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The ion-pumping NQR complex is an essential respiratory
enzyme in the physiology of many pathogenic bacteria. This
enzyme transfers electrons from NADH to ubiquinone through
several cofactors, including riboflavin (vitamin B2). NQR is the
only enzyme reported that is able to use riboflavin as a cofactor.
Moreover, the riboflavin molecule is found as a stable neutral
semiquinone radical. The otherwise highly reactive unpaired
electron is stabilized via an unknown mechanism. Crystallo-
graphic data suggested that riboflavin might be found in a
superficially located site in the interface of NQR subunits B and
E. However, this location is highly problematic, as the site does
not have the expected physiochemical properties. In this work,
we have located the riboflavin-binding site in an amphipathic
pocket in subunit B, previously proposed to be the entry site of
sodium. Here, we show that this site contains absolutely
conserved residues, including N200, N203, and D346. Muta-
tions of these residues decrease enzymatic activity and specif-
ically block the ability of NQR to bind riboflavin. Docking
analysis and molecular dynamics simulations indicate that
these residues participate directly in riboflavin binding, estab-
lishing hydrogen bonds that stabilize the cofactor in the site.
We conclude that riboflavin is likely bound in the proposed
pocket, which is consistent with enzymatic characterizations,
thermodynamic studies, and distance between cofactors.

The ion-pumping respiratory complex NQR1 is the first
enzyme in the electron transport chain of Vibrio cholerae and
many other human pathogenic bacteria (1–4). NQR catalyzes
the electron transfer from NADH to ubiquinone (UQ) (1, 5, 6),
similar to the activity of mitochondrial complex I. In
V. cholerae, NQR activity is coupled to the pumping of sodium
ions, which generates a transmembrane electrochemical
gradient (7). The ion gradient is used to support many
essential processes, such as pH regulation, drug efflux, nutrient
transport, flagellum rotation, (2, 3, 8–10). NQR also plays an
important role in the production of virulence factors such as
the cholera toxin and the toxin coregulated pillus (11, 12), and
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the inactivation of the nqr operon abolishes V. cholerae
pathogenicity (13). Our group has recently shown that NQR
also fulfills essential roles in the physiology of the obligate
intracellular pathogen Chlamydia trachomatis (14), respon-
sible for one of the most common sexually transmitted in-
fections in the world (15, 16), and Pseudomonas aeruginosa
(17), one of the leading causes of multidrug-resistant and
hospital-acquired infections (17–20). Because of its critical role
in microbial physiology and its absence in human cells, NQR
has been proposed as a potential drug target (14, 21).

NQR is composed of six subunits (A–F) and five confirmed
redox cofactors (Fig. 1A): FAD, two covalently attached FMN
molecules, a 2Fe-2S center, and riboflavin (1, 8, 22, 23). Sub-
unit A is cytosolic with a putative role in complex assembly
(24, 25). Subunits B and C each contain a covalently bound
FMN (1, 26, 27), which is attached by the only known flavin
transferase, ApbE (28, 29). Subunits D and E contain six
transmembrane subunits and seem to carry a nonheme iron
center (22). While this iron center has been proposed to have a
role in electron transfer (5, 22), it has not been confirmed
experimentally. Subunit F has a large hydrophilic domain
facing the cytosol that carries FAD and a 2Fe-2S center and a
transmembrane segment that anchors it to the cell membrane
(13, 22). Kinetic characterizations, along with stopped flow
data, allowed us to propose a reaction scheme that explains the
catalytic mechanism of the complex (27, 30). Briefly, NADH
oxidation occurs in the hydrophilic domain of subunit F,
where the noncovalently bound cofactor FAD accepts two
electrons from NADH, one of which subsequently accepted by
the 2Fe-2S center. The electron could be transferred to the
nonheme Fe center in subunits D and E (5, 22) and then to
the covalently bound FMN in subunit C (FMNC), which is the
redox step associated with sodium capture (31). The electrons
are transferred from FMNC to FMN in subunit B (FMNB) (26,
27, 31) and finally to riboflavin (1, 26), which is the step
associated with sodium translocation (31). Subsequently, the
electrons are delivered to UQ, the second substrate of the
redox reaction (27).

NQR’s riboflavin-binding site is of particular interest
in flavin biochemistry, biological redox chemistry, and
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Figure 1. Location of the crystallographic riboflavin and the proposed riboflavin-binding pocket. A, tridimensional model of NQR with subunits A
(yellow), B (blue), C (orange), D (green), E (pink), and F (violet). B, transmembrane subunits B, D, and E showing the location of FMNB (orange), ubiquinone
(cyan), crystallographic riboflavin (purple), and the empty pocket assigned as the riboflavin-binding site (yellow). Left panel: The orientation of the subunits is
the same as shown in (A). Right panel: the subunits are rotated 90� along the horizontal axis, offering a top view of the structure. C, empty pocket (yellow)
proposed as the riboflavin-binding site in subunit B (blue semitransparent). Residues N200, N203, and D346 are shown in the figure in the pocket. Top right
panel: Zoom into the site. Bottom right: Horizontal (90�) and vertical (90�) rotation of the subunit to illustrate the position of the residues in the site.

Identification of NQR’s riboflavin-binding site
structure-based drug design. NQR has an evolutionary history
divergent from those of other respiratory enzymes and ion
pump families, and it has evolved unique structural motifs,
reaction mechanisms, and cofactor usage (2). One of the
hallmarks of the NQR family is the use of riboflavin as a redox-
active molecule. NQR is the only enzyme reported that directly
uses this molecule as a cofactor (23, 23, 32); all other fla-
voenzymes use FMN or FAD. Thus, characterizing the
riboflavin-binding site of NQR and its mechanisms for stabi-
lizing catalytic intermediates is essential for a complete un-
derstanding of flavin biochemistry and biological redox
mechanisms. Moreover, the uniqueness of NQR structural
motifs and the lack of riboflavin in other enzymes suggest that
this binding site could be a promising target for antibiotic
development.

The structure of NQR obtained at low resolution (>3.5 Å),
showed an electron density superficially bound to subunits B
and E, directly in contact with the membrane environment,
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which was interpreted as riboflavin (5) (Fig. 1B). However,
previous results show that the catalytic riboflavin-binding site
is deeply buried in the structure, as this cofactor cannot be
protonated (1, 23, 33) and it is resistant to strong oxidants,
including oxygen (23, 33). Moreover, the “crystallographic” site
is more than 30 Å away and on the opposite side in the
complex from its redox partners FMNB and UQ (26), which
further indicates that this position is not the actual location of
the cofactor. In this study, we propose that the riboflavin-
binding site in NQR is located in a seemingly empty pocket
in subunit B that contains several absolutely conserved resi-
dues, including N200, N203, and D346 (Figs. 1C and 3B). The
data shown here place riboflavin within reasonable distance
from its redox partners FMNB and UQ. The results presented
here offer a clear picture of the electron transfer chain by
NQR. Moreover, our results allow us to characterize the only
known riboflavin cofactor-binding motif involved in
biochemical catalysis.



Figure 2. Riboflavin content and UV-visible spectra of WT NQR and
mutants. A, FPLC chromatogram of noncovalently bound flavins in WT NQR
(A) and the double mutant B-N203A/B-D346A (B). C, UV-visible spectra were
measured in native conditions for WT NQR (black line) and the double
mutant B-N203A/B-D346A. Inset: double mutant minus WT difference
spectra.

Identification of NQR’s riboflavin-binding site
Results

Mutagenesis analysis

In this work, we have identified the location of the
riboflavin-binding site in a seemingly empty amphipathic
pocket in subunit B (Fig. 1C). Empty pockets are unlikely
structural components of membrane proteins, since they
decrease the stability of the complex and should collapse as
the protein folds. The pocket that we identified contains
several absolutely conserved residues, in particular N200,
N203, and D346 (Fig. 1C), which indicates that it likely plays
a significant role in NQR structure or function. This pocket
was proposed to be part of the sodium translocation channel
(22), carrying residues such as D346 that were proposed to
be important for sodium transport (31, 34). Alanine scan-
ning mutagenesis was carried out on residues Asn-200,
Asn203, and Asp-346, which are absolutely conserved in
the family (Fig. 3B), initially to study their possible role in
sodium translocation. To understand the participation of
these residues in the catalytic mechanism of the NQR
complex, the mutant enzymes were purified and character-
ized. NQR has three modules that can act semi-
independently: NADH dehydrogenase, UQ reductase, and
NADH oxidase. While the physiologic activity of NQR is the
redox transfer from NADH to UQ (UQRED), it can also
oxidize NADH using oxygen as electron acceptor (NAD-
HOX), when UQ is absent or when electron transfer is
blocked. These two activities are coupled to the NADH
dehydrogenase module (NADHDH), which feeds electrons to
UQ or oxygen. The three activities were measured in the
mutants and WT NQR, using near-saturating concentrations
of the three substrates (250 μM NADH, 50 μM UQ, and
50 mM NaCl). The UQRED activities of the three single
mutants show a significant decrease, ranging from 30% to
70%, with a proportional increase in the NADHOX activity,
while the NADHDH activity remains largely unmodified
(Table 1). The double mutants B-N200A/B-D346A and
B-N203A/B-D346A showed even lower activity of 10% to
20%. The data indicate that these mutants do not produce a
general destabilization of the complex, as the NADHDH and
NADHOX modules remain highly active, but a specific
decrease in the electron transfer to UQ.

Enzymatic characterizations were also carried out on mu-
tants of the riboflavin site proposed previously. In the crys-
tallographic model, B-E402 and E-F39 appear to make
hydrogen bonds and hydrophobic interactions, respectively,
with the isoalloxazine ring of riboflavin (22), and their muta-
tion should destabilize the cofactor from the site and abolish
NQR activity. Interestingly, none of the residues in the crys-
tallographic site, including B-E402 and E-F39, are conserved in
the family. The mutants B-E402A and E-F39A do not produce
any effect on the activity compared to the WT enzyme
(Table 1). This result indicates that this site does not carry a
catalytically relevant role and thus that it does not contain the
riboflavin cofactor, consistent with its lack of conservation and
the large distances that separate this site from riboflavin’s
redox partners.
Kinetic characterization of mutants

The single mutants B-N200A, B-N203A, and B-D346A, as
well as the double mutants B-N200A/B-D346A and B-N203A/
B-N-346A, were characterized to understand the role that
these residues play in NQR mechanism. To calculate the Km

and kcat kinetic constants, NADH, UQ, and NaCl titrations
were carried out, maintaining the other substrates at near-
saturating concentrations. As shown in Table 2, no effects
were observed on the Km for NADH, UQ, or sodium, indi-
cating that the mutants do not modify the apparent affinity of
the substrate-binding sites and also that they do not destabilize
the protein structure or have long-range effects. These results
show that this pocket does not have a significant role in so-
dium transport, in contrast with previous hypotheses (24, 31,
34). The five mutants showed a significant decrease in the kcat
values, suggesting that the mutations alter internal steps of the
electron transfer process, which involves the cofactors, rather
than sodium transport.
J. Biol. Chem. (2022) 298(8) 102182 3



Figure 3. Location of the riboflavin-binding site. A, riboflavin-binding structure in subunit B. Left panel: Predicted pose of riboflavin (yellow) and FMNB
(orange) in the proposed pocket of subunit B (semitransparent blue) after MD simulation. Zoom into the riboflavin-binding position several residues that
interact with riboflavin. The center panel shows the same orientation as the left panel. In the right panel the structure is rotated vertically by 90� . B, sequence
alignment residues involved in riboflavin binding. The conserved residues N200, N203, and D346 are highlighted in black background. Residues identified in
this study as part of the riboflavin site are shown in blue. Bacteroides fragilis (BF), Chlamydia trachomatis (CT), Haemophilus influenza (HI), Klebsiella pneu-
moniae (KP), Neisseria gonorrhoeae (NG), Porphyromonas gingivalis (PG), Serratia proteomaculans (SP), Pseudomonas aeruginosa (PA), Vibrio cholerae (VC),
Yersinia pestis (YP). MD, molecular dynamics.

Identification of NQR’s riboflavin-binding site
Flavin content

To understand the steps in the catalytic mechanism that are
affected by the mutants, an analysis of the flavin cofactors was
Table 1
Activities of NQR mutants

Mutant

Turnover rate (s−1)

NADHDH UQRED NADHOX

Wild -type 530 ± 25 505 ± 33 41 ±11
B-N200A 455 ± 33 352 ± 44a 70 ± 7a

B-N203A 489 ± 56 218 ± 5a 260 ± 10a

B-D346A 477 ± 51 156 ± 32a 310 ± 29a

B-N200A/B-D346A 505 ± 50 107 ± 12a 381 ± 11a

B-N203A/B-D346A 503 ± 45 58 ± 10a 447 ± 27a

B-E402A 497 ± 46 488 ± 22 62 ± 22
E-F39A 483 ± 13 468 ± 42 28 ± 10

The activities were measured at a fixed concentration of the three substrates (250 μM
NADH, 50 mM NaCl, and 50 μM UQ).
a p < 0.05 versus WT activity (n > 4).
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carried out. The total flavin content was analyzed to study
possible interference of the mutations with the binding of
riboflavin or other cofactors. As shown in Table 2, the indi-
vidual mutants show a lower content of flavins that was not
significantly different compared to the WT enzyme, which
contains four flavins: FAD, riboflavin, and two FMN mole-
cules. Interestingly, the two double mutants show a flavin:-
protein ratio of nearly three, indicating that one of the flavins is
lost due to the mutations. To pinpoint the flavin that is lost in
the double mutants, SDS-PAGE analysis was carried out. In all
single and double mutants, two fluorescent bands were
observed in SDS-PAGE gels exposed to UV light (not shown).
These bands correspond to the covalently attached FMN to
subunits B and C (35), indicating that the mutations do not
interfere with FMN incorporation to the complex. Analysis of
the noncovalently bound flavins FAD and riboflavin was car-
ried out by reverse-phase HPLC in WT NQR and the double



Table 2
Kinetic parameters of mutant and WT NQR

Mutant kcat (s
−1)

Kmapp

Flavin: Protein Riboflavin: FADNADH (μM) UQ-1 (μM) NaCl (mM)

WT 550 ± 25 25 ± 10 2.9 ± 0.5 3.5 ± 1.1 3.7 ± 0.2 0.8
B-N200A 350 ± 25a 27 ± 4 3 ± 0.6 4.2 ± 1.8 3.5 ± 0.3
B-N203A 235 ± 21a 33 ± 3 3 ± 0.6 3.7 ± 1.8 3.4 ± 0.3
B-D346A 155 ± 34a 33 ± 4 2.8 ± 0.5 3.3 ± 1.5 3.3 ± 0.3
B-N200A/B-D346A 115 ± 29a 31 ± 3 2.5 ± 1.5 2.6 ± 0.9 2.9 ± 0.1a <0.1
B-N203A/B-D346A 64 ± 5a 24 ± 2 2.4 ± 1 3 ± 0.9 2.7 ± 0.1a <0.05

The reported kcat corresponds to the physiologic UQRED activity of the enzyme. kcat and Kmapp values were calculated by fitting the saturation curves to the Michaelis–Menten
equation. Activities were measured at different concentrations of one substrate at constant and near-saturating concentrations of the other two substrates.
a p < 0.05 versus WT activity (n > 4).

Identification of NQR’s riboflavin-binding site
mutants. As shown in Figure 2, riboflavin is almost completely
absent in the double mutant B-N203A/B-D346A (Fig. 2B), in
contrast with WT NQR, in which it has a 1:1 ratio compared to
FAD (Fig. 2A and Table 2).

Riboflavin cofactor reduction state

To further characterize the effects of the mutants on the
properties of riboflavin as a cofactor, the stability and presence
of the riboflavin neutral radical, a hallmark of the NQR family,
were examined. In the air-oxidized state of NQR, riboflavin is
found as a neutral semiquinone radical (23, 33), which can be
characterized by UV-visible spectroscopic methods. Figure 2C
shows the spectra of WT NQR and the double mutant
B-N203A/B-D346A. As can be observed, the double mutant
lacks the absorption shoulder from 500 to 700 nm, attributed
to the riboflavin neutral radical (17, 23). The difference spec-
trum of the double mutant minus WT NQR shows the char-
acteristic absorption of the riboflavin neutral radical (Fig. 2C,
Inset), with minima at 490 nm and shoulders from 500 to
700 nm (23). Altogether, the data indicate that the residues in
the hydrophobic pocket play an important role in the binding
of riboflavin to NQR.

Molecular modeling

Calculations were carried out to generate an atomistic
model of the riboflavin-binding site. Molecular docking of
riboflavin to the crystallographic structure yielded a binding
pose with an AutoDock Vina score of −6 kcal/mol (Fig. S1),
indicating that the site has suitable properties to bind this
cofactor. However, it is possible that riboflavin sits deeper in
the site or adopts a different pose, as the structure was not
obtained under physiologic conditions (high salt concentration
and high pH (22)). Therefore, we decided to carry out mo-
lecular dynamics (MD) simulations to better understand the
riboflavin-binding site. In the model, NQR is incorporated into
a membrane bilayer in a medium that includes explicit water
molecules and ions. Three independent MD simulations were
performed to relax the structure and to evaluate the stability of
riboflavin in the proposed site (Fig. S2). As a comparison, we
also performed three independent simulations of riboflavin in
the crystallographic site. In all the simulations, whether ribo-
flavin was placed in the crystallographic or proposed sites, the
structure of the protein stabilized with a RMSD of alpha car-
bons of around 4.5 Å from the initial model (Fig. S2). On the
other hand, the behavior of riboflavin markedly differed be-
tween the two sets of simulations. For simulations in the
proposed site, the isoalloxazine ring of riboflavin rotated
within the pocket. In two of the three simulations, the RMSD
stabilized at less than 4 Å from the initial model. In the third,
the RMSD is less than 6 Å. In all three simulations, riboflavin
remained within the pocket and established similar contacts
with the NQR structure (Fig. S3). In contrast, riboflavin was
much less stable in the crystallographic site, moving by more
than 5 Å as soon as restraints were released. In one of the three
simulations, the molecule completely dissociated from the
binding pocket. In the final snapshot of the trajectories,
AutoDock Vina scores for riboflavin binding to NQR
were −2.7 (for the dissociated riboflavin), −3.7, and −3.6 kcal/
mol for the crystallographic site and −8.5, −9.5, and −10 kcal/
mol for the proposed site. These results indicate that riboflavin
can fit into and form much stronger interactions with the
proposed site than with the crystallographic site. Indeed,
riboflavin establishes favorable interactions with several resi-
dues in the pocket, including hydrogen bonds with the peptide
backbone of residues F342 and V161, and the side chains of
residues T345, as well as the mutated residues D346 and N203,
which significantly decrease the activity of the enzyme. As
shown in Figure 3B, these residues are conserved in the family,
supporting the biochemical and computational data.

Discussion

Location and structure of the catalytic riboflavin-binding site

The NQR crystal structure obtained at relatively low reso-
lution (>3.5 Å) shows the presence of an electron density that
was interpreted as riboflavin (22). The crystallographic ribo-
flavin is superficially bound to the interface of subunits B and E
(Fig. 1B). However, this location is highly problematic, as this
site is too far away (>30 Å) from riboflavin’s redox partners,
FMNB and UQ. Moreover, this location does not have any
conserved residues and does not have the expected properties
of the riboflavin-binding site, such as a deeply buried location
shielded from protons and oxidants (22). As shown in this
report, the mutations to B-E402 and E-F39, which are part of
the crystallographic site, do not produce significant effects on
the activity. Moreover, our MD simulations shown that the
binding of riboflavin to this site is weak and the molecule can
be easily dissociated. The data indicate that the crystallo-
graphic site does not carry the catalytic riboflavin cofactor.
J. Biol. Chem. (2022) 298(8) 102182 5



Identification of NQR’s riboflavin-binding site
In this report, we propose a novel site that appears as an
empty amphipathic pocket in the published tridimensional
structure. This pocket was previously suggested as the entry
vestibule for sodium (22), as it contains residues that were
identified as essential for sodium translocation, including
D-346 (31, 34). However, a close examination of the pocket
reveals that it does not have the typical architecture of entry
channels observed in other pumps, being tooth shaped, too
wide for sodium, and with several cavities (Fig. 1, B and C),
rather than a relatively narrow passageway lined with nega-
tively charged or polar residues to guide sodium through the
membrane. Moreover, the pocket is directly on top of FMNB

and there are no evident exit pathways for sodium. As shown
in this report, the single and double mutants of three abso-
lutely conserved residues found in this pocket, B-N200,
B-N203 and B-D346, do not affect the Km for sodium or any
other substrate, strongly suggesting that the pocket is not
involved in sodium transport.

While the mutations do not produce any effects on the Km

for the substrates, a decrease in the UQRED activity was found,
indicating that electron transfer is impaired in the mutants.
Examination of the flavin content show that double mutants
B-N200/B-D346 and B-N203/B-D346 specifically lack ribo-
flavin, as well as the neutral semiquinone radical signal asso-
ciated with this cofactor. Docking analysis shows that the
pocket can accommodate riboflavin (Fig. S1), further sup-
porting the hypothesis that this is the riboflavin-binding site.
MD simulations offer a better picture of the way in which the
cofactor is bound to the site. Residues N203 and D346 appear
to make hydrogen bonds with riboflavin, explaining the
observed behavior of the mutants. The MD data show that
riboflavin establishes hydrogen bonds with many residues, and
thus, it is not expected that the elimination of one residue by
site-directed mutagenesis would prevent the binding of the
cofactor to the site, which may explain the need to eliminate
two residues in the double mutant. Interestingly, residue N200
does not appear to make contacts with riboflavin, although the
mutants of this residue reduce the activity of the enzyme. One
possibility is that N200 is structurally important to the site, but
it should also be considered that the MD simulation does not
completely recapitulate the native form of NQR. Further ex-
periments will be required to address this issue.

The riboflavin-binding sites of other proteins such as the
ABC-type riboflavin transporter, riboflavin-binding protein,
the riboflavin-binding immunoglobulin IgGGAR, and riboflavin
kinase are also rich in polar or charged residues, including
serine, glutamate, aspartate, and lysine, which interact with the
ribityl moiety of riboflavin (36–39). In contrast with these sites,
which are readily accessible to the aqueous environment and
can quickly exchange riboflavin and the reaction products of
these enzymes and proteins (i.e., FAD and FMN), riboflavin
goes more deeply in the proposed pocket (Fig. 3A), which is
capped by subunit A that sits on top, consistent with the pH
titration data, showing that the riboflavin cofactor is unable to
exchange protons with the aqueous environment (40). More-
over, a buried site is also consistent with the environment
required to shield the riboflavin neutral radical from oxygen
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and other strong oxidants (23, 32, 41). Altogether, the evidence
strongly supports that this is the elusive NQR riboflavin-
binding site.
Electron transfer chain

The location of the riboflavin-binding site described here
provides a definitive answer to understand the way in which
the electrons are transferred though NQR. Previous reports
indicate that the redox equivalents follow the next pathway:
NADH → FAD → 2Fe-2S → FMNC → FMNB → riboflavin →
UQ (26, 31). This pathway has been corroborated through the
study of the redox properties of the cofactors, showing that the
redox potential increases stepwise along the pathway (31).
While the crystallographic data provide important structural
information, it is incomplete and has yet to be fully reconciled
with biochemical data. The data show that the 2Fe-2S center
and FMNC are located on opposite sides of the membrane and
that they are probably connected through the novel nonheme
iron center, located in membrane subunits D and E (22).
However, experimental evidence regarding its participation in
electron transfer is still missing. Other aspects that were un-
clear from the crystal structure were the binding sites of
NADH and UQ, which were not observed in the electron
density. Finally, as we have already discussed, there is only
weak evidence for the crystallographic binding site of
riboflavin.

The riboflavin-binding site that we have identified lies at a
shorter distance (20 Å) between FMNB and the predicted UQ-
binding site (Fig. 4), compared to the crystal structure. Anal-
ysis of the stopped flow data previously reported (23, 26, 31)
indicate that the rate of electron transfer of the lower part of
the internal electron transfer chain, FMNB → riboflavin→ UQ,
is > 2000 s-1, strongly indicating that these three cofactors lie
in close contact. It should be noted that the crystal structure
reported might not represent conformation of NQR under
physiologic conditions, and some of these distances could
actually be smaller, in particular if riboflavin gets deeper into
the pocket. Other groups have proposed that the UQ-binding
site is located in the hydrophilic subunit A (24, 25) and that the
electron transfer chain might involve the crystallographic
riboflavin site. However, as shown in this report, mutations in
the crystallographic riboflavin site do not produce any changes
in the activity of the enzyme. Moreover, this site does not have
the properties expected for a functional site and it is too far
away from both FMNB and either of the two UQ sites. Some
groups have proposed a convoluted mechanism in which
conformational changes could allow a close interaction of
subunit A with the crystallographic riboflavin site (25). How-
ever, large conformational changes are not consistent with the
high electron transfer rate of the lower part of the internal
electron transfer chain. Moreover, these changes only take into
account the position of riboflavin and UQ and cannot account
for the large distance that separates FMNB and riboflavin
(>30 Å). Finally, this hypothesis has serious thermodynamic
complications as the transfer of electrons from riboflavin to
UQ releases less than 9 kJ/mol (42), a modest amount of



Figure 4. Distance between riboflavin and other cofactors in NQR. The
figure shows the locations of subunits A (yellow), B (blue), C (orange), D
(green), E (pink), and F (violet) and the locations and distances between
cofactors.

Table 3
Primers used in this study

Mutation Sequence of forward primer (5’ – 30)

B-N200A GGTGGTACAGGCCGTGCCTTCCTTAACCCAGC
B-N203A GCCGTAACTTCCTTGCCCCAGCGCTGGCTG
B-D346A TCTTCATGGCGACTGCCCCAGTTTCTGCGTC
B-E402A TTGACCATGTGGTTGTAGCGAGAAATATCAAGCGGAG
E-F39A TCGAAGAAAGTTAAGACATCAGCCGGCTTAGGTATTG

CGGTAATC

Identification of NQR’s riboflavin-binding site
energy to drive a conformational change of this magnitude,
which is not even related to sodium translocation and thus
appears to be superfluous.

In a previous publication, we discussed that the location of
the UQ site in the cytosolic subunit A is highly unlikely, due
to the lack of conservation of the presumptive site and the
need for the highly hydrophobic ubiquinone molecule to be
pulled out of the membrane to interact in the hydrophilic site
(33), a mechanism not seen or proposed for any respiratory
enzyme. Moreover, the location of the site in subunit A is
based primarily on the labeling with UQ analogs (24, 43, 44),
which are notorious for their unspecific labeling, and in fact
in NQR they seem to label mostly hydrophilic lysine residues.
In contrast, the location proposed by our group in the
interface of subunits B and D (Fig. 1, A and B) is much more
likely, as it is found in a fully conserved site located in the
membrane bilayer, with easy access to the benzoquinone head
of UQ (13). Moreover, we have shown that mutations in this
site confer resistance to the natural UQ analog HQNO,
allowing P. aeruginosa to survive autopoisoning (17). More-
over, this site is in close proximity to residues B-G141 and
B-G140, which have shown to confer resistance to the UQ
analog korormycin (45). Crystallographic data with bromi-
nated ubiquinone analogs show UQ in the position that was
predicted by our group (33). Altogether, the location of the
riboflavin site that we are proposing in this work and the UQ
site that we described previously offer a parsimonious and
economical mechanism to explain electron transfer in the
NQR complex.
Conclusion

The results presented here allow us to propose, for the first
time, the structure of the riboflavin-binding site for the only
enzyme known to use this molecule as a cofactor. Moreover,
our results provide a clear pathway to understand electron
transfer in NQR, an essential bacterial respiratory complex.

Experimental procedures

Site-directed mutagenesis

To identify and map the riboflavin-binding site, V. cholerae
NQR mutants were obtained using QuikChange site-directed
mutagenesis kits. The selected residues were mutated to
alanine using the V. cholerae nqr pBAD/HisB construct as
previously described (33). The primers used in this study are
listed in Table 3.

Protein purification

V. cholerae Δnqr cells carrying the WT or mutant NQR
pBAD/HisB plasmids were cultured in LB media, as described
before (34). Expression of NQR mutants was induced with
0.05% (w/v) arabinose. Induced cells were harvested at the
early stationary phase by centrifugation at 4000 rpm. The cells
were resuspended in buffer containing 50 ng/ml DNAase-I,
5 mM MgCl2, 1 mM PMSF, 50 mM Na2HPO4, 5 mM imid-
azole, and 300 mM NaCl, pH 8.0. Cells were lysed in a high-
pressure homogenizer (Avestin Emulsiflex C5) at 16,000 psi.
Cell debris was removed by differential centrifugation, and the
cell membranes were collected by centrifugation at 67,000g for
3 h (46). The membranes were solubilized in buffer containing
0.3% n-dodecyl-β-D-maltoside (DDM), 5 mM imidazole,
50 mM Na2HPO4, 300 mM NaCl, and 5% glycerol, pH 8.0.
NQR was purified following two chromatographic steps,
nickel-nitrilotriacetic acid affinity chromatography and
diethylaminoethanol-Sepharose ion-exchange chromatog-
raphy, as described before (27), obtaining a purity >93% for all
mutants based on the densitometric proportion of the bands
obtained after SDS-PAGE.

Activity measurements

To investigate the properties of the mutants, steady-state
kinetic experiments were performed in buffer containing
50 mM Tris, 50 mM NaCl, 5% glycerol, and 0.05% DDM, pH
8.0, as described previously (13). NADH dehydrogenase and
UQ reductase activity were measured spectrophotometrically
at 340 nm (εNADH = 6.22 mM−1 cm−1) and 282 nm
(εUQ-UQH2 = 11.8 mM−1 cm−1) (34). NADH oxidase activity
J. Biol. Chem. (2022) 298(8) 102182 7
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was measured as the difference between NADH dehydroge-
nase and UQ reductase activity. Activity kinetic measurements
of each mutant were conducted in the presence of varying
concentrations of the substrate UQ (0–30 μM), NADH
(0–250 μM), or NaCl (0–50 mM) (33).

Spectral analysis

The UV-visible absorption spectra of WT and mutant NQR
were analyzed spectrophotometrically. The absorption spectra
of the samples were measured under native conditions in
buffer containing 50 mM Tris, 50 mM NaCl, 5% glycerol, and
0.05% DDM, pH 8.0.

Flavin content analysis

Flavin content was measured spectrophotometrically at
450 nm in the purified samples and was compared with the
protein concentration, measured through the bicinchoninic
acid assay (47), to obtain flavin:protein ratios. The content of
noncovalently attached FAD and riboflavin was measured
using HPLC chromatography, as described before (23, 48).
Briefly, 100 μM of WT and mutants were denatured in 2% SDS
to a final volume of 500 μl. The denatured samples were
filtered through a 10 kDa Amicon concentrator. The filtrate
was collected and analyzed by reverse-phase HPLC, using a
100-5-C18 column and using 5 mM ammonium acetate:me-
thanol (80:20) as the mobile phase (23).

Molecular modeling

NQR was modeled in a similar way to Willow et. al (49). A
key difference is that we performed simulations in which
riboflavin was docked into our newly proposed site in addition
to simulations where it is in the crystallographic pose. Starting
with the homology model of the complex, riboflavin was
docked into the proposed site using AutoDock Vina 1.1.2 (50).
Based on the SMILES string from the ZINC database (51)
(accession number ZINC2036848), the structure of riboflavin
was built and minimized using UCSF Chimera 1.14 (52). Polar
hydrogens and Gasteiger charges were added to the homology
model using Dock Prep in Chimera. Molecular docking was
performed using AutoDock Vina with a docking grid of
22 ×14 × 22 Å located in our proposed site in subunit B. In
order to collect many possible binding modes, exhaustiveness
was set to 8 individual runs in parallel and a maximum energy
range of 3 was selected.

For the MD simulations, we used the same force field and
initial structure of the protein as in Willow et. al (49). The
main differences between simulations in the present and pre-
vious study are in the placement of riboflavin, determination of
protonation states, length of simulation, and number of rep-
etitions. Whereas in the previous study we used AMBER
default protonation states, here we calculated energetically
favorable amino acid protonation states using PDB2PQR 3.1.0
(53). In the previous study, we performed one simulation with
20 ns of equilibration and 80 ns of production. Here, we
performed six total simulations, each with 6 ns of equilibration
and 10 ns of production. In both studies, the equilibration
8 J. Biol. Chem. (2022) 298(8) 102182
process was based on python codes provided in the Membrane
Builder of CHARMM-GUI (54), using more simulation time
than recommended in the original code. Here, we used (1)
125 ps based on 1 fs time steps for the crystallographic site or
250 ps based on 2 fs time steps for the proposed site of ca-
nonical ensemble with constraints, (2) 125 ps of canonical
ensemble without constraints, (3) 2.5 ns of NPT with Mon-
teCarloMembraneBarostat, and (4) 2.5 ns of NPT with Mon-
teCarloBarostat. Production runs were based on 10 ns of NPT
with MonteCarloBarostat. Finally, three simulations were
performed with riboflavin in the crystallographic site and three
with riboflavin in the proposed site.
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