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ABSTRACT. The last gene in theuooperon ofEscherichia colinuoN encodes a membrane-bound subunit

of Complex | (NADH:ubiquinone oxidoreductase). In this report, the gene for subunit N was disrupted
by a 163 bp deletion in the chromosome, resulting in the loss of Complex | function, as measured by
deamino-NADH oxidase activity. This activity could be recovered after transformation of the mutant
strain by a plasmid that contains the previously identifisdNgene and the upstream intergenic region
betweennuoM and nuoN. Mutagenesis of the first ATG downstream mfioM led to a loss of function,
indicating that this is the likely initiation codon faruoN and predicting a protein of 485 amino acids

and 52 044 Da. Thirty site-specific mutationsnooN at 19 different positions were constructed in a
vector that expresses the full-length subunit N with both an octahistidine tag and an HA epitope tag at the
carboxyl terminus. Highly conserved charged and aromatic residues were selected for mutagenesis, as
well as a substitution that occurs as a secondary mutation in Leber’s hereditary optic neuropathy (LHON).
Membranes from the mutant strains were tested for production of subunit N by immunoblots and for
NADH-linked activities. Mutants with substitutions at six different positions (K158, K217, H224, K247,
Y300, and K395) had rates of deamino-NADH oxidase activity that were no more than 50% of that of the
wild type and had reduced rates of proton translocation. These mutants also showed enhanced inhibition
by decylubiquinone, indicating that subunit N interacts with quinones. The mutation associated with LHON,
G391S, had little effect on these functions.

NADH dehydrogenases are commonly found in energy- from E. coli (huoA-N) have homologues in the mitochon-
transducing membranes as sites for the initiation of electron drial enzyme, including the seven encoded by mitochondrial
transport. Complex |, or NADH:ubiquinone oxidoreductase, DNA. Subsequent studies have confirmed the presence of
is found in the mitochondrial membranes of many species, most if not all of the 13 subunits in purified preparations of
and also in the plasma membranes of some bacteria (for athe E. coli enzyme 8—10). Electron cryomicroscopy has
review, see rel). It typically serves three roles: (1) initiation  shown that Complex | from bovine mitochondridij,
of electron transport, (2) regeneration of NAD for the citric Neurospora crass412), andE. coli (13) has a peripheral
acid cycle, and (3) generation of the electrochemical proton arm and a membrane arm, together forming an “L” shape.
gradient through translocation of protons or other cations. The peripheral arm contains the binding site for NADH, a
Other classes of NADH:quinone oxidoreductases are knownbound flavin mononucleotide (FMN), and five EPR-detect-
to exist in microbes. ND-2 is a single-subunit enzyme, found able Fe-S centers. Thé&. coli enzyme also contains four
in Escherichia coli(2) and Saccharomyces cernsiae (3), additional Fe-S centers that cannot be detected by EPR.
which reduces quinones, but does not translocate ions. TheThe membrane arm contains no known prosthetic groups.

NQR enzyme is a six-subunit complex found in some 1y geyen hydrophobituoproteins that are homologous
bacteria, mclungVlbno alglr_10Iyt|cus (4) and Vibrio to the seven mitochondrially encoded ones in mammals are
pholerae(S), which reduces quinones and translocate$ Na thought to make up the membrane arm inEheoli enzyme.
lons. . . . These subunits must be involved with the reduction of the
Studies of Compl_ex | in membrane vesicles frE_mcoll lipophilic substrate ubiquinone, and are presumably part of
dempnstrated_ that 't. _generates an e_Iec_:tr_ochemlcaI Protony,e jon translocation mechanism. Three of the subumitsA
gradient and is sengltlve to classical _|nh|b|tors of Complex nuoJ andnuoK, have fewer than 200 amino acids, with five
Légiir;aetgr&lgﬁhioré'gl?e?]rzldrﬁ:?:ﬁgzg?oOf uhva;o?rp])etrforn or fewer predicted transmembrane spans. The other four,
) Lo -nzy gous to that from nuoH, nuol, nuoM, andnuoN have 325-613 amino acids
mammalian mitochondria7}. All 13 nuo-encoded proteins with 8—16 predicted transmembrane spans. The role of the

FThi . ed b < from The Welch Foundati membrane arm is particularly interesting because many of
IS WOrK was supporte Yy grants from e elc oundaation . ’ . .
(N-1378) and from the Southern Methodist University University the mutations known to cause ITebers h.eredltary optic
Research Council. neuropathy (LHON) map to the mitochondrial genes that
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Ficure 1: Plasmids constructed for this study. (A)Hincll—Bglll fragment from pAJW104 containing part afioMand all ofnuoNwas
ligated to pUC19, previously digested wittincll and BanH|I. This plasmid was called pBA100. (B) pBA100 was digested wiitid and
Blpl, and religated after the ends were filled using the Klenow fragment of DNA polymerase, to generate an internal detetdh An

Hindlll —Kpnl fragment was then ligated to pMAK705 that was previously digested with the same enzymes. (C) Using PCR, the previously
identified reading frame fonuoNwas amplified from pBA100, incorporating a hexahistidine tag ahtirallll site at the N-terminus, and

an HA tag and arEcaRl site at the C-terminus. The amplified gene was then ligated to pUC19 that had been previously digested with the
same enzymes. This plasmid was called pBA100-N. (D) pBA200, incorporating the full-langty was constructed by the following

three steps. First, using PCRyoNwas amplified from pBA100, incorporating lindlll site just upstream of the revised start site for
nuoN 180 nucleotides from the previous one. At the C-terminus, an octahistidine tag, followed by an HA tag, BoaRasite were
introduced. TheHindlll —EcoRI fragment was ligated to pUC19 that had been digested previously with the same enzymes. Second, the
lacl® gene was introduced from pMAL-c2X as &tod71ll—Ssp fragment. It was ligated to thauoN plasmid from step 1 that was

previously digested witl\fllll and whose ends were filled using the Klenow fragment of DNA polymerase. ThirdytiBetranscription
termination region from pMAL-c2X was introduced to the region downstreamuolN using a pair oBgll sites, as indicated.

nqo8 protein, the counterpart of theuoH protein from
Paracoccus denitrificansrevealed that mutagenesis of
conserved residues affected ubiquinone reductioh 18).
Furthermore, construction of a mutation in thgo8subunit,
which is found in the homologous mammalian subunit ND1
and is known to cause LHON, was deleterious to function
in the P. denitrificansenzyme. Earlier work on the mito-
chondrial enzyme had identified the ND1 protein as a likely
quinone-binding protein, because of its reaction with a
photoaffinity analogue of rotenone, a quinone-like inhibitor
of Complex | @9, 20). The membrane topology of the
homologousiuoH subunit fromRhodobacter capsulatusas

been determined by the alkaline phosphatase gene fusio

This study was undertaken to probe the function of the N
subunit of theE. coli Complex | using site-specific mu-
tagenesis of conserved residues. In addition, a mutation
associated with LHON in the homologous ND2 subunit of
human Complex | was constructed in taecoli system 16).
These experiments led to the discovery that the original
reading frameY), encoding 425 amino acids, was incorrect,
and that the actual reading frame should encode an additional
60 amino acids.

EXPERIMENTAL PROCEDURES

Materials. ACMA was obtained from Molecular Probes.

"Restriction enzymes and plasmid pMAL-c2X were obtained

method, confirming the predicted eight transmembrane SPansgom New England BioLabs. NADH, deamino-NADH

and locating the polypeptide termini in the periplas?i)(

NAD, deamino-NAD, capsaicin, and other chemicals were

Less is known about the three largest membrane proteins g sigma Chemical Co. Nitrocellulose membranes, 12%

encoded bywol, -M, and N. Sequence analysis has revealed
that these three proteins are homologd,(and that they
are related to a family of cation antiporte®3). They have
been predicted to have 26 transmembrane spans each.
The L subunit fronR. capsulatusias recently been analyzed

acrylamide gels, 5-bromo-4-chloro-3-indoyl phosphpte
toluidine salt (BCIP),p-nitro blue tetrazolium chloride
(NBT), and the DC protein assay were from Bio-Rad. Rat
high-affinity anti-HA was from Roche. Plasmid pMAK705
(26) was provided by B. Cain (University of Florida,

by the alkaline phosphatase gene fusion method and _fgu”dGainesville, FL). Plasmid pAJW1027) was provided by
to have 14 transmembrane spans, although two additionaly 5 \yofe (Loyola University Chicago, Chicago, IL). The

ones might also exis2@). Its bovine homologue, ND5, has
been shown to bind a photoaffinity analogue of Fenpyroxi-
mate, a quinone-like inhibitor of Complex I, providing the

capsaicin analogue Cap-228{ was provided by H. Miyoshi,
(Kyoto, Japan). Synthetic oligonucleotides were obtained

from Operon Technologies. DNA sequencing was done by

first evidence that any of these proteins interact with quinones| ja star Labs (Houston, TX).

(29).

1 Abbreviations: ACMA, 9-amino-6-chloro-2-methoxyacridine; BA101,

nuoNstrain; DCIP, 2,6-dichloroindophenol; EPR, electron paramagnetic

resonance; FCCP, carbonyl cyanérifluoromethoxy)phenylhydra-
zone; HA epitope, mouse hemagglutinin epitope; IPTG, isoprfmy
thiogalactopyranoside; LHON, Leber’s hereditary optic neuropathy;
MES, 2-(N-morpholino)ethanesulfonic acid; MOPS, I8-(horpholino)-
propanesulfonic acid; pBA100, plasmid for truncatecbN pBA200,
plasmid for full-lengthnuoN PCR, polymerase chain reaction; TBS,
20 mM Tris-HCI (pH 7.5) and 500 mM NacCl.

Construction of VectorsThe vectors constructed in this
study are shown in Figure 1. (A) Nincll—Bglll fragment

from pAJW104 containinghuoN and part ofnuoM was

subcloned into pUC19 at thélincll and BanHI sites,
generating pBA100. (B) A deletion was constructediroN
by digesting pBA100 withAsd andBlpl, filling in the ends

with deoxynucleotide triphosphates and the Klenow fragment

of DNA polymerase, and ligating the blunt ends. This
procedure deleted 163 bp framuoN leading to a stop codon
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at the ligation site, and is now predicted to produce a for 20 min. The pellet was resuspended in the same buffer,
polypeptide of 234 amino acidaifoN10)}. A Hindlll —Kpnl and enzyme assays were carried out the same day.
fragment containing theuoN101lallele was subcloned into Enzyme Assaydll assays were performed in 50 mM
PMAKT705 in the polylinker region at those sites. (C) The MOPS and 10 mM MgGl(pH 7.3) at 21°C with 0.25 mM
plasmid called pBA100-N carries theioNgene that was  deamino-NADH or NADH. The assay medium also included
proposed originally. Using PCR, this reading framerfooN FCCP at 1uM. Deamino-NADH oxidase activity was
encoding 425 amino acids, was amplified from pBA100, assayed using either oxygen or DCIP (80) as the terminal
incorporating a hexahistidine tag andHindlll site at the electron acceptor, using a Beckman DU 650 spectropho-
N-terminus, and an HA tag and aBcoRI site at the  tometer. The extinction coefficients that were used were 6.22
C-terminus. The amplified gene was then ligated to pUC19 mM-1 cm1 for NADH and deamino-NADH and 20.6 mM

that was previously digested with the same enzymes. In cm~for DCIP. Complex | inhibitor capsaicin and a synthetic
addition to the two tags at the terminifioN this construct analogue (Cap-25) were added at 0.3 and 0.1 mM, respec-

differs from pBA100 in that it lacks the fragment oioM tively, followed by incubation for 1 min before addition of
and the intergenic region betweemoM and N. (D)  the substrates. The inhibitors were equally effective. Decy-
pBA200, incorporating the full-lengtmuoN (485 amino  |ubiquinone was added to the deamino-NADH oxidase assay

acids), transcription terminators, atat!, was constructed  at 0.25 mM. Proton translocation was assayed by measuring
by the following three steps. First, using PGRIONwas  the fluorescence quenching of ACMA (LM) in 50 mM
amplified from pBA100, using the start site as the first ATG  MOPS and 10 mM MgGl(pH 7.3) at 21°C with 0.1 mM
codon downstream from the end nfioM This amplified  deamino-NADH. Membrane protein was added to a final
product incorporated &lindlll site just upstream of the  concentration of 75 mg/L.

revised start site fanuoN 180 nucleotides from the previous Immunoblotting Fifty micrograms of protein from mem-

one. At the C-terminus, an octahistidine tag, followed by an .26 fractions was subjected to SESAGE using 12%

HA tag, and arEccRl site were introduced. Thelindlll— acrylamide gels. The proteins were transblotted onto nitrocel-
EccRI fragment was ligated to pUC19 that was previously |,j6se membranes. Membranes were blocked in TBS con-

digested with the same enzymes. Second|abtlé gene was taining 5% fat free milk, washed three times in TBS

introduced from pMAL-c2X g9) as an Eco47Ill—Ssp containing 0.1% Tween 20, and incubated in a high-affinity
fragment. It was ligated to theuoN plasmid from step 1 gt HA rat monoclonal antibody (Roche). The nitrocellulose
that was previously digested witkfllll and whose ends were .o mbrane was washed, and the goat anti-rat antibody

filled using deoxynucleotide triphosphates and the Klenow ., jed to alkaline phosphatase was added. After incubation,
fragment of DNA polymerase. Third, thenB transcription the blot was washed and developed with NBT/BCIP.
termination region from pMAL-c2X was introduced into the

region downstream ofiuoN using a pair ofBgll sites, as  RESULTS
indicated.

Construction of BA101, a nuoN StraiBy homologous ThenuoNstrain, BA101, constructed in this study showed
recombination, using the method of Hamilton et 26)( a the expected slow growth phenotype on minimal medium
nuoN101 strain was constructed in the background of containing acetate as the sole carbon source, indicative of
laboratory wild-type strain 11003(). The size of the  the lack of Complex | functionZ7). Initial attempts to
nuoN101deletion was confirmed to be identical in both the complement this strain with a plasmid expressmgN as
plasmid and the chromosome by PCR (results not shown).described in the literaturer), met with failure. The vector
BA101 grew poorly on M65 minimal medium containing Shown in Figure 1C was one of several constructs tested that
25 mM acetated7), but grew normally on LB medium (1%  contained the reported gene that encodes a protein of 425
tryptone, 0.5% yeast extract, and 0.5% NacCl). amino acids. Eventually, inspection of the upstream region

MutagenesisSite-specific mutations were introduced using Of the nuoN gene revealed that there were two additional,
PCR with a two-primer approach, made feasible by the in-frame, methionine codons, and that all three had potential
numerous restriction sites iruoN The amplified fragments ~ Shine-Dalgarno sequences, as indicated by analysis of
were subcloned back into pBA200, and the sequences of theSchultzaburger et al.3Q). Figure 2 shows that the first
entire fragments were verified by DNA sequencing. methionine codon is six nucleotides from the predicted stop

Growth of Cultures and Preparation of Membrane Vesicles. codon ofnuoM The vector pBA200 was constructed, shown
Cells were grown in rich medium containing 3% tryptone, in Figure 1D, which includes the first of the three potential
1.5% yeast extract, 0.15% NaCl, and 1% (v/v) glycerol at Start codons, and it led to wild-type function when the BA101
37 °C. Ampicillin was added at 0.1 g/L to cells harboring strain uoN") was transformed with it (results presented
the expression plasmid. Cells grown overnight atGQvere later). To test the possible role of this methionine as an
used to inoculate 100 mL of culture. Induction with IPTG initiation codon, the ATG codon was changed to CAT
was done at adgo of 0.6, and the cultures were harvested (histidine). This mutation had deleterious effects on function
at anAsgo of 1.85. As was originally reported by Matsushita (results presented later).
et al. @), Complex | activity is quite labile, and it was Complementation by the full-lengtiuoNvector, pBA200,
necessary to resuspend the cells in buffer at low pH with was verified by a series of NADH-driven assays, as shown
limited washing to preserve complex | function. The cells in Table 1.E. coli normally produces two types of NADH:
were harvested, resuspended in 50 mM MES, 25% glycerol, quinone oxidoreductases, Complex | and NDHE&? 32).
and 10 mM MgSQ (pH 6.0), and passed through the French They can be distinguished because only Complex | is
press at 8000 psi. The supernatant fraction after a low-speedsensitive to capsaicirB8) and only Complex | can utilize
centrifugation (2 min at 150@) was centrifuged at 250090 deamino-NADH as a substrat8)( As indicated in Table 1,
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Table 1: Activitie$ of Membrane Vesicles from Mutant, Wild-Type, and Complemented Strains

NADH deamino-NADH deamino-NADH/
oxidase oxidase DCIP reductase
without with without with without with
strain capsaicin capsaicif capsaicin capsaicifi capsaicin capsaicifi
BA101 (nuoN) 450 420 0 0 80 70
1100 (wild type) 710 320 450 30 100 80
BA101/pBA200 680 330 460 35 100 80

a Activities are in nanomoles per milligram per minute. Values are the averages of two measurements that did not differ from the mean by more
than 10%.° With 300 uM capsaicin.

nuoht nuoN Table 2: Deamino-NADH Oxidase Activity of Mutants and

AGGCCGTAATCGCCATGACAATAACTCCACAAAACCTGATCGCACTGCTACK Sensitivity to Decylubiquinone
TCCGGCATTTAGCGGTACTGTTATTGAGGTGTTTTGGACTAGCGTGACGATGG deamino-NADH oxidase

RP e '14 TITPeNLITALLP construct  deamino-NADH oxidade  with decylubiquinong
GTTGCTGATCGTCGGCTTGACGGTGGTGGTTGTGATGCTCTCCATTGCGTGGC wild type 1.0 +++
CAACGACTAGCAGCCGAACTGCCACCACCAACACTACGAGAGGTAACGCACCG AM61 0.05 ND
LLIVGLTVVVVMLSTIAHW M1H 0.2 +++
M LSTIAHW M74K 0.9 +++
25 C88s 1.0 +++
GACGCAATCATTTCCTCAACGCTACGCTCTCGGTTATTGGGC TTAACGCGGCG cs8sv 1.0 +++
CTGCGTTAGTAAAGGAGTTGCGATGCGAGAGCCAATAACCCGAATTGCGCCGE E104C 0.9 4
R R NHFLNATTLSVTIGTLNAA E133A 0.7 44+
RRNHFLNATLSVTIGLNAHA E133C 0.7 T
CTGGTTTCGCTCTGGTTTGTTGGCCAGGCGGGCGCTATGGACGTTACGCCG E133D 0.8 +++
GACCAAAGCGAGACCAAACAACCGGTCCGCCCGCGATACCTGCAATGCGGC R151C 0.9 +++
LVSLWFVGQAGAMDVYTFP E154C 0.7 +
LVSLWFVGQAGAMDVYTFP K158C 05 —__
M DVTP K158R 0.7 +
61 T160l 0.8 +++
FIGURE 2: Three possible start sites fouoN The previously K217C 0 ND
identified start site fonuoNis the one labeled 61. The proposed K217R 0.4 ++
start site is the one labeled 1, closest to the predicted stop codon H224A 1.0 +++
for nuoM A third methionine codon can be found in-frame at H224Y 0.9 +++
position 25. H224K 0.4 __
W226C 0.9 +++
L . L D229C 0.7 +++
in wild-type ceIIs,~60°/_o of th_e_ NA_DH oxidase activity is K247C 0.07 ND
due to Complex I. This activity is completely absent in  k247R 0.8 T
BA101, thenuoN" strain. Considerable deamino-NADH:  K295C 0.8 +++
DCIP reductase activity is retained, indicating partial as- %ggg 8-3 I ++
sembly of Complex I on the membranes. When BA10l is 3405 05 T
transformed with pBA200, the full-lengthuoN vector, the G391S 0.9 A+
rates are virtually the same as that of the wild type. K395C 0.05 ND
Using the pBA200 vector, 28 substitution mutations were ﬁgig 8-3 j:Jr
constructed, along with two additional ones that were MA82C 10 -

generated by PCR mistakes, and all are listed in Table 2.— _ ,
Seventeen highly conserved positons were selected, nclud-y 11 ESSays uere caried s 0 MOFS, 10 it o
ing glutamic acid, arginine, lysine, histidine, tyrosine, and concentration of 25Q:M. Values are the averages of two to five
tryptophan. In addition, G391S was constructed because itmeasurements, which did not differ from the mean by more than 10%.
is a mutation that occurs in LHON, although it is thought P Decylubiquinone was added at a concentration of 250 +++
not to be sufficient to cause the disea$6)( All mutations g‘&faf; giggt”;g'gﬁs‘z;] ﬂlgﬁggtﬁ’f;ﬂ)g‘dﬁfsﬁ ;ttiiTeUIs,?tigg i?]f df?ate
We_re tested fo,r the level of proteln'after !nductlon in BA101, inhigition to the corresponding degree.?ﬁdicates g?10 stimu?atioﬁNot
using the engineered HA epitope in an immunoblot, and the getermined due to a very low level of activity.
results are shown in Figure 3. In panel A, detection of the
full-length version (called wt) can be compared with the ATG are shown in Table 2. Assays were carried out in the presence
to CAT substitution (M1H), and with the construct that of 1 uM FCCP to prevent inhibition of electron transport
begins with M61. The last lane shows that without induction, due to the buildup of a proton gradient. The construct M61,
no expression is detected. In panelsB of Figure 3, the which produces a subunit N lacking the first 60 amino acids,
immunoblots of 18 substitution mutants are shown. The only has only 5% of the wild-type rate of deamino-NADH
mutant that produced no detectable N subunit was K217C, oxidase, consistent with its low level of protein detected by
shown in lane 1 of panel B. All other mutants, including immunoblots in Figure 3A. Membranes from M1H exhibit
those not shown, were detected at levels similar to that of ~20% of the wild-type rate of deamino-NADH oxidase, also
the wild-type protein. consistent with the low level of protein seen in Figure 3A.
All mutants were tested for deamino-NADH oxidase Membranes prepared from K217C showed no activity, as
activity in preparations of membrane vesicles, and the resultsexpected, since no subunit N was detected by immunoblots
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FicurRe 3: Immunoblots of subunit N expressed from plasmids. Oxidase activity. Membrane vesicles were prepared from the wild
Samples were taken from preparations of membrane vesicles.type @) and three mutants: Y3008, H224K (), and K158C

Subunit N was detected with a monoclonal antibody against the
HA epitope. (A) The first lane contained wild-type (wt) plasmid
pBA200. The second lane contained the N-terminal mutant, M1H.
The third lane, AM61, contained the original construct pBA100

(a). Assays were conducted in the presence of 280deamino-
NADH and the indicated concentration of decylubiquinone. Rates
in the presence of decylubiguinone are expressed as a percentage
of the rate in its absence. Rates are the average of activities from

that lacks the first 60 amino acids of subunit N. The last lane is two independent preparations, and the standard errors are indicated

the same as the first lane, but without induction with IPTG. All

other lanes contained cells induced with IPTG. (B) Lane 1 contained
K217C, lane 2 K395R, lane 3 K158C, lane 4 K295C, lane 5 G391S,
lane 6 H224Y, and lane 7 E133C. (C) Lane 9 contained the wild
type, lane 10 W226C, lane 10 K217R, lane 11 K247C, lane 12
H224K, and lane 13 E154C. (D) Lane 14 contained Y424C, lane
15 contained K395C, lane 16 contained Y300S, lane 17 contained
Y300C, lane 18 contained K158R, and lane 19 contained R151C.

(Figure 3B). All of the other substitution mutants were
intermediate with respect to deamino-NADH oxidase activity.
In particular, mutations at residues K217, H224, K247, and
K395 resulted in rates of deamino-NADH oxidase that were
below 50% of the wild-type rate. The deamino-NADH
oxidase rates of all mutants were also measured in the
presence of 30@M capsaicin, which inhibited the wild type
by ~90% (Table 1). No significant differences in the level
of inhibition were seen. Membranes from K247C and
K395C, which had especially low rates of deamino-NADH
oxidase activity, were tested further for deamino-NADH/
DCIP reductase activity as an indicator of assembly. K247C
had rates similar to that of threioNstrain BA101, suggesting
only partial assembly, while K395C was similar to the wild
type, suggesting normal assembly.

All mutants were also tested for the effect of exogenous
decylubiquinone on the rate of deamino-NADH oxidase
activity. When added at a level of 0.25 mM to wild-type
membranes, the rate was stimulated typically-80%. This
is indicated by+++ in Table 2. In contrast, two mutants
were inhibited by this level of decylubiquinone. Membranes
from K158C were inhibited by 3650%, and membranes
from H224K were inhibited by 2630%. Others showed
marginal stimulation (K158R and K217R) or little effect
(E154C, Y300S, and Y300C) upon addition of decylu-

by bars.
A B
BA101
wt(-IPTG)
AMB
M1H
K158C
o) Y300S
8 Y300C
o K158R
3 wt
> wt
—
o
=)
L
o |C D
=
=
© K217C
[)
oc
K247C
H224K K395C
K217R K395R
wt E154C
X wt
=)
0.4 min
Time

FiIGUrRe 5: Proton translocation assays of timeioN mutants.
Membrane vesicles were prepared from each of the indicated

biquinone to the assay medium. To investigate this inhibition mutants, and the extent of proton translocation was measured by
further, three mutants were selected to be assayed at thredh€ guenching of the fluorescence of ACMA after addition of

different concentrations of decylubiquinone, and the results
are shown in Figure 4. The wild-type membranes show
stimulation at low concentrations of decylubiquinone. Mem-
branes from Y300S show only marginal stimulation at 80
uM decylubiquinone, while the other two, H224K and
K158C, show inhibition at all concentrations that were tested.
Finally, all mutants were tested for rates of proton
translocation, and the results are shown in Figure 5.
Deamino-NADH was added to membrane vesicles in the

deamino-NADH. (A) wt indicates the wild-type subunit N expressed
from pBA200. M1H is the mutation of the N-terminal residue to
histidine.AM61 is the original construct pBA100, lacking the first

60 amino acids of subunit N. wt{PTG) is the wild-type subunit

N without induction by IPTG. BA101 is theuoN- strain. In panels
B—D, other mutants are analyzed. The traces that are shown are
representative of those obtained from two to five independent
preparations of membranes.

presence of the fluorescent dye ACMA, and proton trans-
location is indicated by the quenching of the fluorescence.
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Escherichia coli
P. aeruginosa
Shigella flexneri
Yersinia pestis
Buchnera aphidicola UTHNLSE[BE

Ficure 6: Conservation of the N-terminal region of subunit N. The predicted N-terminal residues of subunit NE frooti [GenBank
entry P3360841)] are compared with those froRseudomonas aeruginogaenBankentry42)], Shigella flexner[GenBank entry NP_708158
(43)], Yersinia pestigGenBank entry Q8ZDL944)], and Buchnera aphidicoldGenBank entry Q8K9X545)]. The shading indicates
residues that are identical to tlie coli sequence.

Escherichia coli
P. aeruginosa
Shigella flexneri
Yersinia pestis
Buchnera aphidicola
Buchnera APS
P. denitrificans
R. capsulatus
Bovine-ND2
Human-ND2
Mouse-ND2
Pig-ND2
Sheep-ND2

Ficure 7: Four conserved regions of subunit N. In addition to that fi&ncoli, seven sequences from other bacteria are shown, and
sequences from five mammalian mitochondrial sources are included. The shading indicates residues that are iderficablisttpience.

The sites of mutations analyzed in this study are indicated by arrows. In the first segment (residu&67)pinutants R151C, E154C,
K158C, K158R, and T160I were constructed. In the second segment (residue®35)7mutants K217C, K217R, H224A, H224Y, H224K,
W226C, and D229C were constructed. In the third segment (residues829}), mutants K295C, K295R, Y300C, and Y300S were constructed.

In the fourth segment (residues 385897), G391S, K395C, and K395R were constructed. The following sequences were not referenced in
Figure 6: BuchneraAPS [GenBank entry P572641§)], P. denitrificans[GenBank entry P2992647)], R. capsulatugGenBank entry
P50973 48)], bovine [GenBank entry P0389219)], human [GenBank entry P038949)], mouse [GenBank entry P03893(0)], pig
[GenBank entry O7987%()], and sheep [GenBank entry O78748)(.
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In panel A, the wild-type strain showed rapid proton
translocation, while theuoN" strain, BA101, showed very
little quenching. Without induction by IPTG, BA101 carrying
a wild-typenuoNon the plasmid pBA200 had only margin-
ally more quenching. The N-terminal mutantsii61 and
M1H, showed slightly higher rates of proton translocation,
but rates much lower than the wild-type rate. In panel B,
four mutants that exhibit 5070% of the wild-type rate of
deamino-NADH oxidase activity are assayed for proton
translocation. All show similarly diminished rates of proton

activity. Second, membranes from cells with a vector that
included the 180 nucleotides upstream (Figure 1D) had
properties similar to those of the wild-type strain. Mutagen-
esis of the first codon to histidine, M1H, resulted in low
protein levels and greatly inhibited function. Third, a
comparison of several other bactermalo sequences, shown

in Figure 6, reveals that this segment of 60 amino acids is
highly conserved. Therefore, it is likely that theoNgene

in E. coli encodes a protein of 485 amino acids an82
kDa.

translocation. In panels C and D, seven other mutants are Subunit N is one of the three large, hydrophobic proteins
analyzed. Membranes from K217C, which were shown to of Complex | that are homologous to each other. No function
lack subunit N, showed no evidence of proton translocation, has been identified with these subunits, but sequence
as expected. Membranes from K247C had greatly diminishedsimilarity has been noted to cation antiporters. In this study,
rates of proton translocation, while those from H224K, 18 highly conserved residues were identified for mutagenesis.
K247R, K217R, K395C, K395R, and E154C were all These residues included charged and aromatic residues, many
somewhat lower than the wild-type rate, to various degrees. of which appeared in clusters. Four such segments are shown
Other mutants listed in Table 2, but not shown in Figure 5, in Figure 7, with sites of mutagenesis indicated by arrows.
had rates of proton translocation that were indistinguishable The aligned sequences include both bacterial and mammalian
from that of the wild type. sequences, demonstrating the widespread conservation of the
selected residues.

Mutations at four different sites led to rates of deamino-
The nuo operon fromE. coli contains 13 geneg), and ~ NADH oxidase below 50% of the wild-type rate. In
purified preparations of Complex | have been shown to particular, K395C of the fourth segment in Figure 7 exhibited
contain 13 protein subunit8{10). Some of the subunits  only 5% of the wild-type rate, and K247C (not shown in
have been identified by N-terminal amino acid sequencing, Figure 7) exhibited only 7% of the wild-type rate. Others
which also provides information about the start sites of were K217R (40%), H224K (40%), and K395R (30%).
protein synthesis. In the study presented here, evidence isAmong these, H224K was striking in that its rate was not
presented that the previously recognized start sitefmN stimulated by exogenous decylubiquinone, but rather was
is 180 nucleotides downstream of the actual start site. Threeinhibited, even at the lowest concentration. K158C was

lines of evidence are provided. First, membranes from cells similar in this regard.
that expressed only the recognized sequence (Figure 1C) had Complex | has been shown to be stimulated by soluble
very little N subunit, and very low deamino-NADH oxidase quinones at lower concentrations, and inhibited at higher

DISCUSSION
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Cytoplasm

159 221

Periplasm

Ficure 8: Transmembrane model of subunit N. The mutations used in this study are indicated by the color blue. Lighter blue indicates that
the mutation had little or no effect on function. Darker blue indicates that the mutation cawsB@% reduction in deamino-NADH
oxidase activity, or that decylubiquinone was not as stimulatory as with the wild type. Most of the deleterious mutations are found near the
predicted cytoplasmic surface, in the central region of the polypeptide chain. A notable exception is K395, which is near the LHON site
and appears to be in the periplasm. This model is similar to one in a recently published2yax¢ept for the location of the region in
subunit N between residues 297 and 349, which was removed from the bilayer.

concentrations34, 35). The simplest interpretation of this fluorescence quenching are not exactly proportional to the
observation is that the soluble quinones bind with high rates of proton translocation. For example, K395C exhibits
affinity to “quinone” sites, and with low affinity to “quinone-  ~5% of the wild-type rate of electron transport (Table 2),
intermediate” sites. Since quinone reduction is a two-electron, while it exhibits an apparent rate of proton translocation that
two-proton reaction, there are likely to be binding sites for is ~30% of the wild-type rate. The mutants K247C and
intermediates to facilitate proton translocation. The observa- H224K in Figure 5C, K395C and K395R in Figure 5D, and
tion here that several mutants have enhanced inhibition byK158C, K158R, Y300S, and Y300C in Figure 5B have
decylubiginone argues that subunit N contains a binding site relatively slower rates of proton translocation. Since the latter
for a quinone intermediate. These particular substitutions four mutants have much higher rates of deamino-NADH
might strengthen the binding of decylubiquinone, e.g., oxidase activity than the other four mutants, it suggests that
K158C, or alternatively, they might allow access of the bulk residues K158 and Y300 might be at or near sites critical to
soluble quinones to the binding site by disrupting the protein proton translocation. Other evidence indicates thaEthepli
structure. Complex | might also translocate Naons @37), and it has

A quinone-binding motif has been proposed for respiratory been shown that the purified Complex | froiiebsiella
complexes by Fisher and RicBf). In the second segment pneumoniaedoes 88, 39). In the case of subunit N, the
of Figure 7, labeled residue 217, a motif of the type Lg)¢X amino acid sequences are 93% identical between the two,
H-(X2)-T, can be detected starting with L220 of tBe coli and all of the conserved residues tested in this study are
sequence. This motif is present throughout the bacterialidentical. In any case, it is likely that protons are taken up
sequences, with one exception. Among the mammalianvectorially, from the cytoplasm, to generate quinols from
sequences, the first part of the motif is conserved, but the quinones.
threonine is missing in each case. This motif is not conserved The results of this study are summarized in the transmem-
amongnuoL or nuoM, even inE. coli brane model of subunit N in Figure 8. It is based on the

The ability of each mutant to build a proton gradient was TMHMM (transmembrane hidden Markov model) prediction
also assessed. In general, one might expect either that thef transmembrane spandQj, and considerations of hydr-
extent of deamino-NADH oxidase and proton translocation opathy and sequence conservation. The 14 transmembrane
would decrease together or that the extent of proton trans-spans are arranged with the two termini in the periplasm.
location would decrease more than that of deamino-NADH Sites of mutations that cause increased sensitivity to decy-
oxidase. Since it is thought that electron transport drives lubiquinone, or that cause greatly reduced deamino-NADH
proton translocation, one would not expect to find mutants oxidase activity, are represented by dark blue circles. Those
in which the rate of electron transport is reduced, but proton with minimal or no effect are a lighter shade of blue. Most
translocation is normal. When attempting to compare the of the critical residues are found in the central part of the
rates of electron transport in Table 2 with the rates of proton protein, near the quinone motif. We propose that the central
translocation in Figure 5, one should note that the rates of region of subunit N, residues 15300, binds a quinone
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intermediate, which is protonated from the cytoplasmic
surface. Since no variation in capsaicin sensitivity was seen,
it is likely that subunit N does not hind this inhibitor. 1
One other critical residue is K395, which is predicted to
face the periplasm. This conserved residue is near G391, the
residue found to be serine in some cases of LHQ6).(In
E. coli, the G391S mutant behaved in a manner nearly 1g
identical to that of the wild type in our study, and therefore
provided no insight into the possible deleterious effects in
humans. However, the mutations at K395 had greatly reduced
rates of deamino-NADH oxidase activity, indicating that this
might be a critical region of the protein.
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