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ABSTRACT: The conserved arginine 274 and histidine 224 and 228 residues in subunit NuoCD of complex
| from Escherichia coliwere substituted for alanine. The wild-type and mutated NuoCD subunit was
expressed on a plasmid in & coli strain bearing auoCD deletion. Complex | was fully expressed in

the H224A and H228A mutants, whereas the R274A mutation yielded approximately 50% expression.
Ubiquinone reductase activity of complex | was studied in membranes and with purified enzyme and was
50% and 30% of the wild-type activity in the H224A and H228A mutants, respectively. The activity of
R274A was less than 5% of the wild type in membranes but 20% in purified complex I. Rolliniastatin
inhibited quinone reductase activity in the mutants with similar affinity as in the wild type, indicating
that the quinone-binding site was not significantly altered by the mutations. Ubiquinone-dependent
superoxide production by complex | was similar to the wild type in the R274A mutant but slightly higher
in the H224A and H228A mutants. The EPR spectra of purified complex | from the H224A and H228A
mutants did not differ from the wild type. In contrast, the signals of the N2 cluster and another fast-
relaxing [4Fe-4S] cluster, tentatively assigned as N6b, were drastically decreased in the NADH-reduced
R274A mutant enzyme but reappeared on further reduction with dithionite. These findings show that the
redox potential of the N2 and N6b centers is shifted to more negative values by the R274A mutation.
Purified complex | was reconstituted into liposomes, and electric potential was generated across the
membrane upon NADH addition in all three mutant enzymes, suggesting that none of the mutations directly
affect the proton-pumping machinery.

NADH:ubiguinone oxidoreductase (complex I) is the entry membrane, but in the vicinity of the N2 center. Electron
point of reducing equivalents into the respiratory chain of transfer between N2 and the quinone results in conforma-
mitochondria and many bacteria and catalyzes electrontional changes of the membrane fragment of complex | due
transfer from NADH to ubiquinone, which is coupled to to long-distance interactions, and proton translocation occurs
translocation of 1.52 H* per € across the membran&-{ upon relaxation of these conformational changes. According
3). The molecular mechanism of proton translocation by this to this hypothesis, the protein surrounding of cluster N2 plays
energy-converting enzyme is not known; two major kinds a critical role in energy transduction; therefore, this area of
of hypotheses are currently under consideration. One employsthe protein is of particular interest. A number of conserved
tightly bound quinone(s), which is (are) located within the amino acid residues located in the vicinity of N2 and the
membrane dielectric4( 5). Reduction/oxidation of this  proposed quinone-binding site were replaced by site-directed
quinone results in opening/closing of proton transfer path- mutagenesis of the 49 kDa subunit of complex | from
ways in the protein, which acquire protons from one side of yarrowia lipolytica(see ref7 for a review). Two conserved
the membrane and release them on the other; therefore, théyjstidines, H91 and H95, were found to be essential for
bound quinone is the gate and the coupling site. In theseypiquinone reductase activity, whereas the properties of all
views, the hydrophilic fragment of complex I only plays the Fe-S clusters determined by EPR spectroscopy remained
role of an envelope for an electron-conducting “wire” unchanged by replacement of these histidir@s i was
consisting of eight to nine Fe-S clusters that starts from FMN suggested that these histidines may be partners for two
and ends at ironsulfur cluster N2 that is believed to directly  ~onserved aspartates in the PSST subunit, participating in
interact with ubiquinone. An altogether different mechanism jhieraction between the 49 kDa and PSST subunits. However,
was proposed by Brand et &, (7), where energy conversion 4 changes in the assembly or stability of mutated complex
takes place in the hydrophilic fragment without involving | were found 8). The highly conserved R141 was suggested
tightly bound quinone. Ubiquinone from the membrane pool t, pe |ocated close to center N2, and this was confirmed
moves out along a “ramp” in the protein and reaches a yhen the 3D structure of the water-soluble fragment of
quinone-binding site more than 40 A away from the complex | fromThermus thermophilusas resolvedd): the

, . __distance between center N2 and R141 (R84 irthermo-
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Table 1: Bacterial Strains and Plasmids Table 2: Oligonucleotides Used in This Study
strain or plasmid genotype/relevant properties ref oligo-
strains nucleotide sequente
GR70N F thi rpsL gal, wild-type 11 CXhoF 3-GCACTCGAGAACAATATGACCGA
complex | CDBgIR 5-GATAGATCT GCGACCAACCGGCTGGC
GRC20 GR70NwuoCD:ZnR this study H224A 5-ACCTCGGTCCGAAGSCGCCGTCGGCGCACG
GRC20R CRC20/pBAD-nuoCD this study H228A 5-GAACCACCCGTCGGC®CGGGGGCTTTCC
GRC-H224A  CRC20/pBAD-nuoCD(H224A) this study R274A 3-CCGTATACTGACGCGATCGAATACCTCG
GRC-H228A  CRC20/pBAD-nuoCD(H228A) this study —— - ,
GRC-R274A  CRC20/pBAD-nuoCD(R274A) this study ~ *New restriction sites are underlined, and mutated nucleotides are
; in bold.
plasmids
litmus 29 cloning vector, Ap New England
. . BioLabs histidines, H224 and H228, and arginine 274, were substi-
pBAD/HisA  expression vector, Ap Invitrogen - . . . ;
pKO3 suicide plasmidsacB, 10 tuted for alqnlne. 'I_'he oI_|gonucIeot|des used for S|te-d|rect_ed
pSC101, Crii mutagenesis are listed in Table 2. In trans complementation

was achieved by transformation of the NuoCD-deficient

cause loss of the N2 cluster, although quinone reductaseStram GRC20 by pBAD-nuoCD, bearing either the wild-

activity of the mutated complex | remained significa8}. type or mutatednudCD gene resulting in the recovered
This is unexpected since center N2 is widely believed to be GRCZOR_ or mutank. coli strains, respectlvely. )
essential for ubiquinone reductase activity and to directly ~ Bacterial Growth and Membrane PreparatioBacteria
interact with ubiquinone. Brandt et al. suggested that this Were routinely grown in LB medium at 37C with
paradox could be resolved if another Fe-S cluster, foregoing @PPropriate antibiotics. The antibiotic concentrationg/(

N2 in the wire, resides at approximateé A from N2; i.e., ~ ML) were as follows: ampicillin, 100; streptomycin, 50;
the gap in electron transfer would not be sufficient to limit 2€0¢in, 50; chloramphenicol, 20. Growth tests were carried
turnover of complex | (about 1003 even if N2 is lost 8). out ur_1dgr aerobic conditions at 3T in minimal medium
However, this suggestion is not in agreement with the recentContainingoL-malate as the sole carbon sourd@)(
crystallographic data9j, which shows that the edge-to-edge ~ For membrane preparation and purification of complex |
distance between N2 and closest foregoing cluster N6b isE. coli strain GRC20 transformed with pBAD bearing the
10.5 A. The effects of the described mutations are henceWild-type or mutatecudCD gene was grown aerobically in
contradictory, and further studies are clearly required. In this @ 25 L fermentor in LB medium containing ampicillin at 37
work we have substituted histidines H224 and H228, and °C. The cells were harvested in the second half of the
arginine R274, for alanine in the NuoCD subunit B§-  exponential growth phase, washed with 0.5 M KCl and 10
cherichia colicomplex I. The NuoCD subunit corresponds MM Tris-HCI, pH 7.8, frozen as a pellet, and stored-@0

to a fusion of the 30 and 49 kDa subunits of the mitochon- °C until use. Approximately 60 g of thawed cells was
drial enzyme, and the mutants studied here correspond tosuspended in 250 mL of buffer containing 50 mM HEPES/
the substitutions H91A, H95A, and R141A in the 49 kDa KOH, pH 7.0, 100 mM KClI, 0.5 mM EDTA, and 0.5 mM

subunit of complex | fromY. lipolytica. PMSPF using UltraTurrax. Traces of DNase | were added to
the suspension, and the cells were broken by passing through
MATERIALS AND METHODS an APV Gaulin homogenizer at a pressure of 450 bar, 2 times

7 min. Unbroken cells and cell debris were removed by

) X . S . ._centrifugation at 110afor 20 min, and membranes were

_tl)_agtle”fl iﬂams eltnd plas_mlclist.used in this tsftudy.?re l'Ste.g Nsedimented from the supernatant by centrifugation at 2@000
abie L. genetic manipuiations, except for Site-Specilic ¢, 5 5 i The obtained membrane pellet was suspended in

mutagenesis, were carried out using XL-1 Blue and TOP10 25 mM MES/BTP, pH 6.0, and 10 mM betaine, spun down
(Invitrogen) E. coli strains. The NuoCD-deficient strain again, and suspénded' i,n the same buffer ’at a protein

GRC20 was constructed by deleting the internal part of the : .
concentration of 5565 mg/mL. The membrane suspension
nucCD gene from the chromosomal DNA of GR7ON and was frozen in 1.5 mL aliquots in liquid Nand stored at

replacing it by the unidirectionally transcribing zeocin —80°C until use
resistance cassette using suicide plasmid pKO3, as described . ' T
Purification of Complex IThe purification was based on

by Link et al. (L0). The expression plasmid for in trans . ; .
complementation of the deleted gene was prepared byprocedures descrlb_ed in refs and_ 13 Thawed_E. coll
membranes were diluted to a protein concentration of 5 mg/

amplification of thenuoCD gene from genomic DNA using . .

primers CXhoF and CDBgIR (Table 1) and subcloning of mL in 50 mM MES/N&OH b“ff‘?F with 0.5 mM PMOSF' PH

the PCR product, digested widhd and Bglll, into litmus 6.0, and solubilized by the addition of DDM to 0.5% (w/Vv).
' ’ After 10 min incubation at 4°C under slow stirring,

29, generating LnuoCD. Th&hd St fragment from nonsolubilized material was removed by centrifugation for

LnuoCD was ligated irXhd —Puull sites of the expression ; .
; : L ] 30 min at 145009. The supernatant was adjusted to 100
vector pBAD/HisA (Invitrogen), resulting in pBAD-nuoCD. mM NaCl by dropwise additionfs M NaCl. The chroma-

In-frame insertion ohudCD was verified by DNA sequenc-
ing.
Point mutations were introduced into pBAD-nuoCD using  'Abbreviations: HAR, hexaammineruthenium(lll) chloride; DQ,

; ; ; PRRE ; decylubiquinone; DDM,n-dodecyl $-p-maltoside; PMSF, phenyl-
the GeneEditor in vitro site-directed mutagenesis system methanesulfonyl fluoride; dNADH, deaminonicotinamide adenine di-

(Promega) according to _the manufacturer's instructions, ncleotide (reduced form); CCCP, carbonyl cyanide 3-chlorophenyl-
followed by DNA sequencing of the mutated gene. The two hydrazone; WT, wild-type enzyme.

Bacterial Strains and Site-Directed Mutageneside
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tography steps were carried out using th&TAprime

Belevich et al.

and 2-7 ug of activated purified complex |, and the reaction

chromatography system (Amersham Biosciences). The mem-was started by the addition of 2081 NADH. Measurements
brane extract (approximately 170 mL) was loaded onto a were done at 30C under constant stirring using a USB2000

130 mL bed volume of a DEAE-Trisacryl M (BioSepra)
anion-exchange column equilibrated with 50 mM MES/
NaOH, pH 6.0, 100 mM NacCl, and 0.1% (w/v) DDM. The
column was washed with 650 mL of 120 mM NacCl and
eluted stepwise with 240 mL of 200 mM NaCl in the above
buffer. Fractions with high NADH/HAR reductase activity
(about 70 mL) eluting in a single peak were pooled,
concentrated using Amicon Ultra-15 centrifugal filter devices
(M, cutoff 50 kDa), and adjusted to 100 mM NacCl by dilution
with 50 mM MES/NaOH, pH 6.0, and 0.1% DDM. The

UV —vis spectrophotometer (Ocean Optics, Inc). The rate of
superoxide formation was determined as the superoxide
dismutase-sensitive rate of cytochrooreduction measured

in pairs (with or without 20 units/mL superoxide dismutase).

Reconstitution of Complex | into Liposomes and Monitor-
ing Ay Generated by Complex Rurified complex | at~8
mg/mL was mixed with the sonicated asolectin/cholate
suspension in 200 mM HEPES/BTP, pH 7.0, in the ratio
1:4. The final concentration of asolectin and cholate was 44
mg/mL and 0.37%, respectively. After 15 min of equilibra-

adjusted sample was applied onto a 30 mL bed volume of ation, SM-2 Bio-Beads (Bio-Rad Laboratories) were added

DEAE-Trisacryl M (BioSepra) column equilibrated with 50
mM MES/NaOH, pH 6.0, 100 mM NaCl, and 0.1% DDM.
The column was washed with 150 mL of 130 mM NaCl
and eluted using 70 mL of 180 mM NacCl in the above buffer.
Fractions containing complex | (about 30 mL) were pooled
and concentrated in Vivaspin-20/( cutoff 100 kDa) to a
protein concentration of 5 mg/mL. Then 0.5 mL aliquots
were loaded onto 10.5 mL gradients of-130% sucrose in
50 mM MES/NaOH, pH 6.0, 100 mM NacCl, 5% glycerol,
and 0.05% DDM and centrifuged for 20 h at 2700The
NADH/HAR active fractions harvested from sucrose gradi-

to a concentration of 300 mg of wet beads/mL, and the
mixture was stirred gently fa2 h atroom temperature. The
orientation of reconstituted complex | was tested by mea-
surements of NADH:HAR oxidoreductase activity in the
presence and absence of alamethicin. It was found that 65
70% of complex | was incorporated into the liposomes with
the hydrophilic fragment outward. The liposomes were used
for monitoring Ay by means of the electric potential-
sensitive dye, Oxonol VI. Changes in absorption at-625
580 nm were measured with a Shimadzu dual-wavelength/
double-beam UV3000 spectrophotometer. The assay contained

ents were combined and concentrated without dilution using 200 mM HEPES/NaOH, pH 7.0, 10 mM (NHSQ,, 0.5uM

Vivaspin 20 (100 kDa cutoff) to a protein concentration of
4—8 mg/mL. Purified complex | was stored in small aliquots
at —80 °C.

Measurements of Catalytic Acity. Complex | activity
was measured at 3 in 1.4 mL of assay buffer containing
25 mM HEPES/BTP, pH 7.5 with constant stirring using a
USB2000 UV~vis spectrophotometer (Ocean Optics, Inc).
HAR and DQ reduction was measured by following NADH
or dNADH oxidation (at 340 nmg = 6.2 mMtcm™2). HAR
or DQ reduction in membranes and HAR reduction in

purified mutated complex | were measured in an assay buffer

containing 20«M dNADH (NADH in the case of purified
enzyme), 35«M HAR, and 3.5 mM KCN or 56-60 uM

DQ and initiated by the addition of-15 ug of protein. For
the determination of DQ reductase activity and its inhibition
by rolliniastatin purified complex | was activated by phos-
pholipids: routinely 100 mg of solid asolectin was added to
1.8 mL of 200 mM HEPES/BTP, pH 7.0, containing 0.55%

(w/v) sodium cholate and sonicated on ice until the solution

was clear. Purified complex | was diluted by the cholate/
phospholipid suspension to a concentration 62Img/mL,

and the mixture was incubated for 20 min at room temper-

ature. DQ reductase activity of purified activated complex |

from mutants was studied in an assay buffer containing 11

ug/mL alamethicin, 56-:60uM DQ, 0.1ug/mL bo; oxidase,
and -3 ug/mL protein, and the reaction was initiated by
the addition of 200uM NADH. The concentration of
rolliniastatin was determined as described in tef All

Oxonol VI, proteoliposomes (g of complex I/mL), and
60 uM DQ.

Other Analytical Proceduregrotein concentrations were
determined by the BCA protein assay reagent kit (Pierce)
with bovine serum albumin as a standard.

EPR Spectroscop¥-band EPR measurements (9.4 GHz)
were performed with a Bruker EMS EPR spectrometer,
equipped with an Oxford Instruments ESR900 helium flow
cryostat with an ITC4 temperature controller. The field
modulation frequency was 100 kHz and modulation ampli-
tude 1.27 mT. The microwave power incident to the cavity
is indicated on the figures. The spectra shown are normalized
for temperature, gain, microwave powdrs), and protein
concentration and corrected for baseline. The spectral
simulation was performed using Bruker Analytic GmbH
software WIinEPR SimFonia version 1.26 (beta). Samples
of purified complex | (15QuL, 3—4 mg of protein mL?)
were mixed with NADH (10 mM final concentration),
transferred into EPR tubes, and frozen in liquid nitrogen.
The complex | preparation was contaminated with the Fe-S
protein of succinate dehydrogenase, theirsualfur clusters
of which cannot be reduced with NADH without redox
mediators. Therefore, in the EPR spectra of NADH-reduced
complex | the signal of the oxidized 3Fe-4S cluster, S3, was
subtracted from the final spectra.

RESULTS

experiments on activity characterization were reproduced Expression and Actity of Mutated Complex The wild-

three to four times.

Measurements of Superoxide Radical Generatibne
formation of superoxide radical was monitored by the
reduction of cytochrome (esso-s3onm = 21.5 mMt cm™?)
in 1 mL of 25 mM HEPES/BTP buffer, pH 7.5, containing
100 mM KClI, 27uM cyt ¢, 11 ug/mL alamethicin, 56-60
uM DQ (added where indicated), Ogg/mL bo; oxidase,

type or mutated NuoCD subunit was expressed on a plasmid
in the E. coli strain bearing thenuoCD deletion The
expression of complex | can be estimated on the basis of
the measurements of HAR reductase activity of the purified
complex | and the membranes. Complex | with the H228A
or H224A substitutions was fully expressed since the
dNADH:HAR oxidoreductase activities in the membranes
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Table 3: Activity of Wild-Type and Mutated Complex | in Membranes and Purified Enzyme
activity, umol of (d)NADH min~* mg (%)

WT H224A H228A R274A
membranes
dNADH:HAR reductase 1.96- 0.03 (100) 1.9Gt 0.05 (100) 1.83t 0.06 (96) 0.93t 0.05 (49)
dNADH:DQ reductase 0.8% 0.01 (100) 0.48t 0.05 (56) 0.28+ 0.02 (33) 0.038t 0.001 (4.5)
purified complex |
NADH:HAR reductase 96- 6 (100) 84+ 1 (88) 98+ 6 (100) 74+ 3 (77)
NADH:DQ reductasg 25+ 1 (100) 16+ 2 (64) 12+ 1 (48) 5.5+ 1 (22)

a Complex | activated by phospholipids was used for the measurements.
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FiGure 2: Inhibition of NADH:DQ oxidoreductase activity of
purified wild-type and mutated complex | by rolliniastatin. Key:
WT, circles; H224A, triangles; H228A, squares; R274A, diamonds.

4

Time (h)
Ficure 1: Growth of E. coli strains on malate with the mutated
NuoCD subunit of complex I. Key: GRCR, wild type, circles;
GRC-H224A, upward-pointing triangles; GRC-H228A, downward- e
pointing triangles; GRC20 AnucCD), squares; GRC-R274A,  Purified Complex |

Table 4: Superoxide Generation by Wild-Type and Mutated

asterisks. O~ generation, nmol of cyt min~t mg!
and purified complex | from parent and mutated strains were > ) +DQ
| (Table 3). The plasmi ri D H224A w WT 22.9+0.9 34.9+0.1
ggu:blg gfbr:c?)zlerine t?w:?:on? :)eizil-gg‘iogent henot <’?esi e H224A 18.5+0.9 89.0+1.0
P 9 P P YPE, 1€, Hooga 24.8+ 1 81.3+ 3.9
growth on malate (Figure 1). Complex | with the R274A R274A 26.1+ 0.7 41.7+ 3.0

substitution was expressed by approximately 50%. Analysis
on SDS-PAGE gels indicated that all subunits are present and R274A mutant enzymes, respectively. This component
in complex | from all mutants (not shown). In membranes probably reflects reduction of the artificial electron acceptor
quinone reductase activity of mutated complex | was 56%, DQ that partially bypasses the normal route of reducing
33%, and 4.5% of wild type for H228A, H224A, and R274A, native ubiquinone.
respectively. The purified complex | mutant enzymes showed  If the rolliniastatin-insensitive component of the ubiquino-
NADH:HAR oxidoreductase activity close to that of wild ne reductase activity (Figure 2) is due to unspecific reduction
type (77100%) for all three substitutions, but the NADH: of ubiquinone in the water-soluble part of the protein, it
DQ activity was about half of wild type in H228A and should result in a drastic increase of superoxide production,
H224A and about 20% in R274A (Table 3). These results as is the case upon;@eduction by mitochondrial complex
differ from those reported for the corresponding mutants of | (16). However, measurements of,"O generation by
complex | fromY. lipolytica (8) (see Discussion). mutated complex | fronE. coli did not show significant

To test whether the quinone reductase activity in the changes (Table 4). Production of,;’O by wild-type and
mutants was due to nonspecific quinone reduction, the mutated enzymes in the presence of NADH and in the
quinone-like inhibitor, rolliniastatin, was used. Titration of absence of added ubiquinone was practically the same.
quinone reductase activity of purified complex I by rollini- Addition of DQ resulted in a doubling of £ production
astatin (Figure 2) showed thiagp was approximately the same in the H224A and H228A mutants, but,O production in
in wild-type and mutated enzymes, in the range of-R#4 R274A was very moderate. For comparison, addition gf Q
nM, which is close to the value found with bovine complex known to undergo nonspecific one-electron reduction by
| (14). The same results were obtained with complex | in complex I, resulted in a 6-fold increase of*Oproduction
the native membranes (not shown). Although the proportion by wild-type complex | (not shown). The insignificant
of the rolliniastatin-insensitive component of quinone re- difference in superoxide production by wild-type and R274A
ductase activity was higher in the mutated enzymes, espe-mutant enzyme is in good agreement with the data obtained
cially in R274A, the absolute value of this component was on complex | fromY. lipolytica (17).
not increased significantly; it was 3.8, 4.3, 3.4, and81®l The results on complex | sensitivity to rolliniastatin and
of NADH min~t mg* for wild-type and H224A, H228A, ubiquinone-dependent, O generation by the purified en-
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Ficure 4: Simulation of fast-relaxing components of the NADH-
reduced wild-type complex | spectrum with two individual signals.
: : : : : : The complex | spectrum (solid line, upper trace) was obtained at
i i i i i i 10 K and 10 mW. The individual spectra were simulated using the
21205 2z al 18-95 19 185 parameterg,, = 1.900, 1.901, 2.045 (A) angky,= 1.889, 1.905,
gvalu 2.087 (B). The dotted line represents the sum of the simulated

Ficure 3: 10 K EPR spectra of NADH-reduced complex | from  spectra. The difference between the complex | spectrum and the
the wild-type and R274A mutant enzyme at low (A, 0.2 mW) and sum (solid line, bottom trace) represents signals of slower relaxing
high (B, 10 mW) microwave power. Fe-S clusters.
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zyme show that no significant change in accessibility of microwave power dependent in the range 6:02 mWw,
ubiquinone or modification of the quinone-binding site whereas the amplitude of the bands of the fast-relaxing
occurred upon the amino acid replacements. clusters was constant under these conditions. The spectrum
EPR Properties of Mutated ComplexNIADH-reduced of the NADH-reduced R274A mutant enzyme includes an
wild type and mutated complex | were used to study the unsaturated component derived from fast-relaxing Fe-S
EPR spectra of Fe-S clusters. The H224A, H228A, and clusters (Figure 3, broad band arougd= 1.89), but this
R274A replacements did not affect the properties of [2Fe- signal is of very low amplitude and cannot be well fitted by
2S] clusters since the spectra obtained at 45 K were identicalcombination of known individual spectra. Hence, both fast-
in all preparations (not shown). Also, no significant differ- relaxing clusters are disturbed by the R274A mutation.
ence was found between spectra of wild type and the H224A Brandt et al. ), who also reported disappearance of the N2
and H228A mutants at 10 and 5 K. The counterpart of R274 signal in the corresponding mutant enzyme fréntipolytica,
in complex | fromE. coliis R141 in the 49 kDa subunit of interpreted this finding as a loss of the N2 center, which
complex | fromY. lipolytica and its replacement with alanine appears reasonable due to its location close to the R274
was reported to drastically reduce the EPR signal of cluster residue 9). However, the loss of the EPR signal, which arises
N2 (8). We also observed that the bandgjat= 2.045 and from the reduced cluster, might alternatively be caused by a
Oxy = 1.89 assigned to center N2 in tRe colienzyme were  substantial lowering of its midpoint redox potentigh. This
almost completely lost in the R274A mutant enzyme. The explanation would be consistent with loss of positive charge
spectra taken at low, 0.2 mW (Figure 3A), and high, 10 mW in the vicinity of center N2, in which case it may no longer
(Figure 3B), microwave power demonstrated that only fast- be reduced by NADHE,, ; = —320 mV). To test this latter
relaxing Fe-S clusters were disturbed; the other signals thatpossibility, we reduced complex | with dithionite at pH 8.3,
belong to binuclear and slow-relaxing tetranuclear clusters under which conditions the redox potential will be decreased
were similar to signals from wild-type complex I. At 10 K  to approximately—500 mV. Methylviologen (25M) was
two fast-relaxing [4Fe-4S] clusters contribute to the EPR added as a redox mediator. Our preparation of complex |
spectrum of wild-type complex | reduced by NADH (Figure contained an Fe-S-containing protein as a contaminant,
4). Two signals with axial symmetry are seen, one of which probably ferredoxin, that was rapidly reduced by dithionite,
corresponds to center N2y(, = 1.900, 1.901, 2.045) on  but not by NADH. On the other hand, complex | interacts
the basis of its parameters reported in¥8fThe assignment  with dithionite only slowly in the absence of methylviologen,
of the other clusterg,,, = 1.889, 1.905, 2.087) is uncertain and thus only the contaminant was reduced with dithionite.
(see Discussion). The sum of these signals fits well to the We therefore subtracted the spectrum of the dithionite-
unsaturated component of the complex | spectrum. Thereduced preparation from the spectrum of the preparation
difference between the experimental and simulated spectrareduced with dithionite and methylviologen to obtain a
derives from slower relaxing Fe-S clusters, since it has a corrected spectrum of complex | at very low redox potential.
different saturation behavior. The difference signal was Such spectra from wild type and the R274A mutant enzyme
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10 FiGure 6: Generation oAy by wild-type and mutated complex |
reconstituted into liposomes upon NADH oxidation by DQ. The
reaction was initiated by the addition of 20M NADH as indicated

ok by the downward arrow. Traces from top to bottom: WT, H228A,
§ H224A, and R274A. The generated electric potential was dissipated
= by the addition of gramicidin (upward arrows show addition of
g 0.5 ug/mL gramicidin).
e ~10 . y .
a As shown in Figure 6, the addition of NADH in the presence
of DQ resulted inAy generation that could be dissipated
20 by gramicidin. All mutated enzymes generateg although
the amplitude of the response was different but correlated
with the respective quinone reductase activity (Figure 6).

21 208 2 195 19 185 Even complex | from the R274 mutant, whose activity was

g-value ] g
Ficure 5: EPR spectra of complex | from wild type (upper panel) lower than 20% of wild type, generatellp. Generation OT.
and from the R274A mutant (lower panel) reduced with dithionite A% by both wild-type and mutated enzymes was sensitive
in the presence of methylviologen (upper solid traces) and NADH to both rolliniastatin and the uncoupler CCCP (not shown).
(dotted traces). The spectra were obtained at 10 K and 10 mW.
The difference between spectra of dithionite- and NADH-reduced DISCUSSION

complex | is shown by the lower solid traces.
Comparison of the effects produced by mutations within

are shown in Figure 5, from which the EPR signal of the the suggested ubiquinone-reducing catalytic core of complex
methylviologen radical has been subtracted. For comparison,| from Y. lipolyticaandE. coli shows that some features of
the spectra of both preparations reduced with NADH are complex | vary and might therefore be organism-specific.
shown by dotted lines. A new signal (troughgt= 1.93) We stress that analysis of corresponding mutations in
not seen after NADH reduction appeared in both cases,different organisms is important because they may reveal
belonging to a low-potential tetranuclear Fe-S cluster. The common features of complex | that are relevant to the basic
bands derived from center N2 and the other fast-relaxing function of the enzyme. Replacement of the two conserved
cluster described above did not change significantly in the histidines, H228 and H224 i&. coli NuoCD, corresponding
wild-type enzyme, which means that these clusters wereto H91 and H95 in the'. lipolytica49 kDa subunit, resulted
already fully reduced with NADH. In contrast, the signals only in a moderate decrease of ubiquinone reductase activity
in the area of fast-relaxing clusteig< 2.045 andy ~ 1.89) in E. coliin contrast toY. lipolytica where this activity was
were strongly increased by dithionite plus methylviologen practically lost 8). Also, complex | from the H228A and
in the spectrum of the R274A mutant enzyme. Although this H224A mutant enzymes retained its capability to translocate
spectrum is reminiscent of that of center N2, it could not be protons across the membrane, which does not support the
simulated by known individual spectra from the wild-type notion of a central functional role of these residues. The
enzyme, since the position of the trough was shifted to higher recently resolved atomic 3D structure of the hydrophilic
magnetic field and the band was broadened (see Discussion)domain of complex | fromT. thermophilus(9) allows
Reconstitution of Complex | into Proteoliposomes and determination of the location of H34 and H38 in the Nqo4
Generation of Electric Potential by Complex Since the subunit, which are counterparts of H224 and H228 in the
studied mutations reside at the suggested interface betweeMNuoCD fromE. coli. These histidines are located at the edge
the NuoB and NuoCD subunits, where the N2 center and of a “funnel” formed by Nqo4 (corresponding to NuoCD)
the ubiguinone-binding site are locatét),(and the electron  and Ngo6 (corresponding to NuoB), the bottom of which
transfer from N2 to ubiquinone was proposed to result in abuts the membrane (Figure 7). This funnel is suggested to
conformational changes coupled to proton translocation ( house the quinone-binding sit®)( It seems reasonable that
7), these mutations might interfere with the latter function. H224 and H228 might participate in quinone binding, as
To test this possibility, purified complex | was reconstituted judged from the decrease in quinone reductase activity and
into liposomes, and the generationff linked to NADH: the moderate increase in quinone-dependent superoxide
DQ oxidoreduction was monitored by following changes in production due to the replacement of histidine for alanine.
absorption of the electric potential-sensitive dye Oxonol VI. However, neither histidine residue is likely to coordinate
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such as am-helix capable of transferring such a disturbance

. /(Q—NGA “\\ located very far from R274. Moreover, no rigid elements
/ |
{ CD <|

Ee ‘ could be found in 3D structure of the water-soluble fragment
S of complex | (ref9; PDB code 2FUG). However, on the
ReTa B basis of the structure of the soluble domain of the
3‘ N2 thermophilus enzyme 9), center N6b located in Nuol
(TYKY) is in the vicinity of N2 and R274 (Figure 7). Centers
n%g N6a and N6b were previously believed to be EPR silent as
3 ubiquinone a result of strong electromagnetic coupling between them
3 (22). However, as shown by Hinchliffe and Sazan®y, (he
edge-to-edge distance between these centers is 9.4 A, which
should not result in very strong spitgpin interaction. Indeed,

membrane

FiGURE 7: Relative location of three [4Fe-4S] clusters and mutated o analysis of site-directed mutations in the Nuol subunit
amino acid residues in subunits Nuol, NuoB, and NuoCD of

complex | fromE. coli and the membrane. The scheme is based of complex | from Rhodobacter capsulatusdl_cated two

on the 3D structure of the water-soluble domain of complex | from EPR-detectable [4Fe-4S] clusters bound to this sub@Bjt

T. thermophilug(9). Moreover, purified NQO9 (Nuol, TYKY) fronParacoccus
denitrificans after chemical reconstitution of Fe-S clusters,

ubiquinone directly since their replacement did not change showed EPR spectra corresponding to two [4Fe-4S] clusters

the rolliniastatin sensitivity of the mutated enzymes in (22). Thus, the other cluster besides N2 that is perturbed by

comparison to WT; these two histidines may rather partici- the R274A replacement could well be N6b, which is

pate in the interaction of the CD subunit with the membrane supported by i 8 A distance from R274, not much different

domain of complex I. On the other hand, replacement of from the distance between R274 and center N3 R), as

R274 by alanine in NuoCD yielded more similar results to judged from the resolved structure (&fPDB code 2FUG).

the corresponding mutation W lipolytica(R141A, 49 kDa

subunit). EPR spectra of complex | from the R274A mutant ACKNOWLEDGMENT
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