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ABSTRACT. The redox properties of the [2Fe-2S] cluster in the 24 kDa subunit of bovine heart mitochondrial
NADH:ubiquinone oxidoreductase (complex I) and three of its homologues have been defined using
protein—film voltammetry. The clusters in all four examples display characteristic, pH-dependent redox
transitions, which, unusually, can be masked by high ionic strength conditions. At low ionic strength (10
mM NacCl) the reduction potential varies by approximately 100 mV between high and low pH limits (pH

5 and 9); thus the redox process is not strongly coupled and is unlikely to form part of the mechanism of
energy transduction in complex I. The pH dependence was shown to result from pH-linked changes in
protein charge, due to nonspecific protonation events, rather than from the coupling of a specific ionizable
residue, and the ionic strength dependence at high and low pH was modeled using extended Debye
Huckel theory. The low potential of the 24 kDa subunit [2Fe-2S] cluster, out of line with the potentials
of the other iror-sulfur clusters in complex |, is suggested to play a role in coupling reducing equivalents
at the catalytic active site. Finally, the validity of using the [2Fe-2S] cluster in an isolated subunit, as a
mechanistic basis for coupled proteelectron transfer in intact complex I, is evaluated.

Mitochondrial NADH:ubiquinone oxidoreductase (com- 14), contain homologues to all the proposed cofactor binding
plex 1)t is the entry point for electrons into the membrane- subunits of the mitochondrial enzyme, indicating a similar
bound respiratory chairl(2). Complex | catalyzes the two-  fundamental mechanism for electron transfer. Complex | is
electron oxidation of NADH to NAD and the concomitant  now thought likely to contain two [2Fe-2S] clusters and six
reduction of ubiquinone to ubiquinol, a process which is [4Fe-4S] clustersl0—12); on the basis of primary sequence
coupled to proton translocation across the inner mitochondrial analysis 8) and the overexpression of individual, cofactor-
membrane §, 4). At present, complex | is the least containing subunitsl3—17), information about the subunit
understood of the three proton-pumping complexes which location and properties of each cluster is now being
create the proton-motive force across the inner mitochondrial consolidated, though ambiguities still remain. Mechanisti-
membrane, used for ATP production. Structural information cally, it is a reasonable assumption that electrons enter
on the L-shaped assembly is limited to 22 A resolutig)) ( complex | at the noncovalently bound flavin mononucleotide
and little is known about how the energy liberated by the (FMN) active site, where NADH is oxidized, and are then
electron transfer process is coupled to vectorial proton passed along by the F& clusters to one or more spatially
translocation. removed quinone-binding site(s), where Q is reduced te. QH

Complex | from bovine heart mitochondria consists of at The point at which the available energy is “siphoned off”
least 43 different subunits, the primary structures of which for vectorial proton transfer is not known. One possibility is
have been determine®,(6, 7). Bacterial NADH:quinone  a coupled electronproton transfer event at one (or more)
oxidoreductases8( 9), which have fewer subunits (13 or of the redox sites; consequently, the pH dependence of an
iron—sulfur reduction potential would be a key indicator of
this type of event18, 19).

The 24 kDa subunit of mitochondrial complex2Q) is
homologous to the NQO2 subunit Baracoccus denitrifi-
cans(21) and Thermus thermophilu@?2) and the NUOE
subunit ofEscherichia col(23). For simplicity, the term “24
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kDa subunit” is used generically, throughout this paper, to
refer to the mitochondrial protein and also its homologues.
The 24 kDa subunit is one of the better characterized subunits
of complex I, and there can be little doubt that it houses a
[2Fe-2S] cluster. A [2Fe-2S] binding moti4, 25), Cys-
(X)4-Cys-(X)ks-Cys-(X)%-Cys, is conserved through all known
complex | 24 kDa subunits and, while less common than
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the plant-type or hydroxylase-type 2Fg&erredoxin motifs resolving the numerous overlapping signals and by possible
[Cys-(X)4-Cys-(X)-Cys-(X)o-Cys and Cys-(Xg-Cys-(X)- complications arising from spifspin interactions, low and
Cys-(X)kei37Cys 6)], also occurs in a number of hydro- therefore inaccessible redox potentials, & %/, ground
genases typified by the NADP-reducing hydrogenase from states. In addition, EPR redox titrations, carried out over a
Desulfaibrio fructosaorans(27) and the complex iron-only  range of pH values, are expensive in both time and amount
hydrogenase fronThermotoga maritima28). A similar of protein required. We now describe the application of
motif, Cys-(Xh2-Cys-(X)132zCys-(X)-Cys, is also observed  protein—film voltammetry 36, 37) to the study of the redox
in the [2Fe-2S] ferredoxins from@lostridium pasteurianum mechanism of complex I. Proteifilm voltammetry allows
Azotobactewinelandii (29), andAquifex aeolicusthe latter the measurement, deconvolution, and quantification of both
has recently been shown to have a thioredoxin-like fold, with the kinetics and thermodynamics of complex, coupled
the [2Fe-2S] cluster located close to the solvent-accessibleelectron transfer reactions in a single set of experimer@s (
surface 25, 30). The spectroscopic properties of the [2Fe- 19, 38—41). In this publication we address the redox
2S] cluster in the 24 kDa subunit, as typified by the properties of the [2Fe-2S] cluster in the overexpressed
overexpressef. denitrificanshomologue, also place this complex | 24 kDa subunit of four distinct homologues.
complex | cluster firmly in theC. pasteurianunsubclass of ~ Mechanistically, the 24 kDa subunit cluster is particularly
[2Fe-2S] ferredoxins, spectroscopically distinct from those interesting because of its location close to the active site and
of plant or hydroxylase type3(Q). Furthermore, “swapping”  since EPR studies have reported its reduction potential to
the second cysteine ligand &f. pasteurianunferredoxin be pH-dependent(, 11). The accuracy and reproducibility
into a position analogous to that taken in the complex | 24 of our measurements, using comparatively minute amounts
kDa subunits [Cys-(X}Cys-(X)se-Cys-(X)-Cys] produced of sample, have allowed investigation of a wide range of
a protein which retained the spectroscopic properties of thepH, ionic strength, and temperature and have consequently
native cluster §2). Taken together, these observations enabled the first comprehensive description of the redox
strongly suggest a common fold for the complex | 24 kDa properties of this important cluster. In addition, the simpli-
subunits and within th€. pasteurianunsubclass of [2Fe-  fication which results from studying, in isolation, a single
2S] ferredoxins 25). component of this complex machine provides valuable

Within intact complex |, the 24 kDa subunit is almost spectroscopic and redox information to complement studies
certainly located adjacent to the 51 kDa subunit, which of the intact enzyme. Finally, the implications of our results
houses the FMN active site at which NADH is bound and for the mechanism of complex | are discussed.
oxidized @). The 51 kDa subunit is also thought to contain
a [4Fe-4S] clusterd; 10, 11, 14), and either this cluster or EXPERIMENTAL PROCEDURES
the 24 kDa [2Fe-2S] cluster is likely to be the initial acceptor  Cloning, Querexpression, and Site-Directed Mutagenesis.
of electrons from the active site. Since iresulfur clusters The genes encoding the 24 kDa subunits from bovine heart
are one-electron carriers, but the oxidation of NADH is a mitochondria 20) and E. coli (23) were cloned into the
two-electron process, the initial cluster may have an impor- expression plasmid pMW17212). DNA was amplified by
tant influence on the lifetime of intermediate, radical states PCR from bovine heart cDNA arfel coliDNA, respectively,
at the active site. Direct evidence for the close associationusing expand DNA polymerase (Roche Diagnostics Gmbh)
of the 51 and 24 kDa subunits in complex | has been and the following primers: bovine forward primer, TAG-
provided by fractionation of the bovine mitochondrial GAATTCCATATGGGAGCTGGAGGAGCCTTATTTG,; bo-
enzyme by the chaotrophic ion perchlorate, producing the vine reverse primer, CGAAAGCTTTTAAAGGCCTGCT-
catalytically active and soluble “Fp” subcomplex, consisting TGCACACC;E. coliforward primer, TAGGAATTCCAT-
of only the 51, 24, and 10 kDa subuni@sJ. E. colicomplex ATGCACGAGAATCAACAACCAC,; E. colireverse primer,
| has also been fractionated to produce a fragment consistingCGAAAGCTTTCATTTATACCGCTCCAGCAGTTCAG-
of the NuoE, NuoF, and NuoG (24, 51, and 75 kDa) subunits GG. Following digestion with the appropriate restriction
(34). In addition, while all attempts to overexpress an active enzymes,Ndd and Hindlll (New England Biolabs Inc.;
form of the isolated 51 kDa subunit have so far failed, restriction sites underlined), the insert was ligated into the
coexpression of the 51 and 24 kDa subunits produced anexpression vector and checked by direct sequencing. When
“Fp-type” enzyme which displayed some NADH-oxidizing required, an N-terminal histidine tag was added by incor-
ability (14). Finally, the soluble NAD-reducing hydrogenase porating 7 E. coli homologue) or 10 (bovine homologue)
from Ralstonia eutrophdformerly Alcaligenes eutrophis histidine codons into the' Jrimer sequence. €acompetent
contains four subunits, two of which form an FMN- E. coli cells, strain C41(DE3)43), were transformed and
containing NADH oxidoreductase dimer. Of these two grown overnight, at 37C, on a TYE-agar plate containing
subunits, one is a fusion of homologues to the 24 and 51 100ug mL~* ampicillin, and single colonies were then used
kDa subunits of complex |, while the second is homologous to inoculate 4x 1 L of 2 x TY medium (16 g L tryptone,
to part of the 75 kDa subunit, again strongly suggesting that 10 g L™! yeast extract5 g L™t NaCl, pH 7.4) containing
the 51 and 24 kDa subunits constitute a structural unit within 100 ug mL~* ampicillin (Melford Laboratories Ltd.) and
complex | @5). supplemented with 1Q:M cysteine and 10uM ferric

To date, electron paramagnetic resonance (EPR) has beeammonium citrate (Sigma-Aldrich Ltd.). Cells were grown
the predominant technique for studying the redox properties aerobically at 37C to an optical density of 0.6 at 600 nm,
of the iron—sulfur clusters in complex 1, 11), since iron- when protein overexpression was induced by the addition
sulfur clusters, unlike heme groups, for example, lack of isopropyl -p-thiogalactopyranoside (IPTG; Melford
distinctive optical spectral features. However, studies of Laboratories Ltd.) to a final concentration of 0.6 mM.
individual centers have been hampered by difficulties in Following overnight growth at 2%C the cells were harvested
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by centrifugation, resuspended in 50 mM Tris-HCI (pH 8), concentrated by ammonium sulfate precipitation (35%
containing 2 mM dithiothreitol (DTT) and 0.001% (w/v) saturation). The dark red-brown pellet was redissolved into
phenylmethanesulfonyl fluoride (PMSF), and frozen-20 a minimum volume and run on a gel filtration column
°C for storage. (Sephacryl S-100, Amersham Pharmacia Biotechnology, AB)
The genes encoding tHe. denitrificansand T. thermo- in 0.2 M NaCl and 50 mM Tris-HCI, pH 8, buffer. Elution
philusNQO2 subunits were cloned from the pXT-44J and occurred in two peaks, both of high purity as judged by
pTTH-1 (22) plasmids, respectively. To generdied and SDS-PAGE analysis, which are considered to consist of
Xhd restriction sites, the sense and antisense primersdimers and monomers; monomer fractions were collected,
GACCGCATATGCTGCGCCGTC and CTGCTGAGI TC- pooled, and transferred into an anaerobic glovebox<Q
GATTAGACG were used to amplify th®. denitrificans ppm; Belle Technology) before being concentrated to ap-
gene; italic bases were altered from the genomic DNA. In proximately 200uM using a YM10 membrane (Millipore
the same way, for th&. thermophilugiene, the sense primer  Corp., Bedford, MA). Although the homologous proteins
GGGAGGGCATATGGGGTTCTTTGACG was used to  from C. pasteurianunandA. aeolicusare dimerized in the
generate amNdd restriction site, and the antisense primers native state and in the crystal structu8é); maintaining the
GGAAAGAAGCTIGCCAGTCATACC and GAAAGA CT- 24 kDa protein anaerobically greatly reduced conversion of
GGGCCAGTCATACC were used to generdténdlll and any of this monomeric fraction into the dimeric form, as
Bglll restriction sites, respectively. The DNA fragments observed if the protein was stored aerobically; the dimeric
generated by PCR amplification were ligated into pCRScript form is therefore likely to be mainly the result of oxygen-
cloning vectors (Stratagene, La Jolla, CA) according to the induced cluster loss and dimerization via the free sulfhydryl
manufacturer’s protocol and checked by direct sequencing.groups formed.
Subsequently, these plasmids were digested with the ap-
propriate restriction endonucleases, and the DNA fragments
were cloned into the pET16b and pET24a expression
plasmids. pET24a-TthNQO2 was used to overexpress the
nonfused, wild-typeT. thermophilusNQO2 protein, while
PET16b-PdNQO2 and pET16b-TthNQO2 produced proteins
fused to a 10-residue histidine tag at the N-terminus. The
proteins were expressed k coli strain BL21(DE3)pLysS,
;Segteesdc[)@i%@pgel\_lglgr):i' cvglrg]]nfgﬁil?rrr?gi?atrz Z?:gn;ompple eluted using 250 m'M imidazole; purity was confirmed by
NaS (14). SD?—PAGE ?n_a.lly5|s. _
carried out on the pCRScript-TthNQO2 plasmid, using a H|St|d|ne-tagged>. q§n|tr|f|can$ndT. thermophilu24 kDa
mutagenesis kit (Promega Corp., Madison, WI), according Subunits were purified according to the method of Yano et
to manufacturer’s instructions. The following oligonucle- al. (14) with minor modifications. Briefly, cells were
otides were used: (i) H79A, CCCACGGGGAAGTEL- harvested by centrifugation (609010 min) and then
CCTCCAGGTCTGCGCC; (ii) D114N, CCGGGGGAGGT- resuspended in a deoxygenated 50 mM Tris-HCI buffer (pH
GACCCCRACGGGCTTTTCAGCGTG; (iii) E123Q, GC- 7.4, 1 mM DTT, 300 mM NacCl, 0.1 mM PMSF) at a ratio
GTGCAGATAGGT(I_:AGTGCCTGGGAAGC; (iv) H129A, of 10% wl/v. The cell suspension was passed through a
GCCTGGGAAGCTGGCCACCGCCCCCGTGA. All mu- French press (25000 psi), and cell debris was removed by
tants were checked by direct sequencing. The TthNQO2 centrifugation (23506 15 min). Following ultracentrifuga-
fragments carrying the mutated oligonucleotides were thention (18000@, 30 min), the resulting supernatant was
cloned into the pET16b expression plasmid and over- collected and transferred immediately into an anaerobic
expressed as described above. glovebox (COY Laboratory Products Inc.), where all sub-
Protein Purification. (i) Baine Mitochondrial 24 kDa sequent procedures were performed, limiting oxidative cluster
Protein (without Histidine Tag) (45)Cells were thawed on ~ degradation. The histidine-tagged proteins were purified by
ice and broken by passage through a cell disrupter (ConstanfNi-NTA affinity chromatography (Qiagen GmbH), and their
Systems Ltd., Kenilworth, U.K.) at 30000 psi; insoluble cell purity was checked by SDSPAGE analysis. For the
debris was removed by centrifugation (486000 min). DTT nonfusedT. thermophilussubunit a 5 min, 65°C heat
(1 mM) was added and maintained throughout, and all stepstreatment was followed by a 10 min, 32@Xentrifugation,
were carried out at 4C. Streptomycin sulfate was added to removing many nonthermostablE. coli proteins. The
1% (w/v) while stirring on ice, and the white precipitate was supernatant was then loaded onto an anion-exchange column
removed by centrifugation (4806020 min). Following (DEAE Toyopearl, Tosho Corp.) and eluted by an NaCl step
dialysis (into 50 mM Tris-HCI at pH 8), the protein solution gradient (10 mM Tris-HCI, pH 8.0); the 24 kDa subunit
was pumped through a DE52 anion-exchange column eluted in 106-200 mM NaCl. Finally, the protein was
(Whatman International Ltd.), preequilibrated in the same purified to homogeneity (as judged by SBBAGE) using
buffer, removing a number of contaminating proteins. The a Sephadex G-75 gel filtration column (Amersham Pharmacia
flow-through was then loaded directly onto a Q-Sepharose Biotech AB; 10 mM Tris-HCI, 150 mM NacCl, pH 8.0) and
column (Amersham Pharmacia Biotechnology, AB), again concentrated in a YM10 Centriprep concentrator (Millipore
preequilibrated in 50 mM Tris-HCI at pH 8, and eluted with Corp., Bedford, MA).T. thermophilusand P. denitrificans
a linear NaCl gradient; the 24 kDa protein eluted at proteins were shipped anaerobically from The Scripps
approximately 0.2 M NaCl. Fractions were pooled and Research Institute to Cambridge on ice.

(i) Bovine Mitochondrial and E. coli Histidine-Tagged
HomologuesThe cytoplasmic cell fraction was obtained by
lysis and centrifugation as described above, then filtered
before being transferred into an anaerobic glovebox €O
1 ppm), and purified by Ni-NTA affinity chromatography
(Qiagen GmbH). Two column wash steps of 10 and 20 mM
imidazole in 50 mM sodium phosphate buffer with 300 mM
NacCl, pH 8.0, were employed, and then the proteins were
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Characterization of the @erexpressed Bane Mitochon-
drial and E. coli 24 kDa Subunit§heT. thermophilug22)
andP. denitrificans(13) homologues have been described
previously; since the preparations used in this work are
comparable, we do not discuss their characterization here.
Correct expression of the bovine mitochondrial &dcoli
proteins was confirmed by N-terminal sequencing (nontagged
proteins only) and by measurement of the intact protein mass.
For N-terminal sequencing, proteins were separated on an i}

SDS-PAGE gel and then transferred to an Immobilon P e J .
membrane (Millipore, Bedford, MA) in a solution of 25 mM 250 300 350 400 450 SO0 S50 600 650 3250 3300 3350 3400 3450 3500 3550 3600
tris(hydroxymethyl)aminomethane, 192 mM glycine, and Wavelength (nm) Magnetic Field (G)

10% methanol. Excised Coomassie Blue stained bands wereFicure 1: Spectroscopic characterization of the [2Fe-2S] clusters
analyzed by automated Edman degradation using a Modelof theE. coli(I) and bovine mitochondrial (II) 24 kDa homologues.
494 Procise protein sequencer (Applied Biosystems). Se-(A) UV —visible spectra of the clusters in the oxidized and sodium

dithionite reduced forms. Cluster concentration is approximately
quences of GAGGALFVHR and MHENQQPQTE were 50 uM; clusters were reduced by anaerobic addition of 1 mM

obtained for the bovine artel. colihomologues, respectively,  sodium dithionite from a concentrated stock solution. Peak absorp-
identical to those expected. To measure the intact proteintion maxima in the oxidized form are 330, 416, 455, and 550 for

mass, samples were applied to a reverse-phase HPLGheE. colihomologue and 330, 419, 457, and 550 for the bovine
Aquapore RP-300 column (Perkin-Elmer), eluted with an mltqchondrlal homologue. Solution conditions: pH 8.0, 10 mM
- . . ' . . sodium acetate, MES, HEPES, and TAPS buffers, 0.1 M NacCl, 20
acef[qn'tr_'le gradient in 0.1% TFA, and examined using oc (B) EPR spectra of the reduced clusters. Samples containing
positive ion electrospray mass spectrometry. The Sciex API petween 150 and 250M [2Fe-2S] cluster were prepared anaero-
I triple quadrupole mass spectrometer was tuned andbically by reduction with a 10-fold excess of sodium dithionite and
calibrated with a mixture of poly(propylene glycols) over frozen immediately. EPR conditions: microwave frequency 9.375
the range of'z 59 to 2010 and checked using horse heart GHz: microwave power 2 mW, modulation amplitude 10 G,

lobi 169514 D S | modulation frequency 100 kHz, time constant 2.65 ms, conversion
myoglobin (average mass 51.4 Da). Samples wereime 10.24 ms, sample temperature 29¢gy-values are 1.921,

introduced, via a Rheodyne loop, into a strearpl(3nin~1) 1.948, and 2.001 for thE. coli homologue and 1.917, 1.944, and
of 50% aqueous acetonitrile and spectra recorded by scannin@.003 for the bovine mitochondrial protein.
the first quadrupole (Q1) from/z700 to 1700. Masses of
23812.4 and 18588.2 (standard deviations 1.5 and 1.6) wereK for the bovine mitochondrial an#. coli homologues are
acquired for the bovine arf. colihomologues, respectively, shown in Figure 1B. The two spectra display very similar
and 25313.4 and 19545.6 (standard deviations 1.1 and 1.6)g-values (though slight differences in line widths are appar-
for the proteins with histidine tags. These are all close to ent) and correspond closely with those reported previously
the predicted masses of 23814.4, 18590.1, 25317.0, andor the T. thermophilus(22) and P. denitrificans (13)
19550.1, confirming the protein sequences; small differenceshomologues; the spectrum of histidine-tagged bovine mito-
in mass are likely to be due to disulfide bond formation chondrial protein was indistinguishable from that without a
following cluster loss during the HPLC procedure. Finally, histidine tag.
protein concentrations were quantified using the BCA protein  Protein—Film Voltammetry Reduction potentials for the
assay (Pierce), and iron content was measured colorimetri-24 kDa subunit [2Fe-2S] clusters were measured by pretein
cally using 4,7-diphenyl-1,10-phenanthroline (Sigma-Aldrich film voltammetry. Solution pH values were controlled by a
Ltd.) (46). mixture of four buffers chosen from 10 mM sodium acetate,
Characterization of the [2Fe-2S] Clusters in the e 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
Mitochondrial and E. coli Homologues by Electron Para- 2-morpholinoethanesulfonic acid (ME®;[tris(hydroxym-
magnetic Resonance and YVisible Spectroscopie©xi- ethyl)methyl]-3-aminopropanesulfonic acid (TAPS), and
dized and dithionite- (sodium hydrosulfite; Sigma-Aldrich  3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (total
Ltd.) reduced UV-visible spectra were recorded using a UV- buffer concentration 40 mM), according to pH. Potentials
1601 Shimadzu spectrometer with the samples sealed inwere confirmed to be independent of buffer composition.
anaerobic quartz SUPRASIL precision cuvettes (Hellma, The pH of each solution was checked immediately following
Southend-on-Sea, U.K.). In each case, spectra were consistenheasurement, at the experimental temperature, using a
with the presence of a [2Fe-2S] cluster and essentially standard glass electrode calibrated at temperature according
identical to those previously reported for tRedenitrificans to known standards4y). NaCl, at varying concentrations as
(13) andT. thermophilug22) proteins, though exact peak specified in the text, was used as supporting electrolyte, and
positions vary slightly. Spectra are shown in Figure 1A.  the effects of high Na concentration on pH measurement
EPR spectra were recorded on a Bruker EMX X-band were corrected by standard formula&8), To prepare the
spectrometer using an ER 4119HS high-sensitivity cavity protein film, a protein solution (200M, pH 7.5) was applied
maintained at low temperature by an ESR900 continuous directly to a fresh pyrolytic graphite edge electrode surface
flow liquid helium cryostat (Oxford Instruments, Abingdon, [polished with 1xm alumina (Buehler, Lake Bluff, IL),
U.K.); sample temperature was measured with a calibratedsonicated, and rinsed thoroughly with Millipore water] and
Cernox resistor (Lake Shore Cryotronics Inc.). Power levels then placed into solution in an all-glass electrochemical cell
were determined to be below microwave saturation, and 100fitted with a platinum counter electrode. A standard calomel
kHz field modulation amplitudes were chosen to avoid signal reference electrode was used, separated from the cell by a
distortion and rapid-passage effects. Spectra recorded at 29 uggin capillary, and all potentials were corrected to the
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Ficure 3: Diffusional voltammogram recorded for tie denitri-
ficans [2Fe-2S]-containing homologue (with histidine tag). The
protein is free in solution 4150 «M), and electron transfer is
controlled by diffusion to the electrode surface, as demonstrated
037 by the large peak separation (56 mV). Conditions: pH 8.0, 1.05 M
Ficure 2: Typical film voltammograms showing an example from NaCl, 20 °C, scan rate 1 mV 8, buffer as described in
each of the four different proteins discussed and also the four Experimental Procedures. The average peak potertHlQ2 V)
different conditions: high (2 M NaCl) and low (0.01 M NacCl) ionic  is very close to the potential recorded for the protein adsorbed to
strength and high (pH 9) and low (pH 5) pH values. (A) the electrode surface under identical conditionr.403 V).
thermophilus(with histidine tag), pH 9.05, 10 mM NacCl. . 1 . - . - -
denitrifigans(SNith histidine tag%? oH 5.282 M NaCl. (C)E. i 579 butincreasing at lower pH; peak half-height widths are
(with histidine tag), pH 5.05, 10 mM NaCl. (D) bovine mitochondria COmMpact €95 mV at high pH, also slightly increased at low
(without histidine tag), pH 9.02 M NaCl. All data were recorded ~ pH), indicating only limited thermodynamic dispersion within

at 20 °C, scan rate of 20 mV 3, with solution conditions as  the film; peak areas are consistent with formation of a

described in Experimental Procedures. monolayer or submonolayer of protein (coveragel.5 x
10 mol cm?) on the electrode surface.
standard hydrogen electrode scal8)( The cell was encased Where possible, diffusional voltammetry was used to

in a Faraday cage to minimize electrical noise, thermostated qnfirm that film potentials are representative of the potential
using a water jacket, and housed in an anaerobic gloveboxgypibjted by the protein in solution. A typical example is
(G2 ~ 1 ppm; Belle Technology). Analog-scan cyclic  ghown in Figure 3. Tha. thermophilusP. denitrificans
voltammetry was performed using an PGSTAT30 Autolab anq g coli 24 kDa proteins all produced reversible diffu-
electrochem|_cal analyzer (Eco-chemie, Utrecht, The Neth- gjqnq) voltammograms; however, the native bovine mito-
erlands) equipped with ADC750 and Scan-Gen modules. chongrial 24 kDa protein, which does not carry an N-terminal
Remaining electrical noise was removed by Fourier trans- nistidine tag (see below), did not show any signal. One
formation, prowded that signal and noise were on sufﬂ(_:lently possible explanation is that the histidine tag promotes a
separate time scales, and background currents, attributablgy,,qraple orientation for electron transfer, at the electrode,
to electrode capacitance and surface chemistry, were subyring transient contact from bulk. Diffusional voltammetry
tracted using an in-house analysis program (courtesy of Dr. s characterized by larger peak separations (theoretically 58
H. A. Heering) which fits a cubic spline function to the 4t 20°C, rather than 0 mV for an adsorbed film) and a
baseline in regions sufficiently far from the peak and assumesjnear dependence of peak current upon (scan Yate)

continuat_ion of a similar, smoqth function throughout the identifying bulk mass transfer is thus straightforwadd)(
peak region. Reducuqn potential (average peak potenual) For the solution potential to equal that in the proteiitm,
measurements are estimated to be accurate to wi2imV. the protein can only weakly interact with the surface (no

major structural change), and there must be no difference
between the free energies of adsorption of the oxidized and
Reversible [2Fe-2S] Cluster Reduction and Oxidation reduced forms. Table 1 compares reduction potentials
Obsered Voltammetrically Figure 2 shows film voltam-  measured by the two methods; various pHs and ionic
mograms for the overexpressed 24 kDa (NQO2, NUOE) strengths were evaluated, though at low pH protein instability
subunits of T. thermophilus P. denitrificans E. coli and and insolubility precluded any solution measurement. The
bovine heart mitochondria recorded under a range of differentclose correspondence between solution and film values
conditions. In each case the scan rate is sufficiently slow confirms that adsorption effects are not responsible for the
that further decrease did not result in any change of the potential variations discussed below. All of our further
average peak potential, and this value can thus be equateexperiments were therefore carried out using film voltam-
to an equilibrium (Nernstian) reduction potential. The four metry, since this does not necessitate exchanging the protein
conditions are chosen to be representative of the range ofbetween different solution conditions, thus facilitating more
our experiments: high and low ionic strength and high (pH rapid and reproducible measurements over a wider range of
9) and low (pH 5) pH values. In all cases the peak separationconditions.
is small and thus diagnostic of film-bound rather than  Comparison of Systems with and without Histidine Tags.
diffusing protein, typically being 20 mV at high pH (10 mV  Use of a histidine tag is particularly advantageous for the

RESULTS



Redox Properties of 24 kDa [2Fe-2S] Cluster in Complex

Table 1: Comparison of Reduction Potentials Measured with the

Protein Diffusing and by Using the Proteifrilm Configuration

Biochemistry, Vol. 41, No. 31, 20020061

Scheme 1: Square Scheme Describing the Coupled
Proton-Electron Transfer Process Adopted as Model |

[NaCI] T AEpeak > . N E%%cid . N
protein DH (M) (oc) Ediffusion (mv) Eadsorbed [2Fe-2$] :BH™ <«——» [ZFC—ZS] :BH
T. thermophilusvith 7.7 1.00 0 -0375 75 —0.376
His tag pKox PKred
T. thermophilusvith 8.0 0.10 0 —0.403 89 —0.400
His tag
T.thermophilu$H79A 8.0 0.01 0 —0.405 89 —0.411 [2Fe-28]?": B ~e——> [2Fe-28]": B
T. thermophilus 80 010 0 —0.404 71 -0.400 Eac
P. denitrificanswith 8.0 1.05 20 —0.402 56 —0.403
His tag expressed without a histidine tag and purified using a
E. coliwith 90 200 20 -0.286 146 —0.282 procedure modified from that for the bovine mitochondrial
His tag protein. However, the cluster content was considerably
decreased, and a significant amount of dimerization was
-0-323 032 observed, suggesting either cluster loss during purification
0341 0341 or incomplete cluster formation during cell growth. Conse-
056 | 036 1 quently, our best (nontagged) preparations gave only very
limited voltammetric results, though potentials were again
] ] very close to those of the histidine-tagged equivalent. A very
041 041 different situation, however, was found for the bovine
042 1 0421 mitochondrial homologue. In this case, while native protein
B E ] could be isolated with a cluster content-e65% and kept
monomeric by the absence of oxygen, the histidine-tagged
N as s o5 7 5s s variant contained significantly less cluster20%), and no
036 1 PH 026 voltammetric signals could be observed. Although numerous
038 % 2028 1 growth conditions were explored, it was not possible to
sl . P os ] significantly increase the cluster content of this protein; thus
for the mitochondrial homologue we describe only results
4 0327 on the native (nontagged) protein. The lack of signal probably
S - results directly from the low cluster content, perhaps because
a6 C. 2036 1 apoprotein blocks the electrode surface; we note that EPR
o ' . and UV-visible spectra for the native and tagged prepara-
s as 55 6s 15 85 95 tions are indistinguishable.
047 PH ™ 034 Variation of Reduction Potential with pHin all casesT.
042 e T a6 thermophiludNQO2,P. denitrificansNQO2,E. coliNUOE,
0aa ] N 038 and bovine heart mitochondria 24 kDa protein) the reduction
potential has a similar qualitative pH dependence. At high
0461 \va_v 041 ionic strength (the upper limit of our experiment is 2 M
]_5%,48‘ . E—%j‘z' NacCl) virtually no pH dependence is observed. At high pH,

-0.5 7

Ficure 4: Reduction potential vs pH for each of the different

0.44° L

species investigated at three different salt concentratlin2 (M
NaCl; 0, 0.1 M NaCl; ®, 0.01 M NacCl), at 20°C, with solution
conditions as described in Experimental Procedures.T(Aher-
mophilusprotein with histidine tag. (B). thermophilusprotein

high ionic strength produced a more stable protein film,
indicating that protein/electrode-surface interactions contain
a hydrophobic contribution or that both protein and surface
have a negative charge and require shielding from one
another. At low pH, both protein coverage and film stability
were decreased, and increasing the salt concentration did not

without histidine tag. (CP. denitrificansprotein with histidine tag.
(D) E. coli protein with histidine tag. (E) Bovine mitochondrial
protein without histidine tag. (F) A comparison of the tWo
thermophilusproteins, with and without histidine tag. Parameters
for the data fits are given in Table 2.

result in any improvement. This alternate behavior is likely
to result from the reversal of the protein charge at low pH
(see below), and the protonation of graphite surface func-
tionalities at around pH 5.6, causing a decrease in surface
overexpressed 24 kDa proteins, since rapid and anaerobimegative charge density or perhaps a change in surface
purification minimizes oxidative loss of the irersulfur polarity (49). In all cases, reduction potentials could be
cluster. For thel'. thermophilusP. denitrificansandE. coli measured between pH 5 and pH2 M NaCl.

homologues, samples with70%,~30%, and~70% cluster As the ionic strength is decreased, a pH dependence
incorporation, respectively, were produced and gave stabledevelops. Figure 4 shows the variation of reduction potential
and reproducible voltammetric signals. Direct comparison with pH, for each protein, at three different concentrations
with native (nontagged). thermophilugprotein showed the  of added NaCl: 10 mM, 0.1 M, a2 M NaCl. Qualitatively,
effect of the histidine tag on reduction potential to be only all of the proteins show remarkably similar behavior, though
slight (see Figure 4 and below), and, thus, although the nativevariations in K and potential values are observed. For each
protein (cluster incorporation-70%) also gave reversible  NaCl concentration and each protein, the data can be fitted
voltammetry over a wide range of conditions, the ease and using the square scheme (Scheme 1) and the equation (eq
rapidity of purification led us to adopt the tagged system 1) derived from it 60). Equation 1 and Scheme 1 provide
for our further studies. Thé&. coli homologue was also  four characteristic parameters for each set of daté&, and
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_RT
nF

OI —_— Ol
E obs E alk In

1+ A4 1+ a4 1 Table 2: Reduction Potential=b mV) and X Values (0.1) for
K K ) the 24 kDa Subunit [2Fe-2S] Clusters, as Defined in Scheme 1

EO'alk Eo'acid AE pKox pKred ApK

0X rei

PKred (the apparent i values of the ionizable group with  T.thermophilus

the cluster oxidized and reduced, respectively) Bgk and (with His tag)

E”.cia (the pH-independent reduction potentials achieved at 01 :8'333 :g'ggg 8'3%8 g'gg g'gg 1'28

the alkaline and acid limits). Values are presented in Table 2 —0371 -0.354 0.017 570 60 0.30

2. Figure 4F compares the two forms of thethermophilus T. thermophilus

protein (with and without histidine tag) and shows that the 0.01 —0.433 -0.323 0.110 420 6.10 1.90
1 —0.409 —0.339 0.070 4.70 590 1.20

histidine tag affects thelpof the ionizable residue but not

the pH-independent valueE” i« and E” ¢, thus shifting P. denitrificans
the curve slightly irx. pK andE values are expected to vary (with His tag)
with ionic strength, since increased ionic strength preferen- 0.01 —0.450 —0.360 0.090 4.90 6.45 1.55
tially stabilizes the more highly charged state and also shields 91 —0.428 —0.379 0.049 515 6.00 085
. . —0.397 —0.397 0 0
interactions between charged groups. For the lowest NaCl g

concentration shown in Figure 4, 10 mM NacCl, the difference  (with His tag)

—0.372 —-0.354 0.018 5.70 6.00 0.30

betweenE” 5 and E” ¢ is approximately 100 mV in all 0.01 —0.348 —0.246 0.102 4.85 6.60 1.75
cases. The lower limit of 10 mM NaCl is arbitrary (electro- 0.1 —0.322 —0.270 0.052 545 6.35 0.90
chemical experiments require a supporting electrolyte to ..o - chondria ~0.281 —0.279 0.002 555 560 0.05
maintain solution conductivity), and in fact the difference 0.01 —0.485 6.20
betweerE? 5 andE” ,.iq (@and correspondingly betweekK g 0.1 —0.458 5.70

and [Keg continues to increase further as the ionic strength 2 —0.414 —0.414 0 0

is further decreased (see below). . . . "
) . _ excluded. (i) Only residues in the same or adjacent positions

By applying Scheme 1, we are assuming that changes inwere considered, as small structural changes within the same
the reduction potential of the cluster result from changes in fg|q may result in adjacent residues being structurally
the ionization (protonation) state of a single residue. This conserved. (iv) Residues forming groups of similarly charged
will be referred to as model I. Since the cluster can sense resjdues, rather than simple and isolated point charges, were
the electrostatic potential from the ionizable residue, it considered unlikely candidates since intraresidue interactions
follows that the residue can also sense the reduction state ofygyid be expected to produce a more complex pH depen-
the cluster; thus in Scheme Kplepends on oxidation state, gence; this excluded from our consideration residues 19
andE depends on protonation stafe8(19). As ionic strength 27 and 137139 (all numbering is for thd. thermophilus
increases, electrostatic interaction between the two charge%om0|ogue)_ Two candidates, His79 and Asp114, circled in
sites is gradually screened out, until at the limit of high ionic  Figyre 5, were therefore identified. However, since mutants
strength the two sites operate independently and the reductionyere to be constructed in histidine-taggedthermophilus
potential becomes pH-independent. Thus, for the two sites protein, due to its ease of purification and good voltammetric
to betightly coupled, as would be required for a physiological signals, two further residues, Glul23 and His129, also
redox-coupled proton transfer involved in energy transduc- cjrcled, were additionally considered, being immediately
tion, the environment must be of low dielectric; at present adjacent to ligating cysteines in this homologue.
the lack of structural information on complex | precludes  Each mutant protein was characterized using pretéim
an independent evaluation of this situation. voltammetry as described above. Data are shown in Figure

Model | : A Specific Residue Imposes the pH Dependence.6, for comparison with Figure 4, and quantified in Table 3.
Since a pH-dependent reduction potential is suggestive oflt is obvious that none of the four point mutations affect the
coupled electrorproton transfer18, 19) and since little is pH dependence of the reduction potential; thus the ionizable
known about how complex | couples electron and proton residue of Scheme 1 has not been identified. While it is
transfer, it is imperative to understand the physical reasonpossible that different and less conserved residues produce
for the pH-dependent reduction potential of the 24 kDa a similar pH dependence in each different case, this dramati-
subunit [2Fe-2S] cluster, also observed in intact complex | cally increases the possibilities and was not considered a
by EPR spectroscopyl(, 11, 51-53). Initially, we adopt viable hypothesis. In addition, two further lines of reasoning
model | and Scheme 1 as our hypothesis; in this context thecast considerable doubt on the applicability of Scheme 1.
key is clearly the identity of the ionizable residue. Figure 5 First, while all data at 20C could be fit well using Scheme
shows an alignment of our four homologues, the four cysteine 1, experiments at ®C showed, to varying degree, a
ligands forming a solid reference. Several candidate ionizable systematic error developing in the data fit; such data require
residues, having the following characteristics, were identified. two (or more) ionizable residues to produce a reasonable
(i) The residue is aspartate, glutamate, or histidine. Asp or fit, thus effectively resolving the curve into more than one
Glu are interchangeable, being both negatively charged andcomponent. The degree to which this effect is manifest varies
differing only by a side chair-CH,— group, but positively between homologues and for different point mutations; an
charged His must be conserved. All Asp, Glu, and His example, that of the D114N mutant, is shown in Figure 7.
residues are highlighted in Figure 5. (ii) The residue lies Second, the structure of the homolog®uisaeolicusferre-
inside the protein “core”, marked by arrows in Figure 5, and doxin (30), sequence also aligned in Figure 5, provided an
is thus confined to a sequence that is present in all indication of which core residues might be expected to be
homologues; N- or C-terminal extensions were therefore in the cluster proximity. On first inspection, the cysteine
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1, 10 29., 30 49 50 50
Bovine mitochondria GAGGALFVHRDTPENNPETPFPFTPENYKRIEAIVKNYPEGHKAAAVLPVLDLAQRONGWLPISAMNKVAEILOVPEMRVYEVA
P denitrificans MLRRLSPIQPDSFEFTPANLEWARAQMTKYPEGRQQSAT I PVLWRAQEQEGWLSRPAIEYCADLLGMPY IRALEVA
E. coli MHENQQPQTEAFELSAREREATEHE MHHYIEDP‘— -RAASTIEALKIVOKORGWVPDGATIHATADVLGIPASDVEGVA
T. thermophilus MEFFDOKODFLEETFAKYPPECRRAAIMPLLRRVOOEEGH IRPER TEET ARLVGTTETEVMGVA
F-F----mm-- E----- ¥YB-T--- BA--P-L---Q-Q-GW----AI---A--LG-P---V--VA
79 B0 99 100 110 120 130 140

Bovine mitochondria TFYTMYNRKPVG- IOV TTHOMLENSOSILEATIQKKLGT KVGETTPEKLFTLIE G NAPMVQI:NDE-YYEDLTP
P. denitrificans TFYFMFQLOPVESVRHIOIETTTOMI CGAEDLIRVCKEK I APEPHALSAPBGRFSWER GACTNAPMAQIGKE- FYEDLTV
E. coli TFYSQIFRQPVG- RYPSVVIOHINGYQGIQAALEKKLNIKPGOTTERGRFTLLE a GPNMMIDED- THAHLTP
T. thermophilus SFYSYYQFVPTG- VICRTLSIOKLAGABELWDYLTETLG IGPGEVIPPRLFSVO G PVIQUNDEPYVECVTR

TFY------ PVG--= Q—(_:—T——_|———G —————————— KL—I—PG——T—ECv)jF———— LG-C=ZAP--QT------ E-LT-
A. aeolicus MAEFKHVFVCVQDRPPGHPOGSCAQRGSREVFQAFMEKIQTDPQLFM- - - TTVITPTGCMNACMMGEVVVVY PDGVHYGOVK

150

Bovine mitochondria KDIEEIIDEL GKIPKPGPRSGRFSCEPAGGLTSLTEPPKGPGFGVQAGL
P. denitrificans EKLAALIDRFARGEVPVPGPONGRFSAEALGGPTALADLKGGEANNASVARALRLGDS IKRIDGTEVPI TTPWLATONGY
E. coli EAIPELLERY
T. thermophilus ARLEALLAGLRRGKRLEEIELPGKCGHHVHEVEV

_____ LL - -
A. aeolicus PEDVDEIVEKHLKGGEPVERLVISKGKPPGMF

Ficure 5: Sequence alignment for the four 24 kDa protein homologues. Sequences were aligned using ClustalW, and minor adjustments
made on the basis of secondary structure predictions; a consensus sequence is also presented. Asp, Glu, and His residues are shaded, an
the conserved cysteines which ligate the cluster are boxed. Also boxed are the conserved ionizable residues; those with dashed boxes were
discarded since they are part of a group of charged residues. Arrows mark the core sequence, present in all homologues, and the specific
residues of thd'. thermophilugprotein targeted by mutagenesis are circled. Also shown is an alignment of the ferredoxif. fa@mlicus

(30).

03 — — Table 3: Reduction Potentials=b6 mV) and K Values @0.1) for
REFS R Y (P N the [2Fe-2S] Clusters in thE. thermophilu24 kDa Subunit
] ] Mutants, Compared to the Native Protein, as Defined in Scheme 1
-0.34 -0.34
0.36 10.36 E” ai E” acia AE PKox  PKrea  ApK
0.38 1 -0.38 T. thermophilus
041 041 (with His tag)
' 0.01 —0.434 -0.324 0.110 490 6.80 1.90
E‘%-,“' E%'“ 0.1 —0.409 -0.339 0.070 5.30 6.50 1.20
048 A 044 B- 2 —0.371 -0.354 0.017 570 6.00 0.30
H79A
L v 55 a5 75 s o5 L 4 s es 7e ss s 0.01 —0.425 —0.320 0.105 5.00 6.80 1.80
032 A R PH T 0327 : : : ’ PH™ 0.1 —0.403 —-0.342 0.061 545 6.50 1.05
034 ] oagd 0 2 -0.375 —0.355 0.020 5.65 6.00 0.35
D114N
0361 0367 0.01 —0.428 —0.315 0.113 4.65 6.60 1.95
-0.38 -0.38 1 0.1 —0.410 -0.340 0.070 5.20 6.40 1.20
s oa] 2 —-0.377 —0.360 0.017 5.60 5.90 0.30
5 ' E123Q
E—g-:‘z' E%,“' 0.01 —0.430 —-0.320 0.110 450 6.40 1.90
“0.44 7 C. 0.4 - D. 0.1 —0.407 -—-0.346 0.061 5.25 6.30 1.05
FicurRe 6: Reduction potential vs pH at three different salt H129?A —0.375 -0360 0.015 605 6.30 025
concentrationsl{, 2 M NacCl; 0, 0.1 M NaCl; ¢, 0.01 M NaCl) _ B
for each of the mutants (20C): (A) H79A; (B) D114N; (C) 821 _8283 _82% 83%3 ggg ggg i(ng
E123Q; (D) H129A. All of the mutant proteins were forms of the 5 0377 -0362 0015 605 630 025

T. thermophilugprotein with histidine tag. In all cases the behavior
was very similar to that of the native protein (Figure 4). Parameters ~ynserved region (from residue 7R, thermophilusiumber-
for the data fits are given in Table 3. . . - e .

ing) none of the conserved residues identified are predicted
binding motifs differ due to the position of the first cysteine to be in reasonable distance of the [2Fe-2S] center. Specif-
ligand; however, in the homologo@ pasteurianunfierre- ically, His79 (conserved i\. aeolicusferredoxin) lies 16
doxin the position of the second cysteine ligand can be A away ([2Fe-2S] Fel to His79 42), the Gx of Asp114
“swapped” into a position closer to that of the complex | 24 (estimated by the position of Phe45) approximately 25 A
kDa subunits (creating a more similar binding motif) while away (Fel to @), and the patch of charged residues 437
retaining the spectroscopic properties of the native cluster 139 at 16.0 A (137 @ to S2), 18.7 A (138 @ to S2), and
(32). In combination with the very similar secondary structure 18.2 A (139 @ to S2). For the 24 kDa subunit N-terminal
predictions and cluster spectroscopic propert&l, (this extensions, secondary structure predictions suggest a largely
strongly suggests that the 24 kDa proteins share the thiore-helical conformation; however, this is insufficient information
doxin-type fold of theA. aeolicuderredoxin, with the [2Fe-  to estimate a cluster distance for the patch of charged
2S] center located in the disulfide bond position, at the “tip” residues, positions 1®1. Finally, blast searches (http://
of the protein 25, 30). However, within the structurally = www.ebi.ac.uk/blast2/) on the 24 kDa subunit sequences
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03 . . . . . . two behaviors can be rationalized as follows: an increase
in ionic strength should stabilize the most highly charged
state of the protein, relative to the lesser charged state; thus
at pH 9 the most highly charged state is the reduced state
(reduction potential increases with increaspdnd at pH 5,

036 the oxidized state (reduction potential decreases with in-
-0387 creased). Since reduction of the [2Fe-2S] center adds one
0.4 1 negative charge, at pH 9 the protein must have an overall
| negative charge and at pH 5, an overall positive charge; thus
EO,'°'42 the isopotential point lies between pH 9 and pH 5. In fact,
-0.44 7 from Figure 4, the isopotential point for each protein may
FiGURe 7: Data recorded for the D114N mutant of the be estimated as the pH at which all three curves intersect
thermophilusprotein with 0.01 M NaCl at OC. The two fits to (pH 4.5-5.5, though of course the actual isopotential point
the data are using either oneK(p = 5.10, (Kreq = 6.90, % depends on the cluster oxidation state); these values cor-

—0.420, dashed line) or two sets df palues (Koxs = 4.55, fKred1 .
= 5.5, Kow = 6.30, fKrego = 7.20, E% ~0.420, solid fine). respond well to those estimated from the sequendes |

Thus decreasing the temperature from*gD(as shown in Figure  thermophilugwith and without histidine tag) 5.85 and 4.75,
6) to 0°C results in a change in the variation of reduction potential P. denitrificans(with tag) 5.95E. coli (with tag) 5.90, bovine
with pH, which cannot be accounted for by the influence of a single mitochondria 5.50]. We therefore suggest that the apparent

ionizable residue (Scheme 1). redox-coupled proton transfer, observed from the pH de-
o i pendence recorded at onlysilgleionic strength, is no more
(ionic strength) . . !
03 ‘ than a result of changes in protein charge with pH (our model
is simplified by discounting the modulatory effect of elec-
_ tronation upon protonation state). There are thus two key
0357 ¢ differences with model I. First, changes in charge are due to
N the protonation and deprotonation of multipienspecific
041 and noncoupledresidues, rather than of a single, strongly
coupled residue. Second, electronation of the cluster does
: notaffect the protonation state of the protein, which is simply
0451 | o O 0 B0y O O o a function of pH. Scheme 1 does therefore not apply to model
1 -0.35 Mgf“) 1.
04 A quantitative understanding of the change in potential
03 s e with ionic strength ) and pH requires further analysis. In
EV 0 o an ionic solution, clustering of counterions around a charged
-0.55 - B s species (the ionic atmosphere) creates a nonrandom distribu-

Ficure 8: Variation of reduction potential with the square root of tion Qf ions, thus aI_tering the .free e”ergy of the system an.d
ionic strength at pH 94) and pH 5 ©) for the T. thermophilus causing the reduction potential to deviate from the value it
homologue with histidine tag. Dashed lines indicate the predictions adopts at zero ionic strength {o). The simplest theory with
from the Debye-Huckel limiting law and solid lines the fit obtained  \which to model this behavior, Debyéiickel theory,

using extended DebyeHuckel theory. The insert shows the same ; . L L
data plotted using the extended Debyiickel theory, withf(l) describes the dependence of the activity coefficient on ionic

plotted against potential; linearity was obtained usaij= 12.5 strength by making a number of key assumptions, which
M~2_ All other parameters are described in the text. include that ions are to be regarded as point charges and

that there is no ion pair formation (specific ion bindingX(
showed that an ionizable residue in positions-29, or 55). When combined with the Nernst equation, the simplest

positions 137139, is not a well-conserved feature. form of the Debye-Huckel theory, the DebyeHuckel
Model 1I: lonic Strength Dependenc&ince targeting  limiting law, leads to the equation:

specific residues did not provide an explanation for the

observed pH dependence, further studies of the histidine- 0 _pgo RT_2 _ 2

taggedT. thermophilugprotein were carried out to investigate E ops = B = (In 10)ﬁ(2‘3x Fred )

an alternative physical model for the observed pH and ionic

strength [) dependence. Thus, at 2C, the dependence of  z,xandzeqare the charges on the oxidized and reduced states,
E on ionic strength was measured at two pH values (pH 9 respectivelyA is the Debye-Hiickel constant (0.512 M2

and 5), representing the high and low pH limits of our data. in water at 25°C), andl is ionic strength (M). Obviously,
Though we controlled the ionic strength of the solution by the difference in the data at high and low pH is embodied,
addition of different concentrations of NaCl, the actual values in eq 2, in the values daf,x andz.q which are strongly pH-

of ionic strength also take into account the buffer and the dependent. Thus, the reduction potential, at given pH, is
NaOH or HCI added to adjust the pH. At pH 9 small predicted to depend linearly on the square root of ionic
concentrations of TAPS buffer were used (either 2 or 10 strength. However, Figure 8 shows that this is clearly not
mM) and at pH 5 small concentrations of acetate. The resultsthe case, though best fits are shown by the dotted lines for
are shown in Figure 8, where reduction potential is plotted the data at the lowest valueslpfwhere the DebyeHuckel
against square root df At pH 9, the potential decreases limiting law is most likely to apply. The DebyeHuckel

with a decrease in ionic strength, whereas at pH 5 decreasingnodel can, however, be applied to highevalues by the

the ionic strength increases the potential. Qualitatively, theseuse of extended DebyeHickel theory, as stated by the
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equation:

RT N
E* . .=E”_,— (In10>-=(z.2— 7 H)A———
obs 1=0 = Zox Zred 1+ anI

Theoretically B is a second constant, 3.29110° m~* M2

in water at 25°C, anda is the closest distance of ionic
approach, thoughB has come to be generally regarded as
an experimental parameter. Data were fitted by plotting
potential againsf(l) = 1¥4(1 + aBI'® and by optimizing

the parameteaB, to achieve a linear variation (for< 0.1

M), as shown in the insert to Figure 8. In this way, the curved
lines in Figure 8 were obtained, showing that a good fit is
achieved over a wide range of ionic strength, deviating from
the experimental data only at the highes@alues, at pH 9.
Though appearing conclusive at first sight, our fit is however
somewhat empirical, as values @fy, zes and a are
unrestrained by any physical model; values obtainedare

= +15 (pH 5) andz,x = —34 (pH 9), assuming that the
charge decreases by one unit on reduction, ard 38 A.
While all values are of the correct order of magnitude, the
charges are too large for a protein of this size at moderate
pH, though it is possible that specific ion binding enhances
the charge. In reality, it is surprising that this simple theory
describes even semiquantitatively the behavior of such a
complex entity as a protein molecule, with conformational
flexibility, significant size, and the capability of carrying
numerous unevenly distributed surface chargbss directly
contradicting a number of assumptions inherent in the
derivation of the DebyeHuckel equations 4, 55). In
addition, our system is a mixed electrolyte system, since the
activity coefficient being evaluated is that of the protein,
whereas a simple salt, NaCl, is being used to control the
ionic strength. Finally, extended Debyellckel theory is

not expected to cover the whole range of ionic strength, and
further theories such as that of Robinson and Stokes, which

3

emphasizes the solvation of solute ions, are required to deal

with yet higher values 64, 55). With this in mind, however,

a number of previous studies, particularly on cytochromes
have successfully used extended Deblgickel theory to
characterize ionic-strength dependent protein reduction po-
tentials and to investigate the effects of specific anion binding
by extrapolation to null ionic strengttb§—59). For the
purposes of this publication, we consider it sufficient to have
demonstrated that the apparent pH dependence of th
reduction potential of the [2Fe-2S] cluster results simply from
nonspecific ionization processes occurring as a result of pH
changes.

DISCUSSION

Reduction Potentials of the 24 kDa Subunit [2Fe-2S]
Clusters.Initially, we consider only the reduction potentials
exhibited in high ionic strength, thus comparing the “intrin-
sic” electron affinities of the four [2Fe-2S] clusters, unaf-
fected by variations resulting from changes in pH. From
Figure 4 and Table 2, thE. coli [2Fe-2S] cluster displays
the highest potentiak-0.28 V, followed byT. thermophilus
—0.37 V, P. denitrificans —0.40 V, and bovine mitochon-
drial 24 kDa, —0.41 V; our cluster therefore adopts a
potential range of approximately 0.13 V. In the absence of
a detailed structure interpretation of these differences, likely
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to result from variations in solvent accessibility, and the
positions and charges of nearby residues, is precluded; thus
we discuss only their possible significance. First, the optimal
growth temperature of. thermophiluss significantly higher
than in the experiment reported in Figure 4. With the
histidine-tagged protein we have measured the reduction
potential as a function of temperature, up to @, and
observed a decrease in potentiak6.41 V (2 M NaCl, pH
6.5). The T. thermophilus P. denitrificans and bovine
clusters are thus very similar in potentiat@.40/0.41 V),
whereas thée. coli cluster potential is significantly higher
(—0.28 V). This difference may be interpreted in several
ways: (i) It does not result from the different enzymes being
tuned for electron transfer to different quinones. Bovine
mitochondrial complex | andl. thermophilusomplex I, with
very similar cluster potentials, transfer electrons to ubiquino-
ne and menaquinone, respectively, wtilecoli complex I,
with the higher potential, also uses predominantly ubiquinone
under aerobic conditions. (ig. colicomplex | has recently
been suggested to be aN&manslocating enzyme, in contrast
to the other enzymes discussed here which are all proton-
translocating §0). However, while these two features can
be superficially correlated, it is not clear why they should
be functionally related or interdependent. (iii) Perhaps the
most likely explanation is that varying the exact potential
of the [2Fe-2S] cluster, within the range reported here,
actually has little effect on theate of catalysis by complex
| (61); the cluster potential has therefore not been constrained
by selection and, consequently, adopts a range of values.
Redox-Linked Protonation at the 24 kDa Subunit [2Fe-
2S] ClusterVirtually nothing is currently understood about
the mechanism of energy transduction in complex I. Two
iron—sulfur clusters, the [2Fe-2S] cluster in the 24 kDa
subunit and cluster “N2”, the location of which is still
guestionable, are known to have reduction potentials that vary
with pH (10, 11); this is a clear indication of coupled proten
electron transfer@, 19), and it is therefore imperative to
understand the basis of these effects. We have now elucidated
the origin of the pH dependence of the 24 kDa subunit [2Fe-
2S] cluster potential. Initially, the ionic strength dependence
of this behavior was interpreted (model 1) to mean that
electrostatic interaction between a single ionizable residue
and the cluster can be “screened out” by increased ionic
strength/dielectric. We now use Scheme 1 to consider how
much effect the redox state of the cluster would have upon
he protonation state of our ionizable residue, in low ionic
strength (10 mM NacCl), should this be the case. By
calculating the percentage of the residue protonated, as a
function of pH and oxidation state, the maximum change is
identified at pH 5.8 (for the histidine-taggddthermophilus
protein), where 80% of the ionizable residue would change
its protonation state in response to cluster electronation. Even
at this pH therefore, but more generally over the pH range
considered, the electrerproton coupling is inefficient and
is thus unlikely to play any role in a proton translocation
mechanism. Conversely, this is also reflected in the relatively
small difference betweeB” ,x andEY ,¢iq (110 mV), indicat-
ing only a limited difference in the free energy of electr-
onation upon protonation. However, we note that the actual
dielectric in the vicinity of the cluster in intact complex | is
currently unknown; should the local dielectric be low and
the access of solvent and solute ions be restricted, the
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electrostatic interaction between two spatially remote sites Comparison of the Isolated 24 kDa Subunit with Intact
would be propagated, and an “in situ” strong coupling may Complex | and the Fp SubcompléX’e now compare our
be produced. For the 24 kDa subunit of complex |, however, results with data from potentiometric (EPR) studies on intact
we have been unable to identify a specific residue to impose complex | and on the Fp subcomplex of bovine mitochondrial
the pH dependence; that the 24 kDa subunit cluster is notcomplex I, containing only the 51, 24, and 10 kDa subunits.
involved in proton translocation is consistent with its It is becoming generally accepted that the [2Fe-2S] cluster
proposed location, in the membrane extrinsic arm of the in the 24 kDa subunit is cluster “N-1a”, rather than “N-1b”
complex, probably close to the NADH active site, and thus (named according to the EPR signdlp(11). Unfortunately,
removed from the transmembrane domains. little can be learned by direct comparison of the EPR signals
Effect of Changes in Protein Charge on Reduction from the overexpressed 24 kDa subunit with those from
Potential. Our work has shown that the pH dependence of complex |, since neither trgevalues reported for cluster N-1a
the 24 kDa [2Fe-2S] cluster results from tio@ic strength or cluster N-1b match those of the overexpressed protein
dependencef the reduction potential, which is determined (10, 11, 51-53). However, EPR studies on the Fp subcom-
by protein charge. Since protein charge is itself pH-dependentplex (64, 65) (while varying according to the preparation)
(due to the ionization of nonspecific residues), an apparenthave reported spectra which do match closely with those
pH-dependent reduction potential is observed, which is presented here66). It is likely that, since the cluster is
actually the sum of a number of lesser pH dependencies.exposed on the tip of the protein fold, the spectroscopic
While these nonspecific, or weakly coupled, protonation characteristics are modified upon removal of the subunit from
events are unlikely to be used in proton pumping, the the complex | interior (where the cluster is likely to
breakdown of the pH dependence into a number of compo- physically contact another subunit and to be in the proximity
nent parts may actually be exploited by the enzyme. Whereasof other redox sites) and its subsequent contact with solvent.
a single strongly coupled protonation fixes the free energy  Our voltammetric studies are consistent with the 24 kDa
for the uncoupledelectron transfer step at the same value subunit containing cluster N-1a, since EPR studies have
over all pHs, a number of smaller pH dependencies allows suggested cluster N-1a to be pH-dependent, whereas cluster
the enzyme to adopt different free energies for electron N-1b is not, and since our [2Fe-2S] potentials closely match
transfer at different pHs. This provides a mechanism by those measured by EPR for cluster N-18, (L1). For bovine
which energy conservation may be optimized, as the overall mitochondrial complex I, Ingledew and OhnisBilj reported
driving force shifts in response to changes in [@2)( one pH-independent reduction potential ©240 mV for
More generally, all proteins undergo changes in charge cluster N-1b and a pH-dependent potential for N-1a, ranging
with pH and possess a characteristic isopotential point, andfrom —320 at pH 6.2 to—480 mV at pH 8.8, with a slope
we were therefore led to question why this phenomenon is of 1 H*/1e™ (60 mV per pH unit); data were recorded in 50
not more commonly observed in protein voltammetry studies. mM buffer, which approximates to the low salt (10 mM
Since the 24 kDa proteins adsorbed readily to the electrodeNaCl) condition described here. However, a significant
surface under a wide range of solution conditions, coadsor-amount of scatter exists in published measurements of the
bates such as neomycin and polymyxin were not employedreduction potential of the 24 kDa subunit [2Fe-2S] cluster
in our studies. These positively charged organic molecules (or cluster N-1a). On the basis of the wide range of conditions
are commonly used, in conjunction with a graphite electrode, our experiments have been able to access, we now suggest
to promote protein adsorption, perhaps via the formation of this may be due to small variations in pH and ionic strength,
salt bridges between protein and electrode surfaée3y). resulting in surprisingly large variations in potential. In
When such coadsorbates were added to our cell solutionsaddition, Ohnishi has suggested that confusion has arisen
however, large changes in the reduction potential of the 24 from the low potential of cluster N-1a, which decreases
kDa subunit clusters were observed, and the pH dependencdurther upon solubilization away from the membrane envi-
of the reduction potential (in low ionic strength) was ronment (0, 11) and which has resulted in it remaining EPR
removed. Coadsorbates therefore appear to provide a surfacesilent in a number of cases. An additional anomaly arises
constrained region of high dielectric, which closely mimics for the P. denitrificansenzyme. While our data show that
high ionic strength conditions. On one hand, therefore, a the properties of the clusters in all of the homologues are
coadsorbate may remove an ionic strength dependence whicliundamentally similar, EPR data have suggested that the
depends on changes in protein charge and result in measuregotential of the N-1a cluster iR. denitrificansis elevated
potentials which do not match those observed in solution. to —150 mV at pH 7, significantly higher than the other
On the other hand, in the presence of a coadsorbate it ishomologous clusters, though, in contrast to N-1b-270
likely that only strongly coupled ionizations will be ob- mV, it retains a limited pH dependencg?. At present we
served: this could be regarded as a useful selection for onlyhave no satisfactory explanation for this discrepancy but note
strongly coupled reactions. Alternatively, as suggested by that the anomalous behavior of tRe denitrificans24 kDa
Bond and co-workers6@), strongly charged coadsorbates cluster has been suggested to be the cause of differences in
may bind to the protein, dominating the charge and either activity with the bovine homologue, when compared using
preventing, or rendering insignificant, any pH-dependent various assay system67).
ionizations; again this would alter the reduction potential and  The potential of the 24 kDa subunit [2Fe-2S] cluster is
act against a pH dependence being observed. Finally, ouralso likely to be affected, to some extent, by whether the
results underline the importance of considering the effects subunit is isolated or part of the intact complex, particularly
of ionic strength upon reduction potential and of not since it is proposed that the [2Fe-2S] cluster is exposed at
interpreting, at face value, a pH-dependent reduction potentialthe tip of a thioredoxin-like fold 30). In the absence of
as a definitive sign of a proton-coupled redox process. structural data for either the 24 kDa subunit or intact complex
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| it is difficult to infer how much the cluster environment in  thermodynamics for single electron transfer from the FMN
the isolated subunit reflects that in the intact complex; this [Ey; is estimated as-0.34 V, pH 7.5, in bovine mitochon-
will depend on how much the cluster is protected from drial complex | 68)] to the low-potential [2Fe-2S] center
solvent by other subunits, the presence of internal water (—0.48 V, 10 mM NacCl; see Figure 4). However, the lower
molecules or ions, and also the nature of the surrounding average potential for the two-electron oxidation of FMN
protein matrix. In addition, complex | is an integral mem- [—0.375 V, pH 7.5 §8)], in conjunction with the higher
brane protein, and thus even this hydrophilic subunit may average potential,—0.365 V, of the first two iroa-sulfur
be affected by the membrane environment. Comparing thecenters [most likely the low-potential 24 kDa clustei)(48
potentials exhibited by the cluster in intact complex | (from V) and the [4Fe-4S] cluster in the 51 kDa subunit, N-3
EPR spectroscopy) and in the isolated subunit (from volta- (—0.25 V (1)], means that donation dfvo electrons into
mmetry) provides some insight. Between pH 6 and pH 9 the chain is much more thermodynamically favorable. Thus
mitochondrial complex | cluster N-la has a reduction the 24 kDa subunit [2Fe-2S] center, known to be one of the
potential which varies with pH by 60 mV/decadgl); this iron—sulfur clusters closest to the FMN may, by its low
places the cluster firmly into a region of low dielectric in potential, actually aid in preventing formation of an FMN
the intact complex, on the basis of comparison with the radical intermediate, thus decreasing the likelihood of
voltammetric data. More fundamentally, we have found that nonspecific radical formation and oxidative damage.
the charge on the isolated subunit (along with the dielectric  Conclusion.We have shown that the [2Fe-2S] cluster in
environment) determines the reduction potential. How this the complex | 24 kDa subunit has a potential which varies
is to be considered when the subunit is integrated into between—0.28 and—0.42 V (depending on the species) and
complex | is not clear; it may be that the reduction potential that this cluster displays a pH-dependent reduction potential,
of the [2Fe-2S] cluster will now reflect the charge of the as a result of nonspecific protonations which alter the protein
complete complex or, more likely, that the local electrostatic charge as a function of pH. Though the pH dependence, also
environment, from the 24 kDa subunit and other nearby exhibited by this cluster in intact complex I, is unlikely to
subunits, will dictate the redox properties of the cluster. pe physiologically relevant for coupled protealectron
Further work is clearly required to determine how the transfer (proton pumping), the low potential of the cluster
surrounding protein matrix modulates the properties of the may be important in controlling transfer of electrons between
cluster, as quantified here, and, furthermore, how similar the active site and the other iresulfur clusters and in
effects may, or may not, influence the properties of the other minimizing free radical formation. It is now intended to
redox centers in complex I. Conversely, it is also possible extend this methodology to investigate the other redox
that changes in the charge of the 24 kDa subunit may mediatecomponents of complex | and to thus create voltammetric
changes in the conformation of complex I, around the active “fingerprints” for each of the redox centers, which will in
site, as a result of variations in ionic strength or pH affecting turn form an integral part of studies on the ensemble of
the rate of catalysis. centers in the intact enzyme. Though it is not clear to what
Role of the 24 kDa [2Fe-2S] Cluster in Complex | degree an intact enzyme may be considered the linear result
Catalysis. The [2Fe-2S] cluster in the 24 kDa subunit in  of its individual components, it is hoped that characterizing
complex | adopts a wide range of potential, frend.49 to these components in detail will aid in the construction of a
—0.25 V, depending on the species and conditions of pH complete mechanistic model for proton-coupled electron
and ionic strength. First, and most simply, we compare thesetransfer in complex |.
potentials with those of the other redox couples involved in
complex | catalysis. The two-electron potentials of NADH ACKNOWLEDGMENT
[-0.32 V, pH 7.0 60)] and the active site FMN-0.38 V,
pH 7.5 68)] are close enough that, to a first approximation,
the cluster could be expected to exchange electrons reversibl
with the active site. The potential of (ubi)quinone is,
however, significantlyhigher than that of NADH, and so
the 24 kDa subunit [2Fe-2S] potentials (except for Ehe
coli 24 kDa cluster) do not lie between the redox donor and
acceptor potentials. Currently accepted potentials for the other 1. Saraste, M. (1999) Oxidative phosphorylation atfthele siele,
complex | iron-sulfur clusters comprise the so-called Science 2831488-1493.
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