6124 Biochemistry2001,40, 6124-6131

Identification of Two Tetranuclear FeS Clusters on the Ferredoxin-Type Subunit of
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ABSTRACT. The proton-translocating NADH:ubiquinone oxidoreductase of respiratory chains (complex I)
contains one flavin mononucleotide and five EPR-detectable-isaffur clusters as redox groups. Because

of the number of conserved motifs typical for binding iresulfur clusters and the high content of iron

and acid-labile sulfide of complex | preparations, it is predicted that complex | contains additional clusters
which have not yet been detected by EPR spectroscopy. To search for such clusters, we used a combination
of UVIvis and EPR spectroscopy to study complex | frbleurospora crassandEscherichia coliadjusted

to distinct redox states. We detected a UV/vis redox difference spectrum characterized by negative
absorbances at 325 and 425 nm that could not be assigned to the known redox groups. Redox titration
was used to determine the pH-independent midpoint potential to23® mV, being associated with the
transfer of two electrons. Comparison with UV/vis difference spectra obtained from complex | fragments
and related enzymes showed that this group is localized on subunit Nuo21.3d\bfdfassaor Nuol of

theE. colicomplex I, respectively. This subunit (the bovine TYKY) belongs to a family of 8Fe-ferredoxins
which contain two tetranuclear irersulfur clusters as redox groups. We detected EPR signals in a fragment

of complex | which we attribute to the novel FeS clusters of complex I.

The proton-translocating NADH:ubiquinone oxidoreduc-  Complex | consists of a peripheral arm extending into the
tase (complex EEC 1.6.5.3) is the first energy-transducing water phase and a membrane arm embedded in the lipid
complex in the respiratory chains of many procaryotes and bilayer @—10). The peripheral arm is involved in the
most eucaryotes. It couples the transfer of electrons from oxidation of NADH by means of FMN, the binuclear FeS
NADH to ubiquinone with the translocation of protons across cluster N1b, and the tetranuclear FeS clusters N3 and N4
the membranel—3). One flavin mononucleotide (FMN) and (7, 11, 12, nomenclature according to Ohnishi). Some
five EPR-detectable ironsulfur (FeS) clusters have so far organisms contain an additional binuclear cluster N1c to
been detected in the complex. The high content of iron and fulfill this function (7). The function of the low-potential
acid labile sulfide $—7) as well as the number of conserved cluster Nla Ey,7 < —380 mV) is not known, but it may
sequence motifs that are typical for the binding of FeS also be involved in the NADH dehydrogenase reaction. N1b,
clusters would allow the presence of up to three additional N1c, N3, and N4 are called isopotential clusters because they
FeS clusters that have not yet been detected by EPRshow similar midpoint potentials in the range fren240 to
spectroscopy. The bacterial complex |, in general, consists—270 mV (12). Together with the FMNEy, 7 = —345 mV;
of 14 different subunits4). Seven subunits are globular 13), they form the electron input part of complex 4)(
proteins including the subunits that bear the known redox Electrons are transferred from the isopotential FeS clusters
groups of complex I. The remaining seven subunits are highly to the tetranuclear cluster N2, which is located in the
hydrophobic proteins predicted to fold into m¢helices connection between the peripheral and the membrane arm.
across the membrane. The mitochondrial complex | of N2 exhibits a more positive midpoint potential than the
eucaryotes contains up to 28 extra proteins in addition to isopotential clusters, although the respective value depends
the homologues of the 14 procaryotic complex | subunits strongly on the organism complex | has been isolated from
(4). (12, 14).

- - - Recently, we detected the presence of two novel redox
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TYKY (2). They belong to a protein family of 8Fe- and 0.1% Lubrol WX (ICN), from 2«M E. coli complex |
ferredoxins that contain two tetranuclear FeS clusters asin 50 mM MES/NaOH, pH 6.0, 50 mM NacCl, and 0.1%
redox groups. Using a fragment of complex | that contains dodecyl maltoside, from the 1M NADH dehydrogenase
a homologue of TYKY, novel EPR signals were obtained fragment of theE. coli complex | in 50 mM MES/NaOH,
which we attribute to these FeS clusters. From these datapH 6.0, and 50 mM NaCl, and from 1M R. eutropha
we conclude that the novel redox group is made up of the NAD"-reducing hydrogenase in 50 mM Tris-HCI, pH 7.0,
two tetranuclear FeS clusters on TYKY. and 50 mM NacCl.

Reaction of Dithionite-Reduced Enzymes with Oxy§eq.
hundred microliter aliquots of the;2V connecting fragment
of the E. colicomplex | in 50 mM MES/NaOH, pH 6.0, 50
mM NacCl, and 0.1% dodecyl maltoside were mixed in a

crassacomplex was isolated from the mutamic20.9 (18) stirred optical cell with a few grains of dithionite at room
according to refl9. The E. coli complex | as well as the ~ temperature. While spectra were continuously recorded,'the
NADH dehydrogenase fragment and the connecting fragmentréaction mixture was reoxidized by oxygen from the air.
of this complex were isolated as describ@dg0, 21). The ~ Oxidation of dithionite was followed at 315 nn2§). The
NAD*-reducing [NiFe] hydrogenase froRalstonia eutro- ~ Same experiment was performed with/@ Ech hydrogenase
pha (formerly Alcaligenes eutrophys22, 23) and the Ech ~ from M. barkeriin 50 mM MOPS, pH 7.0, 2 mM dithio-
[NiFe] hydrogenase fronviethanosarcina barker{24, 25) threitol, and 1% dodecyl maltoside.
were kind gifts from Drs. B. Friedrich, Berlin, and R. Redox Titration.Redox titrations were performed under
Hedderich, Marburg, respectively. The UV/vis spectra of strictly anaerobic conditions in a COY controlled environ-
oxidized and reduced 8Fe-ferredoxin fro@lostridium ment chamber (Grass Lake, MI) as described above. A 600
pasteurianum(26, 27) were kindly provided by Drs. J. M. uL aliquot of 1.54M complex | in 100 mM Tris-HCI and
Moulis and J. Meyer, Grenoble. 0.1% dodecyl maltoside was titrated in the range fro800
UV/vis SpectroscopyA TIDAS-UVI/1001-1 diode array ~ to —200 mV by addition of +170 mM lithium lactate and
spectrometer with 512 diodes (J&M, Aalen, Germany) was 1—10 mM sodium pyruvate. The applied potential was
used. Measurements were performed with an integration timecalculated according to the Nernst equation. The midpoint
of 40 ms, and 25 spectra in the range from 200 to 600 nm potential for the lactate/pyruvate couple was taken to be
were accumulated every 0.5 s. Spectra were processed using 190 mV at pH 7.0 29). As mediator of redox potential,
the Spectrachrom software package (J&M, Aalen, Germany).we used 10 units/mL lactate dehydrogenase (LDH, Sigma,
UV/vis Spectra of Fully Reduced and Air-Oxidized Com- type Il from rabbit muscle). UVivis spectra were continu-
plex |. The spectra of complex | in the fully reduced state Ously recorded in a stirred optical cell, and the reaction was
were obtained under anaerobic conditions in a COY con- Started by injection of 5M NADH final concentration
trolled environment chamber (Grass Lake, MI) in 95% N (grade I, Boehringer Mannheim). This experiment was
and 5% H as describedl@). All buffers were degassed 10 Performed in the range from pH 7.0 to pH 8.2. Midpoint
times and refilled with argon. Residual traces of oxygen were Potentials were calculated by fitting a multiple Nernst
removed by addition of 10 mM glucose, 23 units/mL glucose €duation to experimental dat&Q). The calculations were
oxidase (EC 1.1.3.4, fromspergillus niger Sigma), and  Performed with GNUPLOT 1). For pH 7.8 the midpoint
900 units/mL catalase (EC 1.11.1.6, from bovine liver, Potential was calculated by means of global analysis of

MATERIALS AND METHODS

EnzymesComplex | fromN. crassawild-type OR74A
was isolated as describetlj. The peripheral arm of thd.

Boehringer Mannheim). Two hundred microliter aliquots of
1.7uM N. crassacomplex | in 50 mM Tris-HCI and 0.1%
dodecyl maltoside (Calbiochem) andi®1 E. coli complex

I in 50 mM MES/NaOH, pH 6.0, 50 mM NacCl, and 0.1%
dodecyl maltoside were reduced with 170 and 200
NADH, respectively. The mixtures were separated on-a 1

potential-resolved spectral data in the range of 280 to 600
nm (30, 32). Global analysis was performed with the program
SPECFIT (Spectrum Software, Chapel Hill, N&3).

EPR SpectroscopyEPR spectra of the fully reduced
complex were obtained by reduction of aliquots with a 1000-
fold excess of NADH and a 2000-fold excess of dithionite

6 cm Superose 6 column equilibrated in the correspondingin the presence of redox mediators as descril@dEPR

buffer containing 1uM NADH. Spectra of the eluting

spectra of the enzymes during their reoxidation were obtained

proteins were continuously measured using the buffer aspy withdrawing samples from the reaction mixture and
reference. The spectra of the air-oxidized complexes werefreezing without further treatment. For the EPR spectra of

obtained in the same way with no NADH added to the
enzyme or the bufferl®).

Reaction of NADH-Reduced Enzymes with Oxyg@aree
milliliter aliquots of 7uM N. crassacomplex | in 50 mM

the connecting fragment of the coli complex I, an 3Q«M
aliquot in 50 mM MES/NaOH, pH 6.0, 50 mM NacCl, and
0.1% dodecyl maltoside was reduced with a few grains of
dithionite. Samples were frozen in 1:5 isopentane/methyl-

Tris-HCI, pH 7.2, and 0.1% dodecyl maltoside were mixed cyclohexane (v/v) at 150 K and stored in liquid nitrogen until

in a stirred optical cell with 30uM NADH at room analysis. The spectra were recorded with an X-band spec-
temperature. While spectra were continuously recorded, trometer EMX 6/1 (Bruker) equipped with a helium-flow
complex | was reoxidized by oxygen from the air. EPR cryostat (Oxford). Spectra were recorded at 9.46 GHz
samples were withdrawn every 10 s and immediately frozen. microwave frequency, a modulation amplitude of 0.6 mT,
The sampling time was corrected for the handling in order time constant of 0.064 s, and scan rate of 17.9 mT/min. Other
to correlate the UV/vis with the EPR data. UV/vis spectra parameters are described in the legends to figures. Computer
were obtained in the same way from the«®I peripheral simulations of the spectra were performed as descriBgd (
arm of N. crassacomplex | in 50 mM Tris-HCI, pH 7.2, assuming no hyperfine interaction and Gaussian line shape.
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FIGURE 2: UV/is spectra of 1.tM complex | fromN. crassaat
pH 7.5 adjusted to different redox states. (A) Absolute spectra of
the complex reduced with 17@M NADH under anaerobic
conditions (a), reduced with/8M NADH and 40 s exposure to air
(b), and air-oxidized complex | (c). Spectrum b was corrected for
the residual absorptions of NAD The inset shows the enlarged
! ) X ) ) ’ ’ region from 300 to 600 nm reflecting the absorbance changes
310 320 330 340 350 360 370 380 associated with the redox transitions of the cofactd§).((B)
Magnetic field (mT) Difference spectra of the fully reduced minus air-oxidized complex
| (a — c) and of the complex reduced with:®1 NADH after 40
S exposure to air minus air-oxidized complex I<Ic). The dotted
line represents an absorption difference of zero.

Ficure 1: Reoxidation of NADH-reduced complex | from.
crassawith oxygen. Complex | («M) was reduced with 3@M
NADH att = 0 in a stirred optical cell and exposed to air. (A)
Time course of the absorbance at 425 nm (open circles) and degree

of reduction of the isopotential FeS clusters (filled squares) and of difference extinction coefficients of the absorbances at 325

cluster N2 (filled circles). (B) EPR spectra of an aliquot of the and 425 nm were calculated to Be3s5 goonm = 3 MM~
reaction mixture before (upper curve) and after (lower curve) the cm ! and Aeszs soonm = 8 MM~ cm?, respectively, con-

reaction. Both samples were reduced with an excess of NADH and idering th idual absorb fter 30 mi hich st
dithionite as described in Materials and Methods. The middle curve S'U€MNG the resiaual absorbances after su min which stem

shows an EPR spectrum of the reaction mixture after 40 s of from a supposedly unknown redox group in the membrane
reoxidation. The EPR signals were assigned to the individual FeS arm of the complex15—17).
clusters according to refl. The corresponding values are as i ; i ; ;
llowe: Nl,gx,y,zg 193 1,03, 2.0 Nzgx,y,z: %92, 102205 An aliquot of the reaction mixture was withdrawn prior
N3, Gy = 1.87, 1.93, 2.04; NAgyy, = 1.88, 1.92, 2.10. to and aftgr the reaction, respectively. Thg '_samplgs were
reduced with an excess of NADH and dithionite in the
Other Analytical ProceduresNon-heme iron and acid-  presence of redox mediators, and EPR spectra were recorded

labile sulfide were determined as describ&d, (35). (Figure 1). After the reaction the amplitude gt= 1.94,
where the signals of all FeS clusters of complex | overlap,
RESULTS is diminished by approximately 10%. This indicates that the

Reaction of NADH-Reduced Complex | with Oxygen. content of the individual FeS clusters has been reduced by
Complex | fromN. crassawas reduced with a 5-fold excess roughly 4% in the course of the reaction. However, both
of NADH, and the reoxidation by oxygen was monitored spectra can be simulated with the same relative ratio of
spectroscopically (Figure 1). Under these conditions the FMN clusters N1, N2, N3, and N4, namely, 0.7:1:1:1. Therefore,
and the isopotential FeS clusters were transiently reduced the observed UV/vis absorption does not reflect the decom-
Their reoxidation was faster than a few milliseconds and position of one of the EPR-detectable FeS clusters. The
could not be resolved. In contrast, cluster N2 stayed reducedamplitude of the radical-type signal @t= 2.00 (Figure 1B)
for at least 3 min (Figure 1). Complete reoxidation of this varied in several repeats of the experiments and did not
cluster took place within 30 min. A component with negative correlate with the absorption difference at 425 nm.
absorbances at 325 and 425 nm was reoxidized during the The peripheral arm of thBl. crassacomplex | which is
first 90 s, while the redox state of the FMN, the isopotential devoid of cluster N218) was reduced with a 4-fold excess
FeS clusters, and cluster N2 did not change (Figures 1 andof NADH in the same way, and again, the reoxidation by
2). The chromophore giving rise to these absorbances musioxygen was monitored spectroscopically. The resulting UV/
therefore belong to a yet unknown redox group. The vis difference spectrum is identical to the one obtained with
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Ficure 3: UVlis difference spectra of complex | and related §
enzymes. Spectra of (a) the novel group in complex | fdarassa 2201
(1 uM), (b) the novel group in the peripheral arm of the crassa <
complex I (1.4uM), (c) the dithionite-reduced minus air-oxidized 0 ] ) ) ] .
connecting fragment of th&. coli complex | (4uM), (d) the -300 .280 260 240 220
dithionite-reduced minus air-oxidized Ech hydrogenase fidm Potential (mV)
barkeri (0.8 uM), and (e) electrochemically reduced minus elec- o .
trochemically oxidized 8Fe-ferredoxin frof. pasteurianung0.7 Ficure 4: Redox titration of the novel group in complex | from

uM). Spectra a and b were obtained as described in the legend toN. crassa (A) Absolute spectra of 1.5M complex | adjusted to
Figure 2. For a better comparison, all enzyme concentrations were—300 mV (a) and—200 mV (b). The inset shows the enlarged

calculated to give a difference absorption of 8 it 425 nm. region from 300 to 600 nm. (B) Reduced minus oxidized difference
spectra of the complex obtained by the titration. The spectrum

. e obtained at-180 mV is used as the oxidized spectrum. The upper
complex | (Figure 3). This finding reveals that the novel e (200 mv minus—180 mV) is dominated by contributions

group is located on one of the peripheral subunits of the of the unkown redox group in the membrane arts+{17). (C)
complex. Titration curve corresponding to a best-fit multiple Nernst curve

Redox Titration of the Neel Redox GroupTo determine obtained by global analysis for_pH 7._8 and_by _nonlinear regression
the midpoint potential of the novel group, we performed a f‘ir 4%'; 7.0, 7t.5’a r;gd B'i'dghe gltlggt'glrdes indicate the absorption
redox titration in the range from300 to—200 mV. Global a nm at various recox p s
analysis of the spectra obtained at distinct potentials revealed—265 mV; and N4,—268 mV; withn = 1 in all cases) are
that the negative differences at 325 and 425 nm show thein accordance with the previously determined orig3.(The
same behavior with respect to the actual redox potential. TheUV/vis difference spectra obtained during the titration under
titration curve was fitted for one component with a midpoint anaerobic conditions (Figure 4) are identical to the difference
potential of —270 mV that transfers two electrons (Figure spectrum obtained by reoxidation of the NADH-reduced
4). This potential was independent from the applied pH in enzyme by oxygen from the air (Figure 2). This demonstrates
the range from 7.0 to 8.2. The titration curves did not show that the observed difference spectrum does not reflect a
any hysteresis upon oxidative and reductive titration, indicat- decomposition of a cofactor or protein caused by its reaction
ing that the reaction was in equilibrium. With the spectra with oxygen.
obtained from the peripheral arm of complex | the same pH- The Nael Redox Group in the E. coli ComplexThe
independent midpoint potential of the chromophore was UV/vis difference spectrum of complex | froi. coliat pH
determined (data not shown). 6.0 is dominated by spectral contributions from the FMN at

Simultaneously, the midpoint potentials of the EPR- 370 and 455 nm36; Figure 5). Negative absorbances at 330
detectable FeS clusters were determined by means of EPRand 425 nm of the novel group are also present, but they
spectroscopy to check the setting of the actual potential. Theare not as pronounced as in the spectrum ofNherassa
obtainedEy 7 values (N1,—308 mV; N2,—168 mV; N3, complex | at pH 7.5 (Figure 2). This is caused by a larger
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Table 1: Homologous Subunits of Complex | frde coli andN. crassaand Related Enzymes

E. coli
N. crassa NADH M. barkeri R. eutropha

peripheral dehydrogenase  connecting Ech NAD*-reducing C: Pasteurianum
complex | arm complex | fragment fragment hydrogenase  hydrogenase 8Fe-ferredoxin
19 kD& NuoB? NuoB? EchC HoxY?2
29 kDa 29 kDa NuoCD (N-term) NuoCD (N-term)  EchD
49 kDa 49 kDa NuoCD (C-term) NuoCD (C-term)  EchE HoxH
24 kDa 24 kDa NuoE NuoE HoxF (N-term)
51 kDa 51 kDa NuoF NuoF HoxF (C-term)
78 kDa 78 kDa NuoG NuoG HoxU
21 kD& 21 kD& NuolP NuolP EchP 6 kD&
plus 33 plus 7 plus 7 plus 2

subunits subunits subunits subunits

2 Subunits homologous to the bovine PS8Bubunits homologous to the bovine TYKY.

A) 025

I0.00S

Absorption

A Absorption
-2

— {a-c}) T T T T T
300 350 400 450 500 550 600
Wavelength (nm)

Io o1 Ficure 6: UV/vis difference spectra of the NADH dehydrogenase

A Absorption

fragment from theE. coli complex | (a) and the NAD-reducing
hydrogenase frorR. eutrophab). The NADH-reduced minus air-
oxidized difference spectra are shown. The relative intensities of
all chromophores did not change during the time course of the
T T T T T . reoxidation.
250 300 350 400 450 500 550 600 the excess of dithionite was completely oxidized served as
Wavelength (nm) reduced spectrum. The UV/vis difference spectrum showed
Ficure 5: UV/vis spectra of «M complex | fromE. coli at pH negative absorptions at 330 and 425 nm with the same
6.0 adjusted to different redox states. (A) Absolute spectra of the relative intensities as obtained with tNe crassacomplex |
complex reduced with 2006M NADH under anaerobic conditions (Figure 3). This experiment excludes the possibilty that the

(a), reduced with 1M NADH and 40 s exposure to air (b), and . .
air-oxidized complex | (). Spectrum b was corrected for the residual UV/Vis difference spectrum derives from degraded FMN,

absorptions of NAD. The inset shows the enlarged region from because the connecting fragment does not contain FRIN (

300 to 600 nm. (B) Difference spectra of the fully reduced minus In contrast, the UV/vis difference spectrum of the NADH

air-oxidized complex | (a- c) and of the complex reduced with  dehydrogenase fragment is dominated by the absorbances

104M NADH after 40 s exposure to air minus air-oxidized complex caused by the FMN at 370 and 455 n@6) and minor

I (b — c¢). The dotted line represents an absorption difference of . .

7610. absorptions of the binuclear FeS clusters at 420, 470, and

560 nm and of the tetranuclear FeS clusters at 42037 (

portion of reduced FMN at the lower pH. We were not able 39; Figure 6). It did not contain any spectral contributions

to separate the spectra of the novel group and of the FMN from the novel group. From these data we conclude that the

kinetically as it was possible with complex | frol crassa novel redox group is located in the connecting fragment of

(Figure 1). The novel group may be shielded in the eucaryotic the E. coli complex I.

complex | by additional subunits causing a lower accessibility ~ UV/Vis Spectra of Related Enzym&ecently, we have

to oxygen 0). Because of spectral overlap with the FMN, shown that complex | and the [NiFe] hydrogenases share a

we could not quantify the absorptions at 330 and 425 nm. common ancestod(). The multisubunit membrane-bound
We searched for the absorbances of the novel group inEch hydrogenase fronM. barkeri is composed of six

fragments of thé&. colicomplex | (Table 1). The connecting  different subunits, four of them being homologous to subunits

fragment lacks the NADH binding sit&’ and hence was  of the connecting fragment while two are homologous to

reduced with dithionite. The first spectrum obtained after hydrophobic subunits of the membrane fragment (Table 1).
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The UV/vis reduced minus oxidized difference spectrum of
the Ech hydrogenase is comparable to the difference

spectrum of the novel group in complex | (Figure 3). Thus, N|2

we conclude that the novel redox group of complex | is also N2

present in the Ech hydrogenase. l /
The NAD*-reducing hydrogenase froR. eutrophacon-

tains subunits homologous to the NADH dehydrogenase
fragment and to all subunits of the connecting fragment with
the exception of the TYKY homologue (Table 1). The UV/
vis reduced minus oxidized difference spectrum is devoid T
of the absorbances of the novel redox group (Figure 6). It
resembles the difference spectrum obtained from the NADH
dehydrogenase fragment (Figure 6), which emphasizes that
these two enzymes represent a conserved protein module
(4, 40, 41). These data indicate that the novel redox group . . . . . . . . . .
in complex | is most likely located on the homologues of ,gq 310 130 350 370 390
TYKY. o _ Magnetic field (mT)

TYKY- is amember of a protein family of 8Fe-ferredoxins FiIGUuRe 7: EPR spectrum of the connecting fragment of Eheoli
containing two tetranuclear FeS clusters as the only redOXcomplex I. A 30uM aliquot of the connecting fragment was reduced

groups (Table 1:42). We compared the UV/vis reduced yith an excess of dithionite. The spectrum was recorded at 13 K
minus oxidized difference spectrum of t@e pasteurianum  and 5 mW microwave power. Other EPR conditions were as

8Fe-ferredoxin 26, 27) with that of the novel group in follows: _microwave frequency, 9.45 GHz; modulatiqn amplitude,
complex |. Both spectra proved to be identical (Figure 3). 0.6 mT; time constant, 0.064 s; scan rate, 17.9 mT_/mln. The spectral
From these data we conclude that the novel group detecteaposmons of the novel absorptions are marked with arrows.
in complex | fromN. crassaandE. coliis made up of the
two tetranuclear FeS clusters located on subunit Nuo21.3 or
Nuol, respectively.

EPR Spectra of the Connecting Fragmdntthe reduced
state the two FeS clusters in 8Fe-ferredoxins might have a

i =1 — 3 i -
fspln g W /2 or IS = (??;’h44)t' In 'p:)arstlallly rteduqed 8dFe d might have changed due to the fragmentation of the complex
erredoxins only one of the two Fes Clusters 1S reduce ' abolishing the coupling between the two clusters. Spin

leading to simple EPR spectra. In this case, both FeS clusters o : .
show gimilar oFr) identicaIFI)EPR spectis 46). Fully reduced guantitation of they, signal of N2 revealed that 80% of this

les. h hibit pl i ’ 't?]/ e d cluster has been lost during isolation. Therefore, we cannot
E&rlcl;g%essi, ng\l';egﬂijxir:tén%?tm%% stgesc rlﬁ Vgl)u rﬂz '%? tir(]a exclude the possibility that the novel EPR signals stem from

9 y aL P piing degraded N2.

two reduced clusterdlb, 46). The signals of the spin-coupled Th id-labil ifide and non-heme iron contents of fiv
FeS clusters have been detected in 8Fe-ferredoxins of a few € acia-labile suttide a on-heme iron contents ot ive
hundred micromolar to some millimolar concentratidB8< independent preparatlons of the connecting fragment varied
46). Due to their low intensity, it is very unlikely to detect over 58-6.0 moI_of S /mo_I of protein and 7.68.8 mpl of
these signals in the /ZM complex | aliquots used for UV/ |ron/mol_ of protein, The discrepancy betv_veen the iron an_d
vis spectroscopy (Figure 1). Furthermore, if the clusters acid-labile sulfide contents may be explained by unspecifi-
would be bpresent the aré most likel (’:overed by the cally bound iron or an underestimation of th& 8oncentra-
noninteract?ng Feé Clusﬁers y y tions. However, both values are inconsistent with the

A preparation of the connecting fragment of te coli presence of just one tetranuclear FeS cluster in this fragment,

complex | containing the FeS cluster N2 as the known redox stahs_peually c?_n3|der|ng the very low content of cluster N2 in
group (/) was concentrated to 3@M and reduced by IS preparation.

dithionite. The EPR spectrum of this sample shows no signal b;scussion

at 40 K, indicating that the preparation does not contain any

binuclear FeS cluster as reported (data not shown). At 13 K The route of electrons through complex | is only partly
the signal of N2 expected to be located in this fragment is understood because the exact number of redox groups and
detected aty,n = 2.04, 1.92 (Figure 7), which is fairly close  their chemical structures are not known. While the function

unsuccessful. These signals have so far not been detected in
complex | or a fragment of it. They may arise from the FeS
clusters located on the homologue of TYKY. In this case,
they might stem from one or both of the FeS clusters of this
subunit. In the latter case, the environment of the two clusters

to the signal of cluster N2 in complex ¢(; = 2.05, 1.91). of FMN and the isopotential FeS clusters for the oxidation
However, some additional, novel signalsgat 2.086 and of NADH has become clear, the transfer of electrons to the
1.88 are also present in this spectrum. membrane arm and further to the substrate ubiquinone is not

These signals are only detectable at 13 K and thereforeclear. Especially, the number and type of FeS clusters in
seem to stem from tetranuclear FeS cluster(s). The high-subunits homologous to the bovine PSST and TYKY (Table
field region of this signal is overlapped by the gf N2. 1), which provide binding motifs for one or two tetranuclear
The signal may have a rhombic symmetry with tbe FeS clusters, respectively, are under debate. While one of
absorption completely covered by tlge= 1.92 signal of these subunits binds cluster N2, it has not been clear whether
cluster N2, or it may have a broad nearly axial symmetry. the other subunit contains any FeS cluster at gIk{).

Our attempts to resolve these signals by a potentiometric Here, we demonstrate that the subunits homologous to
titration or by their temperature dependence were so far TYKY of complex | from N. crassaandE. coli contain a so
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far undetected redox group that corresponds to two tetra-either from two different FeS species or from the presence
nuclear FeS clusters. The clusters have been detectéd in of spin-coupled clusters as well as noninteracting clusters
crassaby two negative peaks at 325 and 425 nm in the UV/ (47). We were able to detect broad EPR signals at 13 K in
vis redox difference spectrum with calculated extinction a fragment of théz. colicomplex | containing a homologue
coefficients of approximately 3 and 8 m¥cm™, respec- of TYKY (Figure 7). The different positions of the absorp-
tively. It is known that tetranuclear FeS clusters have tions could either stem from differences among the species
uncharacteristic optical properties. The very broad absorptionor be due to the artificial systems used to detect the signals.
peak around 410 nm bleaches approximatehy2ImM1 The EPR spectroscopic characterization of N6a and N6b
cm! during reduction 48, 49). However, two tetranuclear  turns out to be rather difficult, because highly concentrated
FeS clusters electronically coupled and arranged as in 8Fe-samples are needed and the absorptions of the noninteracting
ferredoxins show characteristic absorption changes with two clusters strongly overlap with the small absorptions of N6a
minima in the difference spectrur2q, 50, 51). and N6b. So far, we were not able to detect the EPR signals
We attribute these absorbances to the FeS clusters orof N6a and N6b in preparations of the entire complex |
TYKY because (i) they are present in fragments of complex neither fromN. crassanor fromE. coli. This might be due
| from N. crassaand E. coli that contain this subunit and to a stronger coupling of the clusters in the complex than in
are missing in a fragment devoid of this subunit, (ii) they the fragment or to the presence of a higher spin ground state.
are also present in the related Ech hydrogenase containing &0 circumvent these difficulties, the prominent UV/vis
homologue of this subunit and are missing in the related difference absorptions of N6a and N6b were most useful for
NAD*-reducing hydrogenase devoid of a homologue, and their characterization.
(iii) they are present in an 8Fe-ferredoxin homologous to  Using complex | fromN. crassa,we could kinetically
TYKY containing only two tetranuclear FeS clusters as redox separate the UV/vis absorptions of N6a and N6b from the
groups. We suggest to refer to these clusters as N6a andabsorptions of all other redox groups by observing their
N6b. reoxidation. N6a and N6b are reoxidized within 90 s after
The UV/vis absorbances of N6a and N6b dominate the addition of NADH, while the isopotential FeS clusters
spectrum of theN. crassa(Figure 2) as well as that of the reoxidize faster than we were able to resolve with our
bovine complex | (Figure 7 in reb2). We have taken  methods (Figure 1). This means that the electron transfer
advantage of this feature to determine the midpoint potential from N6a and N6b to the isopotential FeS clusters during
of the FeS clusters as has been reported for 8Fe-ferredoxingeoxidation is slower than or equal to the reoxidation rate of
(27). The UV/vis absorptions of the noninteracting isopo- N6a and N6b. Because the midpoint potentials of the
tential FeS clusters are too small to interfere with this isopotential FeS clusters and the N6a/N6b couple do not
titration. It was not possible to evaluate a titration of the differ, the electron transfer in the reverse direction from the
FeS clusters N1b, N1c, N3, and N4 of tke coli NADH isopotential FeS clusters to N6a and N6b should also be slow.
dehydrogenase fragment by means of their UV/vis absor- However, the isopotential FeS clusters as well as the N6a/
bances due to their small difference extinction coefficients N6b couple are completely reduced by NADH within 5 ms
(data not shown). We determined the midpoint potential of (data not shown). This possibly indicates a branched electron
N6a and N6b both to be 270 mV, which is in the range of  path in complex | behind the FMN with one route leading
the isopotential FeS clusters. A possible difference in the to the isopotential FeS clusters and the other to clusters N6a
potential of N6a and N6b smaller thar?0 mV would not and N6b.
be captured by the methods applied. Since the titration curve Our data imply that cluster N2 must be bound to subunit
can be fitted with one component transferring two electrons, PSST. The connecting fragment of tke coli complex |
it can be assumed that both clusters participate in the redoxcontains N2, N6a, and N6b as well as the homologues of
reaction of complex I. As the midpoint potentials of N6a PSST and TYKY as sole subunits which contain typical
and N6b are pH-independent, their redox reaction is most binding motifs for FeS clusterg). Since the homologue of
likely not directly coupled to proton translocation. The data TYKY binds the two novel FeS clusters described above,
obtained fit well with the data reported for the two FeS cluster N2 must be located on the homologue of PSST. This
clusters of theC. pasteurianunferredoxin. These clusters s in accordance with site-directed mutagenesis studies with
have pH-independent and identical midpoint potentials as the complex | fromE. coli andYarrowia lipolytica(53, 54)
well (46). The redox potential of tetranuclear FeS clusters and is inconsistent with the proposal that N2 is located on
in soluble ferredoxins may vary from700 to— 250 mV TYKY (55). Since PSST contains only three conserved
(27, 42—46). The midpoint potential of N6a and N6b is quite cysteines, the possibility that a neighboring subunit provides
positive for FeS clusters of that type. This might be due to the fourth ligand of the FeS cluster cannot be excluded. It
the interaction with other subunits within complex | leading has been proposed that TYKY represents a special class of
to a special conformation of TYKY. an 8Fe-ferredoxin working as the electrical driving unit for
The homologue of TYKY inParacoccus denitrificans a proton pump&g6). Sequence comparisons showed that this
NQO9, was overexpressed and reconstituted with FeSsubunit contains partly conserved amino acids. Therefore,
clusters 47). It was demonstrated that this subunit indeed electron transfer involving the FeS clusters on TYKY could
can bind two tetranuclear FeS clusters. The EPR signals ofbe charge compensated by the protonation of the acidic
these clusters were detected only in the overexpressed an@mino acids%6). It is an attractive hypothesis, that electron
truncated protein but not in the entire complex | in the transfer via N6a, N6b, and N2 is required for proton pumping
cytoplasmic membranet(). The FeS clusters give rise to in complex | 66, 57). However, the predicted pH dependence
broad signals of nearly axial symmetry g@t= 2.08, 2.05, of the midpoint potential of FeS clusters located on TYKY
and around 1.93 and 1.90. It is discussed that they derive(56) was experimentally disproven as shown above.
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