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ABSTRACT. The human mitochondrial ND1/3460 mutation changes Ala52 to Thr in the ND1 subunit of
Complex I, and causes Leber’s hereditary optic neuropathy (LHON) [Huoponen et al. (A891).

Hum. Genet. 481147]. We have used a bacterial counterpart of Complex |, NDH-1 fPamacoccus
denitrificans for studying the effect of mutations in the ND1 subunit on the enzymatic activity. The
LHON mutation as well as several other mutations in strictly conserved amino acids in its vicinity were
introduced into the NQOS8 subunit of NDH-1, a bacterial homologue of ND1. The enzymatic activity of

the mutants in the presence of hexammineruthenium (rotenone-insensitive) and ubiquinone-1 (rotenone-
sensitive) were assayed. In addition, the kinetics of the interaction of selected mutant enzymes with
ubiquinone-1, ubiquinone-2, and decylubiquinone was studied. The results suggest that the mutated residues
play an important role in ubiquinone reduction by Complex I.

The Ht-translocating NADH:ubiquinone oxidoreductase to introduce specific mutations into mitochondrially encoded
is a large enzyme that is located in the mitochondrial inner proteins, such as the ND’s, and one may need to find a
membrane and in the cytoplasmic membrane of severalprokaryotic system for such studies.
bacteria. The mitochondrial enzyme (Complex 1) is com-  Bacterial Complex | (also called NDH-1) is composed of
posed of some 42 different protein subunits, seven of which, 14 subunits, seven of which are homologous to the seven
ND1-ND6 and NDA4L, are encoded and synthesized within ND’s of the mitochondrial Complex 16). NDH-1 of the
the organelleX, 2). Mutations in mitochondrially encoded  soil bacteriumParacoccus denitrificands probably the
proteins may cause Leber’s hereditary optical neuropathy bacterial enzyme that is most similar to mammalian Complex
(LHON).Y In particular, each of the three primary mutations | (6, 7). Due to this, and to the enormous difficulties in
ND4/11778, ND1/3460, and ND6/14484 is sufficient for genetic manipulation of mitochondrially encoded proteins,
predisposition for LHONZE, 4). The former two mutations  NDH-1 of P. denitrificansis an attractive model system for
were shown to slightly decrease the turnover rate of Complex site-specific mutagenesis studies on the ND1 subunit of
I in mitochondria from cultured lymphoblasts, and the ND1/ Complex I. Thenqo8 gene, encoding the ND1 dP.
3460 mutant enzyme also exhibited increased sensitivity to denitrificans was previously deleted and replaced byiiidé
inhibition by ubiquinone-25%). Thus, it was demonstrated gene ofEscherichia colithat encodes NDH-28j.
that point mutations in the ND subunits that cause human  The ND1/3460 mutation changes an alanine to threonine
diseases affect the activity of Complex I. However, the in the middle of a highly conserved region of the subunit
number of naturally occurring pathological mutations in (Figure 1). We have mutated the respective alaninB.in
Complex | is limited, and further studies on the role of the denitrificans A65 of NQOS8, as well as three strictly
ND subunits in the function of the enzyme may require site- conserved residues in its vicinity, Q60, D64, and K67 (Figure
directed mutagenesis. Unfortunately, it is extremely difficult 1). The activity of the mutants in the presence of different

electron acceptors was analyzed, and the results suggest that
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"ND1/3460" (A65 in P.denitrificans))

P.denit.NQO8 37 _DJEKIWAAVQMRRGPNVVGPWGLEETFHALEILIVKEIVIPAGADK 81
Human ND1 24 lIER|K I L ¢ Y M{o|L|R|R|c P N{V|V c|p Y|G|L| o|p FlaADl]a M|K LIF TIK E[P L K|Pl[aT ST I 68
Chicken ND1 31 [ER|K I L s Y M|ofalr|k|c pN|z|v glp FlelLlLolp vlaDle VK LIF I|KE[P IR|P|STSSP 75
X.laevis ND1 29 ERKVLGYMQHRKGPNIVGPTGLEIQPIADGVKLFIKEPVRPSTSSQ 73
D.yakuba ND1 28 [ErlgkvL e Y I|o|TIrRIX|c P NIK|V L MGl Plo|lp Felpla IR LIF TIXKElo T Y|Pt L sSNY 72
Ascaris ND1 26 lErluL oo slololr|tle pulrivs F ulelrfr ola 1 Elple vk Lt x|k EloM Tl N s s E 70
N.crassa ND1 31[Erlk TMA s M[QR[RILlc PNIAlVely Ll glaFaDla LKLt LK E[yvALTOANN 75
Wheat mito.ND1 27 [ERIKVMAF V|QR|R[K|c PlDVIvG|sFleluinolpLjaple Lk L|T LK ElPI s|P[ssanF 71
Maize chlo.NDHA 50 [ER|EI sa s jololr|tleplEvalelpuleluinolazlaple Tk LIL LK EDTI L|P[sRGDI 94
E.coli NUOH 36 [ER|IRLLGLF|oN|R|Y|c pNR[VGwelels|lLoluv[aDMIlkMFFIKE[DWIIRIKFSDR 80
T. thermo.NQO8 35 ERIRL L ARF|0lVIRM|c P N|R|IVGJP FlelL|L g|p LlaD|a I|K|ls T FIKEIDIVVAQADR 79
E.coli HYCD 24 TR[VARARLHN[R[RlGP]------ givliLo|lEYR|p|t Ilk L[LGROSVG|PIDASGW 62
E.coli HYFC 32 siRlo I RARMHS[RIR|lgPR|]- - - - - - lc]t wlolp Y rRIDIT HIK LIFRRQEVAIRITSSGL 70

Ficure 1: Sequence alignment of the segment between the first and second predicted trans-merhigtanres of ND1. The position of
the pathological ND1/3460 mutation is indicated. Accession numbers for the sequences shBwaleaitrificansNQO8, P29920; Human
ND1, P03886; Chicken ND1, P1893K; laevis ND1, PO3890D. yakubaND1, PO7710; Ascaris ND1, P2487R; crassaND1, P08774;
Wheat ND1, Q01148; Maize NDHA, P2570E; coli NUOH, P33603;T. thermophilusNQO8, Q60019E. coli HYCD, P16430E. coli
HYFC, P77858.

<~ ndh gene comprises part of thé-flank in Pd92-223. In
Salt \}Primary" 5-flank case crossover between the pSUP202-mp15 derivative that
N\ contained the inactivatetihand the chromosome occurred
\ within the primary flank (Figure 2), the resulting mutant will
Ecoﬂ}\ include the inactivateddh On the other hand, if crossover
pE2F1 \ occurred within the secondary flank, i.e., between $id/
Pstt SR ied nap | SUVECORS EcoRV point and the streptomycin marker (Sm, Figure 2),
A sar (internal deletion) | i \ the mutant will express active NDH-2. Hence, white
3'-fl"ank j colpnies of P. denitrific_ans tha_t_ exhibited streptomycin
N resistance and kanamycin sensitivity were selected for small-
\ N1, Xnot scale membrane preparations in order to determine whether
Mfe1/EcoR1 i
BamH1 they express an active NDH-3)(

Membrane Isolation and Washind3acteria were grown
in a pL-malate containing medium under high aeration in a
"Secondary" 5'flank 16-liter fermentor {1). Membranes were prepared by

Ficure 2: A scheme of pE2F1, and the flanks available for the lysosyme treatment and osmotic shod?)(and stored at

incorporation of mutatedqo8into theNQO operon of Pd92-223. —80 °C. Th? .membranes were fqrther Washgd with a
See text for further details. cholate-containing solution as previously describ&g),(

. . except that phosphate buffer was used (pH 7.0) and the salt
(9) as modified by New England Biolabs (The NEB 55 omitted.

Transcript, December 1995), or by the Altered Sites system
of Promega. The mutated genes were subcloned into pE2FJC
asBglll- Xbd fragments (Figure 2), replacing F1 which is a
shorter (inactive) version afqo8 TheSal fragments from

the derivatives of pE2F1 (Figure 2) were subcloned into
pSUP202-mp15, and the derivatives of pPSUP202-mp15 were
introduced into Pd92-223 by conjugatio8).( The suicide
plasmid pSUP202-mp15 was constructed by purifying the
Xhd-Sma fragment that contained the kanamycin marker
from pUC-4-KIXX (Pharmacia), and trma-Sal fragment measured in the presence of, @, or DB. The reaction

that contamedlacz_from PMC-1871 (Pharr_nama). The two mixture contained 1 mg/ml sonicated soybean phospholipid,
fragments were simultaneously inserted into pSUP2@Y ( 5 mM KCN (neutralized with HCI), 50 mM KFpH 7.0, 0.2

that had been digested I8al. As a result, mutants that . ;

. ) X . mM NADH (or deamino-NADH), and a different amount
mcorpct))rated Fhel entire pSUP202 rtr1p1||5 Into theglchro?o— of the acceptor. The latter reactions were stopped by the
some Dy a single crossover event will appear blue WReN ,qqition of rotenone (3@M final concentration), and the

E;?lv;nm;gi;he presence of X-gal, and will be resistant to rotenone-insensitive absorbance change was subtracted.

Thendhgene in pE2F1 was inactivated by digestion with regyLTS
Std andEcadRV, and ligation of the resultant blunt end&ty/
EcaoRV in Figure 2). The incorporation afqo8(andnqo9 The homologue of ND1 ifr. denitrificansis encoded by
back into the chromosome should occur by two crossover thengo8gene, and a strain that lacks this gene was prepared
events, one at the'#lank and one at the'dlank of the previously 8). In the current study we present complemen-
kanamycin-resistance gene in Pd92-233 (The unmodified tation of the deletion strain, Pd92-223, by either wild-type

Bgl2

EcoR1/Mfe1

Activity Assays Measurements of enzymatic activity were
arried out at 3C°C in a Shimadzu UV3000 spectropho-
tometer. The oxidation of NADH or deamino-NADH in the
presence of ubiquinone analogues or HAR was followed at
340 nm. The HAR reductase activity was measured as
previously describedl§), with minor modifications. The
standard conditions for this assay were 20 mM Hepes buffer
pH 8.0, 0.3 MM NADH (or deamino-NADH), 2 mM HAR,
and 15 mM rotenone. The quinone reductase activities were
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Table 1: Activities of the NQO8 Mutants, and Their Dependence .
on NDH-2 !
/
HAR Qi reductase )0 o/'
growth reductase activify activity? (umol ratio of 401 g’ o/
without (umol NADHmg  NADHmg  activities Dﬁ‘“%’ K67A /

mutant NDH-2 proteimrtmin™) proteim* min~%) Q1/HAR o 0 3
F2 (control)  yes 1.65-0.06 0.37+ 0.04 0.22 20 K o®
AB5T yes 4.25+0.21 0.75+ 0.06 0.18 / !
A65M yes 6.7+ 0.6 1.02+ 0.075 0.15 >
D64E yes 4.05k 0.27 0.27+ 0.018 0.067 =
D64N no 1.14+0.17 0.00+ 0.00 0.00 0]
D64C no 0.85+0.12 0.02+ 0.001 0.024
Q60E no 1.28+ 0.08 0.14+ 0.002 0.11
Q60G no 1.9+ 0.046 0.04+ 0.003 0.02
K67A no 0.87+ 0.014 0.06+ 0.003 0.07
K67E no 0.10+ 0.005  0.002 0.02 10

a Activity values are averages of at least three measuremerg®j.
bThe activity was determined in the presence of 60 mM ‘Qhe
turnover rate of K67E in the presence of @as barely above the 0r ; ) ; ; .
detection limit, and hence it should be viewed with caution. 01 00 o1 02 03 02 0L 00 0L 02

1/[Qq} 1Qq]
. . FiGUrRe 3: Lineweavefr-Burk analysis of the kinetics of NADH

(F2) or mutatechqo8that was inserted back into ti¢QO (or deamino-NADH) oxidation by gelected mutants in the presence

operon. The complementation was designed to yield NDH-1 of Q,. F2 is the control (complemented with wild-type gene). The
mutant strains that lack NDH-2 activity. The latter was mutants that grew without NDH-2 are shown on the left, and those
introduced into Pd92-223 in order to allow deletiomof8 with active NDH-2 (except the control) on the right. The units of
. e . 1/[acceptor] are mM.

andngo9(8), but its activity hampers analysis of the proton
translocation activity of the mutants when intact cells are of P. denitrificansis higher than its ferricyanide reductase
used. On the other hand, poorly active NDH-1 mutants activity (Zickermann and Finel, unpublished results), and it
would not grow without an active NDH-2. Due to this we exhibits no substrate inhibition at high concentration of either
have developed a complementation system that allowsHAR or NADH (15). The ubiquinone reductase activity of
inactivation of NDH-2 in cases where the activity of the the mutants described here was sensitive to rotenone. The
mutant NDH-1 is sufficient to support bacterial growth (see sensitivity of Complex | or NDH-1 to this inhibitor is easily
Materials and Methods). lost upon enzyme purification, and hence the rotenone-

We have introduced the ND1/3460 mutation into tig®8 sensitivity of the mutant enzymes indicates that the mutations
gene ofP. denitrificans generating A65T. In addition, the did not cause extensive structural changes in the hydrophobic
E.coli version of this site was prepared (A65M), and three segment of the enzyme. The gross structural integrity of
strictly conserved amino acids in the vicinity of A65, namely the hydrophilic segment of the mutants was shown by
Q60, D64, and K67 (Figure 1) were replaced by different electron paramagnetic resonance spectroscopy (EPR). Samples
residues (Table 1). The mutatado8genes were incorpo-  of concentrated membrane extract from F2 and mutants
rated into the chromosome of the deletion strain, Pd92-223, D64E, D64C, A65T, Q60E, and K67A were prepared and
and colonies with the correct phenotype (i.e., white, strep- reduced with NADH or deamino-NADH. The results
tomycin-resistant and kanamycin-sensitive) were assayed forindicate that the-values of the more easily detectable Fe-S
the presence of active NDH-2. In most cases all the coloniescluster N-1b and N-2 were unaffected by the mutations (not
from a given mutant exhibited a similar pattern of NDH’s; shown).
i.e., either all contained or all lacked NDH-2. However, in ~ The HAR reductase activity of Complex | (and NDH-1)
some cases two types of colonies were found. An interestingdoes not exhibit substrate inhibition by NADH, and it only
mutant in this respect is D64E since three out of the six involves the hydrophilic segment of the enzyni®)( Due
colonies that were resistant to streptomycin and sensitive toto this it may be used to estimate the concentration of
kanamycin contained NDH-2, while the other three lacked assembled NDH-1 in a given sample of washed membranes.
such activity. The latter type of D64E strain was used for The relative rates of the rotenone-sensitiver€luctase and
large-scale membrane preparations and for the differentHAR reductase activities (the ratio of activities, Table 1) is
analyses described below. hence a measure of the specific rotenone-sensitive enzyme

The absence of NDH-2 from the F2 (control), A65T turnover velocity. Interestingly, the membranes of mutants
(LHON), and D64E mutants enabled examination of their A65T, A65M, and D64E contained high concentration of
H*-translocation activity. This was assayed by pulsing a NDH-1, but their specific turnover with {as acceptor was
suspension of anaerobic cells with air-saturated wdidy; ( lower than in the control (Table 1). The relatively high
and the results indicate that the A65T and D64E mutations NDH-1 concentration in cells carrying the A65T, A65M, and
do not affect the proton translocation efficiency of the DG64E mutations, all of which lack active NDH-2 (see above),
enzyme (not shown). might indicate thaP. denitrificanscan regulate the expres-

The specific NADH oxidase activity of the mutants with  sion level of NDH-1 in response to the NADH/NADatio
HAR (rotenone-insensitive) and;@rotenone-sensitive) as in the cytoplasm, or the ubiquinol/ubiquinone ratio in the
electron acceptors are presented in Table 1. HAR turnedmembrane.
out to be more suitable for such analyses than the widely Mutations at the D64 position had a dramatic effect on
used ferricyanide. The HAR reductase activity of NDH-1 the specific Qreductase activity (Table 1). Even the mildest
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60 4 - to isolate cells that have active NDH-1 mutants and lack
' NDH-2, as well as inactive NDH-1 mutants that express the
alternative enzyme. This system eliminates selection pres-
sure on poorly active mutants, and hence drastically reduces
the risk that such mutants will mistakenly appear as active
ones in cases where only second-site revertants would grow.
The ubiquinone binding site of Complex | was previously
suggested to be in the ND1 subunit, but experimental support
for this has been inconclusive. The ND1 subunit was
reported to be labeled by rotenont6). However, since
rotenone is a noncompetitive inhibitat?), its binding site
is not necessarily an indication for a ubiquinone binding site.
Another suggestion was based on sequence homology
between ND1 and the piericidin A-sensitive enzyme glucose
oxidase 18), but this homology is probably too low to be
meaningful {). The increased sensitivity of Complex | from
o ol e mitochondria carrying the ND1/3460 mutation to inhibition
02 01 00 01 02 03 04 0502 -01 00 01 02 03 04 05 . .
Qs 11Q3] by Q was also taken to suggest that ND1 is involved in
ubiquinone binding§).
In the present work we have shown that mutations in
specific amino acids of the NQO8 subunit of NDH-1 from

504

40

Ficure 4: Like Figure 3, except that the acceptor was Q

Table 2: Kinetic Parameters for,{QQ,, and DB Reductase

Activities of Selected NDH-1 Mutants P. denitrificans decrease or even abolish the specific
9 3 OB ubiquinone reductase activity of the enzyme (Table 1). In

- ! - 2 - addition, the LHON mutation (A65T) significantly raises the

mutant  Vmaf Km@M) Vmaf Km(@M) Vmaf Kn(@M) apparent, for the three ubiquinone analogues, while the
F2(control) 032 165 031 111  0.28 67.5 respectiveVmax Values are decreased by about 20% (Figures
ABST 025 262 026 187 025 1270  33nd4, and Table 2). This strongly suggests that the A65T

D64E 008 165 0.10 9.7 013 81.0 at itically interf ith the binding of ubiau

QB0E 012 37 015 50 012 116 mutation specifically interferes with the binding of ubiquino-
K67A 0.08 5.4 0.09 5.1 0.11 83.0 ne. Inthis respect it is interesting that mutants D64E, K67A,
2 The Vmax Values are relative to the turnover rate in the presence of and_ in particular Q_GO_E exhibited sensitivity to high concen-
HAR. tration of @, a ubiquinone analogue that serves as a good

. electron acceptor from the wild-type and the other NDH-1
change, D to E, caused a pronounced decline in the rate ofyytants (Figure 4 and Table 2). Hence, our results provide
electron transfer to ubiquinone, and mutagenesis to asparnew and independent indications that the ND1 subunit, or
agine abolished the quinone reduction activity (Table 1). jis pacterial homologue NQOS, is directly involved in the
Interestingly, mutant D64C had a low but measurable Q ypiquinone reductase activity of Complex I. It might be
reductase activity (Table 1). N . argued that the mutations affected the ubiquinone reductase

Mutations at the Q60 and K67 positions exhibited a clear 4ctjvity indirectly, by altering the assembly of the membrane
effect on the quinone reductase activity, the extent of which gomain of NDH-1. However, the presence of rotenone-
was strongly dependent on the replacing residue. Changingsensitive ubiquinone reductase activity renders such a pos-
Q60 to glutamic acid was apparently less detrimental for the sibility unlikely, at least as far as the A65T, A65M, D64E,
activity than replacement with glycine (Table 1). Q60E, and K67A mutants are concerned.

The kinetics of NADH oxidation in the presence of,Q We have identified a specific domain and amino acids
Qz, and DB was examined in the control (F2) and mutants \yithin the NQOS subunit of NDH-1, i.e., the segment around
A65T, D64E, Q60E, and K67A (Figures 3 and 4, and Table a5, that play an important role in the binding and reduction
2). The LHON mutant, A65T, had a higher apparéd of ubiquinone by the enzyme. Secondary structure prediction
than F2 for the three quinone analogues, and/ilsiwas gyggests that this segment forms elix, and a helical
about 80% of the control (Table 2 and Figures 3 and 4). \yhee| analysis of the putative helix shows clear amphipathy
Mutant D64E had a rather loWmax in the presence of all - (Figyre 5). " All the highly conserved residues of this stretch,
these acceptors. However, the appatéppf D64E inthe  most of which are polar, fall on one side of the helix, while
presence of all the three ubiquinones was similar to the he other side contains only hydrophobic amino acids (Figure
respective values in F2. Mutants Q60E and K67A exhibited 5). Due to this, and to its location in a loop between two
low Vimax values, but their appare#t, for Q, and Q were predicted trans-membrawehelices, it is suggested that this
significantly lower than the control (Table 2 and Figures 3 §omain may be a helix on the surface of the membrane.
and 4). Substrate inhibition by @vas detectable in mutants  according to this model residues K67 and Q60 are pointing
QG60E, D64E, and K67A (Figure 4). Substrate inhibition by 14 the opposite direction than A65 (Figure 5). Interestingly,
either Q (Figure 3) or DB (not shown) was not observed in  poth mutants K67A and Q60E exhibited lowered apparent
these mutants, nor in A65T. K values for Q, while A65T exhibited an elevated apparent

Km for this substrate (Table 2).
DISCUSSION The D64E mutation affected thénax values but not the

We have developed a unique complementation system forapparenK, for the different acceptors (Table 2 and Figures
NQOS8 of P. denitrificans Its main feature is the possibility 3 and 4), suggesting that D64 plays a role in ubiquinone
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Ficure 5: Helical wheel presentation of the segment surrounding
A65 in NQO8 of P. denitrificans Highly conserved residues are
indicated by a bold circle, and hydrophobic residues are lightly

shaded. The asterisks indicate amino acids that were mutated in

this study.

reduction rather than its binding. It is tempting to speculate
that this mutation may alter the protonation rate of a bound
ubisemiquinone by protons from the aqueous phase. In any
case, the low rate of Qreduction in the D64C mutant
enzyme, and the apparent absence of such activity in the
case of D64N (Table 1), suggests that an acidic amino acid
at this position is essential for ubiquinone reduction. In this
respect it may be noted that mutant E286C of the H
translocating terminal oxidase &f coli, cytochromebo; is
much more active than mutant E2860»).

The ubiquinone reductase activity of mitochondrial Com-
plex I is inhibited by the acceptor £J20), and the ND1/
3460 mutation increased the sensitivity of the human enzyme
to inhibition by this substrateéd). At the outset of this study
it was anticipated that the NQOS8/A65T mutation would affect
the NDH-1 ofP. denitrificansin a similar way. However,
the Vmax Of this mutant enzyme was similar in the presence
of all the three quinones (Table 2), and no substrate inhibition
by Q. was observed (Figure 4). The reason for this may be
related to the observation that NDH-1Bf denitrificans in
contrast to Complex | from bovine and human mitochondria,
is not inhibited by Q (Figure 4; and Zickermann and Finel,
unpublished results). Mutants Q60E, D64E, and K67A were
sensitive to inhibition by @(Figure 4), but it remains to be
established whether the mechanism of this substrate inhibi-
tion is similar to that in mitochondrial Complex |.

The results of this work may shed new light on the effect
of the ND1/3460 mutation on the activity of Complex I in
LHON patients. The homologous mutation in NDH-1,
AB5T, does not change the stoichiometry of proton trans-
location by the enzyme, but affects the kinetic properties of
ubiguinone reduction. Th&pm.x of the LHON mutant in
NDH-1 is about 80% of the control (Table 2), a similar

Zickermann et al.

change to that observed in human mitochondfia (The
small but significant effect of this mutation on the apparent
Km for the short-chain ubiquinones that was revealed by this
study (Table 2), may suggest that Complex | of the LHON
patients has an increasid, for ubiquinone-10. Such K,
change might decrease the in vivo activity of the enzyme
below the threshold that is required for normal function of
the optic nerve in adults.
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