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ABSTRACT. The hydrophilic domain (peripheral arm) of the proton-translocating NADH:quinone oxi-
doreductase (complex I) from the thermophilic organiBhermus thermophilusiB8 has been purified

and characterized. The subcomplex is stable in sodium dodecyl sulfate ug@ 80 nine iron-sulfur
clusters, four to five (one or two binuclear and three tetranuclear) could be detected by EPR in the NADH-
reduced enzyme. The preparation consists of eight different polypeptides. Seven of them have been
positively identified by peptide mass mapping and N-terminal sequencing as known hydrophilic subunits
of T. thermophiluscomplex I. The eighth polypeptide copurified with the subcomplex at all stages, is
strongly associated with the other subunits, and is present in crystals of the subcomplex, used for X-ray
data collection. Therefore, it has been identified as a novel complex | subunit and named Nqo15. It is
encoded in a locus separate from tigo operon, containing the 14 other known complex | genes. ORFs
encoding Ngo15 homologues are present in the genomes of the closest relafivésesmophilusOur

data show that, contrary to previous assumptions, bacterial complex | can contain proteins in addition to
a “core” complement of 14 subunits.

NADH:ubiquinone oxidoreductase, or complex I, is the (EPR)-detectable FeS clusters (N1a, N1b, ane-N2) and
first of four enzyme complexes in the respiratory chdipn ( the FMN (1, 7). In addition, some bacterial complex |
Complex | catalyzes the transfer of two electrons from enzymes (e.gEscherichia colandThermus thermophil)s
NADH to quinone coupled to the translocation of four contain the tetranuclear cluster N7, though this has not been
protons across the inner mitochondrial membrane, thusdetected by EPR in the intact enzyn&. (Furthermore, the
helping to provide the proton-motive force required for the tetranuclear clusters N6a and N6b have shown EPR signals
synthesis of ATP. The complex contains one flavin mono- in subcomplexes and overexpressed subunits but not in the
nucleotide (FMN) and eight or nine ironsulfur (FeS) intact enzymeq, 10). Recently, we reported the organization
clusters 2—4). The mitochondrial enzyme contains 46 of the iron—sulfur clusters in the hydrophilic domain of
different subunits§) while the bacterial enzyme is thought complex | fromT. thermophilug4). There are nine clusters,
to contain just 14 (the “core” subunits). These 14 subunits of which seven [six tetranuclear (N5, N6a, and N6b)
of bacterial complex | all have their homologues in mito- and one binuclear (N1b)] are involved in the electron transfer

chondrial complex | §). In addition, bacterial complex |  chain connecting NADH and quinone binding sites. Cluster
presents many of the same properties as the mitochondrialN7 is not likely to be a part of the main pathway due to its
one, such as noncovalently bound FMN, multiple iraalfur distal location, while binuclear cluster Nl1la may act as an

clusters, and its distinctive L shape. Therefore, the bacterial antioxidant 4).

enzyme represents a useful “minimal” model for complex | The only available structural information for intact com-
studies. plex | is from electron microscope analysis and of low

Within the L shape of complex | are two major domains: resolution. Most reports have agreed on the L-shaped
the membrane arm and the peripheral arm (hydrophilic structure, though it has been proposed that .ircoli, this
domain). The latter domain protrudes into the bacterial constitutes an inactive form of the enzyme, which assumes
cytoplasm and has been shown to contain the NADH binding an alternative, horseshoe-like structure upon activafidh (
site as well as at least six electron paramagnetic resonancédowever, we observed an L shapetofcolicomplex | under

conditions optimal for activityX2), and no other “horseshoe-

T This research was funded by the Medical Research Council. like” structures hgve beer_1 reported in the !Iteraturg.

*To whom correspondence should be addressed. Telephone: The thermophilic organisiii. thermophiluss potentially
$ fé‘ dﬁﬁﬁigﬂfﬁlgk Faxi+44 1223 252915. E-mail: sazanov@ g source of a stable enzyme for structural studies. This rod-

L Abbreviations: FMN, flavin mononucleotide; FeS, iresulfur; shaped bacterium was Qr'g'”a"y isolated from a Japanese
EPR, electron paramagnetic resonance; DDM, dodecyl maltoside; thermal spa 13). The optimal growth temperature for the
BTP7.3, bis-tris propane (pH 7.3); PMSF, phenylmethanesulfonyl organism is between 65 and 7@. Previous efforts to obtain
fluoride; PIC-E, Roche’s Complete Protease Inhibitor Cocktail-EDTA complex | from this bacterium have not resulted in pure
free; FeCy, ferricyanide; OG, octyl glucoside; BCA, bicinchoninic acid; . . . . o
PVDF, polyvinylidene fluoride; MALDI-TOF, matrix-assisted laser ~Preparations, and no subunits were conclusively identified
desorption ionization time-of-flight; PEG, polyethylene glycol. (14). Here we report a characterization of the hydrophilic
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domain of complex | purified fronT. thermophilusHB8 material from the DEAE column was applied to a Bio-Rad
cells. The membrane arm dissociates early during purifica- UNO Q-12 column. This was eluted with a 10 mL gradient
tion. On its own, the hydrophilic domain was found to be from 0 to 8% followed by an 800 mL gradient from 8 to
extremely stable and all subunits were positively identified 18% of buffer B. Fractions (9 mL) were collected, assayed
by peptide mass mapping and N-terminal sequencing. A for NADH:FeCy activity, and analyzed by SD$AGE.
previously unknown polypeptide has been found to associateSelected fractions were pooled and concentrated (Vivacell
strongly and crystallize with the subcomplex, indicating that 70; 50 000 molecular weight cutoff) to 3 mL. The concentrate
it is a novel subunit of the complex, which we named was diluted to 20 mL in buffer 1 [20 mM BTP7.3 and 1%
Nqgo15. octyl glucoside (OG)] and exchanged into 3 mL of buffer 2
(20 MM BTP7.3, 1% OG, and 0.5 M NaCl) using a Vivapure
EXPERIMENTAL PROCEDURES Maxi Q Spin Column (Vivascience). Protein was concen-
Materials. All detergents were purchased from Glycon trated to~0.5 mL (Vivaspin 20; 100 000 molecular weight
(Luckenwalde, Germany). Chromatography columns and cutoff) and applied to a Superdex 200 10/30 gel filtration
instrumentation were from Amersham Biosciences (Uppsala, column equilibrated in buffer SFG20 (20 mM BTP7.3, 1%
Sweden) except the BioScale DEAE and UNO Q-12 columns OG, 0.002% PMSF, and 150 mM NacCl). Eluted fractions
were from Bio-Rad (Hemel Hampstead, Herts, U.K.). (0.5 mL) were assayed for NADH:FeCy activity and
Complete protease inhibitor tablets were from Roche Diag- analyzed by SDSPAGE. Selected fractions were pooled,
nostics (Lewes, U.K.), and all other chemicals were from concentrated to 1 mL (Vivaspin 20; 50 000 molecular weight
Sigma (Poole, Dorset, U.K.). cutoff) and diluted with 3 volumes of buffer 1. Material was
Purification of the Hydrophilic DomainThe subcomplex concentrated further to give 0.5 mL of protein at—115
was purified fromT. thermophilusHB8 cells which were mg/mL in 20 mM BTP7.3,~40 mM NacCl, and 1% OG.
either purchased from the University of Georgia Bioexpres- Protein was used immediately or stored under liquid nitrogen
sion and Fermentation Facility or grown in house in a 60 L in 10-100uL aliquots. A short summary of the purification
fermentor. Cells were grown at 7C under reduced oxygen procedure was given in our recent publicati@)]_ (
(~5% dissolved) to induce complex | expression, until late
log phase. All subsequent steps were performed @t €ells
(175 g) were resuspended at 0.3 g/mL in RBP buffer [50
mM bis-tris propane (pH 7.3) (BTP7.3), 0.002% phenyl-
methanesulfonyl fluoride (PMSF), and Roche’s Complete
Protease Inhibitor Cocktail-EDTA free (PIC-E) tablet] using
a glass-Teflon homogenizer and passed through a Z-plus
2.2 kW disruptor twice at 15000 psi and three times at
30 000 psi. Cell debris was removed by centrifugation at
9600y (15 min) followed by centrifugation at 1889Cfor
35 min. The membrane fraction was collected by centrifuga-
tion at 150009 for 4 h, the supernatant discarded, and the
pellet resuspended in 150 mL of RBP in a glageflon

homogenizer. Membranes were used immediately or stored .
at —80 °C. Dodecyl maltoside (DDM, 10% solution) was complex | was assessed at 340 nm andGpthe maximal

added dropwise to stirred membranes to a final level of 3%. temperature at Wh.iCh assays were possible without evapora-
PMSF (0.002%), a PIC-E tablet, and NaCl (to a final tlon_problems. Ql_Jlnone analogue assays were perf_ormed by
concentration of 80 mM) were also added. The solution was addltl_on .Of the quinone analogue at (.)'1 mM (decylubiguinone
stirred on ice for 2 h; nonsolubilized material was removed or'\xkggrl;lgognez-g) aMnd~N8 é‘lg of dp{)og%; tggﬁﬂsay_/”t])uffer (30
by centrifugation at 1500@0for 1 h, and the supernatant m tart .d7b ?d't' a f'oa? M NAODH V\/)th Ke r(e:ilc 'on
was passed through a 0.48 filter. The sample was passed v::as_s ar (?d )I/:aC ttion Oh LM 7 ' f' 3 e.( }Sd
through a series of three ion-exchange columns and a final{f€ricyanide, FeCy) as the acceptor;.ug of protein and
gel filtration step using an KTA Explorer 100 instrument. 1 mM potassium ferricyanide were added to buffer containing

. i 0
Eluate absorbance was monitored at 280 and 420 nm. All °0 MM potassium phosphate (pH 7.0) and 0.1% DDM, and

ion-exchange columns were equilibrated before use with (e reaction was started by adding 0.1 mM NADH.

buffer A (20 mM BTP7.3, 0.1% DDM, 10% glycerol, and EPR Spectroscopssamples {4 mg of protein/mL in 20
0.002% PMSF). The sample was applied to a HiLoad 26/10 mM BTP7.3, 20 mM NacCl, and 1% OG) were reduced with
Q-Sepharose column and eluted with a 60 mL gradient from 2 mM NADH and frozen immediately in liquid nitrogen.

8 to 12% followed by a 700 mL gradient from 12 to 22% of EPR spectra were recorded on a Bruker EMX X-band
buffer B (A with 1 M NaCl). Fractions (14 mL) were spectrometer using an ER 4119HS high-sensitivity cavity
collected and those with NADH:ferricyanide (FeCy) activity maintained at low temperature by an ESR900 continuous
pooled and diluted with an equal volume of buffer A. Pooled, flow liquid helium cryostat (Oxford Instruments, Abingdon,
diluted material from the Q-Sepharose column was applied U.K.); the sample temperature was measured with a cali-
to a Bio-Rad Bio-Scale DEAE 20 column. This was eluted brated Cernox resistor (Lake Shore Cryotronics Inc.). The
with a 10 mL gradient from O to 18% followed by a 700 spectra were recorded under nonsaturating conditions. The
mL gradient from 18 to 32% of buffer B. Fractions (9 mL) following conditions were applied: microwave frequency,
were collected and those with NADH:FeCy activity pooled 9.385 GHz; modulation amplitude, 10 G; modulation fre-
and diluted with 4 volumes of buffer A. Pooled, diluted quency, 100 kHz; and time constant, 82 ms.

Analytical MethodsProtein concentrations were measured
using the Pierce bicinchoninic acid (BCA) protein assay
according to the manufacturer’s instructions. SEIFAGE
was performed with pre-prepared Novex Tris-glycine poly-
acrylamide gels containing a 10 to 20% acrylamide gradient
(Invitrogen), according to the manufacturer’s instructions.
Unless otherwise stated, any samples loaded onto the gels
were boiled at 105C for 3 min immediately before being
used. Protein bands were visualized with Coomassie Blue
R250 or silver staining according to a standard protocol. The
FMN content in the preparation was assayed fluorometrically
(15), and the iron contents were assayed by spectrophotom-
etry (16). Oxidation of NADH or deamino-NADH by
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Identification of SubunitsPurified protein was subjected 0.4—0.5 M NaCl, 0.1 M MgC}/CaCl, and 8.5-9.5% PEG
to SDS-PAGE. For N-terminal sequencing, protein bands 4000.
were electroblotted onto polyvinylidene fluoride (PVDF)
membrane, located by Coomassie staining, and excised RESULTS
N-Terminal sequencing was performed at the MRC Labora- L ) i ) )
tory of Molecular Biology (Cambridge, U.K.). N-Terminal Purification ProcedureLike our observanons WitE. c_oll
sequences were matched against the known amino acid®MPlex I (2), the content of complex I'ifi. thermophilus
sequences of the subunitsbfthermophilusomplex | using ~ Mémbranes is increased when cells are grown under a
the Swissprot database on the NCBI website (http:/www. IMiting oxygen supply, as judged from NADH:FeCy activity
ncbi.nih.gov/). Reference sequences were submitted by Yand©und in membranes. However, the dissolved oxygen con-
etal. 7). centration neede_d to be higher%% vs 2% forE. coID fgr

Proteins resolved by SDSPAGE and stained with Coo-  OPtimal yields withThermus probably due to the limited
massie R250 were identified by peptide mass fingerprinting 9XY9€nN TSOIUb_'“ty at high temperatures. Despite numerous
and tandem MS peptide sequence data. Excised gel band{ia!S using different detergents, the membrane arnT of
were digested “in gel” 18) with trypsin [20 mM Tris-HCI thermophlluscomplexll_ appears to be d|s§oc!ated from the
(pH 8) and 5 mM CaGlat 37°C], without prior reduction c_omplex upon _solub|I|za_t|on. This was indicated by gel
and alkylation. Portions of the digest were examined in filtration experiments with the solubilized sample: all
positive ion mode by matrix-assisted laser desorption ioniza- NADH:FeCy activity eluted with an apparent molecular mass
tion time-of-flight (MALDI-TOF) mass spectrometry with of N400_ kDa, lower than _the value 0600 kDa expected
a TofSpec 2E instrument (Micromass, Altrincham, U.K.) in for the intact complex with detergent bound. Membranes
the presence of-cyano-4-hydroxycinnamic acid as the were solubilized using 3% DDM and passed through a series
matrix. Spectra were calibrated with trypsin autolysis pep- of three ion-exchange columns and a final gel filtration step
tides fz 2163.057 and 2273.160) and a matrix-related jon [© 0btain a pure preparation of the hydrophilic domain
(m/z 1060.048). Peptide mass data were searched against afP€"iPheral arm) of complex I (Figure 1). Although DEAE
NCBInr protein database using Mascot (http:/www.matrix- and UNO-Q steps gave relatively small increases in specific
science.com) with trypsin constraints, variable modifications 2ctivity, both of these steps were essential for obtaining a
(methionine oxidation and cysteine propionamide), a maxi- pure preparation. In the final gel filtration step, activity and

mum of one missed cleavage, and a mass tolerance of 7ghearly all protein cqeluted,'with an apparent molecular mass
ppm. of ~400 kDa, consistent with the combined molecular mass

Peptide sequence analysis was performed on a Q-TOFmc ”_‘6? peripheral arm (280_ kDa) and the pound deterge_nt.
mass spectrometer equipped with ESI (Micromass) and Omlttmg the d.ete.rgent at this step resulteq in the aggregation
coupled on-line to a capillary high-performance liquid of protein, indicating that some hydrophobic areas are present

chromatography system (CapLC; Micromass). Peptide mix- in the subcomplex, presumably "’}t the int(_erface with the
tures wer(ge sgpgra¥ed usi(ng aFl) PepMap C18 c)olumpn/(ﬂrso me”_‘bfa_”e arm. SDSPAGE analysis Of fract|ons_ from the
x 100 mm, LC Packings, Amsterdam, The Netherlands) with gel filtration step '”P"C?t?d thf.it all putative subunits coe_luted
an acetonitrile gradient in 0.1% formic acid. Acquired tandem toggther and_ no §|gn|flcqnt Impurities were present in the
MS spectra were interpreted manually, assembled into Main peak (first five fractions at the left, Figure 2).
Peptide Sequence Tagt9d, and compared with protein A summary of the purification procedure is given in Table
sequence databases. 1. The final yield is sufficiently substantial for structural
Crystallization. Crystallization screening was conducted studies. The complex has a ferricyanide reductase activity
using sitting drop vapor diffusion at 296 K with Corning ©0f 106 + 7.2 units (micromoles of NADH oxidized per
96-well microplates. Reservoir solutions (10Q.) were minute per milligram of protein). This compares favorably
dispensed using a Genesis 150 Workstation (Tecan, U.K.)With intactE. colicomplex |, where a pure preparation gives
and crystallization drops (0.2L of reservoir solution and @ specific activity of 57.9 units1@). Activities with the
0.2 uL of protein solution) established using a PixSys SQ quinone (and menaquinone) analogues decylubiquinone (1.66
series robot (Cartesian Technologies). An initial set of 1344 + 0.06 units) and ubiquinone-5 (1.79 0.17 units) were
conditions were set up from commercially available kits: significant but much lower than those found with the intact
Crystal Screen, Grid Screen, MembFac, Natrix, Quick Screen E. colienzyme {2). This is likely due to the absence of the
(Hampton Research), Cryotll, Wizard I+Il (Emerald membrane arm in th&. thermophilugpreparation. Complex
Biostructures), JBScreen-10, JBScreen Membrane-B | may have one or several quinone-binding sites, all of which
(Jena Bioscience), Clear Strategy Screetl,| MemStart, are predicted to be located mostly within the membrane
MemSys, Structure Screefrll, and Stura Footprint Screens  domain, due to the hydrophobic nature of this substrBte (
(Molecular Dimensions). Crystals were observed under a few Assays of the FMN and iron contents of the preparation gave
of these conditions which contained similar precipitants values of 33.8+ 4.0 Fe atoms and 0.8& 0.08 FMN
[polyethylene glycol (PEG) 4000 or PEG 8000], salts molecule per complex I. This result is consistent with the
(magnesium chloride, calcium chloride, or sodium chloride) Presence of 32 Fe atoms per monomer, from two binuclear
and buffers [Tris-HCI (pH 8.5) and HEPES (pH 7.5)]. and seven tetranuclear clusters, identified by X-ray crystal-
Refinement of crystal conditions was performed in Cry- lography @), and indicates that one FMN molecule is bound
sChem 24-well plates (Hampton Research) with drops Per complex. This i; in contrast to the suggestions that
consisting of 1uL of protein and 1uL of reservoir reagent ~ complex | may contain two bound FMN2Q).
equilibrated against a 700L reservoir. The best crystals Subunit IdentificationSDS—-PAGE analysis of the prepa-
were grown in reagents comprising 0.1 M HEPES (pH 7.5), ration showed only one band at the very top of the gel when
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Table 1: Purification of the Hydrophilic Domain of Complex |
from T. thermophilug

C
o
AN
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Qo 0 0 200 200 500 total specific
28] volume protein  activity® activity
AN purification step (mL) (mg) (umol/min) (umol~* mg™)
e
© membrane fraction 160 2480 5300 2.14
@ o008 solubilized membranes 250 1940 4200 2.16
o ’ 3 Q-Sepharose 112 120 2300 19.2
cC g DEAE 135 60 1200 20
o % 3 UNO-Q12 155 30 1000 25
O o4 z Superdex 200 5 5 530 106
’6 ' 03 a Starting material was 175 g 8t thermophilugells. ® Activity was
o 002 0.15 measured by following the oxidation of NADH while FeCy was
0O reduced, at 50C.
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F'GUR.F 1th Purifi(r:]g}tior(]A())thhg h)r/]drophilic Idomair;\ of cc;mplexhl Ficure 3: Subunit identification and SDSPAGE analysis of the

rom ' - thermopniius ~>€epharose column chromatograpny, ified hydrophilic domain of complex | after incubation for 3

B) DEAE Bio-Scale column chromatography, (C) UNO-Q12 purtfl ydropn p.

(co%umn chrorlnatography uand (D) Supe?dea )Z,Oé 1)0/30 cc()?umn gnoln (|:n (SCD)Ssgtglffergr}tDt)erlné)oe:?tusrets). (.?) .ré)or?fj[eéngeraturt(_ea (B)
v o °C, °C, an . Subunits identified by peptide

chromatography. The solid line represents the 280 nm absorbancemass fingerprinting and N-terminal sequencing are shown at the

the dotted line the 420 nm absorbance, the dashed line the NaCl . f S
. . ; right. Lane M contained molecular mass markers with sizes shown
concentration, the black bar the fractions used in subsequentat the left. Protein was stained with Coomassie Blue.

steps, and the triangles represent complex | activity in individual

fractions. polypeptide bands, each of which was analyzed by peptide

samples were prepared at room temperature (Figure 3A).mass mapping and N-terminal sequencing (Table 2). From
Only after boiling the sample in SDS sample buffer before the resulting data, seven of these bands were identified as
loading onto the gel was it possible to resolve this high- components of thd. thermophiluscomplex I hydrophilic
molecular mass species into individual subunits (Figure 3D). domain. Six of the bands contained single polypeptides, and
This indicated that the hydrophilic domain is remarkably one band comprised both Ngo5 and Ngo9, which run very
stable, with a large proportion of protein still forming a close to each other on most gels. Subunit Ngol appears to
complex even after incubation at 8C in SDS (Figure 3C).  be missing six N-terminal amino acids. Initially, the eighth
SDS-PAGE analysis of boiled samples revealed eight band defied identification, although we obtained a protein
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Table 2: Subunit Identification by Peptide Mass Mapping and N-Terminal Sequencing

peptide mass fingerprint data

apparent molecular subunit no. of peptides sequence N-terminal sequence

band no. mass (kDa) (NCBI Gl identifier) matched coverage (%) observed expected
1 85 NQO3 (62297831) 29 46 MVRVKVND MVRVKVNDRI
2 53 NQOL1 (2499313) 20 55 SG- - -(L) - MTGPILSGLD
3 49 NQO4 (2499314) 23 69 MRE(E)FLE(E) MREEFLEEIP
4/5 25 NQOS5 (2499323) 13 67 M(R/T)LE(A/R) MRLERVLEEA

(VIL)(AIL)(Q/E)
NQO9 (2499326) 7 48 MTLKALAQSL

6 23 NQO2 (2499324) 9 61 GF(F)D-KQD MGFFDDKQDF
7 21 NQOG6 (2499331) 10 41 ALKDLFE(R) MALKDLFERD
8 14 NQO15 (55771878) 8 65 SAS-EREL MSASSERELY

a2 For this subunit also, two matching peptides, EADFPDFIYR and FFALADR, were identified by tanderh RFd8N-terminal sequences, a
dash indicates that no data were obtained, brackets indicate that identification of that residue was not definite, and two residues in biaekets indic
that either is a possibility.

T.ther. -----------------—----- MSASSERELYEAWVELLSWMREYAQAKGVRFEKEADFP 38 2.021

D.geo. ~---------------------- MAHAQDERLYTQWVELLGWLEAEASTRGLGFEKVADFP 38

D.rad. MCAGCPFAAEGTLWLRDVKLPQMANADKAALYRQWVELLGWLGDEARSRGLSIDKVADFP 60 A 45K
Ky L. kk kkx Kk Kk pikg pik kkkk 2011

T.ther. DFIYRMERPYDLPTTIMTASLSDGLGEPFLLADVSPRHAKLKRIGLRLPRAHIHLHAHYE 98

D.geo. DYIYRMERPYDLPTTVMSVALTVG-GQPLLLAAVSPRHVDLKGISLRLMGGSKHWHLHAG 97

D.rad. DYIYRMERPYDLPTTVMSVNVSQD-GQALLVAAVSPRHVDLGGISLRLMGGSKHWHLHAG 119
PR

ogkkkkkkk ko ok R DU T 0 2 2 2

T.ther. PGKGLVTGKIPLTKERFFALADRAREALAFA-- 129 ' t t I
D.geo. ER-GLLEGQRPFTRERLAVLLNGALRG--VAAV 127
D.rad. AG-GLLEGKRPFTRERLSVLLDGVMRGNGTVAV 151 B
Kk ok kpkpkkr koo . 2048 25K
Ficure 4: Comparison of the deduced primary structure of subunit !

Nqgo15 fromT. thermophiluswith its homologues. The alignment
was performed with the ClustalW server at the European Bioinfor-

matics Institute §2). Abbreviations: T.therT. thermophilusiB8 1_8T93

(YP_143762/55771878); D.ge®, geothermaligZP_00396143);
D.rad.,D. radiodurans(NP_294450). Arrows indicate the conserved
histidines which contribute to a possible iron binding s2)(

N-terminal sequence and both peptide mass and sequence
data. However, following the recent availability of the
genome sequences for thermophiludHB27 (21) and HB8
(GenBank entry AP008226; Masui et al., 2004, unpublished),
a matching protein was located in the NCBI database. This
polypeptide, consisting of 129 residues and with a molecular
mass of 14.7 kDa (accession numbers YP_143762/55771878
for HB8 and YP_004097 for HB27), is a hypothetical 3100 3300 3500 3700 3900
cytosolic protein with no assigned function. The only Magnetic field (G)

homologous proteins present in databases are ORFs encodinf/GURE 5: EPR spectra of th&. thermophiluscomplex | hydro-

; ; ; i hilic domain reduced with 2 mM NADH. Spectra were recorded
polypeptides of unknown function froeinococcus radio at (A) 45 K with a 0.2 mW microwave power, (B) 25 K with a 20

durans(NP_294450, 49% identical) aridleinococcus geo-  mw microwave power, and (7 K with a 0.2 mW () or 2 mW
thermalis(ZP_00396143, 50% identical) (Figure 4). These (---) microwave power. Arrows indicatg values.
species are closely related To thermophilus

This previously unknown polypeptide copurified with the additional signals, most likely due to tetranuclear clusters,
complex | hydrophilic domain through membrane preparation could be detected a, = 2.048 andgx = 1.893, while the
and solubilization, four column chromatography steps, and apparentg, value shifted to~1.943 (Figure 5B). The
various dilution, concentration, and detergent-exchange magnitude of the, = 2.048 signal was diminished at lower
processes. In SDSPAGE analysis, it was only located as a temperatures andt & K it was replaced by ay, = 2.040
discrete band after boiling purified protein. It is clearly very signal (Figure 5C). Also, another signal for whigh= 2.063
strongly associated with the hydrophilic domain and can thus and gy = 1.801 appeared at low temperatures, presumably
be identified as a 15th subunit @ thermophiluscomplex from a rapidly relaxing tetranuclear cluster (Figure 5C).
I, which we propose to name Nqgol5. These signals are similar to the EPR spectra observed

EPR SpectroscopyEPR spectroscopic analysis of the previously with T. thermophilusmembrane particles and
complex | hydrophilic domain, reduced by NADH, was partially purified enzymeZ2?2). This suggests that the iren
performed to analyze irensulfur clusters. At 45 K, binuclear  sulfur clusters in our preparation were not damaged during
type iron—sulfur clusters are predominant and we could the purification procedure.
detect one major axial or near-axial EPR signal for which  The clusters can be tentatively assigned by comparison
g, = 2.021 andg, = 1.940 (Figure 5A). In addition, a  with previous EPR data obtained with intact enzymes and
possible contribution from a second binuclear cluster could overexpressed subunits. For binuclear cluster N1b, located
be detected as a main peak shouldey,at 2.011. At 25 K, in subunit Ngo3, an axial or near-axial spectrum was
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observed in different species, in whigh= 2.03/2.02 and
gy = 1.94 8, 23—25). Therefore, cluster N1b is likely to be

Hinchliffe et al.

centrated protein solution produced mainly detergent crystals
or precipitate, while an underconcentrated protein solution

a main contributor to the high-temperature spectrum shown gave only phase separation in the crystal trials. Thus, for

in Figure 5A, whereg, = 2.021 andgy, = 1.940. Overex-
pressed and purified. thermophilusNgo2 subunit, contain-

crystal formation, an exact concentration of both protein and
detergent was important. The best crystals appear to be

ing the single binuclear cluster N1a, has been shown to produced when detergent is close to, but not reaching, the

exhibit a rhombic spectrum whege = 2.002,g, = 1.946,
and g« = 1.915 (7). These values could be somewhat

phase separation point, as noted previou2).(
Crystals obtained in extensive initial screens, using com-

different in situ, and it is possible that the observed shoulder mercial reagents and a robotic setup (1344 conditions), were
atg, = 2.011 (Figure 5A) is due to cluster N1a. Another thin, small, and highly aggregated (0.2 mmO0.1 mm x
shoulder in they, region, indicated with an asterisk in Figure  0.02 mm). Subsequent optimization based around initial
S5A, may also be due to cluster N1a, although it is possible conditions produced larger single crystals, though still of
that cluster N1b has a partly rhombic spectrum. Thus, we plate morphology, only 0.020.05 mm thick (Figure 6).
can assign the main observed binuclear cluster as N1b, withCrystals were a pale brown color due to iron from the many
a possible additional contribution from cluster N1la. Under iron—sulfur clusters present in the enzyme. The presence
our experimental conditions (in the presence of NADH), of MgCl, or CaC} (~0.1 M) was vital for the improvement
cluster N1a may be only partially reduced, as it has a low of crystals, in conjunction with a high NaCl concentration
midpoint potential, approximately-370 mV @5, 26). (0.3-0.6 M). The use of additives (e.g., heptanetriol,
However, the reduction of the subcomplex with 10 mM  penzamidine, or ethanol) did not alter the crystal morphology.
sodium dithionite, in addition to NADH, did not reveal any  Thus, at the in-house X-ray source, these thin plate crystals
additional or increased EPR signals at 45 K (data not shown). diffracted to only 6-8 A. At the synchrotron, however, some
Of the tetranuclear clusters of complex I, neither N6a/b crystals diffracted to a maximum of 3.2 &) SDS-PAGE
nor N7 has been detected in situ previously, @nd N5 analysis of purified crystals indicated that all the subunits
signals have been very weak4j. Thus, these clusters are were present in the crystals, including, importantly, the newly
not likely to be detectable by EPR in our preparation either. identified Nqo15 (Figure 7).
Cluster N2 has not been observed previously irthermo-
philus but its spectra are axial in other species, whgre
2.05 andy, = 1.92/1.91 23—25). Other tetranuclear clusters o ] )
have rhombic spectr@§). Overall, spin relaxation rates of Our purification method yields relatively large amounts
complex | clusters increase (and optimal EPR sample of the monodisperse hydrophilic domain of complex I, with
temperature decreases) with the cluster identification number,n0 Significant impurities, suitable for structural studies. The
from N1 to N5 @5). Therefore, it is likely that theg, preparation shows expected activity with dlffgrgnt electron
2.048 signal, which appears at 25 K (Figure 5B) and acceptors, anq EPR sllgn.als (Figure 5) are similar to those
disappearsta7 K (Figure 5C), is due to cluster N2. Itg obse(veq pr_ewously with intadt thermophﬂusnembran(.as.
value may be close to 1.93/1.94 and so is not discernible in (22, indicating that the overall structure of the domain is
the spectra. Thex = 1.893 signal, visible at 7 and 25 K, not_perturk_)gd upon separation from the _mem_b_rane arm and
may be due to the cluster whida = 2.040 signal domi- during purlflcathn. We have tentatively |dent|f|gd most of
nates &7 K and may also be present at 25 K, overlapping the clusters which can be observed by EPR in an intact
in the g, area with the signal from cluster N2. From complex I tetranuclear N2N4, as well as binuclear N1b
comparison ofy values and spin relaxation rates), cluster ~ and possibly Nla.
N3 is the most likely candidate responsible for the ob- The membrane domain is lost upon solubilization, even
served rhombic signal @, = 2.040 andg, = 1.893. Most in mild detergents, possibly due to the specific lipid
of the g, values in our spectra appear to coincide in requirements of the complex. As we observed previously for
approximately the 1.94 region. However, a comparison of E. coli complex |, native lipids can be important for
the 7 K spectra obtained at 2 mW versus 0.2 mW (Figure maintaining the stability of the enzymé3). Alternatively,
5C) indicates that the relative decrease in the magnitudes ofthe relatively low temperature during purification {€ vs
the g, = 2.040 andg, = 1.893 signals as compareddo= 70°C, the temperature at which cells are grown) would have
2.063 andy, = 1.801 signals is associated with an increased weakened hydrophobic interactions, and that might have
contribution of the signal for whicly, = 1.949. Thus, the  destabilized the intact complex. The hydrophilic domain on
rapidly relaxing tetranuclear cluster N4 is likely to be its own is stable in SDS up to 8% (Figure 3). This is
responsible for thes7 K sgnals withg, = 2.063,g, = 1.949, similar to observations with a smaller subcomplex of
andg, = 1.801. complex | (NuoEFG) from the hyperthermophifeguifex
Crystallization. Purified protein was monodisperse and aeolicus which is also stable at 80C (28). While the
highly stable, two favorable characteristics for crystal growth. purification procedure described féx. aeolicusresults in
Tests using gel filtration chromatography have shown that an intact complex, the yield is100 times lower than that
the subcomplex is stable in a range of detergents, includingfrom the procedure described here.
OG. Therefore, after purification in DDM, protein was N-Terminal sequencing and peptide mass mapping con-
exchanged at the last step into OG for crystal trials. OG was firmed that the subunit composition of the preparation was
chosen for its small micelle size, increasing the chance of as expected for the hydrophilic domain of complex I, but
crystal contacts forming between molecules, compared towith the addition of a previously unidentified subunit,
large micelle, low-CMC detergents such as DDM. The final Nqol5, clearly associated with the complex. SEFAGE
concentration step proved to be vital, because an overcon-analysis indicated that crystals, used for X-ray data collection,

DISCUSSION
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Ficure 6: Crystals of the hydrophilic domain &f. thermophiluscomplex I. Complex | (1uL, 15 mg/mL) was mixed with JuL of
crystallization reagent: (A) 0.1 M HEPES, 0.45 M NacCl, 10% PEG 4000 (w/v), and 0.1 M M{&®| 0.1 M HEPES, 0.5 M NaCl, 9%
PEG 4000 (w/v), and 0.1 M Cagl(C) 0.1 M HEPES, 0.5 M NacCl, 10% PEG 4000 (w/v), and 0.1 M Mg@hd (D) 0.1 M HEPES, 0.5

M NaCl, 10% PEG 4000 (w/v), and 0.15 M MgCAll trials were performed in Cryschem 24-well sitting drop plates at room temperature.
The pale brown color of the crystals, due to the ir@unilfur clusters, is clearly visible. Photographs were take 8Says after setup and

at the same magnification.

A B M evidence that it is a bona fide subunit ©f thermophilus
complex I. Finally, the atomic structure of the domain, which
. -, we recently determined, shows that Ngo15 is an integral part
NQO3 - | st 97 of the complex 29).

Generally, the 14 genes encoding bacterial complex |
- subunits are organized in one operon or gene cluster. The
NQO1 - - order of thes@iuoA-N or nqol-14 genes within the cluster
NQO4 - . 45 is usually conserved. From bacterial sources, so far only
E. coli complex | has been purified in an intact formh2(
30) with all protein components positively identified3).
Only the 14 subunits (with NuoC and NuoD fused) encoded
- 30 within thenuooperon were detected in the preparatidg)
NQOS5/9 - s Complex | fromA. aeolicushas also been purified in an
NQO2- — intact form, and seven knownuo subunits have been
NQOG - ‘ 20 identified so far in the purified sampl@§). The nuadngo
gene cluster in some bacteria contains additional ORFs, not
encoding known complex | subunits. However, disruption
NQO15 - - -, 14 of several of these ORFs Rhodobacter capsulatutid not
affect complex | activity 81). Therefore, it is generally
assumed that bacterial complex | contains only 14 core
FIGURE 7: SDS—PAGE_ analysis of crystals of the hydrophilic Zubu;’:lts, which arebconhserved frfomé)actellrla to mamnials (
domain of T. thermophiluscomplex I: (A) crystals washed three ). That seems to be the case for Becoli enzyme 12).
times in crystallization reagent and (B) crystal loop that has been However, our data clearly show that at leasfTinthermo-
immersed into a crystal well containing crystals with crystallization philus and its relatives, complex | contains an additional
reagent but no crystal collected, and then washed in a mannersybunit, Nqo15. It is encoded in a locus separated from the
similar to that used for panel A. Subunits are indicated at the left. ngooperon by~ 360 kb. Our finding opens up a possibility

Lane M contained molecular mass markers with sizes shown at . - .
the right. Protein was silver stained. that, in some other bacteria, complex | may also contain more
than 14 subunits.

contain all subunits identified in the preparation, including  Since a protein homologous to Nqo15 could be identified
the novel subunit Nqol15 (Figure 7). This provided further so far only in close relatives df. thermophilugFigure 4),
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it is possible that one role of this subunit is to stabilize the
complex, due to the harsh conditions in which these

organisms grow. The atomic structure is consistent with such

a proposalZ9). In addition, the fold of Ngqo15 was found to
be similar to the unique fold of frataxins (iron chaperones),
with several conserved Nqo15 histidines (Figure 4) contrib-
uting to the possible iron binding sit29). Therefore, another
role of Ngo15 may be in the storage of iron for-F8 cluster

regeneration. Thermophiles which are less closely related

to Thermusor mesophilic organisms, may not have a similar
subunit. Alternatively, it is possible that its structural and

functional analogue is present in other species but that the

degree of sequence similarity is low. Also, many bacteria
have extended versions of Ngo3 or Ngo2 subunits in
comparison toT. thermophilus and these extra domains
might play a role similar to that of Nqo15.
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