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ABSTRACT:. Many marine and pathogenic bacteria have a unique sodium-translocating NADH:ubiquinone
oxidoreductase (NaNQR), which generates an electrochemical gaadient during aerobic respiration.
Na"-NQR consists of six subunits (NgrA-F) and contains five known redox cofactors: two covalently
bound FMNSs, one noncovalently bound FAD, one riboflavin, and one 2Fe-2S center. A stable neutral
flavin-semiquinone radical is observed in the air-oxidized enzyme, while the NADH- or dithionite-reduced
enzyme exhibits a stable anionic flavin-semiquinone radical. The NgrF subunit has been implicated in
binding of both the 2Fe-2S cluster and the FAD. Four conserved cysteines (C70, C76, C79, and C111)
in NgrF match the canonical 2Fe-2S motif, and three conserved residues (R210, Y212, S246) have been
predicted to be part of a flavin binding domain. In this work, these two motifs have been altered by
site-directed mutagenesis of individual residues and are confirmed to be essential for binding, respectively,
the 2Fe-2S cluster and FAD. EPR spectra of the FAD-deficient mutants in the oxidized and reduced
forms exhibit neutral and anionic flavo-semiquinone radical signals, respectively, demonstrating that the
FAD in NgrF is not the source of either radical signal. In both the FAD and 2Fe-2S center mutants the
line widths of the neutral and anionic flavo-semiquinone EPR signals are unchanged from the wild-type
enzyme, indicating that neither of these centers is nearby or coupled to the radicals. Measurements of
steady-state turnover using NADH, Q-1, and the artificial electron acceptor ferricyanide strongly support
an electron transport pathway model in which the noncovalently bound FAD in the NgrF subunit is the
initial electron acceptor and electrons then flow to the 2Fe-2S center.

The sodium-translocating NADH-ubiquinone oxidoreduc- as NqgrA-F), and that the genes coding for the six subunits
tase (NA-NQR) was first found in the marine bacterium reside together in one operoii{11).The NgrA, C, and F
Vibrio alginolyticus(1, 2). The enzyme oxidizes NADH and  subunits are relatively hydrophilic while the NgrB, D, and
reduces ubiquinones). Driven by this redox reaction, Na E subunits are hydrophobic. The enzyme contains a non-
NQR also functions as an energy-conserving primary sodium covalently bound FAD, a noncovalently bound riboflavin,
pump, transporting Naions electrogenically from the two covalently bound FMNSs, and an iressulfur center as
cytoplasm to the periplasmic space. The *Ngradient cofactors ¢, 12, 13). The two FMNSs are covalently linked
generated in this way is used as an energy source for suchto threonine residues in the NgrB and NqrC suburdf<i 4,
cellular processes as flagellar rotation and amino acid 15).
transport 4, 5). Interestingly, as more bacterigl genomes have  The original Nd-NQR gene sequence was initially
been sequenced, N&QR has been found in bacteria that  gpained fromv. alginolyticusalmost concurrently by two
are not marine species, among them a number of pathogengiigerent groups g, 10). In studying these data, Rich et al.
includingHaemophilus influenza®/ibrio cholerae Yersinia (16) identified three motifs in the sequence of the NqrF

pestisdgnd Nfeiﬁseria meni?giyg@—ﬁ).. i Vibri subunit which they proposed to be (1) the site for NADH
Stu ies of the enzyme frondibrio alginolyticus Vibrio substrate binding, (2) the binding site for an FAD cofactor,
harveyi, andVibrio choleraehave shown that NaNQR is and (3) the site of an ironsulfur center. Today, with a

a ca. 210 kDa complex composed of six subunits (deSignatedgrowing number of bacterial genomes published! INEQR

. sequences from a number of bacteria are available. Alignment
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A. 2Fe-2S center ligands

70 111
NQRF CHLMU AIPSPEGGKA KNVDEPLETD RSTEFSKQQLE QGWRLS®OTEK RSTEFSKQQLE
NORF CHLTR ATPSPEGGKA KENADEFLETD RSTFSKQQLE QGWRLSEOTK RSTEFSKQQLE
NQRF CHLEN PIPSP@GGKA KNADEPLETD RSTFSKRQLE EGWRLSEOCK RSTFSKRQLE
NOQRF HAEIN FVSS GGG NGGGEILFTE LSHINKREARK EGYRL VN LSHINKREAK
NQRF PASMU FVSS GGG EGGGDILPTE LSHISKREAK EGYRLS®OVN LSHISKREAK
NQRF NEIMA FIPS GGG SGGGDILPTE LSHISKREAR EGCRLS®OVN LSHISKREAR
NQRF NEIMB FIPS GGG SGGGDILPTE LSHISKREAR EGCRLSEOVN LSHISKREAR
NORF VIBAL FVSS GGG SGGGDILPTE LDHITKGEAR EGERL VA LDHITKGEAR
NQRF VIBHA FVSS GGG SGGGDILPTE LDHITKGEAR EGERL VA LDHITKGEAR
NQRF VIBCH FV3S GGG SGGGDILPTE LDHISKGEAR EGERL VA LDHISKGEAR
NQRF PSEAE FLSS GGG EGGGEMLPTE ESHFTRRQAK EGWRLSEOTP ESHFTRRQAK
B. FAD binding domain
243 246
NQRF CHLMU DHQSLDANSA AELPLIKFNI RIATPPFINK SPDPTIP SYIFSLKP
NQRF CHLTR DNLSLDTDSA BELPLIKFNV RIATPPEVDQ AFDPTIF SYIFSLEP
NQRF CHLPN DNSQLPADSA AELPTIKFNI RIATFFFING KFNSEIF SYVFSLEKP
NQRF HAEIN . .SKEVDEHI EEKGIIMLNV RIATPP.... PRQPDAP GRISYIWSLEA
NQRF PASMU . .SKEVDEHI EEKGIIMLNV RIATFP.... PNNPDAP SRISY IWSLEA
NQRF NEIMA . . SEVDEPI EEKGIIMLNV RIATFP.... PRVFPDAP ISRISY IWSLEFP
NQRF NEIMB . .SKEVDEPI EEKGIIMLNV RIATPP.... PRVPDAP WRISY IWSLEP
NQRF VIBAL . . SKVNEET EEHGIIMLNV RIATPP.... PNNPODVPEEI wlSYIWSLEKE
NQRF VIBHA . . SEVNEET EEHGIIMLNV RIATPP.... PNNPDVAPEI GBISFIWSLKE
NQRF VIBCH . .SEVDEPI EEFGIIMLNV RIATPF.... PNNPNVP GESYTIWSLER
NQRF PSEARE . SKVDETV EEKGVVEFNI RIASFP.... PGS.DLP SRISWVENLEP
C. NADH binding domain
280
NQRF CHLMU PVIFLI SSFGRSHILD YHLVLSQPLQ EDLDKGWDSK DPIKTNFLFK AFELGQLSKL
NQRF CHLTR PVIFLI SS5FGRSHILD YHLVLSQPLQ EDLDQGWDKEN DPIKTNFLFK AFELGQLSHL
NQRF:CHLPN PLIFLI SSFGRSHILD YHLVLSEPLP EDIAAGWDED DPTKTNFLFER AFNLGQLSREL
NQRF_HAEIN EMVEI BRMESHIFD WHVALSDALP EDNWTGY. .. ... TGFIHN VLYENYLENH
NQRF_PASMU EMVEV MRSHIFD WHVALSDPQP GDNWDGY... .. TGFIHN VLYENYLKDH
NQRF NEIMA EMVFI MESHIFD WHVALSDPLP EDNWDGY... ++ . TGFIHN VVYENHLEKNH
NQRF:NEIMB EMVFEI BRSMESHIFD WHVALSDPLP EDNWDGY... .+ . TGFIHN VVYENHLENH
NQRF_VIBAL EMVEV SMESHIFD WHCALSDPLP EDNWDGY. .. ... TGFIHN VLYENYLRDH
NQRF_VIBHA EMVEV MRSHIFD WHCALSDPLP EDNWDGY... ... TGFIHN VLYENYLRDH
NQRF VIBCH EMVFI MESHIFD WHCALSDPQP EDNWTGY... .+ . TGFIHN VLYENYLKDH
NQRF:PSEAE EMVFEFI MESHIFD WHLALSDPQP EDNWTGL... .. TGFIHN VLFENYLKDH
376 378
NQRF_CHLMU PNPEDYL LHNSSI LTLLDNYGVE RSSIILDDFG 5
NQRF CHLTR PNPEDYLY LHNSSI LTLLDNYGVE RSSIVLDDFG S
NQRF CHLPN DNPEDYLY| PLHNSSI LEKLLGDYGVE RSSIILDDFG S
NQRF HAEIN EAPEDCE E ARV IKMLKDLGVE DENILLDDFG G
NQRF PASMU EAPEDCE FIGNASY IKMLEKDLGVE DENILLDDFG G
NQRF:NEIMA EAPEDCE CI@MNOQSY IKMLEDLGVE DENILLDDEG G
NQRF _NEIMB EARPEDCE PIBNQSY IKMLKDLGVE DENILLDDFG G
NQRF_VIBAL EAPEDCE I ARV IGMLKDLGVE DENILLDDFG G
NQRF VIBHA EAPEDCEY I ARV IGMLKDLGVE DENILLDDFG G
NQRF VIBCH EAPEDCE E ARV INMLENLGVE EENILLDDFG G
NQRF:PSEAE PAPEDCE I ARV IKMLTDLGVE RENILLDDFG G

Ficure 1: Partial alignment of the NgrF sequence from several bacteria showing the conserved motifs which include the candidate residues
for (A) iron—sulfur center ligands (C70, C76, C79, and C111) (B) FAD binding site (R210, Y212, S246), and (C) NADH binding site. Key

to sequences: NQRF_CHLMIEGhlamydia muridarumSwiss bank accession numi@®PLI3; NQRF_CHLTR,Chlamydia trachomatis

Swiss bank accession numi@84745 NQRF_CHLPN,Chlamydia pneumonia&wiss bank accession numti@dz723 NQRF_HAEIN,

H. influenzae Swiss bank accession numb@05012 NQRF_PASMU,Pasteurella multocidaSwiss bank accession numb@dCLAG;
NQRF_NEIMA, N. meningitidegserogroup A), Swiss bank accession numB8dVvQ3; NQRF_NEIMB, N. meningitidegserogroup B),

Swiss bank accession numb@BKOM8; NQRF_VIBAL, V. alginolyticus Swiss bank accession numh@b6584 NQRF_VIBHA, V.

harveyi, Swiss bank accession numi@8RFV6; NQRF_VIBCH, V. cholerage Swiss bank accession numi@dXx4Q8; NQRF_PSEAE,
Pseudomonas aerugings@wiss bank accession numb@®HZL1.

bound FAD cofactor is also supported by biochemical  Additional structural information about this flavin-binding
evidence; FAD has been found in an isolated protein fraction motif comes from Nishida et al.1@). In a structural
which consisted mainly of NgrFLQ). comparison of several other flavin-dependent enzymes, three
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210 212 246

NgrF GDWDKFNLFRYESKVDEPI IHF‘—«HSMANYPF:FI FGITMLNVRIATPPPNN PN‘J'[-‘PGQHES YIWSL---KAGDKC

TD N----LQV------ PGSEQRPAMSFSSLAKDGEVSFL-TR---—----- NVPGGLMEGFLSGTA--RAGDSL
BD  N----VTL------ PGTTETSHS FSSQPGNRLTGFV-VR---------NVPQGKMJEYLSVOA--KAGDKM
PDR  PLPPFEAGANLTVAVENGSRTESLCNDSQERNRYVIAVKRDS------ NGR-G-GJ1S—-FIDDTSEGDAV

Ficure 2: Sequence alignment for several flavoproteiNgrF is the NgrF subunit of N&NQR from V. cholerae TD is toluate 1,2-
dioxygenase fronP. aeruginosaBD is benzoate 1,2-dioxygenase fréxninetobacter calcoaceticuBDR is phthalate dioxygenase reductase
from Burkholderia cepaciaFNR is ferredoxin-NADP reductase froBuchnera aphidicolaNR is nitrate reductase beta chain NarH from
Staphylococcus aureus5R is NADH-cytochrome b5 reductase from human. Highlighted residues are conserved acrddé@Rand the
other flavoproteins listed.

conserved amino acids (Arg, Tyr, and Ser/Thr) were identi- conserved cysteines to alanine results in the complete loss
fied to be of particular importance for flavin binding. These of the 2Fe-2S EPR signal, demonstrating unequivocally that
amino acids reside in a-barrel domain and form hydrogen the 2Fe-2S EPR signal arises from an ir@ulfur center in
bonds to the flavin. This is the same motif identified by Rich the Na-NQR and is not from a contaminating protein.
et al. (16) in the NgrF subunit. IV. choleragthe three key  Additionally, the EPR spectroscopy demonstrates that the
residues correspond to R210, Y212, and S246. These residueabsence of either the FAD or 2Fe-2S cluster has no influence
are fully conserved across all N&NQR sequences found to  on either the amount or nature of the flavin semiquinone
date. species.

The iron—sulfur motif is marked by four conserved
cysteines: C70, C76, C79, and C1M ¢holeraenumber- MATERIALS AND METHODS

ing). This motif was initially proposed to anchor a 4Fe-4S . L
cluster, on the basis of homology between NqgrF and several SFrams and Growth.The 0395N1toxT.Iac..AnqrA-_F
known 4Fe-4S-containing enzymes including ferredoxB).( strain ofV. choleraewas used as host for the expression of
Subsequent electron paramagnetic resonance (EPR) speé’y”d'.tyloe and mutant N&NQR' C_ells were grown in LB
troscopic studies on the purified enzyme frvmalginolyti- med_|um at 37°C. Escherichia coI|T0p1.0 competent cells
cusrevealed a signalggy = 1.94) which could be assigned (Inv_ltrog(.an) were used for r_nutageneyg
to a 2Fe-2S center, but no signal consistent with a 4Fe-4s  Site Directed Mutagenesighe plasmid pBADrqr was
center was found1@, 20). Recently, further questions have Uused both as the template for mutagenesis and as the
been raised about the origin of the EPR signal. It has beenéXpression vector of the recombinant N&QR from V.
suggested that the signal is not from ™N&QR at all, but cho!erae (29). For each mutation a pair of primers was
arises from an iroasulfur center in a contaminant of the designed. Additional restriction sites were built into the
preparation 21). primgr; to facilitate i_dentification of mutated plasmids by
The EPR spectrum of reduced NAIQR also contains a regtncuon enzyme dlge_stlon. Thg sequence of. the forward
signal now assigned to an anionic flavin radic®) In the primer from each pair is given in Table 1. Primers were
oxidized form of the enzyme (as isolated), a flavin radical synthesized by the University of lllinois Biotechnology
is also present, but here the radical is a neutral flavin Center. Mutagenesis was carried out using the “QuikChange”
semiquinone. In both the reduced and oxidized enzyme Klt (Stratagene)..Mut:_:lted plasmids were |de_nt|f|ed by restric-
preparations, the EPR signal corresponds to about 1 equiv/ion enzyme digestion and further confirmed by DNA
mol of enzyme 22). Recent studies have suggested that the S€duencing. The resulting plasmids were then transformed
neutral and anionic radicals arise from two different flavin INt0 V. cholerae O395N1toxT:lac::AnqrA-F by electro-
components of the enzym23). The identification of which ~ Poration.
of the four flavins are responsible for these radicals and what  Enzyme PurificationWild-type and mutant NaNQR was
the functional roles might be is essential to understanding purified using Ni-NTA as described previousk)(Purified
how this redox-driven sodium pump works. enzyme was passed through a desalting column (D-Salt
The Nd-NQR operon fronV. choleraehas recenﬂy been Polyacrylamide 6000, Pierce) using a buffer (“final buffer”)
cloned into a plasmid and the recombinant protein expressedcontaining 50 mM sodium phosphate, pH 8.0, 100 mM NacCl,
in V. cholerae(24) with a histidine tag on the C-terminus of 5% glycerol, 10 mM EDTA, and 0.05% DM, frozen in
NgrF. This has made it possible to use site-directed mu- @liquots, and kept at liquid nitrogen temperature. Protein
tagenesis to investigate the assignments of the FAD andconcentrations were determined using the BCA Protein Assay
iron—sulfur sites made on the basis of the motifs described Kit from Pierce, and SDSPAGE containig 6 M urea
above. In the present work, the three conserved residues in(4—16% acrylamide) was used to check the purity of the
the FAD binding motif have been mutated to alanine or Proteins.
leucine, and each of the four conserved cysteines in the-iron Enzymatic Actiity. Nat-NQR transports electrons from
sulfur center motif have been mutated to alanine. The resultsNADH to the ubiquinone pool in the membrane. The
clearly demonstrate that these residues are necessary fophysiological acceptor is believed to be ubiquinone-8 (Q-8)
binding the FAD and 2Fe-2S cluster, as expected from the (13, 24). When the activity of the purified enzyme is assayed
sequence motifs. Notably, mutation of any of the four in vitro, ubiquinone-1 (Q-1), a relatively hydrophilic analogue
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Table 1: Primers Designed for 2Fe-2S Center and FAD Binding Site Mutagenesis

mutation sequence of forward primier
2Fe-2S center
C70A-F B-GGTGTATTCGTATCTTCCGCGCTGGTGGTGGTGGTTCATG
C76A-F B3-GTGGTGGTGGTGGTTCGCGGGCCAATGCCGTGTAAAAATC
C79A-F 5-GGTGGTTCATGTGGCCAACCCGGGTAAAAATCAAATCAGG
Cl111A-F 8- GAAGGTGAGCGTTTGGCTGCGCAGTGCTGTAAAAGCAG
FAD
R210L-F 8- CTAAAGTGGATGAGCCAATAATATTAGCATACTCAATGGCG
Y212L-F 5- GATGAGCCAATCATCCGAGCTCTCTCAATGGCGACCTACC
S246A-F 5 GCCACCAGGCCAAATGECCAGTTACATCTGGTCACTGAAAG

aBold letters indicate the mutation.

of Q-8, can be used as electron acceptor. The activity of themonitor the absorption difference for wavelength pairs:
enzyme can be assayed spectrophotometrically, by followingNADH at 340 nm, ferricyanide at 420 nm, and quinol at
either the oxidation of NADH (which has a maximum at 248 — 268 nm (). These data could also be extracted from
340 nm) or the reduction of Q-1 (which has a maximum at the difference spectra data matrix.

ca. 282 nm but which overlaps the NADH; see below). The  |n either case the rate of the reaction could be determined
purified enzyme is also able to transfer electrons from NADH from the initial slope from the time-course data.

to the artificial electron acceptor ferricyanide. This appears gpr SpectroscopfEPR measurements were performed
to be a short-circuit of the normal pathway of electron flow 4, 3 varian-122 X-band (9.08 GHz) spectrometer equipped
in the enzyme 26). with an Air Products Helitran cyrostat. A microwave power

Assays of steady-state enzyme turnover were carried outof 0.02 mW was used with a modulation amplitude of 2 G
using a full-spectrum method. The reaction is started by at 100 kHz. The magnetic field was calibrated with a Varian
adding enzyme to a cuvette containing both the electron gayssmeter, and the microwave frequency was determined
donor and acceptor substrates. In a total volume of 1.0 mL, with an EIP frequency meter. Air-oxidized and anaerobically
the assay mixture typically contains 0.1 mM NADH, 0.1 mM  reduced samples (dithionite or NADH) in quartz tubes (3
Q-1 (or 1 mM potassium ferricyanide), 200 mM NaCl, and mm inside diameter) were frozen in apentane-dry ice
20 mM Tris-HCI, pH 8.0. Spectra were acquired using an sjyrry, and spectra were acquired at 40 K. Spin concentrations
Agilent 8453 diode array spectrophotometer at intervals of yere determined by double integrating baseline corrected
0.5 s. Data acquisition is commenced a few seconds beforespectra. For calibration, a sample containing 1 mM CuSO
the reaction is started and is typically continued until one or 5 a 20% glycerol solution was run at the same power and
both substrates are exhausted. temperature used for the protein samples.

Analysis of the full-spectrum assay data was carried out  |yy—vjisible SpectroscopyUV —visible spectra of air-
as follows. The spectrum from the final time point was yidized enzyme in “final buffer’ were recorded on a
subtracted from every line in the raw data matriX),( Shimadzu UV-2101 PC spectrophotometer.

resulting in a data matrix that reflects only the absorbance : : ; -
. : : Flavin Analysis by Denaturation and Visible Spectroscopy.
changes (difference spectra data matri®). This was then Enzyme was first denatured by additioh@M guanidine

analyzed in one of two ways, (1) basis set analysis or (2) hydrochloride. After denaturation of the protein, all flavins

analysis at ;elected vvlav.elengths.' can be expected to be spectroscopically equivalent. The total
f(l) dln bzs'S.SEt ana dYS'Sd' a basis SE? Qr\:as_ cg_ng(;ruclted . amount of flavin in the sample was determined from its UV
of reduced-minus-oxidized spectra of the individual sub- \:qipje spectrum. The sample was then passed through a

strates iT‘ the reactilon (NADH and Q-1 or NADH anq Centricon filter (molecular mass cutoff 3 kDa) to remove
ferricyanide), normalized to a standard concentration, using the protein and with it the covalently bound flavins. The

published extinction coefficients: NADH at 340 nm, 0.0062  ;1,ount of flavin in the resulting fi ; ;
_1 1 . ; g filtrate was again determined
ﬁgﬂo K Q-loz?)t02148'\;36£_3”?.m,t0_007&|\{[| g fetr)rlcyanld(ta at by UV—uvisible spectroscopy.
m oL 'S IWO-Spectrum basis Set was HPLC Analysis of Nonaalently Bound Flains. The

augmented with a trivial spectrum: a vector consisting of filtrate obtained as described above was also analyzed by
ones at every wavelength. Each time-point spectrum in theHPLC as described previousigs).

difference spectra data matrix was then decomposed with

respect to the basis set, using the MLDIVIDE (“\") function RESULTS

of MATLAB (The Mathworks, Natick, MA). This produced

a set of time-course vectors/) corresponding to the Design of MutantsThe conserved motifs in NqrF identi-

components in the basis set which give the concentration offied by Rich et al. (1995)16) are shown in Figure 1. In the

the component at each time point. In order to check the numbering of thev. choleraesequence, the key conserved

quality of this fit, a theoretical difference spectra matrix was residues in the FAD motif are R210, Y212, and S246. The

constructed from the basis set and the time-course vectorskey residues in the 2Fe-2S center motif are the four

(T =C'*V), and a matrix of residuals obtained by subtracting conserved cysteines: C70, C76, C79, and C111. Site-directed

this theoretical matrix from the difference spectra data matrix mutagenesis was used to replace each of these residues, as

(R=D-T). described in Table 1. The three residues in the FAD motif
(2) The canonical method for the second type of analysis were changed to amino acids with aliphatic side chains,

is to monitor the reaction at selected wavelengths or to which would not be able to form hydrogen bonds to a flavin,
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tion; the two fluorescent bands correspond to NgrB and NqrC,
which contain covalently bound FMNs. Lane assignments: (1)
C70A, (2) C76A, (3) C79A, (4) C111A, (5) R210L, (6) Y212L,
(7) S246A, (8) wild-type.

Wavelength (nm)

FiIGURE 4: UV-visible absorbance spectra of air-oxidized "Na
NQR: wild-type enzyme, C70A mutant, and S246A mutant.
Approximately 3ug of each protein, in “final buffer,” was used
while each of the four cysteines in the irosulfur motif for recording the spectra.
was converted to alanine.

Purification of MutantsThe four mutants within the iron
sulfur center motif and the three FAD binding motif mutants

were purified by affinity chromatography on Ni-NTA. In

Table 2: Flavin Content in Wild-Type and Mutants of NBQR
filtrate/totaP

strain flavin conterit

k . ) n WT 3.9140.143 0.54
each case, all six subunits can be identified on a urea 2Fe-2S center mutants
polyacrylamide ge{Figure 3A). The NgrB and NqrC protein NgrF-C70A 3.695k 0.146 0.466
bands in the SDSPAGE gel fluoresce under UV illumina- NQrF-C76A 3.935% 0.366 0.499
tion, indicating that the two covalently bound FMNs are Nar-C 79 3.74k 0,145 0.504
ton, 9 ty IVIINS NgrF-C111A 3.8:0.238 0.51
incorporated in all of the mutants (Figure 3B; this picture  FAD mutants
was obtained prior to staining). It is important to note that NgrF-R210L 2.9+ 0.115 0.38

i i it NgrF-Y212L 2.8+ 0.147 0.298

the level of expression, the yield from the purification, and NGIF-S246A 3 05 0.1799 0.3

the stability of the mutant proteins are not as high as for the

wild-type.
UVXQ/iSibIe Spectroscopybsorbance spectra of the wild- protein. An thinction.coeﬁic.ient of 12 mM cm™ was used. The
p p p standard deviation is given using four different sampl@otal amount

type and mutant enzymes were obtained from the air-oxidizedof flavin after 6 M guanidine treatment. “Filtrate” represents the
(as isolated) form of the protein. All of the mutants exhibited supernatant fraction after filtration of the guanidine denatured protein.
the typical features of the NaNQR complex, including the A filter with molecular mass cutoff of 3 kDa was used.
dominant peak at 458460 nm, characteristic of flavins.
Examples are shown in Figure 4.

Analysis of Flain Content.The total amount of covalently  of the FAD.
and noncovalently bound flavin in each preparation was In the case of the FAD binding site mutants, the substitu-
measured using the guanidine denaturation/ultrafiltration tion of any one of the three key amino acids in the FAD
protocol described in Material and Methods. Results are binding motif eliminates the presence of one flavin from the
presented in Table 2. For the wild-type enzyme, the results supernatant. In the three mutants analyzed (R210L, Y212L,
are consistent with the presence of four flavins, two in the and S246A) the total content of flavin in the protein is
low molecular weight fraction and two in the high molecular approximately three: two in the high molecular weight
weight fraction. This is in agreement with our previous fraction and one in the low molecular weight fraction. The
conclusion that there are two noncovalently bound flavins presence of the two covalently bound flavins is consistent
and two covalently bound flavins24). The four 2Fe-2S  with the presence of the two fluorescent bands in SDS gels
center mutants (C70A, C76A, C79A, and C111A) all had (Figure 3B).
essentially the same flavin content as the wild-type enzyme, Analysis of Noncaalently Bound Flain. The flavin
with the same distribution between high and low molecular content of the low molecular weight fraction (above) was
weight fractions. This indicates that, although the 2Fe-2S analyzed by HPLC as described in Materials and Methods.
center resides in the same subunit as the FAD (NqrF), This method was used previouslg5) to demonstrate that

aMillimoles of flavin after guanidine denaturation/millimoles of

disruption of the iror-sulfur center does not alter the binding
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A g-factor

203 201, 1.99 197 195 193 191
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Abs,, 0.2
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Ficure 5: HPLC elution profile of the soluble flavins from
denatured N&NQR: wild-type and mutants. Ten nanomoles of
each enzyme was denatured gshM guanidine and filtered using
a Centricon ultrafiltration device (3 kDa molecular mass cutoff)
and the filtrate injected into the HPLC.

Na"™NQR contains 1 equiv of riboflavin in addition to the

noncovalently bound FAD. As shown in Figure 5, the amount C111A
of FAD in the C70A mutant is essentially the same as in the i
wild-type, whereas, in the S246A mutant, there is only a

small residual amount of FAD. All the enzyme preparations

contain riboflavin. 3145 3170 3195 3220 3245 5270 3295 3320 3345 3370 339¢
Electron Paramagnetic Resonance Spectrosclgen MAGNETIC FIELD (GAUSS)

reduced by NADH or dithionite, wild-type NaNQR

exhibits two EPR signals. One, with= 2.0034, has been B g-factor

assigned as an anioniC ﬂaVO'SemiqUinone radl@aj 24) T [T T [T T IO [T T T T T [T T T
The other, withg, ~ g, = 1.9343,g, = 2.0182, is typical of 205 203 200, 189 197 195 183 191
2Fe-2S centers2{). The EPR signals in the oxidized and

reduced wild-type enzyme were quantified by double inte-  wrt

gration and compared to a copper sulfate standard. (See
Material and Methods.)

In order to quantitate the spin concentrations associated
with the various EPR signals, a sample of wild-typetNa
NQR with a protein concentration of &M was divided
between two EPR tubes. One sample was kept in the initial
air-oxidized state while the other was reduced anaerobically
by the addition of 10 mM NADH. The air-oxidized state,
where the only signal is the neutral flavoquinone radical,
gave a spin concentration of 70M (+£10%). Thus, the
neutral radical is present in between 75% and 92% of the
enzyme molecules. This fraction is probably higher since
there is a small amount of extraneous protein in the enzyme
preparation.

In the reduced sample the spin concentration increased to
170 uM concomitant with the appearance of the 2Fe-2S
signal. As the concentration of the flavin radical under
NADH reduction is very close to the concentration of the

flavin radical under OXIdIZIng Condltlonsz‘@)’ the spin 3145 3170 3195 3220 3245 3270 3299 3320 3345 3370 339¢

concentration of the 2Fe-2S center is approximately equal

to that of the Na-NQR protein §10%). These results MAGNETIC FIELD (GAUSS)

reinforce the conclusion that the 2Fe-2S is a bona fide Ficure 6: X-band EPR spectra of NADH anaerobically reduced

component of the enzyme. Na"-NQR: wild-type and mutants: (A2Fe-2S center motif
As shown in Figure 6A, the ironsulfur EPR signal is mutants; (B) FAD binding motif mutants. Protein concentration was

. approximately 10Qtg/mL in each case; 10 mM NADH was used
completely absent from the spectra of all four cysteine in all cases. The dotted vertical line on the left indicates the position

mutants. This result unambiguously confirms the assignmentof the 2Fe-2S center signay ¢~ 1.94) while the dotted vertical

of the 2Fe-2S EPR spectrum as arising from an intrinsic line on the right indicates the position of the radiog~¢ 2.003).

cofactor of N&-NQR. Note that the 2Fe-2S signal includes an additional feature which
In contrast, in the spectra of NADH reduced samples, all appears as a shoulder on the low-field side of the radical signal.

three mutants in the putative FAD binding site (R210L, The spectral conditions are reported in Materials and Methods.

Y212L and S246A) still exhibit thg = 1.9343 and 2.0182  mutants (Figure 6B). With S246A the amplitude of the 2Fe-

features, showing that the 2Fe-2S center is present in all three2S signal is essentially the same as in the wild-type enzyme.
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Table 3: Properties of the Flavin Radicals in Wild-Type and 1207

Mutants of N&-NQR

neutral flavin anionic flavin anionic flavin

radical: radical: radical: 801

air—oxidized NADH reduced dithionite reduce®l 60

(line width (line width (line width

strain in Gauss) in Gauss) in Gauss) 40

WT 19.9 15.2 14.4
2Fe-2S center mutants _
NgrF-C70A 20.1 18.5 14.9
NgrF—C76A 20.3 18.3 13.1 B
NqgrF-C79A 20.4 17.8 13.3
NgrF-C111A 20.3 17.7 13.2
FAD mutants
NgrF-R210L 20.7 16.6 13.6
NgrF-Y212L 20.7 15.3 13.4
NQrF-S246A 20.1 15.6 13.7

a10 mM NADH as reductant 60 mM dithionite as reductant.
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With Y212L the amplitude is slightly smaller. With R210L 0 -
the signal is significantly diminished, but botipvalue C
resonances are still clearly discernible. This is consistent with 300 .
the fact that the R210L enzyme is less stable than the other
preparations. In the dithionite reduced samples, the variation
in the amplitudes of the 2Fe-2S center signal among the three
FAD mutants is much smaller.
In contrast, neither of the two types of radical signals was

abolished in any of the seven mutants, although small
changes may have occurred. The neutral and anionic flavo-

200 B

100 B

0

1g€: / : eutral e WT C70A C76A C79A C111A R210A Y212A S246A
semiquinone radical signals are distinguished by a clear g yee 7: Steady-state turnover activity of wild-type and mutant
difference in line width. In the case of the wild-type enzyme, Na*-NQR: (A) NADH:Q-1 oxidoreduction measured by following
the line widths (peak-to-trough of the first derivative) of the NADH oxidation; (B) NADH:Q-1 oxidoreduction measured by
neutral radical in the air-oxidized enzyme and the anionic following Q-1 reduction; (C) NADH:ferricyanide oxidoreduction

measured by following reduction of ferricyanide. See Materials and

radical in the dithionite-reduced enzyme are 19.9 and 14.4 Methods.

G, respectively. When NADH is used as reductant, the line
width is 15.2 G, a result that would be consistent with the NADH

Q
presence of subpopulations of both types of radicai. ( li' FAD— 2Fe2S — — ﬂavins__t

For each of the seven mutants, the line width of the flavin ;

radical signal was measured in air-oxidized, NADH-reduced, NAD* | QH,

and dithionite-reduced samples. The results are shown in ;

Table 3. In the case of the air-oxidized and dithionite-reduced ferricyanide

samples, In EVery case the line width was approximately the Ficure 8: A scheme of the proposed electron transport pathway
same as with the wild-type enzyme, around 20 and 14 G, j; Na+-NQR. The noncovalently bound FAD in the NgrF subunit

respectively. In the case of the NADH-reduced samples, theis the first cofactor to accept electrons from substrate NADH; the
measured line widths were all intermediate between theseelectrons then go to the 2Fe-2S center. The reduced FAD can be

values, but clearly smaller, in each case, than for the oxidized ©xidized by ferricyanide directly.
enzyme.

Enzymatic Actiity. The NADH:quinone oxidoreductase
activity of wild-type and all mutant enzymes was measured,
using a full-spectrum assay (see Materials and Methods) tha
could follow b_oth oxidatio_n of NADH (Figure_ 7A) and the  piscussION
reduction of either Q-1 (Figure 7B) or the artificial electron
acceptor ferricyanide (Figure 7C). To avoid side reactions, The amino acid sequence of subunit F of "N¥QR
the assays were carried out under low €@nditions. All contains motifs which have been predicted to be the binding
four cysteine mutants behaved similarly, exhibiting very low sites for a 2Fe-2S center and a noncovalently bound FAD
NADH:Q-1 oxidoreduction activity (3%) compared to the (16). Site-directed mutants have now been made in which
wild-type. All of the FAD binding site mutants (R210L, each of the key amino acids which make up these motifs
Y212L, and S246A) also exhibited extremely low NADH: have been individually changed: C70A, C76A, C79A, and
Q-1 activity (S246A had about 10% activity, consistent with C111A for the predicted 2Fe-2S center, and R210L, Y212L,
the amount of residual FAD present). However, NADH: and S246A for the predicted FAD binding site (Figures 1
ferricyanide oxido-reductase activity exhibited a different and 2).
pattern (Figure 7C). The three FAD binding site mutants  All four cysteine-to-alanine mutations result in specific
exhibited very low activity, whereas the four 2Fe-2S center loss of the 2Fe-2S center. In all four mutants, the EPR signal

mutants were as active as the wild-type enzyme. These results
suggest that FAD precedes the 2Fe-2S center in the order of
telectron transport within the enzyme (Figure 8).
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assigned to the 2Fe-2S center is absent, but it appears thaapplication of site-directed mutagenesis should be helpful

all four flavin cofactors are still present. In all four mutants,
subunits NgrB and NqrC in SDSPAGE gels fluoresce under

to identify which of the remaining three flavin components
of Na"™-NQR are responsible for the observed radicals and

ultraviolet light (Figure 3B), indicating that, in each case, what their functional roles might be in pumping Nacross

both of these subunits retain their covalently bound FMN the
moiety. The HPLC analysis of noncovalently bound flavins

membrane.

in C70A (Figure 5) indicates that both FAD and riboflavin ACKNOWLEDGMENT

are still present, and the UWisible spectrum of this enzyme
(Figure 4A) shows no large loss of flavin. The EPR spectra

We thank the staff of the Chemistry Machine Shop at the

indicate that both the neutral (not shown) and anionic (Figure University of lllinois for their skillful help constructing the
6A) forms of the semiquinone radical are present. In the wild- anaerobic cell.

type enzyme and all of the mutants, when dithionite is used

as reductant, there is almost full occupancy of the anionic REFERENCES

radical species (1315 G). When NADH is used as reduc-

tant, the line width is larger, consistent with a mixture of 1.
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with the wild-type enzyme (1718.5 G compared to 15.2 2.

G; see Table 3). This variation in line width may arise from
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