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The Na1-pumping NADH-ubiquinone (UQ) oxidoreductase
(Na1-NQR) is present in the respiratory chain of many patho-
genic bacteria and is thought to be a promising antibiotic target.
Whereas many details of Na1-NQR structure and function are
known, the mechanisms of action of potent inhibitors is not
well-understood; elucidating the mechanisms would not only
advance drug design strategies but might also provide insights
on a terminal electron transfer from riboflavin to UQ. To this
end, we performed photoaffinity labeling experiments using
photoreactive derivatives of two known inhibitors, aurachin and
korormicin, on isolated Vibrio cholerae Na1-NQR. The inhibi-
tors labeled the cytoplasmic surface domain of theNqrB subunit
including a protruding N-terminal stretch, which may be criti-
cal to regulate the UQ reaction in the adjacent NqrA subunit.
The labeling was blocked by short-chainUQs such as ubiquinone-
2. The photolabile group (2-aryl-5-carboxytetrazole (ACT)) of
these inhibitors reacts with nucleophilic amino acids, so we
tested mutations of nucleophilic residues in the labeled region
of NqrB, such as Asp49 and Asp52 (to Ala), and observed mod-
erate decreases in labeling yields, suggesting that these resi-
dues are involved in the interaction with ACT. We conclude
that the inhibitors interfere with the UQ reaction in two ways:
the first is blocking structural rearrangements at the cytoplas-
mic interface between NqrA and NqrB, and the second is the
direct obstruction of UQ binding at this interfacial area. Un-
usual competitive behavior between the photoreactive inhibi-
tors and various competitors corroborates our previous
proposition that there may be two inhibitor binding sites in
Na1-NQR.

TheNa1-pumping NADH-ubiquinone (UQ) oxidoreductase
(Na1-NQR) is the first enzyme in the respiratory chain of many
marine and pathogenic bacteria, such as Vibrio alginolyticus,
Vibrio cholerae, andHemophilus influenzae (1, 2). This enzyme
couples electron transfer from NADH to UQ with Na1-pump-

ing, generating an electrochemical Na1 gradient across the
inner bacterial membrane. Na1-NQR is an integral membrane
protein complex that consists of six subunits (NqrA–F) en-
coded by the nqr operon (2). All of the subunits have trans-
membrane helices except for NqrA, which is peripherally asso-
ciated to the core assembly of membrane-spanning subunits,
from the cytoplasmic side. Studies using a variety of techniques
have defined the locations and redox properties of the cofactors
in the enzyme (3–12) and led to the consensus that the electron
transfer takes place along a pathway consistent of at least five
redox cofactors: from NADH to a FAD, a 2Fe-2S center, two
covalently bound FMNs, and a riboflavin, before finally reach-
ing UQ. The mechanism responsible for Na1-pumping driven
by electron transfer remains largely elusive.
There is an X-ray crystallographic model of V. choleraeNa1-

NQR, in an oxidized state, with no bound UQ or inhibitor,
which has provided valuable information about the overall
structure of the enzyme (13). However, the model is difficult to
reconcile with some of the results obtained in earlier biochemi-
cal/biophysical studies (5, 11, 14). For example, whereas the
sequence of electron transfers through the cofactors of the
enzyme has been experimentally determined, the spatial distan-
ces between several pairs of redox cofactors in the crystallo-
graphic model (e.g. between FMN and riboflavin in NqrB) are
too long (29–32 Å) to support physiologically relevant electron
transfer (13, 15). Also, the proposed binding position of the UQ
head-ring in theNqrA subunit is located;20 Å above the cyto-
plasmic membrane surface, and too far (;40 Å in a straight
line) from its proximal electron donor, riboflavin, which is pre-
dicted to lie between NqrB and NqrE. Therefore, as Steuber
et al. (13) and others have suggested, the subunits harboring
the cofactors and the UQ-binding cavity may need to undergo
large conformational rearrangements that reduce the spatial
gaps at appropriated times during catalytic turnover. In addi-
tion, Steuber et al. (13) proposed that NqrD and NqrE bind a
sixth cofactor, a single iron coordinated by four cysteine resi-
dues. This extra cofactor would decrease the distance of one of
the longest electron transfers (i.e. from the 2Fe-2S center in
NqrF to FMN in NqrC), but does not solve the distance-rate
problem entirely. Also the presence of this putative iron center,
and its redox function, remain to be verified by further ex-
periments because earlier kinetic and spectroscopic studies,
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including EPR measurements, have not provided evidence for
an additional redox center (6, 16, 17).
We previously discovered that aurachin D-42 (Fig. 1), one of

numerous aurachins in a chemical library screened in our labo-
ratory, is a very potent inhibitor of V. cholerae Na1-NQR (14).
The inhibitory potency of aurachin D-42 (IC50 value;2 nM) is
comparable with that of korormicin A and is remarkably
greater (;500-fold) than that of HQNO (2-n-heptyl-4-hydrox-
yquinoline N-oxide), a commercially available aurachin C-type
inhibitor, which has been widely used in earlier Na1-NQR
research (6–12). In our previous work, we characterized the
binding site for UQ as well as aurachin D-42 in V. cholerae
Na1-NQR by means of photoaffinity labeling using synthetic

photoreactive derivatives (14). That study produced three im-
portant findings. First, the UQ head-ring labels a part of the
rear wall of the UQ binding cavity in the NqrA subunit (NqrA-
Leu322Met39 and Phe1312Lys138, Fig. 2, A and B), which was
predicted by the crystallographic model (13). Casutt et al. (7)
also identified NqrA as the binding subunit of the UQ head-
ring using a different photoreactive UQ probe. Second, the
photoreactive aurachin D-type inhibitors ([125I]PAD-1 and
[125I]PAD-2, Fig. 1) label the N-terminal region of NqrB (NqrB-
Tyr232Gly89), which protrudes from the membrane and forms
a long stretch that anchors NqrA to the transmembrane subu-
nits (Fig. 2C). Note that only the segment NqrB-Gly382Gly89 is
shown in Fig. 2C because the region Met12Pro37 was not
included in the structural model (13). Although the region la-
beled by [125I]PAD-1 and [125I]PAD-2 is in NqrB and the region
labeled by the UQ probe is in NqrA, Fig. 2, B and C, shows
that the two loci are adjacent, or in close proximity, in the
assembled structure. Third, the photoaffinity labeling by
[125I]PAD-1 and [125I]PAD-2 rather than being competitively
suppressed in the presence of an excess of other inhibitors
(including their nonradioactive analogs), is enhanced under some
experimental conditions (for example, when a molar ratio of
125I-incorporated inhibitor to Na1-NQR is relatively low). Note
that we refer to this seemingly paradoxical result as “unusual
competitive behavior” throughout thismanuscript.
The first and second findings together indicate that the bind-

ing positions of the UQ head-ring and aurachin D-type inhibi-
tors are close to each other, but it is not clear whether they
actually overlap (Fig. 2, B and C). This notion seems to be con-
sistent with the earlier steady-state kinetic studies, which sug-
gested that neither HQNO nor korormicin A competes directly
with UQ1 (9, 11, 18–20). Although these binding regions pro-
trude from the membrane toward the cytoplasm, we cannot
rule out the possibility that the crystallographic structuremight
differ from that of the native enzyme, as described above. The
third finding is difficult to reconcile with a simple scenario in
which different inhibitors share a common binding pocket. To
explain the unusual competitive behavior of aurachin D-type
inhibitors, we earlier proposed an equilibrium model for the
binding of the 125I-incorporated inhibitors based on the follow-
ing three suppositions: (i) there are two distinct inhibitor-
bound states (i.e. one-inhibitor– and two-inhibitor–bound
states), (ii) the inhibitor binding to the second site is almost
negligible unless the first site is already occupied by a molecule
of the inhibitor, and (iii) the yield of the labeling reaction in the
two-inhibitor–bound state is higher than that in the one-inhib-
itor-bound state (see Ref. 14 for details). Although we cannot
exclude other scenarios that could explain the unusual compet-
itive behavior, this model accounts for the consecutive changes
in the nature of the competition (from enhancement to sup-
pression) as the concentration of competitor increases. Thus,
our previous study provided important insights into the termi-
nal electron transfer step in V. choleraeNa1-NQR (14). Never-
theless, to thoroughly elucidate the mechanisms of action of
various potent inhibitors of the enzyme, several issues raised by
our previous work still need to be addressed, including the
following.

Figure 1. The structures of aurachin-D42, korormicin A, and their pho-
toreactive derivatives ([125I]PAD-3, [125I]PAD-4, and [125I]PKRD-1) syn-
thesized in this study. [125I]PAD-1 and [125I]PAD-2 are photoreactive
aurachin probes used in the previous study (14). The averaged IC50 value
of each inhibitor, which was determined with 0.90 nM Na1-NQR, is shown
in the parentheses.
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First, we were unable to examine the inhibition mechanism
of korormicin A (Fig. 1), a very potent natural inhibitor of V.
cholerae Na1-NQR (19), because no photoreactive derivative
was available due to synthetic difficulties related to its compli-
cated structure. Although aurachin-type inhibitors are also able
to inhibit other respiratory enzymes such as complex III (21)
and the cytochrome bo3- and bd-type oxidases (22, 23), the in-
hibitory effect of korormicin A is highly specific to Na1-NQR.
Because of this high selectivity, korormicin A and its natural
analogs are anticipated to be excellent seeds for developing
antibiotics against a variety of pathogenic bacteria that have
Na1-NQR (24–26). However, the mechanism by which koror-
micin A inhibits Na1-NQR remains largely unexplored except
for steady-state kinetic studies using UQ1 as a quinone substrate
(18–20). We have now succeeded in synthesizing the photoreac-
tive korormicin derivative [125I]PKRD-1, which has 2-aryl-5-car-
boxytetrazole (ACT) as its photolabile group (Fig. 1). This deriva-
tive maintains potent inhibitory activity suitable for photoaffinity
labeling experiments. Notably, with [125I]PKRD-1 in hand,
we were also able to examine another important unsolved
question: whether the unusual competitive behavior observed for

[125I]PAD-1 and [125I]PAD-2 is specific solely to aurachin-type
inhibitors or if it is a more general phenomenon that operates
with different types of inhibitors.
Second, the spatial relationship between the location where

UQ binds to Na1-NQR and the binding sites of the inhibitors
remains to be fully elucidated. Some structural biology studies
of respiratory enzymes have successfully modeled the electron
density attributable to bound UQ and/or bound inhibitor: for
example, in mitochondrial complexes II and III (27–30), heme-
copper quinol oxidases (31, 32), and the alternative quinol oxi-
dase (33). Based on such structural modeling, the binding
positions of UQ and the inhibitors overlap (at least partially)
irrespective of structural similarities between UQ and inhibitor
molecules. Our previous study showed that the UQ head-
ring binds to NqrA, whereas the aurachin-type inhibitors
([125I]PAD-1 and [125I]PAD-2) bind to the NqrB subunit (14),
as described above. Nevertheless, it is still not known whether
the binding positions of UQ and the inhibitors are entirely dis-
crete and separate without any overlap on the cytoplasmic sur-
face of Na1-NQR. The reason why we consider this concern is
that we cannot exclude the possibility that, whereas the polar

Figure 2. X-ray crystallographic model of V. cholerae Na1-NQR and the binding sites of UQ and inhibitors. A, entire structure of V. cholerae Na1-NQR
(PDB entry 4P6V). Note that a part of the N-terminal stretch (Met1–Pro37) of NqrB was not modeled in Ref. 13. B, the area marked by a gray square in panel A
was expanded. The binding region (red) of the UQ head-ring in NqrA identified in the previous work (14) is indicated. The putative solvent-accessible cavity is
marked by a red oval. C, the binding region of [125I]PAD-1 and [125I]PAD-2 in NqrB (dark brown) identified in the previous work (14). The red circlemarks an en-
trance to the putative binding cavity of the UQ head-ring. D, the binding regions of [125I]PAD-3 (His1532Lys191 in yellow) and [125I]PAD-4/[125I]PKRD-1
(His1532Lys191 and Trp232Lys54 in dark brown) in NqrB are shown. The loop connecting TMHs 22 3 (His1532Gly158) is indicated by yellow spheres. The NqrB-
Asp49, -Asp52, -Glu154, and -Glu157 are shown as a red stick model. E, close up view of the binding regions of [125I]PAD-3, [125I]PAD-4, and [125I]PKRD-1 in NqrB.
The NqrB-Asp49, -Asp52, -Glu154, and -Glu157 are shown in red. The red circlemarks an entrance to the putative binding cavity of the UQ head-ring.
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head-ring of UQ8 orients toward the predicted binding pocket
in NqrA (Fig. 2B) (13), its long isoprenyl chain may anchor it
into the membrane part of the enzyme by binding to the adja-
cent membrane spanning subunit NqrB. If so, there could be
some overlapping or steric hindrance between the side chains
of UQ and the inhibitor, which could prevent both binding at
the same time. Elucidating the spatial relationship between the
binding positions of UQ and the inhibitors is the key to under-
standing how inhibitors interfere with the UQ reaction, and
thismay, in turn, reveal themechanism of the terminal electron
transfer step in Na1-NQR.
Here, we have investigated the mechanism of action of two

different types of potent inhibitors of V. cholerae Na1-NQR
(aurachin and korormicin derivatives) by focusing mainly on
the unresolved issues described above via photoaffinity labeling
experiments in combination with mutated enzymes. Compre-
hensive interpretation of the results obtained in this study
strongly suggests that both aurachins and korormicins block
the UQ reaction by binding to the N-terminal stretch of NqrB,
which may play a critical role in regulating the reaction of UQ
at the adjacent NqrA.We also found that the unusual competi-
tive behavior, which was originally observed for [125I]PAD-1
and [125I]PAD-2, is also observed with korormicin, despite its
substantially different chemical framework, suggesting that
this may be a general phenomenon. This finding is additional
evidence for our previous proposition that there may be two
binding sites for inhibitors in Na1-NQR (14). Altogether, the
present study reveals that the cytoplasmic interfacial region
between NqrA and NqrB is a target spot of the potent
inhibitors.

Results

Molecular design of photoreactive aurachin and korormicin
derivatives

The two photoreactive aurachin derivatives used in our pre-
vious paper (14), [125I]PAD-1 and [125I]PAD-2, both have phe-
nylazido as their photolabile group. The nitrene species that is
a photogenerated intermediate of phenylazido is prone to react
with any proximal C-H and/or X-H bonds (X = N, O, S). This
indiscriminate reactivity is convenient for achieving a high total
cross-linking yield, but may obscure the positional specificity of
binding, particularly when phenylazido is attached to a flexible
part of an inhibitor, as in the case of the side chain of aurachins.
To improve the specificity for the current work, we chose ACT,
in place of phenylazide, as the photolabile group to incorporate
into a new set of inhibitor probes (Fig. 1). ACT, a recently
developed photolabile group (34), interacts with a target pro-
tein via a unique mechanism: namely, a photogenerated car-
boxynitrile imine that reacts only with proximal nucleophilic
amino acid residues such as Glu, Asp, and Cys (Fig. S1). This
more specific reactivity should make the labeling yield sensitive
to the kind of structural changes in the microenvironment
around the inhibitor bound to Na1-NQR described above.
Additionally, this reactivity would enable pinpoint identifica-
tion of the amino acid cross-linked by ACT when used in com-
bination withmutagenesis of the putative labeled residue(s).

We synthesized two new photoreactive aurachin derivatives
([125I]PAD-3 and [125I]PAD-4, Fig. 1) using aurachin D-42 as a
molecular template. The synthetic procedures for [125I]PAD-3
and [125I]PAD-4 are described under the supporting data
(Schemes S1 and S2). We introduced ACT into the side chain
of aurachin because our earlier work showed that structural
modifications of the toxophoric quinolone moiety result in sig-
nificant decreases in inhibitory potency (PAD-1 versus PAD-2).
The length of the spacer connecting the quinolone ring to ACT
was varied in anticipation of different cross-linked positions.
The parent aurachin D-42 is a very potent inhibitor of the
NADH-UQ1 oxidoreductase activity of Na1-NQR with an IC50

value of;2 nM (the concentration required to inhibit the activ-
ity by 50%). PAD-3 with an IC50 value of 7.0 (6 0.8) nM is
almost as potent as aurachin D-42, whereas PAD-4 is a some-
what weaker inhibitor with an IC50 of 380 (6 32) nM. It should
be noted, however, that PAD-4 is still a more potent inhibitor
than the commercially available HQNO (IC50 = 2,100 nM).
In designing a photoreactive derivative of korormicin A,

our preliminary structure-activity studies indicated that the
methyl/ethyl branch at the 5S-position, OH group at the 3’R-
position, and epoxy group at 9’S/10’R are all critical for the in-
hibitory activity (Fig. S2). Because of these restrictions, the
photolabile ACT was introduced into the terminal end of the
side chain ([125I]PKRD-1, Fig. 1). The synthetic procedure is
described in the supporting data (Scheme S3). The introduc-
tion of ACT resulted in considerable decrease in the inhibi-
tory potency: the IC50 values of natural korormicin A and
PKRD-1 are 5.0 (6 0.3) and 83 (6 8) nM, respectively. Here
again, as in the case of the aurachin derivatives, the photo-
reactive korormicin derivative is still a much more potent in-
hibitor than HQNO.

Photoaffinity labeling of WT Na1-NQR by [125I]PAD-3,
[125I]PAD-4, and [125I]PKRD-1

IsolatedWT V. choleraeNa1-NQR (900 nM) was photoaffin-
ity labeled by [125I]PAD-3 (5.0 nM) and subjected to direct auto-
radiography. The radioactivity was exclusively incorporated
into a;30-kDa band, corresponding to the NqrB subunit (Fig.
3A).We also carried out the reaction in different redox states of
Na1-NQR by adding NADH, UQ1, or both. The incorporated
radioactivity in the presence of NADH (100 mM) alone was
;90% lower than in the absence of NADH (Fig. 3A). This result
suggests that reduction of the cofactors by NADH induces
structural changes in the NqrB subunit that harbors the FMN
and riboflavin cofactors. Although the labeling by [125I]PAD-2
also decreased in the presence of NADH (by ;50%, Fig. 5A in
Ref. 14), the extent of decrease in the case of [125I]PAD-3 was
significantly greater than that for [125I]PAD-2.
The addition of UQ1 (50mM) alone slightly reduced the label-

ing by [125I]PAD-3 (by;10220%, Fig. 3A). The labeling signifi-
cantly decreased in the presence of NADH plus UQ1 (Fig. 3A),
which is equivalent to turnover conditions. This result does not
necessarily mean a loss of the binding affinity of [125I]PAD-3 to
the enzyme under turnover conditions, because the inhibitory
activity of PAD-3 (IC50 = 7.0 nM), which was evaluated in the
NADH-UQ1 oxidoreductase assay (i.e. under the turnover
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conditions), was still very strong. It is instead reasonable to con-
sider that whereas the yield of the ACT labeling reaction mark-
edly decreases due to the predicted structural changes of the
NqrB subunit, the binding affinity of the toxophoric quinolone
ring moiety to NqrB likely remains almost unchanged.
[125I]PAD-4 and [125I]PKRD-1 (5.0 nM each) also predomi-

nantly labeled the NqrB subunit (Fig. 3, B and C, respectively).
The effects of NADH and/or UQ1 on the labeling were similar
to those observed for [125I]PAD-3 (Fig. 3A) irrespective of the

different distances between the quinolone ring and ACT in the
case of [125I]PAD-3 and [125I]PAD-4 or different chemical
frameworks in the case of [125I]PAD-3 and [125I]PKRD-1. Of
note, the cross-linking yields of [125I]PAD-3, [125I]PAD-4,
and [125I]PKRD-1, which all have ACT as their photolabile
group, were more sensitive to the addition of NADH than that
of [125I]PAD-2 that has a phenylazide group. This is consistent
with our prediction that the labeling reaction of ACT may be
susceptible to structural changes that accompany the reduction
of the enzyme because of its higher selective reactivity.
Regarding the effect of UQ1, we previously concluded that

the presence of UQ1 (50 mM) alone has no effect on the labeling
by [125I]PAD-1 and [125I]PAD-2 (14). However, the effects of
UQ1 were examined at only one concentration (50 mM) and its
suppressive effects were negligibly small in that study; there-
fore, we cannot exclude the possibility that the suppressive
effects of UQ1 at higher concentrations were overlooked. We
therefore re-examined the effects of two short-chain UQs (UQ1

and UQ2) on the labeling by the new inhibitor probes, as
described below.

Effects of short-chain UQs on the labeling by [125I]PAD-3,
[125I]PAD-4, and [125I]PKRD-1

The photoaffinity labeling of Na1-NQR (900 nM) by each of
[125I]PAD-3, [125I]PAD-4, and [125I]PKRD-1 (5.0 nM each) was
conducted in the presence of UQ1 or UQ2. Both short-chain
UQs suppressed the labeling by the inhibitors in a concentra-
tion-dependent manner (Fig. 4, A–C). Interestingly, in every
case the suppressive effects of UQ2 were greater than those of
UQ1; for example, 100 mM UQ2 almost completely suppressed
the labeling by [125I]PKRD-1, whereas ;70% of the labeling
remained in the presence of 100 mM UQ1. Because the binding
affinities of UQ1 and UQ2 to the enzyme are similar (averaged
Km values of 9.6 and 6.7 mM, respectively, Fig. S3), it is likely
that the longer isoprenyl chain of UQ2 may be more effective in
obstructing the inhibitor molecules. These results indicate that
the binding positions of short-chain UQs and inhibitors are, at
least partially, overlapping. The extents of the labeling by the
three inhibitors tended to slightly increase in the presence of
low concentrations (5.0 and 10 mM) of UQ1 (Figs. 4, A–C). For
[125I]PAD-4, the labeling also slightly increased in the presence
of low concentrations of UQ2. We have, unfortunately, no defi-
nite explanation for this phenomenon at present.
It is noteworthy that although the binding affinity of

[125I]PAD-3 to the enzyme is significantly higher than that
of [125I]PAD-4 (IC50 values: 7.0 and 380 nM, respectively), the
labeling by both inhibitor probes was similarly suppressed by
UQ1 andUQ2 (Fig. 4,A and B). This finding, along with the above
results, suggests that the side chain moiety of the aurachins, not
the toxophoric quinolone ring, is responsible for obstruction of
the isoprenyl chain of UQs and, consequently, the obstruction is
more significant for [125I]PAD-3 that has the longer side chain.
Earlier steady-state kinetic studies using UQ1 as a quinone

substrate (presented as double-reciprocal plots of initial veloc-
ity versus UQ1 concentration at fixed concentrations of in-
hibitor) showed that korormicin A and HQNO both act as
noncompetitive inhibitors for UQ1 (18–20). We observed a so-

Figure 3. Photoaffinity labeling of Na1-NQR by [125I]PAD-3, [125I]PAD-4,
and [125I]PKRD-1. A, the isolated Na1-NQR (900 nM) was labeled by [125I]
PAD-3 (5.0 nM) in the presence of NADH (100mM) and/or UQ1 (50mM). B,Na1-
NQR (900 nM) was labeled by [125I]PAD-4 (5.0 nM) in the presence of NADH
(100mM) and/or UQ1 (50mM). C,Na1-NQR (900 nM) was labeled by [125I]PKRD-
1 (5.0 nM) in the presence of NADH (100 mM) and/or UQ1 (50 mM). All data are
representative of three independent experiments.
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called mixed-type inhibition pattern in the double-reciprocal
plots, which were described using UQ1 or UQ2 and korormicin
A as a quinone substrate and an inhibitor, respectively (Fig. S4).
The molar ratios of inhibitor to Na1-NQR in earlier studies
and our current kinetic measurements are estimated to be 0.4–
2.0, which are much higher than that in the labeling assays in
Fig. 4 (the ratio is ;0.006). Thus, compared with the kinetic
studies, our labeling assays were conducted using a much lower
concentration of the inhibitor probes relative to the enzyme
concentration, although the concentration ranges of UQs were
similar in the two lines of experiments (from a few micromolar
up to ;100 mM). Under the experimental conditions of the
labeling assay, korormicin A exhibits no apparent inhibition of
the catalytic activity of Na1-NQR.

We repeated the competition test between [125I]PAD-3 and
UQ1 or UQ2 using one hundredth-fold enzyme (9.0 nM Na1-
NQR and 5.0 nM [125I]PAD-3; the molar ratio is;0.6). As shown
in Fig. 4D, we observed similar results to those obtained using
900 nM Na1-NQR (Fig. 4A); namely, both short-chain UQs sup-
pressed the labeling in a concentration-dependent manner and
the suppressive effects of UQ2were greater than those of UQ1.
Because the binding affinities are remarkably different

between our inhibitors and short-chain UQs (probably .102),
it may be practically difficult to achieve complete competition
(displacement) under the conditions of the kinetic study. In
contrast, the direct binding assays using significantly low con-
centrations of inhibitors may have enabled the competitive
behavior to be detectable. Moreover, the native ubiquinone in

Figure 4. Effects of UQ1 and UQ2 on the labeling of Na1-NQR by [125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1. The photoaffinity labeling of Na1-NQR (900
nM) by [125I]PAD-3 (panel A), [125I]PAD-4 (panel B), or [125I]PKRD-1 (panel C) (5.0 nM each) was conducted in the presence of different concentrations of UQ1 or
UQ2. In panel D, the competition tests between [125I]PAD-3 (5.0 nM) and UQs were conducted using one hundredth-fold enzyme (9.0 nM). The FMN-based fluo-
rescence was used as a loading control for SDS-PAGE in place of Coomassie Brilliant Blue (CBB) staining because of a lower concentration of the enzyme used.
The extent of labeling in the absence of UQwas used as a control (100%). Values in graphs aremeans6 S.E. (n = 3). *, p, 0.05; **, p, 0.01 comparedwith con-
trol (one-way analysis of variance followed by Dunnett’s test).
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V. cholerae is UQ8, which is a very hydrophobic molecule.
Because the extremely low solubility of UQ8 in water is a signifi-
cant experimental obstacle in our in vitro competition assay,
we did not use UQ8 as a competitor.

Localization of the region labeled by [125I]PAD-3, [125I]PAD-4,
and [125I]PKRD-1

The photoaffinity labeling was conducted using an oxidized
form of Na1-NQR because the addition of NADH remarkably
reduces the labeling yields (Fig. 3). To localize the regions la-
beled by [125I]PAD-3, [125I]PAD-4, and [125I]PKRD-1 in the
NqrB subunit, the labeled NqrB was isolated from the Schäg-
ger-type SDS gel and digested by lysylendopeptidase (Lys-C) or
endoprotease Asp-N (Asp-N). The Lys-C and Asp-N digests of
the NqrB labeled by [125I]PAD-3 gave radioactive bands with
apparent molecular masses of ;4 and ;12 kDa, respectively

(Fig. 5A). On the basis of the theoretical cleavage sites (Fig. 5B),
the Lys-C and Asp-N digests may include the peptides His153–
Lys191 (4.2 kDa, L1) and Asp1152Gly222 (11.7 kDa, A1), respec-
tively. Therefore, [125I]PAD-3 likely labels in the region His153–
Lys191 (L1), shown in yellow in Fig. 2D. The L1 fragment begins
with the cytoplasmic loop connecting transmembrane helixes
(TMHs) 223 and includes TMHs 3 and 4 as well as the loop
connecting them. In this region, the labeled residue(s) may lie
in the cytoplasmic loop, not in the transmembrane segments,
as discussed later.
The Asp-N digestion of the NqrB labeled by [125I]PAD-4

or [125I]PKRD-1 gave radioactive bands of ;12 and ;6 kDa
(Fig. 5A). The ;6-kDa band may contain the peptide Asp9–
Val51 (4.9 kDa, A2) or Asp49–Gly89 (4.6 kDa, A3) or both (Fig.
5B), although the two peptides are indistinguishable on the
SDS gel. This assignment is supported by the fact that the;6-
kDa band disappeared when the NqrB-D49A/D52A mutant

Figure 5. Localization of the region labeled by [125I]PAD-3, [125I]PAD-4, and [125I]PKRD-1 in Na1-NQR. A, the WT Na1-NQR (900 nM), labeled by [125I]
PAD-3, [125I]PAD-4, or [125I]PKRD-1 (5.0 nM), was separated on a 16% Schägger-type SDS gel (16% T, 3% C), followed by the partial isolation of the NqrB subunit
by electroelution. The D49A/D52Amutant Na1-NQR was also labeled by [125I]PAD-4 under then same experimental conditions. The labeled NqrB subunit was
digested with Lys-C or Asp-N, and the digests were resolved by SDS-PAGE using a 16% Schägger-type SDS gel (16% T, 6% C containing 6.0 M urea). The SDS
gel was subjected to autoradiography. All data are representative of three independent experiments. B, schematic presentation of the digestion of the NqrB
subunit by Lys-C or Asp-N. The predicted cleavage sites are denoted by arrows and marked with their residue numbers in the sequences of V. cholerae NqrB
subunit (SwissProt entry Q9KPS2).
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enzyme labeled by [125I]PAD-4 was digested by Asp-N,
although the expected new band (9.2 kDa, A4) was not dis-
tinctly detected (Fig. 5A, far right). Note that we will describe
the reason why we prepared this mutant enzyme in the next
section. Thus, because [125I]PAD-4may label the N terminus of
NqrB, it is reasonable to consider that the observed ;4-kDa
band of the Lys-C digestion contains the peptide Trp23–Lys54

(3.7 kDa, L2) in addition to His153–Lys191 (4.2 kDa, L1) that is
identical to the region labeled by [125I]PAD-3 (above). Taken
together, [125I]PAD-4 and [125I]PKRD-1 label the two regions,
the N terminus (possible fragments: Trp23–Lys54 (L2), Trp23–
Val51, or Asp49–Lys54) and His153–Lys191 (L1). We cannot
unequivocally assign the labeled region to one of the three pep-
tides in the N terminus (Trp23–Lys54 (L2), Trp23–Val51, or
Asp49–Lys54) because the possible Asp-N digests (Asp9–Val51

(A2) and Asp49–Gly89 (A3)) are indistinguishable. In any case,
the three peptides (Trp23–Lys54 (L2), Trp23–Val51, and Asp49–
Lys54) are all located in the protruding N-terminal stretch of
NqrB that anchors NqrA toNqrB.We have tentatively assigned
the longest peptide Trp23–Lys54 (L2) as the labeled region in
the stretch and highlighted this sequence in Fig. 2D (dark
brown). Note that in Fig. 2D, the fragment L2 is indicated as
Gly38–Lys54 (rather than the complete Trp23–Lys54) because a
portion of L2 (Tyr23–Pro37) is not present in the structural
model. These results, taken together, indicate that [125I]PAD-3
labels L1 (His153–Lys191), whereas [125I]PAD-4 and [125I]PKRD-1
label both L1 and L2 (Trp23–Lys54). These two regions are
adjacent to each other at the cytoplasmic area of NqrB.

Photoaffinity labeling of Na1-NQR mutants by [125I]PAD-3,
[125I]PAD-4, and [125I]PKRD-1

The present results, together with those of the previous study
(14) indicate that the potent inhibitors (aurachin D-42 and kor-
ormicin) bind to an area on the cytoplasmic surface of NqrB,
which is close to, or in contact with the binding pocket for the
UQ head-ring in NqrA (Fig. 2, C–E). To search for potential
reaction partner(s) of ACT in this region, we tentatively
focused on four nucleophilic carboxylic residues: NqrB-Asp49,
Asp52, Glu154, and Glu157 (Fig. 2, D and E). Asp49 and Asp52 are
located in the protruding N-terminal stretch and are highly
conserved across many bacterial species (Fig. S5). There are
four other carboxylic residues in the N-terminal stretch (Asp9,
Glu15, Glu21, and Glu28), which we did not consider because
they are in the region Met12Pro37 that was not structurally
modeled (13). Glu154 and Glu157, which are located in the loop
connecting TMHs 223, are close to the root of the N-terminal
stretch. We constructed five mutants (D49A, D52A, D49A/
D52A, E154A, and E157A) and carried out photoaffinity label-
ing experiments on each of them.
Before conducting the photoaffinity labeling, we measured

the NADH-UQ1 oxidoreductase activities of the isolated mu-
tant enzymes (Table 1). A UQ1 concentration of 50 mM was
chosen because this results in an apparently maximum activity.
Although all mutations affected the enzyme activity, Asp49 and
Asp52, which reside in the N-terminal stretch, appear to be im-
portant for the catalytic activity. Because earlier mutagenesis
studies (35–38) had the goal of identifying the pathway for Na1

translocation, they focused on the transmembrane segments of
the subunits NqrB, NqrD, and NqrE. The present results are
the first to use mutagenesis to show the importance of residues
in the N-terminal stretch of NqrB for the catalytic activity of
the enzyme.
Next, each of the isolated mutants (900 nM) was labeled by

[125I]PAD-3 or [125I]PAD-4 (5.0 nM each); the extents of label-
ing are summarized in Fig. 6. No mutant completely lost the
reactivity with [125I]PAD-3 and [125I]PAD-4, indicating that
none of the four residues is the sole reaction partner of the
ACT group in any of the inhibitors. Decreases in the labeling of
the D52A and D49A/D52A mutants were relatively significant
among the five mutants. In the case of [125I]PKRD-1, decreases
in the labeling of the D49A and D52A mutants were relatively
significant (Fig. 6). The D49A/D52Amutant does not appear to
decrease labeling significantly from the single mutants. This is
probably because the flexible side chains of the inhibitors would
enable ACT to react with multiple nucleophilic amino acid res-
idues (in addition to Asp49 and Asp52), which reside on the
cytoplasmic surface of the NqrB subunit including the protrud-
ingN-terminal stretch.
As is sometimes the case with this type of experiments using

mutated enzymes, it is difficult to discriminate whether the
decrease in the labeling yield is due to deletion of the reaction
partner or due to reduction in the binding affinity of inhibitor
itself because of some structural change in its binding environ-
ment brought about by the mutation. Accordingly, whereas we
cannot simply assign Asp49 and/or Asp52 as the reaction part-
ners of the ACT group, together with the results of the photoaf-
finity labeling (Fig. 5), it is highly likely that the inhibitor mole-
cules interact directly with the protruding N-terminal stretch
in NqrB.

Effects of korormicin on the labeling of cysteines in NqrB by
eosin-5-maleimide

There are only two cysteines in the NqrB subunit (Cys148 and
Cys368) of a total of 21 cysteines in V. cholerae Na1-NQR.
NqrB-Cys148 is located on the cytoplasmic surface, adjacent to
the inhibitor binding region identified above (i.e. the loop con-
necting TMHs 223) (Fig. S6). On the other hand, NqrB-Cys368,
which resides in TMH 9 is surrounded by several other TMHs
and is far from the inhibitor-binding region (Fig. S6). To con-
firm that korormicin binds to the cytoplasmic surface of NqrB,
we examined the effects of korormicin on the labeling of both
cysteines by the fluorescent SH-reagent eosin-5-maleimide
(EMA).

Table 1
Relative catalytic activity of the mutated enzymes

Enzyme Relative enzyme activity (%)a

WT 100
NqrB-D49A 44 (6 5)
NqrB-D52A 76 (6 8)
NqrB-D49A/D52A 41 (6 3)
NqrB-E154A 157 (6 18)
NqrB-E157A 44 (6 7)
aThe catalytic enzyme activity was determined in the NADH-UQ1 oxidoreductase assay.
The averaged activity of the WT enzyme was 5.1 (6 0.3) mmol of UQ1/min/mmol of
Na1-NQR. The concentrations of Na1-NQR, NADH, and UQ1 were set to 0.20 mg/ml
(0.90 nM), 100 mM, and 50 mM, respectively. Values are mean6 S.E. (n = 3–4).
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In the absence of inhibitors, EMA (5.0 mM) nonselectively la-
beled the cysteine residues of Na1-NQR (900 nM) (Fig. 7A).
Note that the reactivity of each of the cysteines may vary
depending on its local environment particularly because EMA
is a bulky SH-reagent. Korormicin and aurachin D-42 (5.0 mM

each) significantly suppressed the labeling of NqrB (by ;60%,
Fig. 7A), whereas the labeling of other subunits was barely influ-
enced. However, solely from this result, we cannot know
whether the inhibitors suppressed labeling of Cys148, Cys368, or
both.
To discriminate the effect of the inhibitors on labeling of the

two cysteines, the labeled NqrB subunit was subjected to pro-
teolytic digestion. The bands corresponding to the labeled
NqrB were isolated from the Schägger-type SDS gel, digested
with Lys-C and the fragments were separated on a second gel
(Fig. 7B). To assign the bands on the gel, corresponding to the
proteolytic fragments, we were able to use the fact that NqrB
contains a natural fluorophore, the FMN cofactor covalently
attached to Thr236 (39, 40). To discriminate between the fluo-
rescence from FMN and EMA, the SDS gel was read using a
FLA-5100 imaging system (FUJIFILM, Tokyo) under two dif-
ferent scanning conditions: A: 473 nm laser and LPB filter
(emission wavelengths shorter than 510 nm are cut-off) and B:

532 nm laser and LPG filter (emission wavelengths shorter than
575 nm are cut-off). Because the maximum emission wave-
length of FMN (lex 448 nm and lem 514 nm) is shorter than
that of EMA (lex 524 nm and lem 545 nm) (41), the fluores-
cence from the EMA is expected to be dominant under condi-
tion B (Fig. 7B, panel b). On the other hand, fluorescence both
from FMN and EMA can be detected in condition A (Fig. 7B,
panel a).
The Lys-C digestion gave five main fluorescent bands

with approximate sizes of 20 kDa (band 1), 16 kDa (band 2),
8 kDa (band 3), 6 kDa (band 4), and 4 kDa (band 5) (Fig. 7B,
panels a and b). The intensity of bands 1 and 2 drops signifi-
cantly between scanning conditions A and B, indicating that
the fluorescence is predominantly due to FMN. In contrast,
the intensity of bands 3, 4, and 5 is approximately the same
in both conditions, suggesting that the fluorescence is pre-
dominantly due to EMA. On the basis of theoretical cleavage
sites (Fig. 7C), band 1 is likely to be either His153–Lys357

(22.1 kDa) or Glu192–Lys406 (23.4 kDa), whereas band 2 can
be assigned as Glu192–Lys357 (17.9 kDa). Bands 3, 4, and 5,
which are labeled by EMA but do not contain FMN, can be
assigned as Met122–Lys191 (7.8 kDa, containing Cys148),
Trp358–Lys406 (5.5 kDa, containing Cys368), and Met122–
Lys152 (3.6 kDa, containing Cys148), respectively. The fluores-
cence intensity of band 4 is significantly weaker than that of
bands 3 and 5. This is probably because Cys368 is buried among
multiple TMHs (Fig. S6) and, hence, its reactivity to EMA is
masked. When korormicin was introduced into the labeling
reaction, the fluorescence intensities of bands 3 and 5
decreased markedly, whereas the intensity of band 4 was
almost unchanged. Altogether, these results indicate that
korormicin predominantly suppresses the labeling of NqrB-
Cys148, corroborating that this inhibitor binds near the cyto-
plasmic surface of the NqrB subunit.

Competition between [125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1
and other inhibitors

We previously reported that the extents of the photoaffinity
labeling of V. choleraeNa1-NQR by [125I]PAD-1 or [125I]PAD-
2 are enhanced in the presence of other inhibitors under some
experimental conditions, rather than being competitively sup-
pressed (14). Notably, because this unusual competitive behav-
ior was observed even in the presence of an excess of PAD-1 or
PAD-2 (i.e. the nonradioactive forms of the same compounds),
we cannot explain this phenomenon by a simple scenario in
which [125I]PAD-1 or [125I]PAD-2 and various competitors
share a common binding pocket in the enzyme. Therefore, we
proposed an equilibrium state model assuming two distinct in-
hibitor-bound states (i.e. one-inhibitor- and two-inhibitor-
bound states), as briefly described in the Introduction. To
examine whether this unusual competitive behavior could be a
more general phenomenon, rather than being dependent on
the specific chemical frameworks of different inhibitor probes
and photolabile groups, we carried out competition tests using
[125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1.
First, the labeling of Na1-NQR (900 nM) by [125I]PAD-3 (5.0

nM) was conducted in the presence of a wide concentration

Figure 6. Photoaffinity labeling of Na1-NQR mutants by [125I]PAD-3,
[125I]PAD-4, or [125I]PKRD-1. The five mutants (NqrB-D49A, -D52A, -D49A/
D52A, -E154A, and -E157A, 900 nM each) (panel A) and the two mutants
(NqrB-G140A and -G141A, 900 nM each) (panel B) were labeled by each inhibi-
tor probe (5.0 nM). The experimental conditions are the same as those in Fig.
3. The extent of labeling of the WT enzyme was used as a control (100%). Val-
ues in graphs aremean6 S.E. (n = 32 5). **, p, 0.01 compared with control
(one-way analysis of variance followed by Dunnett’s test).
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range (2–5,000 nM) of other inhibitors (PAD-3, aurachin D-42,
or korormicin A). In this, and the following competition tests,
we included a nonradioactive form of each inhibitor probe,
which can also cross-link to the enzyme, as one of the competi-
tors. When PAD-3 was used as the competitor, ;40% of the
radioactivity in the control lane remained even in the presence
of a 100-fold excess (500 nM) of the nonradioactive species,
whereas ;20% remained even with a 1000-fold excess (5000
nM) (Fig. 8A). In the case of aurachin D-42, the extent of label-
ing was almost unchanged in the presence of aurachin D-42 up
to 5000 nM (Fig. 8A). In the presence of a 1000-fold excess of
korormicin A, the extent of labeling decreased to ;30% of the
control lane (Fig. 8A).
Next, we conducted competition tests between [125I]PAD-4

and other inhibitors (PAD-4, aurachin D-42, or korormicin A)
under the same experimental conditions. As shown in Fig. 8B,
similar results to those for [125I]PAD-3 were observed. Clearly,
the competition behavior between [125I]PAD-3 or [125I]PAD-4
and the various competitors is inconsistent with the pattern
anticipated when different inhibitors share a common binding
site. We conclude, therefore, that the unusual competitive
behavior is also the case for [125I]PAD-3 and [125I]PAD-4 irre-
spective of the different reactivities of the photolabile groups
(ACT versus phenylazido). When competition tests were car-

ried out with [125I]PAD-1 and [125I]PAD-2 under the same ex-
perimental conditions, as the concentration of the competitor
was increased, the labeling yield initially increased before
decreasing at even higher concentrations of competitor (14).
This initial increase in labeling yield was never observed for
[125I]PAD-3 or [125I]PAD-4. This is not inconsistent with our
equilibrium state model (14), in which the competition profiles
are determined by multiple parameters that reflect physico-
chemical properties of the inhibitor probes, such as binding af-
finity and cross-linking yield.
Finally, we conducted competition tests between the koror-

micin A derivative [125I]PKRD-1 (5.0 nM) and other inhibitors
(PKRD-1, korormicin A, and aurachin D-42). Substantial label-
ing (;50–60%) was retained even in the presence of a 100-fold
excess of PKRD-1 or korormicin A (500 nM) (Fig. 8C), whereas
almost complete suppression of labeling was achieved with
1,000-fold excess (5.0 mM) of either competitor. When aurachin
D-42 was used as a competitor, ;60% of the radioactivity
remained in the presence of a 1,000-fold excess (5.0 mM). Alto-
gether, these results indicate that the unusual competitive
behavior is not limited to aurachin derivatives but is a more
general phenomenon that is independent of the different
chemical frameworks of the inhibitor probes (aurachins ver-
sus korormicins).

Figure 7. Effect of korormicin on the labeling of cysteines in NqrB by EMA. A, Na1-NQR (900 nM) was labeled by EMA (5.0 mM) in the presence or absence
of korormicin or aurachin-D42 (5.0mM each). The labeled enzyme was separated on a 16% Schägger-type SDS gel (16% T, 3% C). The SDS gel was subjected to
fluorescent gel imaging for EMA with a FLA-5100 imaging system (FUJIFILM) using 532 nm laser and LPG filter (emission wavelengths shorter than 575 nm is
cut-off). B, the labeled enzymewas separated on a 16% Schägger-type SDS gel (16% T, 3% C), followed by the partial isolation of NqrB by electroelution. The la-
beled NqrB subunit was digested with Lys-C, and the digests were resolved by SDS-PAGE using a 16% Schägger-type SDS gel (16% T, 6% C containing 6.0 M

urea). The migration pattern of the digests was visualized by fluorescence of FMN (panel a) and EMA (panel b). In panels a and b, fluorescence was detected
using 473 nm laser and LPB filter (emission wavelengths shorter than 510 nm are cut-off) and 532 nm laser and LPG filter (emission wavelengths shorter than
575 nm are cut-off), respectively. All data are representative of three independent experiments. C, schematic presentation of the digestion of the NqrB subunit
by Lys-C. The positions of Cys148, Cys368, and FMN phosphoryl threonine (Thr236) are indicated. The predicted cleavage sites are denoted by arrows andmarked
with their residue numbers in the sequences of V. choleraeNqrB subunit (SwissProt entry Q9KPS2).

Binding sites for inhibitors in V. cholerae Na1-NQR

12748 J. Biol. Chem. (2020) 295(36) 12739–12754



Discussion
Na1-NQR is anticipated to be a promising target of antibiotics

because it is an exclusively prokaryotic enzyme, not found in
eukaryotes, and it plays an important role in both bioenergetics
and homeostasis in many pathogenic bacteria (24–26). However,
in contrast to extensive studies on numerous inhibitors of mito-
chondrial respiratory enzymes (both from basic and applied sci-
entific points of view), studies on Na1-NQR inhibitors have been
highly limited. Here we investigated the mechanisms of action of

several potent inhibitors of V. cholerae Na1-NQR mainly by
addressing some unsettled issues in our previous work (14). New
information obtained in the present study can be summarized
into the following three points: (i) korormicin A, like aurachin-D
type inhibitors, binds to the cytoplasmic surface of the NqrB sub-
unit including the protruding N-terminal stretch, (ii) the binding
locations of UQ and the inhibitors partially overlap in the interfa-
cial region between NqrA andNqrB close to the cytoplasmic sur-
face, and (iii) the unusual competitive behavior, which was first

Figure 8. Competition tests between [125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1 and other inhibitors. A, the labeling of Na1-NQR (900 nM) by [125I]PAD-3
(5.0 nM) was conducted in the presence of PAD-3, aurachin D-42, or korormicin A. B, the labeling by [125I]PAD-4 (5.0 nM) was conducted in the presence of
PAD-4, aurachin D-42, or korormicin A. C, the labeling by [125I]PKRD-1 (5.0 nM) was performed in the presence of PKRD-1, aurachin D-42, or korormicin A. Values
in graphs are mean6 S.E. (n = 3).
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observed for [125I]PAD-1 and [125I]PAD-2 (14), is observed with
all inhibitors tested irrespective of their different chemical frame-
works, corroborating our previous proposal that there are two
binding sites for inhibitors in the enzyme (14). We will discuss
each of these findings below.
First, we found that the korormicin derivative [125I]PKRD-1

labels two regions in NqrB: one is Trp23–Lys54 (L2, Fig. 2,D and
E, dark brown) in the protruding N-terminal stretch and the
other is His1532Lys191 (L1) that includes the cytoplasmic
loop connecting TMHs 223 and TMHs 3 and 4 (Figs. 2, D
and E, yellow). [125I]PAD-4 labeled the same two regions,
whereas [125I]PAD-3 predominantly labeled one of the two
regions, His1532Lys191 (L1). Considering that [125I]PAD-1
and [125I]PAD-2 also labeled the N-terminal stretch (Fig.
2C) and that all of the aurachin derivatives ([125I]PAD-12
[125I]PAD-4) have a quinolone ring as a common toxophore,
it is reasonable to assume that the binding positions of their quin-
olone rings overlap somewhere on the N-terminal stretch irre-
spective of their different side chain structures. Given this, we
reason that the residue(s) labeled by [125I]PAD-3, [125I]PAD-4,
and [125I]PKRD-1 in the region His1532Lys191 (L1) lies in the
cytoplasmic loop connecting TMHs 223 (His1532Gly158 (yellow
spheres), Fig. 2D), not at transmembrane segments because this
loop is the closest area in the region to the protruding stretch.
Collectively, we conclude that different types of inhibitors all
bind to the cytoplasmic surface regions of NqrB in a similar man-
ner such that the toxophoric moiety (i.e. the lactone and quino-
lone rings of korormicin and aurachins, respectively) orients to
the N-terminal stretch, but their side chain moieties are flexibly
positioned in the cytoplasmic surface area. The significant sup-
pressive effect of korormicin on the labeling of NqrB-Cys148 by
EMA (Fig. 7) is consistent with this notion.
Although the crystallographic positions of the two labeled

regions in NqrB (Trp23–Lys54 (L2) and the loop (His1532Gly158))
appear to be somewhat distant from one another (Fig. 2D), we
cannot exclude the possibility that the conformations of NqrB
(including the protruding N-terminal stretch) in the crystallo-
graphic structure are not exactly the same as those in the native
enzyme. In support of this, there is a consensus that for electron
transfer to occur at a physiologically relevant rate from ribofla-
vinNqrB/E to UQ in the predicted cavity in NqrA, a large spatial
gap (;40 Å) between the two redox centers must be reduced
(13). To do so, the cytoplasmic interfacial area between NqrA
and NqrB would need to undergo substantial structural rear-
rangements. Taken together, we propose that the potent inhibi-
tors block the structural rearrangements required for facilitating
reduction of UQ in the adjacent NqrA. In addition to this effect,
direct interference in UQ binding by inhibitors should not be
ignored, as discussed later.
Hayashi et al. (20) reported that a spontaneous mutation at

Gly140 (G140V) in the NqrB subunit of V. alginolyticus Na1-
NQR confers remarkable resistance against korormicin A com-
pared with the WT enzyme. We previously showed that the
corresponding mutant in V. cholerae NqrB-G141A gives mod-
erate (;160-fold) resistance to korormicin A, whereas a substi-
tution at the adjacent residue, G140A, confers very significant
(.10,000-fold) resistance (14). Based on the crystallographic
structure (13), these residues reside in TMH 2 under the loop

described above (His1532Gly158) (Fig. S7), and are some dis-
tance from the binding region identified in this study. Earlier
FT-IR and biochemical studies suggested that a change in the
size of the residue at positions 140 or 141 in the V. cholerae
NqrB sequence has an indirect effect on the UQ reaction in
some way, and that the residues are not actually part of the
binding site for UQ (8, 10). To know whether korormicin A
retains its binding affinity to the V. cholerae NqrB-G140A and
-G141A mutants, we carried out photoaffinity labeling experi-
ments on these mutated enzymes using [125I]PKRD-1. In this
case, the labeling efficiencies were essentially unchanged com-
pared with the WT enzyme (Fig. 6B); that is, there was no loss
of binding affinity to the enzyme.We previously observed simi-
lar results using [125I]PAD-2; namely, although NqrB-G140A
conferred significant resistance to PAD-2, the labeling of this
mutated enzyme by [125I]PAD-2 did not decrease compared
with the WT enzyme (14). Taking these findings together, it is
likely that the resistance against korormicin A is not due to
diminished binding affinity toward the mutated enzyme. It
remains to be elucidated why the ability of korormicin A to in-
hibit electron transfer from riboflavinNqrB/E to UQ significantly
decreased in the G140A and G141Amutants.
Next, we consider the binding locations of UQ and the inhib-

itors and how they are spatially related. This is critical for
understanding how inhibitors interfere with the UQ reaction.
The crystallographic study suggested that the NqrA subunit
includes a pocket that is large enough to accommodate the UQ
head-ring, although the pocket is ;20 Å above the membrane
surface (13). We previously showed that the head-ring of a
short-chain UQ photoaffinity probe (PUQ-3) indeed binds to
this pocket (14). The protruding N-terminal stretch of NqrB
may be flexible because the tip (Met1–Pro37) of the stretch is
apparently disordered (13). This stretch seems to anchor a do-
main of NqrA, which includes the pocket, to NqrB. Given these
structural characteristics, we cannot rule out the possibility
that whereas the polar head-ring of UQ8 orients to the NqrA
subunit, its long isoprenyl chain could anchor into the mem-
brane-embedded part of the enzyme by binding to the adjacent
transmembrane subunit NqrB. This role of the isoprenyl chain,
along with the predicted flexibility of the protruding stretch of
NqrB, could reduce the distance between riboflavinNqrB/E and
the UQ head-ring bound in NqrA, allowing electron transfer to
take place. If this is the case, there may be some overlapping (or
obstruction) between UQ8 and inhibitor molecules at the cyto-
plasmic interface between NqrA and NqrB. The results of the
competition between short-chain UQs and the inhibitor probes
corroborate this notion (Fig. 4). Altogether, whereas the UQ
head-ring and the toxophoric ring of inhibitors do not directly
overlap, their side chain moieties may interfere with each other.
We conclude that the inhibitors interfere with the UQ reaction in
two ways: one is blocking structural rearrangements at the cyto-
plasmic interface between NqrA and NqrB and the other is the
direct obstruction of the binding of UQ at this interfacial area.
We next discuss an alternative proposal about the catalytic

binding position for the UQ head-ring in Na1-NQR. Based on
alanine scanning mutagenesis of amino acid residues in mem-
brane subunits NqrB and NqrD of V. choleraeNa1-NQR, Raba
et al. (42, 43) proposed that the catalytic site for the UQ head-
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ring is located at the interface of transmembrane segments of
NqrB and NqrD (Fig. S8), where the key residues forming the
reaction pocket for the UQ head-ring and also for the quino-
lone ring of HQNO are Phe185 and Phe211 in TMHs 4 and 5 of
NqrB, respectively, and Pro185, Leu190, and Phe193 in TMH 6 of
NqrD. In contrast, photoaffinity labeling studies using different
photolabile UQs showed that the UQ head-ring binds to the
NqrA subunit (7, 14). Because the studies by Raba et al. (42, 43)
are largely based on Michaelis-Menten-type kinetic analyses of
the activities of site-directed mutant enzymes, it is difficult to
determine whether the proposed critical residues are directly
involved in the interaction with the UQ ring or whether the
mutations indirectly affect the UQ reaction by inducing long-
range structural changes. It should be remembered that during
catalytic turnover the subunits harboring the cofactors and the
UQ-binding pocket need to undergo substantial conforma-
tional rearrangements that reduce the long distances for elec-
tron transfer (13); therefore the likelihood of the mutations
having such indirect effects is high. More importantly, the UQ-
binding pocket proposed by Raba et al. (42, 43) is not only
located between FMNNqrB (at the periplasmic surface) and
riboflavinNqrB/E (at the cytoplasmic surface) but is also spatially
closer to the former (;21 Å) than the latter (;36 Å) (Fig. S8).
This positioning of the UQ head-ring seems difficult to recon-
cile with the current consensus on the electron transfer path-
way in the enzyme (based on stopped-flow kinetics and cofac-
tor-deletion mutants), in which electrons move from FMNNqrB

to riboflavinNqrB/E, and from riboflavinNqrB/E to UQ (2, 4, 11,
13). As revealed in this study, it is reasonable to consider that
the binding positions of UQ and inhibitors are located at the
cytoplasmic interface of the NqrA and NqrB subunits, where
these sites overlap partially.
Finally, we discuss the unusual competitive behavior be-

tween the photoreactive inhibitor probes and competitors. The
present study revealed that this phenomenon is general irre-
spective of different chemical frameworks of the inhibitor
probes and different reactivities of their photolabile groups.
Nevertheless, the competition profiles varied somewhat among
different pairs of inhibitor/competitor tested. In particular,
increases in labeling in the presence of some concentrations
of competitor, as observed for [125I]PAD-1 and [125I]PAD-2
(14), were not observed for [125I]PAD-3, [125I]PAD-4, and
[125I]PKRD-1. These results are not inconsistent with our
equilibrium model (14), in which the competition profiles
are determined by multiple parameters that vary depending
on physicochemical properties of the paired inhibitor/com-
petitor, such as the relative binding affinities of the inhibi-
tors and cross-linking yields in the two inhibitor-bound
states (i.e. one- and two-inhibitor-bound states). To obtain a
mechanistic clue to the unusual competitive behavior, we
conducted competition tests between [125I]PAD-3 and PAD-3
in the presence of UQ1 (50 mM), which partially suppresses the
labeling by [125I]PAD-3 (Fig. 4). We designed this experiment
anticipating that if UQ1 masks one of the two inhibitor-binding
sites, typical competition would be restored. However, the
competition profile remained unchanged compared with that
observed in the absence of UQ1, except for overall slight
decreases in the labeling yields (Fig. S9). Thus, the presence

of UQ has no influence on the unusual competitive behavior.
Further studies using varying approaches are needed to eluci-
date the mechanistic details of this phenomenon.

Experimental procedures

Materials

UQ1 and UQ2 were kind gifts from Eisai (Tokyo, Japan). Pro-
tein standards (Precision Plus Protein Standards Dual Xtra) for
SDS-PAGEwere purchased from Bio-Rad. EMAwas purchased
from Life Technologies, Inc. [125I]NaI was purchased from Per-
kinElmer Life Sciences. n-Dodecyl-b-D-maltoside (DDM) and
lauryldimethylamine N-oxide (LDAO) were purchased from
Dojindo (Kumamoto, Japan) and Sigma-Aldrich, respectively.
Other reagents were all of analytical grade.

Syntheses of PAD-3, [125I]PAD-3, PAD-4, [125I]PAD-4, PKRD-1,
and [125I]PKRD-1

The synthetic procedures for PAD-3, PAD-4, and PKRD-1
together with their 125I-incorporated derivatives ([125I]PAD-3,
[125I]PAD-4, and [125I]PKRD-1) are described in the supporting
data (Schemes S1–S3). All compounds were characterized by
1H and 13CNMR spectroscopy andMS.

Plasmid construction and purification of Na1-NQR

Site-directed mutants were obtained using the QuikChange
Lightning and QuikChange II XL mutagenesis kits (Agilent) as
reported before (44). The sequences of the forward primers are
listed in Table 2.
RecombinantWT and mutant Na1-NQR strains were grown

in LB (Miller) medium as reported before (44) in 30-liter fer-
menters (New Brunswick BF-5000, Microbiology Core Facilty,
CBIS, RPI) at 37 °C with constant agitation (300 rpm). The
expression of the nqr operon was induced by adding arabinose.
Cells were harvested, washed, and broken in the buffer (50 mM

Tris-HCl (pH 8.0), 300mMNaCl, 10 mMMgCl2) in the presence
of DNase and protease inhibitors. Membranes were obtained by
ultracentrifugation (100,000 3 g) and washed with a medium
containing 5mM imidazole, 300mMNaCl, and 0.05% glycerol.
WT and mutant Na1-NQRs were purified by nickel-nitrilo-

triacetic acid affinity chromatography and anion exchange
DEAE chromatography as reported before (14, 45). For the
preparation of LDAO-washed Na1-NQR (10, 14), the enzyme
stock solution (50 ml) was diluted in a 20-fold volume with a
washing buffer (50 mM Tris-HCl, 1.0 mM EDTA, 5% glycerol,
and 0.05% LDAO, pH 8.0), concentrated with a centrifugal filter
Amicon Ultra 100 K (Merck-Millipore, Billerica, MA), diluted
20-fold again, and re-concentrated.

Measurement of the electron transfer activity of Na1-NQR

The NADH-ubiquinone oxidoreductase activity of purified
Na1-NQR was determined by following reduction of UQ1 or
UQ2 at 282 nm (e = 14.5 mM

21 cm21) with a Shimadzu UV-
3000 instrument at 30 ˚C (14). The reaction medium (2.5 ml)
contained 5% glycerol, 0.05% DDM, 1.0 mM EDTA, 100 mM

NaCl, and 50 mM Tris-HCl (pH 8.0). The final enzyme concen-
tration was set to 0.90 nM. The reaction was started by the
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addition of 100 mM NADH after the incubation of the enzyme
with ubiquinone for 1 min. The kinetic parameters of ubiqui-
none reduction were determined by fitting the experimental
data to the Michaelis-Menten equation using Prism (version 8,
GraphPad, La Jolla, CA). When the effects of inhibitor were
examined, the enzyme was incubated with inhibitor for 1 min
before the addition of ubiquinone.

Photoaffinity labeling of Na1-NQR by [125I]PAD-3,
[125I]PAD-4, and [125I]PKRD-1

LDAO-washed Na1-NQR was suspended in the buffer
(100 mMNaCl, 5% glycerol, 0.05% LDAO, and 50mMTris-HCl,
pH 8.0). The enzyme solution (900 nM, 20 ml) was incubated
in a 1.5-ml Eppendorf tube with [125I]PAD-3, [125I]PAD-4, or
[125I]PKRD-1 (5.0 nM each) for 5 min at room temperature.
Then, the sample was irradiated with a 100 W Xe lamp (LAX-
103, Asahi Spectra, Tokyo, Japan) through an UVA mirror
module (3002400 nm) for 5 min on ice, positioned 10 cm from
the light source (14). When we conducted competition tests
between [125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1 and vari-
ous competitors, the competitor was added to the enzyme and
incubated for 5min at room temperature prior to the treatment
with the 125I-incorporated inhibitor.
The labeling reaction was quenched by addition of an appro-

priate volume of 43 Laemmli’s sample buffer, followed by the
separation of the subunits on a 15% Laemmli-type SDS gel con-
taining 6.0 M urea (46). The gel was stained with Coomassie
Brilliant Blue, dried, exposed to an imaging plate (BAS-
MS2040, FUJIFILM, Tokyo, Japan) for 12–48 h, and visualized
with the FLA-5100 Bio-Imaging analyzer (FUJIFILM). The
radioactivity of each band was quantified with Multi-Gauge
(FUJIFILM). As Na1-NQR containing covalently bound FMN
in NqrB and NqrC was able to be visualized using a 473-nm
light source and an LPB emission filter (510 nm), the FMN-
based fluorescence was used as a loading control for SDS-
PAGE throughout this study (39, 40).

Labeling of cysteines in Na1-NQR by EMA

LDAO-washed Na1-NQR was suspended in the buffer (100
mM NaCl, 5% glycerol, 0.05% LDAO, and 50 mM Tris-HCl, pH
8.0). The enzyme solution (900 nM, 20 ml) was incubated with
EMA (5.0 mM) for 5 min on ice. The reaction was terminated by
the addition of DTT (40 mM, 1 ml), followed by the separation
of the proteins on a 16% Schägger-type SDS gel (16% T, 3% C)
(47). The proteins modified by EMA were visualized using the
model FLA-5100 Bio-imaging analyzer (FUJIFILM) with a 473-

nm light source and LPB filter or 532-nm light source and LPG
filter.

Proteomic analysis

For proteomic analyses of the NqrB subunit labeled by
[125I]PAD-3, [125I]PAD-4, or [125I]PKRD-1, NqrB was recov-
ered from the SDS gel by direct diffusion. The slice of unfixed
SDS gel was vigorously stirred for 12–16 h in a buffer containing
0.1 M NH4HCO3, 0.1% (w/v) SDS, and 1% 2-mercaptoethanol.
The purified subunit was digested with lysylendopeptidase (Lys-
C,Wako Pure Chemicals, Osaka, Japan) or endoprotease Asp-N
(Roche Applied Science) in 50 mM Tris-HCl buffer containing
0.1% SDS or 50 mM NaPi buffer containing 0.01% SDS, respec-
tively. These digests were separated on a Schägger-type SDS gel
(16.5%T, 6% C containing 6.0 M urea) (47).

Data availability

All data described in the manuscript are contained within
themanuscript and supporting data.
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