteine were centrifuged for 90 min at 1000§0and the sediment
Sy that could modulate the redox potential of the irculfur was diluted to 20 mg protein/mL in the same buffer solution
cluster, Figure 1. These sites are of interest to investigateand extracted with 2.5:1 ratio of dodegydp-maltoside and
the impact that hydrogen bonding to the iresulfur cluster protein. The concentrated stock detergent solution was made
has on enzyme activity and electronic structure of the cluster.in the same buffer and was added to the resuspended
Porcine and human ETF-QO have 98% sequence identity,membranes over-510 min. The membranes were extracted
and human anBhodobacter sphaeroid&F-QO have 67%  for 90 min at 4°C, and the solution was centrifuged for 1 h
sequence identity (Watmough, N. J., Frerman, F. E., Butt, at 10000@. The supernatant was loaded on a column (2.5
J. N. (2007), unpublished results), which predicts closely x 16 cm) of Q-Sepharose (fast flow) that was equilibrated
related tertiary structured4). The equivalents of porcine  with 20 mM Tris-HCI, 150 mM NacCl, 0.02% (w/v) Triton
T558 and Y533 are Y501 and T525kh sphaeroideETF- X-100, and 0.1 mM DTT at pH 7.4. The loaded sample was
QO. The mutations Y501F, T525A, and Y501F/T525A were washed with 1.5 L 20 mM Tris-HCI, pH 7.4, containing 250
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mM NaCl, 0.02% Triton X-100, 0.1 mM DTT, and the model. The ORP electrode was calibrated using an Orion

protein was eluted with a linear gradient of 500 mL of the 967901 ORP standard. All values are converted to a standard

wash buffer and 500 mL of 20 mM Tris-HCI, pH 7.4, hydrogen electrode (SHE) scale by addition of 200 mV. The

containing 500 mM NacCl, 0.02% Triton X-100, and 0.1% following mediator dyes were added to facilitate redox

DTT. The protein usually was 995% pure at this pointas  equilibrium @1): 2,3,5,6-tetramethyp-phenylendiamine

judged by SDSPAGE gel. Further purification was done (+260 mV), 2,6-dichlorophenol indopheno#-217 mV),

by chromatography on a column (.8 cm) of Source 15Q  phenozine methosulfatet-@0 mV), methylene blue411

using the same gradient scaled to the dimensions of themV), pyocyanine {34 mV), indigo carmine {125 mV),

column. BioBeads SM-2 Absorbent (BioRad) were added and 9,10-anthraquinone 2,6-disulfonic aciel@5 mV). The

to remove the Triton and the purified protein was dialyzed mixture of mediators was added te85—50 uM enzyme at

in 20 mM Hepes(K) at pH 7.4. Ubiquinone was not present a final concentration of 268M of each dye in 20 mM Hepes,

in the isolated protein. The concentrations of the enzymes 20% glycerol (v/v) at pH 7.4. Aliquots of a dithionite stock

were determined spectrophotometrically usigg@nm= 24.0 solution were added to poise the potential. The sample was

mM~t cm™! (Watmough, N. J., Frerman, F. E., Butt, J. N. continuously stirred during the titration. Equilibrium was

(2007), unpublished results). judged to have occurred when the potential changed less than
Enzyme Assay&TF-QO quinone reductase activity was 2 mV in 5 min. Samples of poised enzyme were transferred

determined spectrophotometrically in a coupled reaction anaerobically to 4 mm OD quartz EPR tubes, and the

containing 20 mM Hepes(R buffer at pH 7.4, 2uM solutions were immediately frozen in liquid nitrogen. The
medium chain acyl-CoA dehydrogenase (MCAD)u® tubes were flame sealed and stored-80 °C.
porcine ETF, 10Q«M octanoyl CoA, 0.2 mM dodecyp-p- EPR Spectroscopyontinuous wave (CW) EPR spectra

maltoside, and 5xM Q: (coenzyme @ Sigma Chemical  of the FAD semiquinone signal were collected~&.2—9.3
Co.) at 25°C (16). The reaction was initiated by the addition GHz on a Varian E109 spectrometer with a GaAsFET
of ETF-QO (10 nM in resulting solution), and ubiquinone amplifier, a Tho, rectangular cavity, and a Varian liquid-
reduction was monitored by the decrease of absorbance anitrogen-cooled gas flow system. The spectra were recorded
275 nm Ae = 7.4 mM 1 cm™Y). using the following operating conditions: 108 K, 1.0 G
Disproportionation of ETE semiquinone catalyzed by modulation amplitude at 100 kHz modulation, a microwave
ETF-QO was assayed spectrophotometrically under anaerobigower of 5uW, 128 ms time constant, and averaging ten
conditions as described by Beckmann and Frerm@n (200 G scans. The semiquinone concentration was calculated
Reaction mixtures were prepared containing 10 mM Tris- by double integration of the EPR signal and compared to
HCI at pH 7.5 with 20 mM glucose and 1M ETF. The the double integral for the signal from a tempol standard
absorption spectrum of oxidized ETF was recorded, and then(0.65 mM) recorded under the same conditions except for
ETF was reduced quantitatively to the semiquinone with 0.5 G modulation amplitude. Quantitation of the semiquinone
dithionite (sodium dithionite> 82%, Fluka) 17). Reactions  signal was performed at 108 K instead of at the lower
were initiated by the addition of a stock solution of ETF- temperatures that were used to quantitate the signal for the
QO. [4Fe-4ST because the relaxation rates for the semiquinone
Analytical Methodslron was determined by the method become so slow at lower temperatures that it is difficult to
of Beinert (L8). Flavin was determined by measurement of obtain spectra that are not power-saturated. In addition, at
the absorbance of free FAD released from the enzyme by 108 K the relaxation rates for the [4Fe-4S§ignal are so
addition of SDS to 0.2% usingiso= 11.3 mMtcm™ (19). fast that it is not detected and overlap of signals is not a
Spectrophotometric TitrationdETF-QOs were reduced  problem.
either enzymatically using octanoyl-CoA as the electron The CW EPR spectra of the [4Fe-4Sjere recorded at
donor or directly with dithioniteg, 4, 20). ETF-QO at about  9.35-9.5 GHz on a locally constructed spectromet2®) (
30 uM was enzymatically reduced in stoppered cuvettes with a GaAsFET amplifier, Bruker split-ring resonator and
containing 20 mM Tris-HCI at pH 7.4 containing 8 mM  Oxford CF 935 cryostat. The operating conditions were: 10
CHAPS, 2uM human MCAD, 2uM human ETF, and 20  to 40 K, 5.0 G modulation amplitude at 100 kHz modulation
mM S-p-glucose. The reaction mixtures were made anaerobic frequency, and microwave powers of 5 andd. The [4Fe-
by 10 cycles of alternate evacuation and purging with argon. 4S]" concentration was calculated by double-integration of
Residual oxygen was removed by addition of glucose oxidasespectra recorded at 15 and 18 K and compared to double
(1 unit/mL) and catalase (24 units/mL¥)( ETF-QO was integrals of signals for a standard sample of CUEDTA at the
titrated with octanoyl-CoA and absorption spectra following same temperatures. The operating conditions for the standard
each addition were measured after the optical spectrum hadvere 5.0 G modulation amplitude at 100 kHz modulation
been stable for 10 min. Full reduction of ETF-QO by frequency and microwave powers between 5 ang/\
dithionite was performed under the same conditions, but Spectra were recorded with sweep widths between 850 and
without the other enzymes and octanoyl-CoA. Dithionite was 1000 G and averaging of-3L0 scans. Resonator background
prepared s a 5 mMsolution in anaerobic 0.1 M sodium spectra for 20 mM Tris-HCI at pH 7.4 containing 20%
pyrophosphate at pH 8.0. glycerol were recorded under identical conditions and
Potentiometric TitrationsMediated potentiometric titra-  subtracted from spectra of the iresulfur cluster.
tions were carried out in an anaerobic vessel under continu- Electron spin echo (ESE) experiments were performed at
ous Ny(g) flow at 4 °C using dithionite as reductan2X). 8 to 70 K on a Bruker E580 with a split-ring resonator and
The solution potential was monitored using a Ag/AgCl Oxford CF 935 cryostat. Inversion recovery was used to
platinum Orion 9678BNWP ORP electrode filled with 4 M measure the electron spitattice relaxation rates for the
KCI and a Fisher Scientific Accumdasic pH/mV meter [4Fe-4ST at g ~1.92 between 8 and 16 K. The recovery
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curves for [4Fe-4S]were analyzed by fitting with a sum of 35 — T T T T T T T
two exponentials. The short component was attributed to i 24

spectral diffusion processes, and the long component was _30 R 2| .
assigned as th&; relaxation time. Although the impact of o .'\ PARY L 3"30

rapid spectra diffusion processes on recovery processes can & 25 [ ¢ X T P .
be minimized by lengthening the pump pulse in saturation :c;

recovery experiments, the processes often contribute a fast ¢ 20 b
component to inversion recovery curves at low temperatures %

(23). Inversion recovery curves for the semiquinone signals £ 15 .
were recorded at 2470 K. As discussed below, in an uw

enzymatically reduced sample of Y501F/T525A essentially 2 10 7
all of the iron—sulfur cluster is in the diamagneti¢-2 =

oxidation state. Thus, the relaxation rates for semiquinone 5 }
in this sample are values in the absence of relaxation . . . . . e e— -

enhangement. These values were u_sed t(_) a'nalyze the 0320 360 400 440 480 520 560 600
relaxation enhancement and determine interspin distances for Wavelength (nm)
the other mut_anfts. The enhancement of the relaxation ratessure 2: Anaerobic reductive titration of Y501F ETF-QO. The
for the semiquinone was analyzed using the program solution contained-30xM R. sphaeroide¥501F ETF-QO, 2«M
MENOSR @4) and the methodology that previously was human ETF, and 2M MCAD in 20 mM Hepes(K') at pH 7.4.
applied to spin-labeled metmyoglobigs). The oxidized sample (spectrum 1) was titrated with octanyl-CoA.
EPR SimulationsCW EPR spectra of dithionite reduced ~SPectra were recorded every 50 min until less than 0.001 a.u.

. . change per minute in absorbance was observed. The inset shows
[4Fe-4ST at 15 K were simulated using the program he ac,,; . vs mole ratio of titrant for@) native, (1) Y501F, ()
MONMER (26) to determineg-values and first-derivative  T525A, and &) Y501F/T525A. Spectra 2 and 3 correspond to mole
peak-to-peak line widths. The fits to the low-temperature ratios of 0.5:1 and 1:1, respectively, and spectrum 4 is the dithionite
spectra for the mutants were better for a sum of line widths reduced sample of Y501F ETF-QO.
than for a single line width. The line widths of the [4Fe-
4SJ" signal are temperature dependent above about 25 K
and at higher temperatures the splattice relaxation rates
for the [4Fe-4S} were calculated from the temperature-
dependent contributions to the CW line widths. The CW

640

2088  sQ 1.934 1.875

spectra from 25 to 40 K were simulated using the locally
written program SATMON 27) in which the line shape is a
Gaussian distribution of Lorentzian spin packets character-
ized by T,. In the temperature range where line widths are
temperature-dependent, it was assumedThat T, for [4Fe-
4S]+. A detailed account of the calculations can be found
elsewhereZ3). The temperature dependencelpfor [4Fe-
4ST" was fit with the function 23)

TV (O, o Bow
ARa QD 8 T AorbeAOrbrr_l

whereT is the temperature in kelvin#\ram is the coeffi-
cient for the contribution from the Raman proce8s,is
the Debye temperatureJs is the transport integral,
Jg(0p/T) = [P/ TxE[eX/(e* — 1) dx, Ao is the coefficient
for the contribution from the Orbach process, ahgl, is

1

T,

for the Orbach process.

using the program MENOSR4). Input parameters include
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ANEl

-

.
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Y501F
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T525A
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Ficure 3: X-band (9.35 to 9.5 GHz) CW EPR spectra at 15 K of

. : ETF-QO reduced with excess dithionite, recorded with 0.005 mW
the energy separation between the ground and excited-stat@ower. The saturated semiquinone signal was deleted from the
spectra of the mutants to aid in comparison. The anaerobic samples

Relaxation enhancement calculations were performed contained 50 mM Tris HCI at pH 7.4 and 20% glycerol. The vertical
lines are theg-values for nativeR. sphaeroide&TF-QO.

3750

theg-values for both paramagnetic centers and the relaxationand does not overlap with the resonator background signal.
rates in the absence of spispin interaction. Adjustable  The relative concentrations at each point in the titration were
parameters in the calculation are the interspin distance andcalculated based on the assumption that the limiting value
the fraction of semiquinone interacting with a paramagnetic at low potential corresponded to 100% of the protein. The
[4Fe-4ST. midpoint potential of the [4Fe-43}'" cluster was calculated
Midpoint Potential Calculations.Peak-to-peak signal by nonlinear least-squares fitting to the plot of [ox]/[red]
amplitudes, rather than double integration of the EPR signals,versusE (mV) using the Nernst equation, whekeis the
were used to calculate [ox]/[red] for the cluster in the titration measured equilibrium at each point afd is the midpoint
curves, because of the overlap of the signals for [4F€-4S] potential for ann = 1 reduced iron sulfur cluster. The
and semiquinone. The [4Fe-4Signal atg, was selected  midpoint potentials for the firstHqy;) and second Hqy)
for the calculations because it is relatively strong electron transfers to the FAD were determined using the
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Table 1: Activity Assays, Iron/Flavin Ratios, Midpoint Potentials, and Enzymatic Titration Values of Native and Mutant ETF-QO Samples

reductive quinone
iron/flavin [4Fe4STit? QleQ~ «Q /QH, titration reductase disproportionation
sample ratio Em (MV) Emi (MV) Emz (MV) Aéazo act. (s9) act. (sY)
wild type 401 +37+7 +38+12 —624 16 10453 24.2 (100%) 8.3 (100%)
Y501F 4.0:1 —64+5 +39+ 8 —56+8 9616 8.9 (37%) 4.1 (49%)
T525A 4.1:1 —58+6 +56+ 8 —54+7 9328 8.5 (35%) 5.1 (62%)
Y501F/T525A 3.8:1 —128+ 4 +50+5 —55+ 4 8433 1.8 (8%) 0.66 (8%)

Table 2: g-Values and Line Widths (G) for [4Fe-4Sht 15 K and Semiquinone at 105 K

[4Fe4dST line widtht [4Fe4dST line width¢ [4Fe4dST line widtht sSQ
sample g’ G) 9° (G) 9¢ (©) g
wild type 2.089 22 1.934 15 1.875 29 2.0036
Y501F 2.088 28 1.933 30 1.873 37 2.0036
T525A 2.097 35 1.913 30 1.857 48 2.0036
Y501F/ T525A 2.095 33 1.921 35 1.868 51 2.0036

aThe average uncertainty of the iresulfur clusterg-values wast-0.003.° The average uncertainty of the semiquingrealues wast0.0005.
¢ Peak-to-peak first derivative line widths were simulated using MONMER. Average uncertainty of the line widitPviasor g, and g and+10
G for g,.

Nernst equations as previously describ28)(The error bars 10 20 30 40 30
in the experimental midpoint potential values are from the
sum of squares of the best fits and the uncertainty of the 10 = —
ORP electrode poise.

2. RESULTS AND DISCUSSION

Characterization of the MutantE TF-QO contains a [4Fe-
4SPH1+ cluster and a single equivalent of FAD. Both are
diamagnetic in the oxidized as-isolated enzyme. The optical
spectra (320 to 650 nm) for the three mutants Y501F, T525A,
and Y501F/T525A are very similar to that for the wild type
protein (Figure 2). The 4:1 iron:flavin ratios (Table 1) and - -
the optical spectra indicate that the mutations did not disrupt
the protein structure. The line-shapes for the CW spectra of 4 —
the semiquinone at 108 K in the three mutants are indistin-
guishable from that of wild type protein. CW EPR spectra § 7
at 15 K for dithionite-reduced samples of mutant and wild- I
type ETF-QO are shown in Figure 3. At this temperature 08 1.0 1.2 14 16
and at the microwave powers optimized to record the Log Temperature (K)
spectrum of the [4Fe-4S]the overlapping contribution from  Figure 4: Temperature dependence of spiattice relaxation rates
semiquinone is severely power-saturated so its contributionis shown for dithionite reduced [4Fe-4Sh R. sphaeroide&TF-
was edited out of the spectra of the mutants. The vertical QO. The circles are the average values for the nati\(e and mutant
lines mark theg-values for the cluster in the wild type samples and the error bars reflect the standard deviations for the

Th . d ch val h four proteins. The fit line is the sum of contributions from the
enzyme. The mutations caused changegvalues thataré  paman and Orbach processes. The Debye temperature was fixed

larger for T525A than for Y501F and are larger alogg at 100 K, and the energy of the low-lying excited state Was=
andgy than alongg, (Table 2). The changes mvalues are 205 (140 cm?).

small, relative to the range gfvalues that are observed for

[4Fe-4ST clusters 29, 30), which supports the conclusion (32) showed that the energy of the low-lying excited state
that the mutations caused only minor changes in protein AE = 205+ 5 K (140 cnt?) is unchanged by the mutations.
structure. Interpretation of thgtvalue changes will require  Each of these observations supports the conclusion that the
molecular orbital calculations. For Y501F and T525A, it is mutations did not cause major structural changes.
proposed that a single hydrogen bond is deleted and that Potentiometric TitrationThe EPR signals associated with
two hydrogen bonds are deleted in Y501F/T525A. For all the FAD semiquinone and [4Fe-4Slere used to monitor

of the mutants, the line widths are substantially broader than the redox titrations (Figures 5 and 6). The calculated midpoint
for the wild type protein, which is attributed wpstrain @1). potentials are shown in Table 1. Thg, for [4Fe-4ST11?2

The loss of hydrogen bonds to the cysteinectister ligands in the wild type enzyme 37 + 11 mV) is within
may make the structure less well-defined. The temperatureexperimental uncertainty &, for the mammalian enzyme
dependence of the spin lattice relaxation raté,,Jdt theg, (+47 £ 10 mV) (28). The Y501F and T525A single
turning point in the spectrum of [4Fe-4Sjvas measured  mutations lowerE, to —64 + 9 mV and—58 + 10 mV,

for the 3 mutants and the wild type protein (Figure 4). respectively. The Y501F/T525A double mutation lowEgs
Analysis of the temperature dependence of the relaxation into —128+ 9 mV. These decreases in the midpoint potentials
terms of contributions from Raman and Orbach processesare consistent with prior observations that hydrogen bonds

Log (VT;s™")
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FIGURE 6: Potentiometric titration curves are shown of the iron
sulfur cluster folR. sphaeroide&D) native, () Y501F, &) T525A,

and (x) Y501F/T525A ETF-QOs. The oxidatiefreduction mid-
point potentials of the cluster were determined by the increase in
the X-band EPR signal at 15 K ([4Fe-4$Jand fit using a single
Nernst curve of = 1.

01 015

to cysteine $ of cluster ligands tune the redox behavior of
the cluster 8, 33—36). For example, the deletion of residues
that are hydrogen bonded to cysteing ®wered the
midpoint potentials inR. sphaeroidesind Saccharomyces
cerevisiae Rieske protein, which is attributed to a decrease
in charge density around the sulfur atonds 3).

Figure 5 shows the FAD potentiometric titration curves
for wild type, Y501F, T525A, and Y501F/T525A mutants
of R. sphaeroideETF-QO. The average midpoint potentials
for quinone/anionic semiquinone (Q/SQ) and anionic semi-
quinone/quinol (SQ/QkL) areE;m = 45 + 15 mV andEyn,
= —57 £ 10 mV, respectively, independent of mutation.
The previously reported midpoint potentials for porcine ETF-
QO flavin were E;, = +28 andE;, = —6 + 15 mV,
respectively 28). Thus, the quinone/anionic semiquinone
midpoint potential forR. sphaeroidess similar to mam-

midpoint potentials listed in Table 1, using the Nernst equation.

malian ETF-QO, but the anionic semiquinone/quinol mid-
point potentials are lower by50 mV. A possible explana-
tion for this difference is the nature of the hydrogen bond
donor to N1-C20 of the flavin. Threonine is the hydrogen
bond donor in virtually all other known ETF-QOs, but this
threonine is substituted by asparagine at position 338.in
sphaeroidesAn asparagine at this site would result in a
weaker hydrogen donor and would lower the redox potential
of the flavin. The maximum FAD semiquinone EPR signal
was at about—15 + 5 mV for wild type enzyme and
mutations, which is about 25 mV lower than calculated based
on the midpoint potentials for porcine ETF-QQ8]. The
larger difference between the two potentialsRorsphaeroi-
desthan for porcine ETF-QO predicts a larger maximum
semiquinone signak@). The potentiometric titration results
indicate that changes in redox potential of the ireulfur
cluster do not impact the redox potentials of the flavin.
Therefore, the cluster does not seem to have a regional redox-
poising effect (modulation effect) on the flavin.

The number of electrons added to each of the redox active
centers as a function of the solution potential is shown in
Figure 7. For the wild type protein, at the potential that
corresponds to the maximum intensity of the semiquinone
signal, approximately two electrons have been added to the
protein, but for the single mutants only about 1.2 to 1.3
electrons have been added. The decrease in the midpoint
potential for the [4Fe-43}1" cluster means that less of the
cluster is reduced under these conditions. For the double
mutant the shift in the midpoint potential for the cluster is
so large that almost none is reduced at this solution potential.

Absorption Spectra and Redugi Titration. Changes in
the optical spectra of ETF-QO have been used previously
to monitor the extent of its reduction, which can be achieved
either enzymatically using octanoyl-CoA as the electron
donor or chemically with dithionitel( 2, 28). The absorption
spectra for oxidized Y501F and for samples reduced with
0.5:1, 1:1 octanoyl-CoA:ETF-QO, and excess dithionate are
shown in Figure 2. Each mole of octanoyl-CoA can transfer
two electrons to the protein. The peaks in the spectrum of
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the oxidized enzyme a_t about 430 and _380 nm are from theTable 3: Populations of Paramagnetic Species in Wild Type and
FAD (37). The semiquinone has a maximum absorbance atpmutant ETF-QO Samples
about 380 nm, so the absorbance at this wavelength increases

. . S sample redox state % 3Q 9% [4Fe-4ST P
as semiquinone is formed. However, the semiquinone absorbs r s e Py
much less strongly at 430 nm than FAD so the absorbance ""®%P¢ dit?niz)nr?ili(e W %
at th_is wavelength decreases as semiqu_inone i; formed. The ys5o1F SQ max 524 20
maximum absorbance for the hydroquinone is at shorter dithionite 11 76
wavelength and it absorbs much less strongly at either 380 T525A (?t?]_ma};( 14?:& 3 29%

H H H H Ithionite
or 436 nm th:_;m either quinone or semiquinone. The absprp— V501F/T525A SQ max 143 0
tion from the iror-sulfur cluster contributes throughout this dithionite 4 55

region but does not have distinctive featur@g)(and is aDetermined using double integration of the semiquinone CW
weaker for [4Fe-4S] than for [4Fe-4S]". spectra relative to tempol standard. The percentages are relative to the

The inset in Figure 2 shows the changess as a function total protein concentration. Values are accuraté-58%6. ® Determined
of added octanoyl-CoA for wild type and mutant ETF-QOs. using double integration of the [4Fe-4Sjluster CW spectra relative
The initial decrease in absorbance is faster for Y501F/T525A 0 CUEDTA standard. The percentages are an average from duplicate
than for other samples because in this case all of th_e reducingglﬁfelﬁtergﬁ;t_svﬁlulei 322u1a8te§§‘3§/0?fe relative to the total protein
equivalents are added to the FAD, for which there is a larger
change in absorbance, and not into the cluster. For the other o ) )
samples some of the reducing equivalents are going into theMaximum semiquinone signal is observedlg mV), the
cluster, for which the change in absorbance is smaller. The concentration of [4Fe-4S]in the wild type protein is almost
limiting values ofe,ss are higher for YS01F/T525A than for @S large as in the presence of excess dithionite, which is
the other mutants because the octanoyl CoA is not a Strongpons_lstent with m@pomt potentials. However, the decreases
enough reductant to reduce the cluster in this mutant (Tablen Midpoint potential for the mutants make the cluster more
1). The midpoint potential for the octanoyl-octenoyl-CoA difficult to reduce, and therefore the concentrations of [4Fe-
couple is only—40 mV (39), which does not provide 48T _at—15 mV_ are much smaller (T_able 3 and Flgu_re 7).
sufficient thermodynamic driving force to fully reduce the Previous experiments have determined concentrations of
iron—sulfur clusters in the mutants. The changesia are [4Fe-4ST by CW EPR for porcine samples reduced with
semiquantitative indicators of the extent of reduction of the 0ctanoyl CoA or dithionite to be-75% and~80—-90%,
sample but are not as informative as the EPR spectra and©SPectively 20, 28), which is in good agreement with the
would not be sufficient to determine the midpoint potentials. results for the wild typeR. sphaeroidesgrotein.

A linear change in the absorbance at 404 nm was used Concentrations of SemiquinonBased on the difference
previously as an empirical parameter to monitor the change between the two midpoint potentials for the flavin reduction
from oxidized ETF-QO to fully reduced species based on a the concentration of semiquinone at the potential where the
Aégoanm= 4.35+ 0.15 mM* cm™! per reducing equivalent ~ signal is maximized is calculated to be about 80% for all of
(2, 28). This Aesoanmis the net effect of changes in both the the samples. The experimental values were in the range of
FAD and iron-sulfur absorbance upon reduction. Mutant 44 to 53%. The discrepancy between these values and 80%
enzymes have a larger increase at absorbance 380 nm thai$ greater than the uncertainties that are expected in the EPR
wild type and native porcine ETF-QC(), see Figure 2.  quantitation. Some of the error may also arise from uncer-
The increase in amplitude at 380 nm for the mutant samplestainties in the midpoint potentials. However, the key
is more pronounced because the underlying contribution from observation is that the results are similar for all of the
the [4Fe-4S}" has not decreased as much as in the wild type samples, which reinforces the conclusion that changes in the
R. sphaeroidgsporcine or human proteins. The ability to midpoint potentials for the ironsulfur cluster do not impact
distinguish changes in concentrations of individual species the redox behavior of the FAD. In the samples with excess
by EPR provides the information required to interpret the dithionite the concentrations of semiquinone are small for
overlapping optical spectra. all of the samples.

Concentrations of [4Fe-43] The potentiometric titration Iron—Semiquinone Interspin DistanceRelaxation en-
curves were based on relative concentrations. To determinehancement is a powerful method to determine the point
the absolute concentrations, integrated EPR signal intensitiedipole distance between a rapidly relaxing transition metal
were compared with integrals for standard samples. Thecenter, such as [4Fe-4Sand a more slowly relaxing center
resulting values for [4Fe-4SJare shown in Table 3. Values  such as the FAD semiquinoréQ). It was used to determine
were obtained from the point on the titration curve where a distance of 18.5 A between the center of the +reulfur
the semiquinone signal is maximum (Figure 5) and for cluster and the weighted average position of the spin densities
sample reduced with excess dithionite. There is significant of FAD in mammalian andR. sphaeroideETF-QO (Field-
uncertainty in these absolute concentrations because theng, A. J., Eaton, G. R., and Eaton, S. S., unpublished results).
calculation depends on the accuracy with which the total In the wild-type samples most of the iresulfur cluster is
protein concentration in the EPR sample is known. For wild in the paramagnetic [4Fe-4Sjorm. In the mutant samples
type ETF-QO, T525A, and Y501F the concentration of [4Fe- a smaller fraction of the cluster is paramagnetic so the
4S]t in the presence of excess dithionite accounts for relaxation enhancement is smaller (Figure 8). The midpoint
essentially all of the protein in the sample. The smaller potential for Y501F/T525A is sufficiently low that the
limiting concentration for Y501F/T525A, even in the pres- semiquinone signal at15 mV could be used as the reference
ence of excess dithionite, is consistent with the more negativesignal in the absence of relaxation enhancement. The
midpoint potential for this mutant. At the potentials for which relaxation rates for this semiquinone between 35 and 70 K
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considerably lower with this heterologue coupled system than
the 81.4 s for the human ETF and ETF-QO homologue
system B). The use of ETF concentrations much less than
that required for saturatiorK{, = 29.4, ket = 25.6 s,
Simkovic and Frerman, unpublished results) also contributed
to the low turnover number. The turnover numbers for the
mutant enzymes Y501F, T525A, and Y501F/T525A de-
creased to 4.174, 5.1 s, and 0.66 s!, respectively. The
similarities in activities and disproportionation turnover
numbers for Y501F and T525A suggest that the decreases
are due to the change in midpoint potential and not to a
specific role of a particular hydrogen bond.
Electron-Transfer MechanisrBased on the crystal struc-
ture of porcine ETF-QO, Zhang proposed that reduction of
UQ by ETF-QO proceeds via the flavin, not the clustet)(
The cluster to UQ distance(18.8 A) is longer than the 14
A distance required for efficient electron transfer between
| A | A | ) ] 1 two redox centerslQ). The distance between C6 of the flavin
] 100 200 300 and O3 of UQ is 8.5 A, which is shorter than the cluster to
Time (us) UQ distance. The point of entry is still ambiguous since either
Ficure 8: Inversion recovery signals for semiquinone in the redox center may accept electrons from ETF, although the

%?gﬂiﬂcﬂ'y rfducedl ”a(;%’e (tﬁp)' Ygoéﬁémé%“et)’sgnﬁ er]()l':/ ETF-QO cluster is located closer to the surfas& @) than
ottom) samples d®. sphaeroide&TF-QO a . The . ; re
curves are the sums of contributions from semiquinone with the flavin (-14 A). The decrease in both ubiquinone

EPR Signal Intensity (a.u.)

Differences in the inversion recovery curves result from the different potential of the [4Fe-48]is decreased demonstrates that
populations of paramagnetic [4Fe-4Sjresent: native~80%), reduction of the cluster is required for activity. Denke

Y501F (25%), and YS01F/TS525A (0%). The dashed lines are gagcriped the role of the irersulfur cluster in ubiquinol

3}2;Eé§doﬁﬂrl"§i(flfu;!\?ted with MENOSR for an average interspin o, o by the Rieske protein as the rate-limiting partial

reaction 8). The role of the iron-sulfur cluster in ETF-QO
were found to be indistinguishable from the values for the may be similar.
semiquinone in ETF.
The inversion recovery curves for the semiquinone signal 3. CONCLUSION

in samples prepared by octanoyl-CoA reduction were mod- Replacement of amino acids Y501 and T525 that are
eled using the program MENOSR4). The populations of proposed to hydrogen bond to the cysteine l§ands of

the semiquinone and [4Fe-4Sjre similar to what is present  {he [4Fe-4S] cluster ofR. sphaeroide&€TF-QO by amino

at the potential that gives the maximum semiquinone signal. 5¢ids that do not form hydrogen bonds decreased the
The contributions from semiquinone with neighboring dia- midpoint potentials by about 100 mV for a single mutation
magnetic [4Fe-43] and therefore no relaxation enhance- znd about 165 mV for a double mutant. There was no
ment, and with neighboring paramagnetic [4Fe#48Jat  accompanying change in the midpoint potentials for the
causes relaxation enhancement, are superimposed in th@ayin. The integrity of the mutated proteins was demon-
inversion recovery curves. The impact of the cluster on the strated by optical and EPR spectroscopy. In the mutants the
semiquinone is sufficiently large that signals are readily  quinone reductase activity and rates of disproportionation
distinguishable from interacting and non-interacting forms. of ETF were dramatically decreased, which demonstrates that
For Y501F the distance determined by relaxation enhance-reqyction of the iror-sulfur cluster is required for activity.
ment was in good agreement with the 18.5 A calculated for The two mutations decreased the midpoint potentials by
wild type protein, and the percent of the cluster in the a0yt the same amount and had similar impacts on activity,

paramagnetic form was 26 3%, which is consistent with  \yhich demonstrates the correlation between redox potential
the population calculated from the midpoint potentials. The of the [4Fe-4S] cluster and activity.

similarity in distances determined by relaxation enhancement
for wild type and mutant protein is further evidence that the ACKNOWLEDGMENT
mutation did not disrupt the protein structure.

Activity and Disproportionation AssayQuinone reductase
activity (Table 3) is the rate at which electrons are shuttle
through the enzyme. The specific activity, expressed as . :
apparent substrate turnover, was 24:2 for the native ESOJ ramd T§25 inR. sphaeroide€TF-QO as hydrogen-
enzyme. The turnover number decreased to 8.7os Y501F onded residues.
and T525A and 1.83 for Y501F/T525A. ETF-QO also
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