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ABSTRACT: The proton-pumping NADH:ubiquinone oxidoreductase (complex I) is the first enzyme complex
of the respiratory chains in many bacteria and most eukaryotes. It is the least understood of all, due to its
enormous size and unique energy conversion mechanism. The bacterial complex is in general made up of
14 different subunits named NuoA—N. Subunits NuoE, -F, and -G comprise the electron input part of the
complex. We have cloned these genes from the hyperthermophilic bacterium Aquifex aeolicus and expressed
them heterologously in Escherichia coli. A soluble subcomplex made up of NuoE and NuoF and containing
the NADH binding site, the primary electron acceptor flavin mononucleotide (FMN), the binuclear
iron—sulfur cluster Nla, and the tetranuclear iron—sulfur cluster N3 was isolated by chromatographic
methods. The proteins were identified by N-terminal sequencing and mass spectrometry; the cofactors
were characterized by UV/vis and EPR spectroscopy. Subunit NuoG was not produced in this strain. The
preparation was thermostable and exhibited maximum NADH/ferricyanide oxidoreductase activity at 85
°C. Analytical size-exclusion chromatography and dynamic light scattering revealed the homogeneity of
the preparation. First attempts to crystallize the preparation led to crystals diffracting more than 2 A.

The proton-pumping NADH:ubiquinone oxidoreductase,
also called respiratory complex I," is the first enzyme of the
electron transfer chains in the mitochondria of most eukary-
otes and the cytoplasmic membranes of many bacteria. It
catalyzes the transfer of two electrons from NADH to
ubiquinone via one flavin mononucleotide (FMN) and a
series of iron—sulfur (Fe—S) clusters. The electron transfer
is coupled to the translocation of four protons across the
membrane, thereby contributing to the membrane potential (/ —3).
In eukaryotes, complex I consists of 45 different subunits
resulting in a molecular mass of about 1 MDa (4). The
bacterial homologue contains the same cofactors and cata-
lyzes the same reaction as the mitochondrial complex, but it
comprises only 14 subunits. Because of that, the bacterial
complex I is regarded as a simple model for the eukaryotic
enzyme (5). Electron microscopy revealed that complex I is
made up of a peripheral and a membrane arm (6—38). The
FMN and the Fe—S clusters are located in the peripheral
arm of the complex (5, 9, 10). The structure of this arm from
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the Thermus thermophilus complex I was recently determined
(10). From secondary structure prediction and electron
microscopy, it is expected that the membrane arm contains
61 transmembrane a-helices (8, /7). The arm most likely
participates in quinone binding and is involved in proton
translocation (12—15).

The hyperthermophilic, microaerophilic, and obligate
chemolithoautotrophic eubacterium Aquifex aeolicus grows
at temperatures up to 95 °C and is one of the first organisms
to branch out in the domain of the eubacteria (16—18). The
genome of the hyperthermophilic bacterium was the first to
have been sequenced, revealing the presence of 24 nuo genes
coding for subunits of complex I. Seven genes are present
in duplicate form and two as triplicates (/9). As in Escheri-
chia coli and a few other bacteria, the genes nuoC and nuoD
are fused to one gene, nuoD2 (19, 20). Thirteen of the 24
genes most likely code for complex I, while the function of
the remaining duplicate and triplicate nuo genes is not
known. It is not even known whether the genes are expressed.
However, the presence of a thermostable energy-converting
NADH:ubiquinone oxidoreductase in the cytoplasmic mem-
branes of A. aeolicus has been demonstrated (27). Unlike
most other bacteria, the 13 nuo genes are not organized
within one operon or gene cluster but are present in three
loci: nuoE and F, nuoG, and nuoA2, B, D2, HI, 11, J1, K1,
L1, M1, and NI. Complex I was isolated from A. aeolicus,
confirming the presence of a 13 subunit complex (22). The
subunits NuoD2, E, F, G, H1, 11, and M1 were identified in
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the preparation by means of mass spectrometry and N-
terminal sequencing. It was shown that the electron input
part of this preparation, the so-called NADH dehydrogenase
fragment consisting of subunits NuoE, F, and G (23, 24), is
stable up to 80 °C in the presence of SDS (22). This
extraordinary stability makes the fragment an ideal candidate
for X-ray structure analysis. However, the growth yield of
A. aeolicus (16) and the yield of the complex I preparation
(22) are both very low.

To overcome these problems, we have overexpressed the
A. aeolicus genes nuoE, F, and G heterologously in E. coli.
The subunits NuoE and F were produced and assembled with
the cofactors as one subcomplex in the cytoplasm, but not
NuoG. The NuoEF subcomplex was purified to homogeneity,
characterized, and crystallized.

MATERIALS AND METHODS

Materials and Strains. For gene expression, E. coli strain
Rosetta(DE3)pLacl and the plasmid pETBIlue-1 (both Merck
Biosciences, Nottingham) were used. E. coli strain DHSa
(25) was used for the preparation of DNA. During the growth
of the Rosetta strain, chloramphenicol was added to the
medium at 34 ug/mL. For maintenance of the expression
plasmid, ampicillin was added to 100 ug/mL.

Construction of Expression Vectors. A. aeolicus cells were
kindly provided by R. Huber, University of Regensburg. For
extraction and manipulation of DNA, standard methods
according to procedures in ref 26 were used. Primer Pa (5'-
TAT GTT TAA AAC GGA GTT TGA ATT TCC CG-3')
and primer Pb (5’-TTT TTC GAA CTG CGG GTG GCT CCA
GCT AGC AAG GGG AA GGG AAG CAG ATT TCT
TTC-3") were used to amplify nuoEF from genomic A.
aeolicus DNA. Primer Pb contains the inverted sequence of
the Strep tag Il including two spacer amino acids, shown in
italics. Primers Pc (5-GCT AGC TGG AGC CAC CCG CAG
TTC GAA AAA TAA AAT CGA ATT CAA GGA GGT
TGA TAT GTC C-3") and Pd (5-AGT TCG CTC AGC CTA
AAC ACT CCT TTC GTA GTA AAC C-3’) were used to
amplify nuoG from genomic A. aeolicus DNA. Primer Pc
contains the sequence of the Strep tag Il including two spacer
amino acids, shown in italics. Primer Pd was designed to
introduce a Bpu1102I restriction site behind the stop codon
of nuoG (underlined). Both amplicons were used in an
overlap extension (OE) PCR according to procedures in ref
27. The resulting DNA fragment was cut with Bpu1102I and
ligated into pETBlue-1 cut with EcoRV/Bpull02l. The
correct insertion was verified by DNA sequencing according
to procedures in ref 28, and the resulting plasmid was
designated pETBlue-1/nuoEF sypG. A scheme for the con-
struction of the expression vectors is depicted in Figure 1.

Since the Strep tag II is suspected of interfering with
crystallization (29), a 6xHis tag was also engineered to
subunit NuoF. For the exchange of the Strep tag Il sequence
with the 6 xHis tag sequence, part of the genes nuoF and
nuoG were amplified with the plasmid serving as template.
Using primers Pe (5'-GAT AAT AAT AGA GAG GGA
TCC CCA CC-3%), which carries the intrinsic BamHI site of
nuoF (underlined), and Pf (5"-ATG ATG ATG ATG ATG ATG
TCC GGC AAG GGG AAG GGA AGC AGA TTT CTIT
TC-3’) carrying the inverted 6 x His tag sequence including
two spacer amino acids (italics), we amplified nuoF’. The
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FIGURE 1: Cloning scheme of the expression plasmids pETBlue-
1/nuoEF,,,G. A tag sequence was inserted between nuoF and nuoG.
The sequences of the Strep tag Il and the 6 xHis tag are shown in
gray. Primers Pb and Pf as well as Pc and Pg are identical except
for the sequence regions coding for the different tags. Restriction
sites for BamHI and Eco1471 (Stul) are indicated in the map of the
expression plasmid.

gene nuoG’ was amplified from primers Pg (5-GCC GGA
CAT CAT CAT CAT CAT CAT TAA AAT CGA ATT CAA
GGA GGT TGA TAT GTC C-3’) carrying the 6 xHis tag
sequence including two spacer amino acids (italics) and Ph
(5-CTG AGA GGC CTT TGC TAT CCT TAA AAC-3')
carrying the intrinsic Eco1471 site of nuoG (underlined). Both
amplicons were subjected to an OE-PCR as described above.
The resulting DNA fragment was cut with BamHI/Eco1471
and ligated into the BamHI/Ecol471 sites of pETBlue-1/
nuoEFg,.,G. The correct insertion was verified by DNA
sequencing, and the resulting plasmid was designated pET-
Blue-1/nuoEFy;G (Figure 1).

Heterologous Expression of the nuo Genes. Competent
cells of strain E. coli Rosetta(DE3)pLacl were transformed
either with expression plasmid pETBlue-1/nuoEFs,.,G or
with pETBlue-1/nuoEFy;G. Transformants were grown in
a 10 L culture of LB medium with 1% glucose and were
induced by an addition of 1 mM isopropyl-3-b-thiogalacto-
pyranoside after the cells reached an optical density of
approximately 0.8 at 600 nm. Cells were grown until entering
the stationary phase and harvested by flow-through centrifu-
gation. The sediment was washed with 50 mM MOPS/
NaOH, 50 mM NaCl, pH 7.0, and stored at —80 °C.

Preparation of the Cytoplasmic Fraction. Approximately
12 g of cells (wet weight) containing NuoF engineered with
a 6xHis tag was resuspended in 20 mL of 50 mM MOPS/
NaOH, 200 mM NaCl, 20 mM imidazole, and 30 uM
phenylmethanesulfonyl fluoride (PMSF), pH 7.0, and dis-
rupted by passing through a French pressure cell (SLM
Aminco) twice at 110 MPa. The suspension was centrifuged
at 184 000g (Optima LE-80K ultracentrifuge, type 70.1 Ti
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rotor, Beckman Coulter, 50 000 rpm, 4 °C) for 1 h. The
supernatant was treated as a cytoplasmic fraction. For
purification of the protein engineered with the Strep tag II,
12 g of cells was resuspended in 20 mL of 50 mM MOPS/
NaOH, 200 mM NaCl, 30 uM PMSF, pH 7.0, and treated
as described above. Avidin (Sigma, 20 ug per gram of cells)
was added to the cytoplasmic fraction.

Purification of the NuoEF Subcomplex. The procedure for
purifying the 6 xHis-tagged NuoEF subcomplex is exemplar-
ily described. Identical purification steps were performed
when working with the protein engineered with the Strep
tag II, with the exception of the use of appropriate Strep-
tactin material for affinity chromatography. The results
obtained with the Strep tag Il modified protein were virtually
identical to those obtained with the His-tagged protein.

The cytoplasmic fraction from approximately 12 g of cells
was applied to a 10 mL Probond column (16 mm x 50 mm,
Invitrogen, Carlsbad, CA) equilibrated in 50 mM MOPS/
NaOH, 200 mM NaCl, 20 mM imidazole, 30 uM PMSF,
pH 7.0, at a flow rate of 1.5 mL/min. The column was
washed with the buffer containing 100 mM imidazole, and
bound proteins were eluted using a 40 mL linear gradient
from 100 to 500 mM imidazole at the same flow rate.
Fractions with NADH/ferricyanide oxidoreductase activity
were pooled, concentrated to 300 uL by ultrafiltration
(Vivaspin 15, MWCO 30 000, Sartorius) and applied to a
109 mL TSKgel G4000SW column (21.5 mm x 30 cm,
Tosoh) equilibrated in 50 mM MOPS/NaOH, 50 mM NacCl,
30 uM PMSF, pH 7.0, at a flow rate of 2.5 mL/min. Proteins
were eluted in the same buffer at the same flow rate.
Fractions with NADH/ferricyanide oxidoreductase activity
were pooled and subjected to ion-exchange chromatography
on a 5 mL Sourcel5Q column (16 mm x 25 mm, GE
Healthcare, Miinchen, Germany) equilibrated in the same
buffer at a flow rate of 1.5 mL/min. Proteins were eluted
with a 25 mL linear gradient from 50 to 350 mM NacCl in
the same buffer. Fractions with NADH/ferricyanide oxi-
doreductase activity were pooled, concentrated to approxi-
mately 200 uL, and stored at —80 °C until further use.

For purification of the protein engineered with the Strep
tag II, the cytoplasmic fraction was applied to a 13 mL
StrepTactin column (16 mm x 65 mm, IBA, Gottingen,
Germany) equilibrated with 50 mM MOPS/NaOH, 200 mM
NaCl, 30 uM PMSF, pH 7.0, at a flow rate of 0.8 mL/min
and washed with the same buffer until the absorbance of
the eluate at 280 nm reached its original value. Bound protein
was eluted by applying the buffer with 2.5 mM desthiobiotin.
Fractions with NADH/ferricyanide oxidoreductase activity
were pooled and processed further by size-exclusion chro-
matography and ion-exchange chromatography as described
above for the purification of the His-tagged protein.

EPR Spectroscopy. For EPR spectroscopy of the purified
protein, 300 uL samples with a concentration of ap-
proximately 5 mg/mL were used. The samples were reduced
by addition of a 1000-fold molar excess NADH and a few
grains of dithionite. Aliquots of the cytoplasmic fraction were
either treated with 15 mM NADH or the same volume of
buffer. EPR spectra were recorded with an EMX 6/1 X-band
spectrometer (Bruker, Karlsruhe, Germany) equipped with
an ESR-9 helium-flow cryostat (Oxford Instruments, Wies-
baden, Germany). The magnetic field was calibrated using
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a strong or a weak pitch standard. The spectra were simulated
as described previously (30, 31).

Electrochemistry. The ultrathin layer spectroelectrochemi-
cal cell with the cell path length set to 6—8 um for UV/vis
spectroscopy was used as previously described (32). UV/
vis spectra were recorded in the range from 200 to 800 nm
using a Cary 300 spectrometer (Varian, Palo Alto, CA). To
avoid protein denaturation, the gold grid working electrode
was chemically modified by a solution containing 2 mM
cysteamine and 2 mM mercaptopropionic acid in a 1:1 ratio
(33). In order to accelerate the redox reaction, the following
mediators were used at a final concentration of 45 uM each
(midpoint potential in brackets): ferrocenyltrimethylammo-
niumiodide (+643 mV), 1,1’-dicarboxylferrocene (+642
mV), diethyl-3-methylparaphenylenediamine (+365 mV),
ferricyanide (+422 mV), dimethylparaphenylenediamine
(+369 mV), 1,1’-dimethylferrocene (+339 mV), tetrameth-
ylparaphenylenediamine (+268 mV), tetrachlorobenzoquino-
ne (+278 mV), 2,6-dichlorophenolindophenol (+215 mV),
ruthenium hexamine chloride (4+198 mV), 1,2-naphtho-
quinone (—143 mV), trimethylhydroquinone (+98 mV),
menadione (—14 mV), 2-hydroxy-1,4-naphtoquinone (—127
mV), anthraquinone-2-sulfonate (—227 mV), neutral red
(=309 mV), benzyl viologen (—362 mV), and methyl
viologen (—448 mV). At the given concentrations and with
the path length below 10 4m, no spectral contributions from
the mediators in the UV/vis range used were detected in
control experiments with samples lacking the protein. Ap-
proximately 6—7 uL of the protein solution were sufficient
to fill the spectroelectrochemical cell. Potentials quoted with
the data refer to the SHE” (pH 7) potentials.

Crystallization. Aliquots of the preparation were used for
crystallization attempts in a robotic system at the EMBL
outstation, Hamburg, Germany, using 200 nL drops. The
screening was performed with the following crystallization
kits: Crystal Screen HT and Natrix HTX (both Hampton
Research), JBScreens No. 1 to 10 (Jena Bioscience), and
the Wizard Screens I and II (Emerald BioStructures). Three
out of the 560 conditions tested led to the formation of
crystals. Scaling up to 20 uL drops prepared manually led
to growth of crystals using 0.1 M Tris/HCI, pH 7.0, 0.2 M
NaCl, and 1.0 M sodium citrate as precipitant. The final
protein concentration was 6 mg/mL.

Other Analytical Procedures. Protein concentrations were
determined according to Bradford (34) for crude samples or
fluorometrically using a Qubit fluorometer (Invitrogen,
Carlsbad, CA). UV/vis spectra were recorded with a TIDAS
Il diode array spectrometer (J&M, Aalen, Germany) at room
temperature. SDS—PAGE was performed according to
Laemmli (35). Dynamic light scattering was performed with
15 uL of a 0.5 mg/mL protein solution in 50 mM MOPS/
NaOH, 50 mM NacCl, pH 7.0, and a DynaPro-801 dynamic
light scattering instrument (Protein Solutions, Charlottesville,
VA). Twenty scans were recorded at room temperature, using
a wavelength of 834 nm. Data were analyzed using the
DynaPro-801 software (Protein Solutions, Santa Barbara,
CA). Non-heme iron was determined as described (36). The
flavin content was determined according to Koziol (37). The
NADH/ferricyanide reductase activity was measured as
described (38). Following SDS—PAGE, protein bands were
either stained with Coomassie Blue or electroblotted onto
0.2 um pore size PVDF membrane (Whatman plc, Kent, UK)
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FIGURE 2: Coomassie-stained SDS gel of the cytoplasmic fraction
of induced Rosetta(DE3)/pLacl/pETBlue-1 cells (lane 1), induced
Rosetta(DE3)/pLacl/pETBlue-1/nuoEFy;G cells before (lane 3) and
after incubation for 1 h at 80 °C (lane 4). Lane 2 shows the bands
of molecular weight marker proteins. Their apparent molecular
masses are indicated on the right.
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according to procedures in ref 39. Proteins were N-terminally
sequenced by automated Edman degradation (40) on a 477A
Protein Sequencer with a 120A analyzer (Applied Biosys-
tems, Foster City, CA).

RESULTS

Heterologous Overproduction of the Nuo Proteins. Cy-
toplasmic proteins from strain Rosetta(DE3)pLacl/pETBlue-
1/nuoEFy;G were analyzed by SDS—PAGE. Compared with
the cytoplasmic fraction of the induced strain carrying the
plasmid without the insert, one band with a strongly enhanced
intensity corresponding to a protein with an apparent
molecular mass of approximately 16 kDa was clearly visible
(Figure 2). An aliquot of the cytoplasm was incubated for
1 h at 80 °C, and denaturated proteins were removed by
centrifugation for 1 min at 13 200g. The heat-treated sample
was subjected to SDS—PAGE revealing the presence of one
protein with an apparent molecular mass of approximately
16 kDa, most likely corresponding to the one with enhanced
intensity in the cytoplasmic fraction, and two proteins with
a mass of approximately 50 kDa, which were hardly
discernible (Figure 2). The proteins were blotted on a PVDF
membrane, and their N-terminal sequences were determined.
The N-terminus of the protein with an apparent molecular
mass of 16 kDa (MFKTEFEFPE) was identical to that of A.
aeolicus NuoE (M, = 18.55 kDa) as derived from its DNA
sequence (/9). The N-terminus of each of the two proteins
with an apparent molecular mass of approximately 50 kDa
(MRSYPAIPRI) was identical to that of A. aeolicus NuoF
(M, = 47.51 kDa). The two bands assigned to NuoF may be
the result either of different conformations of the protein or
of a partial proteolysis at the C-terminus. We failed to detect
NuoG in any of the samples.

For EPR spectroscopy, the cytoplasmic fraction of the
expression strain was concentrated 5-fold. One aliquot was
reduced by addition of NADH; another aliquot was diluted
with the same volume of buffer. EPR spectra from both
samples were recorded at 40 K. The spectrum of the oxidized
sample was subtracted from the spectrum of the NADH-
reduced sample showing an intense signal of a binuclear
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FIGURE 3: EPR redox difference spectra of the cytoplasmic fraction
of induced cells of strain Rosetta(DE3)/pLacl/pETBlue-1/nuoEFy;G
at 40 K. The NADH-reduced minus air-oxidized difference
spectrum shows the signal of a binuclear Fe—S cluster, assigned
to cluster N1a (A). The signal was completely lost after heating
the cytoplasmic fraction for 1 h at 65 °C (B). Other EPR conditions
were as follows: microwave power, 5 mW; microwave frequency,
9.462 GHz; modulation amplitude, 0.6 mT; time constant, 164 ms.

Fe—S cluster with rhombic symmetry (Figure 3). The
g-values of the signal were determined to be g,,. = 1.923,
1.97, and 2.005, respectively. These g-values are very similar
to those obtained from the Fe—S cluster Nla of the E. coli
complex I (see Table 2; 24, 31, 41). Because of this and its
shape, the signal was tentatively assigned to cluster Nla of
the A. aeolicus complex I located on NuoE. Incubation of
the cytoplasmic fraction for 1 h at 65 °C led to a complete
loss of the signal (Figure 3) indicating that NuoE loses its
cofactor under these conditions, although the protein itself
is not aggregated at this temperature (Figure 2). Thus, heating
the sample is not a method of choice in the separation of
the thermostable A. aeolicus Nuo proteins from the proteins
of the E. coli host. Signals that were unambiguously assigned
to the tetranuclear cluster N3 expected to be present in the
overproduced NuoF were not observed in the EPR difference
spectrum recorded at 13 K due to the presence of multiple
signals (data not shown). Identical results were obtained with
the cytoplasmic fraction from strain Rosetta(DE3)pLacl/
pETBlue-1/nuoEF sy,G.

Purification of the NuoEF Subcomplex. The NuoEF
subcomplex of the A. aeolicus complex I engineered with a
His tag was purified to homogeneity by means of affinity
chromatography on Ni**-IDA, size exclusion chromatogra-
phy on TSKgel G4000SW, and ion-exchange chromatogra-
phy on Sourcel5Q. The protein eluted from the Ni>*-IDA
material at 390 mM imidazole, from the Source15Q material
column at 250 mM NaCl, and at an elution volume of
approximately 90 mL from the TSK column (Figure 4). From
12 g of cells (wet weight) routinely 5 mg of the NuoEF
subcomplex were obtained (Table 1). The last purification
step was necessary to remove a contamination with an
apparent molecular mass of approximately 30 kDa although
it led to a decrease of the specific activity (Table 1).
SDS—PAGE analysis showed no impurities after the final
anion-exchange chromatography (Figure 4). A sharp band
corresponding to a protein with an apparent molecular mass
of approximately 50 kDa and a broad band corresponding
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Table 1: Isolation of the A. aeolicus NuoEF Subcomplex from 12 g of Cells of Strain Rosetta(DE3)/pLacl/nuoEFy;G

NADH/ferricyanide
oxidoreductase activity

volume protein total specific yield

preparation [mL] [mg] [umol min~'] [umol min~! mg™] [%]
cytoplasm 32 520 3420 7 100
Probond Ni*"-IDA 15 50 1530 31 45
TSKgel G4000SW 20 10 550 55 16
Sourcel5Q 3 5 240 48 7

Table 2: Properties of Fe—S Clusters Nla and N3 from A. aeolicus (This Work) and E. coli (31)

cluster organism g-values (gy,..) linewidth (L.,..) [mT] midpoint potential [mV]
Nla [2Fe—2S] A. aeolicus 1.92;1.97;2.01 0.9;1.1; 0.8 —254
E. coli 1.92; 1.95; 2.00 0.8;0.95; 0.6 —250
N3 [4Fe—4S] A. aeolicus 1.88; 1.95;2.047 1.8;2.0;3.5 —164
E. coli 1.88; 1.94; 2.045 1.9;1.5;1.4 —270

to a 16 kDa protein were detected. The proteins were blotted
onto a PVDF membrane and identified by N-terminal
sequencing as described above. The N-terminus of the 16
kDa protein revealed its identity as NuoE, that of the 50
kDa protein as NuoF (see above). The broad band from NuoE
might have derived from its partial digestion. To test this
possibility, the mass of the proteins was determined by means
of electron spray ionization mass spectrometry (Supporting
Information, Figure S1). The mass of NuoE and NuoF as
deduced from their DNA sequences is 18 550.6 and 48 724.8
Da. The experimentally determined mass of 18 545.0 and
48 708.0 Da was in good agreement with the expected values.
The small differences of 5.6 and 16.8 Da, respectively,
indicate either modifications of the proteins or, more likely,
deviations from the amino acid composition deduced from
the DNA sequence. However, no additional band was
detected on a silver-stained gel with an N-terminal sequence
corresponding to protein derived from proteolytic cleavage
of one of the A. aeolicus Nuo proteins (data not shown). In
addition, the E. coli NuoE and NuoF were neither detected
in the preparation by N-terminal sequencing nor by mass
spectrometry, although the strain used for overproduction
contains the E. coli nuo genes. Possibly formed chimeras of
both bacterial proteins containing the E. coli NuoF are not
expected to be purified using affinity chromatography.

The NuoEF subcomplex engineered with the Strep tag 11
sequence was purified by an identical protocol but using
StrepTactin as chromatography material in the first step, the
affinity chromatography. Bound proteins were eluted in the
presence of 2.5 mM desthiobiotin. With this procedure, one
single elution peak was obtained (data not shown). Fractions
with NADH/ferricyanide oxidoreductase activity still con-
tained impurities as judged from SDS—PAGE. Therefore,
the fractions were pooled and further processed as described
above. The identity of the proteins was verified by N-terminal
sequencing. This procedure yielded approximately 4 mg of
protein of the same purity as obtained with the His-tagged
protein.

Electron Transfer Activity. The NADH/ferricyanide oxi-
doreductase activity of both preparations was determined at
various temperatures in a range from 25 to 90 °C. The
enzymatic activity reached its optimum at 85 °C (Supporting
Information, Figure S2), which is in accordance with the
optimal growth temperature of A. aeolicus and the temper-
ature of maximal complex I activity in the membrane (27).

This activity is mediated by the FMN and independent of
the presence of cluster Nla, which is lost at 65 °C (Figure
3). With decyl-ubiquinone as the acceptor, no activity was
determined in the preparation.

Internal Redox Groups. The preparation should contain
one FMN, the binuclear FeS cluster N1a, and the tetranuclear
cluster N3 as deduced from the conserved sequence motifs
and from the structure of the T. thermophilus homologues
(10, 12). The specific FMN content of two independent
preparations containing either the His tag or the Strep tag II
sequence varied from 13 to 15 nmol/mg and the specific iron
content from 80 to 95 nmol/mg. Use of the protein molecular
mass of 67 kDa gives 0.9—1.0 mol of FMN and 5—6 mol
of iron per mol of NuoEF subcomplex. Thus, all cofactors
of the NuoEF subcomplex were present in the preparation
in stoichiometric amounts.

The UV/vis spectrum of the preparation as isolated (Figure
5) showed an intense peak at 270 nm, which was assigned
to the FMN (42). This signal overlaps strongly with the
absorption of the aromatic amino acid residues at 280 nm.
The absorption of the FMN at 270 nm is visible in this
subcomplex but not in the entire complex due to the high
molar FMN content of the former. Absorption peaks of the
FMN are also visible at 370 and 450 nm (23, 42). The
absorption peaks at 330, 410, and 560 nm are attributed to
the binuclear Fe—S cluster N1a (43). The broad shoulders
around 375 and 410 nm indicated the presence of the
tetranuclear Fe—S cluster N3 (23, 43, 44).

The preparation was reduced by an addition of dithionite,
and the reoxidation of the sample by oxygen from the air
was observed in a stirred cuvette by means of UV/vis diode
array spectroscopy. The concentration of dithionite was
measured at 315 nm. After the oxidation of the excess
dithionite but not of the sample, a spectrum of the reduced
preparation was recorded. The reduced-minus-oxidized UV/
vis difference spectrum was calculated and indicated that
the cofactors of the NuoEF subcomplex were redox active
(Figure 5).

The nature of the Fe—S clusters was further investigated
by means of EPR spectroscopy. The preparation was reduced
by excess NADH and dithionite, and EPR spectra were
recorded at 40 and 13 K (Figure 6). At 40 K and 2 mW
microwave power, the signal of a binuclear Fe—S cluster
was clearly visible. Simulation of the rhombic spectrum
revealed the g-values (g, = 1.923, 1.972, and 2.012) similar
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FIGURE 4: Isolation of the A. aeolicus NuoEF subcomplex over-
produced in E. coli: chromatography on Ni**-IDA (A), TSKgel
(B), and Source15Q (C) and (D) SDS—PAGE of the fractions with
NADH/ferricyanide oxidoreductase activity; (—) absorbance at 280
nm; (®) NADH/ferricyanide oxidoreductase activity; (+++) gradi-
ents. The numbers in panel D correspond to the apparent molecular
masses x 1073 Da.

to those observed in the EPR difference spectrum of the
cytoplasmic fraction (Figure 3). According to the shape of
the signal and the g-values, the EPR spectrum was attributed
to cluster Nla located on subunit NuoE of the A. aeolicus
complex I (Table 2). Contributions from another compound
with g-values of 1.95 and 2.047 were detected. The spectrum
of the preparation recorded at 13 K revealed that these signals
derived from an additional, tetranuclear Fe—S cluster. The
g-values of the rhombic signal were simulated as g, = 1.884,
gy = 1.947, and g. = 2.047 (Figure 6). They correspond well
to those reported for the E. coli cluster N3 located on NuoF
(Table 2). Thus, the signals detected at 13 K were attributed
to cluster N3 of the A. aeolicus complex 1. Because the
signals from N3 were also detectable in the spectrum
recorded at 40 K (see above), the A. aeolicus N3 in the
NuoEF preparation exhibits a slower relaxation than that of
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FIGURE 5: UV/vis spectra of the preparation. Panel A shows the
spectrum of an air-oxidized sample (16 uM). The inset shows an
enlarged view of the region from 300 to 600 nm. Absorption at
220, 270, 370, and 450 nm was assigned to the FMN, absorption
at 330 and 560 nm to the binuclear Fe—S cluster Nla, and the
broad shoulder around 410 nm to the tetranuclear Fe—S cluster
N3. Panel B shows the dithionite-reduced minus air-oxidized
difference spectrum of the preparation (see text for details).

the entire E. coli complex. No signals were detectable in
the oxidized sample.

To determine the midpoint potential of the cofactors, an
electrochemical titration was performed as described previ-
ously (33). The preparation was concentrated to 35 mg/mL,
and mediators were added (32). The UV/vis spectra of the
preparation were recorded at distinct midpoint potentials from
—500 to 0 mV after equilibration of the sample in steps of
20—40 mV. The data were fitted to a Nernst equation, and
three midpoint potentials were identified (Supporting Infor-
mation, Figure S3). The redox group with a midpoint
potential of —330 mV showing an n = 2 transition was
attributed to the FMN; the two groups with an n = 1
transition and a midpoint potential of —250 and —160 mV
were attributed to Fe—S clusters Nla and N3, respectively.
In this work, we determined the midpoint potential of the
FMN in the isolated E. coli complex I to —320 mV, which
is in very good agreement with that of the FMN in the A.
aeolicus NuoEF subcomplex. The midpoint potential of the
A. aeolicus cluster Nla is close to that previously determined
for the isolated E. coli complex I (Table 2). However, the
midpoint potential of N3 is approximately 100 mV higher
than that of the E. coli N3 (Table 2). Either the potential of
the A. aeolicus N3 significantly differs from that of the E.
coli complex I by nature or the midpoint potential of the A.
aeolicus N3 is shifted to a higher value due to the lack of
subunit NuoG in the NuoEF subcomplex. NuoG is in close
contact with NuoF at the site where N3 is bound (/0).
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FIGURE 6: EPR spectra of the preparation. The samples were reduced
by NADH and dithionite, and spectra were recorded at 40 K and
2 mW (A) and at 13 K and 5 mW (C). The other EPR conditions
were the same as indicated in Figure 3. Spectrum B shows a
simulation of spectrum A using the follwing parameters: g,. =
1.922, 1.971, and 2.005; L., . = 0.9, 1.1, and 0.8 mT. Spectrum D
shows a simulation of spectrum C using the follwing parameters:
Guy: = 1.884, 1.947, and 2.047; L,,. = 0.9, 1.1, and 0.8 mT.

Homogeneity of the Preparation. The homogeneity of the
preparation was analyzed by DLS. An average of 20
measurements revealed the presence of one population with
a hydrodynamic radius of 3.50 nm corresponding to a
molecular mass of approximately 62 kDa. This deviates by
7% from the molecular mass of the NuoEF subcomplex
monomer of 67 kDa as derived from the DNA sequence.

The structural integrity of the preparations was examined
by analytical gel filtration on a TSKgel G4000SW column.
The elution profile of the preparations with both modifica-
tions showed a single homogeneous peak eluting at 92 mL
with a slight end-tailing (Supporting Information, Figure S4).
These data demonstrate the structural integrity and homo-
geneity of both preparations.

Crystallization of the Preparation. The high-throughput
crystallization trial at the EMBL outstation, Hamburg, using
a robotic system and a 200 nL setup led to the identification
of three conditions leading to the crystallization of the sample
equipped with a His tag. Due to this, we did not try to
crystallize the Strep-tagged version of the preparation. Using
the hanging drop technique and manually prepared 20 uL
drops, we obtained crystals of 600 x 200 um? size using
0.1 M Tris/HCI pH 7.0, 0.2 M NaCl, and 1.0 M sodium
citrate as precipitant (Figure 7). The crystals diffracted more
than 2 A revealing a space group of P2,2,2, (a =63 A, b =
117 A, ¢ =190 A and a. = 8 = y = 90°).

Kohlstédt et al.

FIGURE 7: Crystal of the preparation of the A. aeolicus NuoEF
subcomplex heterologously overproduced in E. coli.

DISCUSSION

In this work, we report the heterologous overproduction
and isolation of the NuoEF subcomplex of the A. aeolicus
complex I in E. coli. The expression vector contained the
genes nuoE, nuoF, and nuoG coding for the three subunits
comprising the NADH dehydrogenase fragment of the
complex (23, 24, 45). However, only NuoE and NuoF were
detectable after the induction of expression. In contrast,
overexpression of the E. coli nuoE, nuoF, and nuoG under
the control of the same promoter led to the production of
the individual subunits as inclusion bodies (23). We were
not able to detect the A. aeolicus NuoG in whole cells, in
the cytoplasmic fraction, in the fraction containing inclusion
bodies, or in the membrane fraction. However, placing the
A. aeolicus nuoG directly downstream of the T7 promotor
led to the production of NuoG as inclusion bodies. The
identity of NuoG was confirmed by N-terminal sequencing
(data not shown). Unlike in E. coli, nuoE, nuoF, and nuoG
are not clustered on the A. aeolicus chromosome. Therefore,
two successive cloning steps were necessary to insert the
genes into the expression plasmid, thereby building an
artificial intergenic region between nuoF and nuoG (Figure
1). No sites for transcriptional or translational termination
were identified within this region, but the artificial intergenic
region is suspected of interfering with the expression of
nuoG. Currently, we are trying to replace the artificial region
with the native nuoF/nuoG intergenic region of the E. coli
chromosome.

The spreading of the genes on the A. aeolicus chromosome
relates to the function of the corresponding proteins. Phy-
logenetic analysis revealed that a common progenitor of
complex I present in all three domains of life contained all
subunits with the exception of NuoE, NuoF, and NuoG
comprising the NADH dehydrogenase fragment (5, 12). This
ancestral complex was further equipped with subunit NuoG
during evolution, giving rise to a binding site for a different
electron donor (/1, 14). The C-terminus of NuoG is
homologous to molybdo-bis(molybdopterin-guanin-dinucle-
otide) (Mo-bisMGD) enzymes (46). This cofactor was lost
in complex I during evolution, while an Fe—S cluster (named
N7 in complex I) of the Mo-bisMGD enzymes was retained
in some species for structural reasons (47, 48). The N-
terminal part of NuoG is homologous to FeFe-hydrogenases,
which contain Fe—S clusters homologous to N1b, N4, and
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N5 (46). The distance between these clusters and N7 is too
large for a physiological electron transfer (/4, 49). FeFe-
hydrogenases contain an additional Fe—S cluster named
FS4A, which has no homologue in complex I (11, 14, 50).
In contrast to the other nuoG sequences, that of A. aeolicus
codes for cysteines that might ligate a complex I homologue
of cluster FS4A. Thus, the A. aeolicus NuoG may harbor an
additional Fe—S cluster connecting N7 with the electron
pathway to the quinone reduction site (//, [14). Later
acquisition of NuoE and NuoF led to the emergence of the
present complex I and enabled the use of NADH as substrate.
Through this acquisition, the Fe—S clusters of the electron
pathway to the substrate binding site on NuoG were
superfluous. Thus, the subsequent acquisition of NuoG on
the one hand and NuoEF on the other hand might be reflected
in the different chromosomal localization of nuoG and
nuoEF'.

Homologues of NuoE and NuoF are also found in
hydrogenosomes, double-membraned organelles of diverse
unicellular anaerobic eukaryotes that produce ATP and
hydrogen (5/—54). It was shown that the hydrogenosomal
homologues of NuoE and NuoF are present in a NuoEF
subcomplex and that this subcomplex is fused to a hydro-
genase enabling the direct regeneration of NAD™ coupled
with the reduction of protons to hydrogen. It is believed that
the genes of the hydrogenosomal polyprotein were acquired
by lateral gene transfer (5/—54).

The NuoEF subcomplex was also obtained by expressing
the orthologues from Paracoccus denitrificans named nqo2
and ngol, respectively, heterologously in E. coli using two
plasmids (55). The preparation contained a [2Fe—2S] cluster
in nearly stoichiometric amounts but neither the FMN nor
the [4Fe—4S] cluster (55). After reconstitution in vitro under
anaerobic conditions, the preparation contained approxi-
mately 0.5 mol of FMN and 0.5 mol of [4Fe—4S] cluster
per mol of protein (55). In our study, the NuoEF subcomplex
expressed from one plasmid contained the cofactors in
stoichiometric amounts after purification. This might be
because the A. aeolicus proteins show a higher degree of
sequence similarity to the E. coli orthologues than to those
from P. denitrificans, which possibly enables their recogni-
tion as substrates for the E. coli proteins involved in cofactor
insertion. As the reconstituted NuoEF subcomplex from P.
denitrificans, our preparation exhibited high turnover with
soluble electron acceptors (55).

The UV/vis spectrum of the A. aeolicus subcomplex is in
good agreement with that of the isolated and reconstituted
P. denitrificans subcomplex. It is indicative of the presence
of the flavin and the Fe—S clusters (Figure 5). The UV/vis
(reduced-minus-oxidized) difference spectrum (Figure 6)
reveals that all cofactors are redox-active. By means of the
respective EPR spectroscopic characteristics and the midpoint
potentials, the [2Fe—2S] cluster was attributed to Nla and
the [4Fe—4S] cluster to N3. This assignment is in agreement
with data obtained by site-directed mutagenesis (56, 57) and
structural studies (/0). The g-values and line width of Nla
and N3 of the A. aeolicus complex I are very similar to those
of the E. coli complex (Table 2) but differ from those of
other bacterial sources (58).

Despite the fact that the A. aeolicus NuoEF subcomplex
was thermostable and exhibited an optimal turnover at 85
°C (Supporting Information, Figure S3), Nla was lost after
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incubation at 65 °C for 1 h (Figure 3). At this temperature,
the E. coli proteins denature, a feature used to separate
overproduced A. aeolicus proteins from host proteins (59).
The A. aeolicus [2Fe—2S] ferredoxin AaFd4, which is
homologous to the C-terminal domain of NuoE, was purified
by a procedure containing the denaturing step without losing
the Fe—S cluster (60). However, the complex structure of
the NuoEF subcomplex might prohibit such a simple
purification step. Therefore, the NuoEF subcomplex was
individually engineered with a 6 xHis tag and a Strep tag 11
at the same position of NuoF and purified by affinity
chromatography. Both purification methods led to a similar
purity of the subcomplex, but the yield of the preparation of
the His-tagged variant was slightly higher. The different tags
influenced neither the assembly of the subcomplex nor its
equipment with the cofactors nor the stability of the
preparation. However, two additional chromatographic steps
were necessary to obtain a pure and monodisperse prepara-
tion of both protein variants as judged from SDS—PAGE
and analytical size-exclusion chromatography.

The variant engineered with the His tag was crystallized,
and the crystals diffracted higher than 2 A. Further work to
resolve the phase problem and to obtain a structural model
is in progress.
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