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ARTICLE INFO ABSTRACT
Article history: The Klebsiella pneumoniae genome contains genes for two putative flavin transferase enzymes (ApbE1 and
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ApbE2) that add FMN to protein Thr residues. ApbE1, but not ApbE2, has a periplasm-addressing signal sequence.
The genome also contains genes for three target proteins with the Dxx(s/t)gAT flavinylation motif: two subunits
of Na*-translocating NADH:quinone oxidoreductase (Na™-NQR), and a 99.5 kDa protein, KPK_2907, with a
previously unknown function. We show here that KPK_2907 is an active cytoplasmically-localized fumarate
reductase. K. pneumoniae cells with an inactivated kpk_2907 gene lack cytoplasmic fumarate reductase activity,
while retaining this activity in the membrane fraction. Complementation of the mutant strain with a
kpk_2907-containing plasmid resulted in a complete recovery of cytoplasmic fumarate reductase activity.
KPK_2907 produced in Escherichia coli cells contains 1 mol/mol each of covalently bound FMN, noncovalently
Flavin transferase bound FMN and noncovalently bound FAD. Lesion in the ApbE1 gene in K. pneumoniae resulted in inactive
Na* transport Na*-NQR, but cytoplasmic fumarate reductase activity remained unchanged. On the contrary, lesion in the
FMN ApbE2 gene abolished the fumarate reductase but not the Na*-NQR activity. Both activities could be restored
by transformation of the ApbE1- or ApbE2-deficient K. pneumoniae strains with plasmids containing the Vibrio
cholerae apbE gene with or without the periplasm-directing signal sequence, respectively. Our data thus indicate
that ApbE1 and ApbE2 bind FMN to Na™-NQR and fumarate reductase, respectively, and that, contrary to the
presently accepted view, the FMN residues are on the periplasmic side of Na™-NQR. A new, “electron loop” mech-
anism is proposed for Na*-NQR, involving an electroneutral Na™ /electron symport. This article is part of a Special
Issue entitled: 18th European Bioenergetic Conference.
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1. Introduction

Na*-translocating NADH:quinone oxidoreductase (Na™-NQR) [1]
and related proteins such as Na‘t-dependent NADH:ferredoxin
oxidoreductase (RNF complex) [2], regulator of NO reductase transcrip-
tion (NosR) [3] and urocanate reductase (UrdA) [4] contain catalytically
essential FMN residues connected by a phosphoester bond through a
Thr residue. This post-translational modification is catalyzed by a

Abbreviations: DCPIP, 2,6-dichlorophenolindophenol; dNAD* and dNADH, oxidized
and reduced nicotinamide hypoxanthine dinucleotide; Na*-NQR, Na*-translocating
NADH:quinone oxidoreductase; Rf, riboflavin; RNF, Na*-dependent NADH:ferredoxin ox-
idoreductase; UQg, ubiquinone-8; Ap Na+ , transmembrane electrochemical Na™
potential
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Mg? "-dependent flavin transferase (ApbE) using FAD as substrate [5].
In Salmonella enterica, ApbE is a lipoprotein anchored to the periplasmic
side of the inner membrane, and the periplasmic location is essential for
the physiological role of ApbE in this bacterium [6]. Homologs of ApbE
are widely distributed among bacteria [5].

Na*-NQR is a redox-driven sodium pump that generates a trans-
membrane electrochemical Na*t potential (Afiy,") [7] and operates in
the respiratory chain of various bacteria, including several pathogenic
microorganisms [8,9]. Na*-NQR consists of six subunits (NqrA-F) [10]
encoded by the six genes of the ngr operon [11,12]. Two covalently
bound FMN residues are found in subunits NqrB and NqrC [1,8]. In
addition, Na™-NQR contains a [2Fe-2S] cluster [13,14], noncovalently
bound FAD [15,16], riboflavin (Rf) [17], and one tightly bound
ubiquinone-8 (UQg) [8,16]. FAD and the [2Fe-2S] cluster are localized
in subunit NqrF [11,18], whereas riboflavin is found in subunit NqrB
[19] and ubiquinone headgroup is located in NqrA [20]. The positions
of the prosthetic groups in the electron-transport pathway were
deduced from the kinetics of the reduction of wild type [13,21] and
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mutant Na*-NQR lacking FAD, FMNng, FMNnq c O the [2Fe-2S] clus-
ter [22,23]. The following sequence of electron transport in Na*-NQR
was thus established [7,23]:

NADH—>FAD— 2Fe—25] “>FMNyg,c —~FMNyqy = Rf >UQsg. (Scheme 1)

It should be noted that this scheme may be incomplete as pulsed EPR
data showed only weak dipole-dipole interactions between the re-
duced [2Fe-2S] cluster and NqrC and NqrB flavosemiquinones [24].
Some yet unrecognized redox group(s) may therefore be involved be-
tween the [2Fe-2S] cluster and the FMN residues to allow rapid electron
transfer between these centers. The rate of electron transport from the
[2Fe-2S] cluster to FMNngc was found to be strongly activated by
sodium ions [21,22]. The apparent binding constants derived from the
effects of Na* on FMNgrc and FMNygs reduction by NADH and
steady-state NADH:ubiquinone conversion are very similar [21]. This
finding is consistent with electron transfer from [2Fe-2S] to FMNngqrc
being a rate-limiting step coupled with Na* pumping [21,23,25].

It is generally believed that the covalently bound FMN residues are
localized in the cytoplasmically oriented regions of NqrB and NqrC
[26]. However, this view contradicts the periplasmic location of the
ApbE enzyme [6] that attaches FMN to Na*-NQR [5]. To solve this co-
nundrum, we characterize here both ApbE-like proteins of Klebsiella
pneumoniae with respect to their targets and cellular localization. The
results of this study force reconsideration of the currently accepted
membrane topology of the Na™-NQR complex.

2. Materials and methods
2.1. Bacterial strains, growth, and media composition

The bacterial strains used in this study are listed in Table 1.
Escherichia coli and K. pneumoniae cells were routinely grown in LB me-

dium at 37 °C. For measurements of fumarate reductase activities,
K. pneumoniae cells were grown anaerobically at 37 °C in M9 medium

Table 1
Bacterial strains, plasmids, and primers used in this study.

supplemented with 0.2% (w/v) glucose, 0.05% (w/v) yeast extract, and
25 mM sodium fumarate. The media used to grow K. pneumoniae cells
contained ampicillin at 150 pg/ml, tetracycline at 3.3 pg/ml, 100 pg/ml
kanamycin and 40 pg/ml chloramphenicol. The concentrations of the
antibiotics used for E. coli were 100, 10, 50, and 20 ng/ml, respectively.

2.2. Construction of expression vectors

A C-terminal 6 x His-tagged KPK_2907 protein expression vector
was constructed by amplifying the DNA fragment of kpk_2907 by PCR
with a Tersus PCR kit (Evrogen) and the primers Kpn_FRD_dir and
Kpn_FRD_rev (Table 1) using the genomic DNA of K. pneumoniae 204
as a template. The resulting 2790-bp fragment was cloned into the
pBAD-TOPO® vector (Invitrogen), yielding the pBAD_FRDy,,3 plasmid.

An expression vector for the full-length ApbE protein from Vibrio
cholerae was constructed by amplifying the DNA fragment of apbE by
PCR with a Tersus PCR kit and the primers VCLAE_dir and VCLAE_rev
(Table 1) using V. cholerae genomic DNA as the template. The resulting
2100-bp fragment was cloned into the pAL-TA vector (Evrogen), yield-
ing the pAL_VCLAE2 plasmid. The 462-bp BsaBI-Kpnl fragment of this
plasmid was used to replace the 353-bp Ncol-Kpnl fragment in the
pB_CM1 vector [5]. The resulting plasmid pB_LAE9 contains the apbE
gene from V. cholerae under the control of an arabinose-inducible pro-
moter (araBAD).

2.3. Construction of a KPK_2907-deficient K. pneumoniae strain

A kanamycin-resistance cassette was inserted into the EcoRI site of
the kpk_2907 gene in pBAD_FRDk,3, and a Km-containing plasmid
(PB_FRDgpn_Km) bearing the kpk_2907 gene together with the unidi-
rectionally transcribed kanamycin-resistance cassette was selected.
The kpk_2907::Km fragment from pB_FRDyp,_Km was subcloned into
the suicide vector pKNOCK-Tc, resulting in pKn_FRD::Km. This plasmid
was transferred into the K. pneumoniae KNU210 (nuoB::Cm) strain [27]
via conjugation using E. coli SM10Xpir as the donor, and a Tc> Km® CmR

Relevant details

Reference or source

Strain

K. pneumoniae 204 Wild type [27]

K. pneumoniae KNU210 nuoB::Cm, Rff CmR [27]

K. pneumoniae KNUAE11 nuoB::Cm, apbE1::Km, RfX CmR Km® [5]

K. pneumoniae 503 nuoB::Cm, apbE2::Km, RF* CmR KmR This study
K. pneumoniae 307 nuoB::Cm, kpk_2907::Km, Rff Cm® Km® This study
E. coli Sm10 \pir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu, Km® [53]

E. coli XL1-Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB lacl9ZAM15 Tn10], Tc® Stratagene
Plasmid

pKNOCK-Tc Mobilizable suicide vector; Tc® [54]
pAL-TA PCR products TA-cloning vector; Ap® Evrogen
PBAD-TOPO Recombinant protein expression vector, Ap® Invitrogen
pBAD Recombinant protein expression vector, Ap® Invitrogen
pB_LAE9 PBAD bearing the full length apbE gene of V. cholerae, Ap® This study
pB_CM1 PBAD bearing a truncated apbE gene of V. cholerae without nucleotides 1-48, with C17M substitution, pUC ori, Ap} [5]

pAhis3 PBAD bearing a truncated apbE gene of V. cholerae without nucleotides 1-48, with C17M substitution, p15A ori, Cm® [5]
PBAD_FRDyn3 PBAD-TOPO bearing the kpk_2907 gene of K. pneumoniae and C-terminal 6xHis tag, Ap® This study

Primer Sequence (5'-3")*

Kpn_FRD_dir GagGaaTAACTTATGACCAGTAACGAACGTA
Kpn_FRD_rev ggATCCTCTGGCACGTTTCGC

VCLAE_dir GACTCCGCCGCCAAATAATC

VCLAE_rev GGCAGCGAAAAAGCAGTCCA
Kpn_ApbE2_dir CTTCAACGAGATGGAGACCCG
Kpn_ApbE2_rev CTGGTGCTGCTGGATGTCTAC

¢ The nucleotides substituted in mutagenesis experiments are designated by lower case letters.
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phenotype clone (K. pneumoniae 307 nuoB::Cm, kpk_2907::Km) charac-
teristic of a double-crossover—introduced mutation was selected.

24. Construction of an ApbE2-deficient K. pneumoniae strain

A DNA fragment containing the apbE2 gene was amplified by PCR
with Taq polymerase and primers Kpn_ApbE2_dir and Kpn_ApbE2_rev
(Table 1) using K. pneumoniae 204 genomic DNA as a template. The
amplified 2097-bp fragment was cloned into the pAL-TA vector,
resulting in the pAL_ApbE2_6 plasmid. A kanamycin-resistance cassette
was inserted into the Agel site of the apbE2 gene in pAL_ApbE2_6, and a
Km-containing plasmid (pALAE2_Km1) bearing the apbE2 gene
together with the unidirectionally transcribing kanamycin-resistance
cassette was selected. The apbE2::Km fragment from pALAE2_Km1
was subcloned into the suicide vector pKNOCK-Tc, resulting in
pKn_AE2::Km1. This plasmid was transferred into the K. pneumoniae
KNU210 (nuoB::Cm) strain via conjugation using E. coli SM10\pir as
the donor, and a Tc® Km® CmR phenotype clone (K. pneumoniae 503,
nuoB::Cm, apbE2::Km) characteristic of a double-crossover—introduced
mutation was selected. Proper localization of the mutations in the
K. pneumoniae chromosome was verified by PCR analysis.

2.5. Subcellular fractionation of K. pneumoniae cells

K. pneumoniae cells were harvested by centrifugation (10,000 g,
10 min) and washed with medium 1 (100 mM KCl, 10 mM Tris-HClI,
5 mM MgSO,, pH 8.0). The periplasmic fraction was obtained by a
Polymyxin B treatment [28]. The cell pellet was suspended in ice-cold
medium 2 (100 mM KCl, 20 mM Tris/HEPES (pH 8.0), 5 mM MgSO,)
supplemented with Polymyxin B (10,000 units/ml). This mixture was
gently stirred in an ice bath for 10 min. The Polymyxin B-treated cells
were removed by centrifugation (10,000 g, 10 min). The supernatant
represented the periplasmic fraction of K. pneumoniae cells. Control
experiments showed that this treatment resulted in a >90% release of
periplasmic proteins (estimated by measuring p-lactamase activity)
with <1% contamination by cytoplasmic proteins (estimated by mea-
suring malate dehydrogenase activity).

To produce cytoplasmic and membrane fractions, the pelleted Poly-
myxin B-treated cells were suspended in medium 2 and the suspension
was passed through a French press (16,000 psi). Undamaged cells and
cell debris were removed by centrifugation at 22,500 g (10 min), and
the supernatant was further centrifuged at 180,000 g (60 min). The
supernatant was used as the cytoplasmic fraction. The pellet was then
washed with medium 2, suspended in the same medium, and used as
the membrane fraction. Protein concentration was determined by a
bicinchoninic acid method [29] using bovine serum albumin as a
standard.

2.6. Determination of enzymatic activities

Fumarate reductase activity was determined spectrophotom-
etrically by following the oxidation of reduced methyl viologen
(g606 = 13.7 mM~! cm™! [30]). The assay was performed in a 3.2 ml
anaerobic cuvette. The standard assay mixture contained 100 mM Kdl,
20 mM Tris/HEPES (pH 8.0), 5 mM MgSO,4, 1 mM fumarate, and
1 mM methyl viologen reduced with sodium dithionite until an absor-
bance of about 1.5 at 606 nm was obtained.

Succinate dehydrogenase activity was measured at 600 nm by fol-
lowing the reduction of 2,6-dichlorophenolindophenol (DCPIP,
g600 = 22 mM~ ' cm™ ') [31]. The assay mixture contained 100 mM
KCl, 20 mM Tris/HEPES (pH 8.0), 5 mM MgSO,4, 2 mM succinate,
2 mM phenazine methosulfate, and 25 pM DCPIP.

Na™-NQR activity of membrane vesicles isolated from K. pneumoniae
strains with AnuoB genetic background was measured at 340 nm
by following the sodium-stimulated component of oxidation of
the potassium salt of ANADH (340 = 6.22 mM~! cm™!). Na*-NQR is

the sole dNADH-oxidizing complex of the respiratory chain in
these K. pneumoniae strains owing to disruption of the nuoB gene
encoding a subunit of H*-translocating NADH:quinone oxidoreductase
(NDH-1) [27]. The other NADH:quinone oxidoreductase (NDH-2) of
K. pneumoniae oxidizes NADH but not dNADH, whereas Na™-NQR acts
on both substrates [27,32]. The reaction medium contained 100 mM
KCl, 20 mM Tris/HEPES (pH 8.0), 5 mM MgSO,4, and 120 uM K-
dNADH. To determine Na™-stimulation of the activity, 25 mM NaCl
was added to the reaction mixture.

The assays were performed at 25 °C and absorbance measurements
were carried out using a Hitachi 557 spectrophotometer. One unit of
enzyme activity was defined as the amount of enzyme catalyzing oxida-
tion of 2 umol of methyl viologen, 2 umol of DCPIP or 1 pmol of ANADH
per min.

2.7. Synthesis of the potassium salt of ANADH

Only sodium salts of ANADH are commercially available. K-dNADH
was produced by reduction of ANAD™ upon incubation with ethanol, al-
cohol dehydrogenase, and semicarbazide [33,34]. The dNADH produced
was precipitated by barium acetate/ethanol treatment [34]. The potassi-
um salt of dNADH was obtained by treatment of the produced Ba-

2.8. Isolation of recombinant 6 x His-tagged KPK_2907 protein

For kpk_2907 induction, E. coli cells bearing the pBAD_FRDxp,,3 and
pAhis3 [5] plasmids were grown at 32 °C to mid-exponential phase
(Asoo = 0.3-0.4), after which the growth medium was supplemented
with 0.2% (w/v) L-arabinose and the cells were grown for additional
3 h. The cells were harvested by centrifugation (10,000 g, 10 min) and
washed twice with medium containing 300 mM NaCl, 10 mM Tris-
HCl, and 5 mM MgSO4 (pH 8.0). The cell pellet was suspended in medi-
um containing 300 mM NacCl, 20 mM Tris-HCl, 5 mM MgSO,4, 1 mM
phenylmethylsulfonyl fluoride, and 5 mM imidazole-HCI (pH 8.0),
and the suspension was passed twice through a French press
(16,000 psi). Cell debris and membrane vesicles were removed by cen-
trifugation at 180,000 g (60 min). The KPK_2907-6His protein was pu-
rified from the supernatant using affinity chromatography. This was
accomplished by loading the supernatant onto a Ni-NTA column equil-
ibrated with solution A containing 300 mM NaCl, 10 mM Tris-HCl,
and 5 mM imidazole-HCI (pH 8.0); washing the column first with solu-
tion A containing 10 mM imidazole-HCl and then with solution A con-
taining 20 mM imidazole-HCl; and eluting KPK_2907-6His with
solution A containing 100 mM imidazole-HCI. The protein obtained
was concentrated and kept frozen at — 80 °C until use.

2.9. Extraction and identification of flavins in KPK_2907

Covalently and noncovalently bound flavins in the KPK_2907-6His
protein were assayed as described by Casutt et al. [35]. The protein
(3 mg) was precipitated with 7.5% (v/v) trifluoroacetic acid,
sedimented by centrifugation, and washed with water (0 °C). The su-
pernatants were combined, neutralized by adding 0.8 M K,HPO,, and
passed through a Microcon YM-10 centrifugal filter (Millipore). The fil-
trate was used for determination of noncovalently bound flavins. Cova-
lently bound flavins were released from the protein pellet by alkaline
hydrolysis. To this end, an ice-cold 0.5 M LiOH solution (0.2 ml) was
added to the pellet and the mixture was vortexed and incubated on
ice for 24 h. After the incubation, the suspension was neutralized by
adding 1 M MES and passed through a Microcon YM-10 centrifugal fil-
ter. The filtrates obtained were subjected to reverse-phase HPLC using a
Prontosil 120-5 C18 column (75 x 2 mm). A linear gradient of metha-
nol (ranging from 10% to 70% v/v, 25 min) in 5 mM MES-Tris
(pH 6.0) with a flow rate of 0.1 ml/min was used. Flavins were detected
at 360 nm.
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2.10. Electrophoresis

SDS-PAGE was performed using 10% (w/v) polyacrylamide gels [36].
Covalently bound flavins were detected by photographing gels under
UV illumination with a Gel-Imager2 gel documentation system using a
SYBR Green emission filter.

3. Results
3.1. Bioinformatic analysis of K. pneumonia genome

The K. pneumoniae genome [37] contains genes for two ApbE-type
proteins—ApbE1 and ApbE2 [5]. Despite only moderate similarities in
their deduced amino acid sequences (32% identity), they contain most
of the residues involved in FAD binding identified in the crystal
structure of S. enterica ApbE [38]. These residues are also found
in V. cholerae ApbE, the only ApbE protein for which flavin transferase
activity has been experimentally demonstrated [5]. The two ApbE pro-
teins of K. pneumoniae are thus also expected to act as flavin transfer-
ases. One important difference between these putative flavin
transferases is that the predicted ApbE1 sequence contains a 20-
residue N-terminal extension (MDMTFFRAALLGACVLLSGC), which
was identified by LipoP 1.0 server [39] as a periplasm-addressing signal
for bacterial lipoproteins. This extension or any other signal peptide is
absent in ApbE2 (Fig. 1). Furthermore, ApbE2 lacks any transmembrane
«o-helix and therefore should be a cytoplasmic protein.

Adjacent to the apbE2 gene in the K. pneumoniae chromosome is a
gene encoding a 925-residue protein KPK_2907, formed by three do-
mains: OYE_like_FMN (Pfam: PF00724), FMN_bind (Pfam: PF04205),
and FAD_binding_2 (Pfam: PFO0890) (Fig. 2A) [40]. Intriguingly, the
FMN_bind domain contains a Dxx(s/t)gAT* motif (lower case letters
indicate preferred but not strictly conserved residues, x is any residue),
characteristic of proteins to which FMN is covalently attached via a Thr
residue (marked with an asterisk) [5]. The C-terminal FAD_binding 2
domain is homologous to the FAD-binding domain of fumarate reduc-
tases (succinate dehydrogenases) and contains all the amino acid
residues that are critical for these catalytic activities (Fig. 2B). Notewor-
thy, in KPK_2907, this domain lacks a characteristic His residue to which
FAD is covalently attached via an 8a-N-histidyl-FAD bond in
membrane-bound fumarate reductases (succinate dehydrogenases)
(Fig. 2B) and may thus bind FAD noncovalently. The N-terminal
OYE_like_FMN domain is homologous to “old yellow enzyme”; thus,
an NAD(P)H-dehydrogenase activity could be expected for this domain.
Importantly, the N-terminus of KPK_2907 bears no signal sequence that
would direct it outside the cytoplasm. Based on this analysis, KPK_2907
could be tentatively classified as a cytoplasmic fumarate reductase
(succinate dehydrogenase) that uses a covalently bound FMN residue
for catalysis and is thus a target for ApbE2.

ApbEl : MDMTFFRAALLGACVLLSGCDSATTPASPASTATVLDGK

APDE2 : —==—mmmmmmmmmmmm e MSDNRVYSYSAVIY

ApbEl : M IVDIMWTLSLRIGAKTHGH T}

ApbE2 : M FOIMOCAKAASMVRDSH RIGPL
ApbEl : Qf KDIly STNGE €M [HIRA R TIUE@)N I SN Y 1Y S|

ApbE2 : O— —|5GE] GAMAK] RDY)H ONELS NN
ApbEl : ¥ RN 1) VID

ApbE2 : qr 0l ‘

ApbEl : FRTHLVGEKN-——-—————

ApbE2 : § RLRIFSPLDSGYQVIDCTA

1125
3.2. Isolation and characterization of KPK_2907

The kpk_2907 gene was amplified from K. pneumoniae genomic DNA
and cloned into the expression vector pBAD-TOPO, containing an
arabinose-inducible promoter (araBAD) and an insert for a Hisg tag
at the C-terminus of the expressed protein. E. coli cells expressing
kpk_2907 did not exhibit cytoplasmic fumarate reductase activity,
which could be explained by the inability of E. coli to flavinylate foreign
proteins [5]. Accordingly, kpk_2907 expression in E. coli in the presence
of a plasmid containing the gene encoding V. cholerae ApbE devoid of its
signal peptide (Vc_ApbE’) induced high fumarate reductase activity (5.4
umol of reduced fumarate/min per mg protein). These data indicated
the importance of KPK_2907 flavinylation for its catalytic activity.

The active KPK_2907-6His was isolated from the E. coli/
PBAD_FRDyp3 + pAhis3 strain as a bright yellow protein by
immobilized metal affinity chromatography on Ni-NTA agarose.
The protein was detected as a ~95-kDa fluorescent band (99.5 kDa
calculated mass) in SDS-polyacrylamide gels (Fig. 3A), confirming
the presence of a covalently bound flavin. The absorption spectrum
of the isolated protein showed maxima at 369 and 457 nm, charac-
teristic of flavin prosthetic groups (Fig. 3B). The flavin content of
KPK_2907-6His could be calculated from these data as 9.3 nmol
per mg of protein.

The relative amounts of covalently and noncovalently bound flavins
in the recombinant KPK_2907-6His were determined as described by
Barquera et al. [17]. The protein was denatured by guanidine hydrochlo-
ride and the released noncovalently bound flavins were separated by
ultrafiltration. Two thirds (67%) of the total flavin content of
KPK_2907-6His was found to be noncovalently bound and nearly one
third (27%) was found to be covalently bound (a small amount of the
covalently bound flavin was apparently lost because of protein adsorp-
tion on the filter). Thus, the ratio of the covalently and noncovalently
bound flavins in KPK_2907-6His was about 1:2. This finding is consis-
tent with the sequence data showing the presence of a flavin covalent
binding motif in only one of the three flavin-binding domains in
KPK_2907.

To identify the flavins present in KPK_2907-6His, the purified
protein was precipitated with 7.5% (v/v) trifluoroacetic acid and
sedimented by centrifugation. HPLC analysis of the supernatant demon-
strated the presence of nearly equal amounts of FAD and FMN (Fig. 3C,
upper trace). The covalently bound flavin was extracted from the pro-
tein pellet by alkaline treatment as described by Casutt et al. [35].
HPLC analysis of the extract revealed only FMN (Fig. 3C, lower trace).
To sum up, active recombinant KPK_2907 contains approximately
equal amounts of noncovalently bound FAD, noncovalently bound
FMN, and covalently bound FMN.

The isolated KPK_2907-6His demonstrated high fumarate reductase
activity (ke,e = 540 s~ ! with reduced methyl viologen as an electron
donor) and negligible succinate dehydrogenase activity (0.005 s~ 1),

FWRMYSIYIG KIAEAWRRAKMOAQTIBADDRIBESI TINN DS
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[RIEFHGHSIY— | RUQLIR POENYTIMDETHCS
MNGEGKP Ol8% T DRE N V]
Lg-——-———-——- ETHG] FADAQKNET GS|R
A Gl DRNGIRM Pl QQ
SIEDGIY T TILIBEG] GCA.

IOGLAVY]
[REDID.

INYKEGEGEFKTW
FRYTKNRDI-TIL

Fig. 1. Sequence alignment of the ApbE-like proteins of K. pneumoniae, ApbE1 (accession number YP_002237370) and ApbE2 (YP_002238733). Identical residues are shown in boxes.
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Fig. 2. The structure of K. pneumoniae KPK_2907. Panel A: the domain architecture of K. pneumoniae KPK_2907. Panel B: sequence alignment of the FAD-binding domain of the
periplasmic fumarate reductase from S. oneidensis MR-1 (SO_0970, accession number AAN54044), the flavoprotein subunit of the succinate dehydrogenase from E. coli (DHSA, accession
number ZP_07190469), and the FAD-binding domain of the KPK_2907 protein from K. pneumoniae (YP_002238734). Amino acid residues involved in binding the C4 carboxylic group of
fumarate are marked in green, residues forming the proton transfer pathway to fumarate are marked in blue, and residues involved in binding the C1 carboxylic group of fumarate are
marked in red. The histidine residue that anchors FAD in the succinate dehydrogenase is marked in magenta.

values quite comparable with those for other known soluble fumarate
reductases [41,42]. However, contrary to expectation, KPK_2907-6His
exhibited no NAD(P)H-dependent fumarate reductase activity. More-
over, prolonged incubation of KPK_2907-6His with NADH or NADPH
did not result in protein reduction (data not shown). A likely explana-
tion is that KPK_2907 uses an electron donor other than NAD(P)H
in vivo. Alternatively, KPK_2907 could be a bifurcating enzyme that
requires ferredoxin or another low potential electron acceptor, beside
NAD(P)H and fumarate, for enzymatic activity in vivo [43].

3.3. Cellular localization of KPK_2907

K. pneumoniae cells grown anaerobically in the presence of fumarate
were separated into cytoplasmic, periplasmic, and membrane fractions,
and their fumarate reductase and succinate dehydrogenase activities
were measured (Table 2). The highest level of fumarate reductase
(95% of its total cell content) was observed in the cytoplasm, and only
4% of the total activity was found in the membrane fraction. The corre-
sponding specific activities of fumarate reductase in the cytoplasmic

B

0.05+
0.044
0.03

0.02+

Absorbance

0.014

0.00+4

and membrane fractions were 2.8 + 0.1 and 0.39 + 0.05 units/mg.
Small amounts of the enzyme in the periplasmic fraction (1%) apparent-
ly resulted from cytoplasmic contamination. Importantly, the mem-
brane fraction exhibited both fumarate reductase and succinate
dehydrogenase activities, whereas the cytoplasmic fraction showed
only the former activity. These findings agree with the reported data
[42] showing that soluble fumarate reductases are generally unidirec-
tional catalysts, whereas membrane-bound fumarate reductases/succi-
nate dehydrogenases catalyze fumarate-to-succinate interconversion
in both directions. The low fumarate reductase activity in the mem-
brane fraction therefore cannot be fully explained by cytoplasmic con-
tamination. Hence, the K. pneumoniae cells grown anaerobically in the
presence of fumarate contain at least two enzymes with fumarate re-
ductase activity—one in the cytoplasm and the other in the membrane.

To clarify the role of KPK_2907 in the fumarate reductase activity of
K. pneumoniae cells, we prepared a mutant strain of the bacterium with
inactivated kpk_2907 gene. This strain lacked cytoplasmic fumarate re-
ductase activity, whereas both activities in the membrane fraction
were only slightly affected (Table 2). Complementation of the
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Fig. 3. Characterization of the recombinant protein KPK-2907-6His purified from the E. coli/pBAD_FRDk;n3 -+ pAhis3 strain. (A) SDS-PAGE analysis. Left: unstained gel under UV illumi-
nation. The major fluorescent band corresponds to flavin-bound KPK_2907-6His. Right: Coomassie Blue-stained gel. The bars with numbers indicate the positions and molecular masses
(in kDa) of marker proteins. (B) Electronic absorption spectrum. (C) HPLC separation of noncovalently bound flavins (upper trace) and covalently bound flavins (lower trace) released

from KPK_2907-6His. Retention times for FAD, FMN, and riboflavin are indicated by arrows.
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Table 2

Fumarate reductase/succinate dehydrogenase activities of cellular fractions prepared from two K. pneumoniae strains. Cell amounts equivalent to 13 mg of cellular protein were used for

each strain. The results of a typical experiment are shown.

Strain Activity (unit)

Membrane Periplasm Cytoplasm
K. pneumoniae KNU 210 (Anuo) 1.2/0.024 0.26/<0.001 28/<0.001
K. pneumoniae 307 (Anuo Akpk_2907) 0.5/0.021 <0.01/<0.001 <0.01/<0.001

K. pneumoniae 307 (Akpk_2907) strain with the kpk_2907-containing
plasmid pBAD_FRDxj,,3 resulted in a complete recovery of cytoplasmic
fumarate reductase activity (specific activity of 4.2 units/mg versus
2.8 units/mg in wild-type cells). Taken together, these finding indicated
that the cytoplasmically localized fumarate reductase activity is associ-
ated with the KPK_2907 protein in K. pneumoniae.

3.4. Flavinylation of KPK_2907 and Na™-NQR subunits in
K. pneumoniae cells

Since both the membrane-bound Na™-NQR and the cytoplasmic
KPK_2907 contain covalently bound FMN residues, it was of interest
to determine which of the two ApbE-like proteins (ApbE1 and ApbE2)
is responsible for their modification in K. pneumoniae. As Table 3
makes clear, apbE1 lesion resulted in a complete loss of Na*-NQR activ-
ity, whereas apbE2 lesion had no effect on it. The effects on KPK_2907
activity were the opposite: no effect of the apbE1 mutation and com-
plete inactivation by the apbE2 lesion. A straightforward inference is
that ApbE1 is essential for Na*-NQR flavinylation while ApbE2 catalyzes
this reaction with KPK_2907.

The selectivity of K. pneumoniae ApbE1 and ApbE2 for Na™-NQR and
KPK_2907, respectively, may result from their intrinsic specificities or
differential cellular localization of the modifying enzymes and/or their
targets. To choose between these alternatives, we transformed apbE1-
and apbE2-mutated K. pneumoniae cells with plasmids containing the
V. cholerae apbE gene. V. cholerae ApbE was chosen for the complemen-
tation because it is the only ApbE-type flavin transferase in the host bac-
terium and can use proteins from different organisms as targets [5]. This
protein contains an N-terminal signal peptide, presumably directing it
to the periplasm (Fig. 4). One of the plasmids (pB_LAE9) used to trans-
form K. pneumoniae cells contained the complete V. cholerae apbE gene,
while the second (pB_CM1) contained a truncated V. cholerae apbE gene
devoid of its signal sequence. The former plasmid should produce
periplasmically localized ApbE, whereas the latter should yield cyto-
plasmic ApbE.

As shown in Table 3, the effects of the plasmids on Na*-NQR and fu-
marate reductase activities were in opposition. The plasmid containing
wild type Vc_apbE did not complement fumarate reductase activity in
apbE2-mutated K. pneumoniae but did complement Na*-NQR activity
in the apbE1-mutated cells. In contrast, the plasmid containing truncat-
ed apbE’ fully complemented fumarate reductase activity in the apbE2-
mutated cells but was ineffective with Na*-NQR activity in the apbE1-
mutated cells. These results consistently showed that cytoplasmically
localized KPK_2907 fumarate reductase requires cytoplasmic ApbE
enzyme for flavinylation. Another inference is that flavinylation of
Na*-NQR occurs in the periplasmic space. These findings provide a ra-
tionale for the presence of two forms of the ApbE enzyme with different
localizations in K. pneumoniae.

4. Discussion

The results reported above indicate that the high fumarate reductase
activity detected in the cytoplasm of the K. pneumoniae cells grown
anaerobically in the presence of fumarate is associated with the cyto-
plasmic protein KPK_2907. This enzyme contains three flavin prosthetic
groups and has a unique domain composition not found previously in
other fumarate reductases. Another unusual property of KPK_2907 is

that FMN is attached covalently to this cytoplasmic protein. In most
known cases, covalent attachment of FMN is associated with its peri-
plasmic location. Despite its apparent uniqueness, the KPK_2907 type
of fumarate reductase may be widespread among bacteria because its
homologs are present in microorganisms belonging to the genera
Klebsiella, Erwinia, Enterobacter, Photobacterium, Vibrio, Staphylococcus,
Streptococcus, Enterococcus and others, including pathogenic
Staphylococcus aureus, Staphylococcus epidermidis and Streptococcus
uberis species.

Although not directly demonstrated in this work, FMN apparently
forms a phosphoester bond with Thr-447 in KPK_2907. This contention
is based on the findings that the KPK_2907 sequence contains a specific
motif for this kind of post-translational modification [5] and that
KPK_2907 is active only when its gene is co-expressed in E. coli
with the gene encoding the specific flavin transferase (ApbE)
capable of such a modification. Of the two ApbE enzymes present in
K. pneumoniae, only the cytoplasmic form (ApbE2) can modify
KPK_2907, consistent with the cytoplasmic localization of KPK_2907.
The periplasmic form (Vc_ApbE) can modify KPK_2907 in vivo only
when redirected to the cytoplasm by removing the signal peptide.

In contrast, Na™-NQR is flavinylated only by the periplasmic ApbE
and the reaction does not proceed in cells containing the same ApbE
but without the signal peptide. Our data thus convincingly demonstrate
that essential flavin groups are attached to Na™-NQR subunits in the
periplasm. As post-translational modification usually succeeds protein
integration into the membrane, our findings suggest a periplasmic ori-
entation of the flavin-binding domains of NqrC and NqrB in mature
Na™-NQR. This inference is supported by a similar topology of their
paralogous subunits (RnfD and RnfG) in the related RNF complex [2].
It should be noted that the lengthy ribosyl bridge may allow the hydro-
phobic isoalloxazine ring of FMNyg,s to be submerged into the mem-
brane portion of the subunit from the periplasmic side. Such an
arrangement is, however, unlikely in the case of the NqrC subunit be-
cause its truncated form, devoid of the transmembrane a-helix, is a
water-soluble flavoprotein with spectral and redox properties [5] simi-
lar to those of the full-size NqrC in the complete Na*-NQR complex [44].

The periplasmic orientation of FMN has important implications for
the transport reactions catalyzed by Na™-NQR. It was earlier suggested
that Na™-NQR operates by a mechanism similar to that of Complex I.
According to that mechanism, all the prosthetic groups of Na*-NQR
are located on the cytoplasmic side of the membrane and electron trans-
port between these groups is coupled to transmembrane Na* transport
via long-range conformational changes [23,24]. Given the known se-
quence of the redox events (Scheme 1) and that it should start and
end on the cytoplasmic side of the membrane [26], electrons should
cross the membrane twice on the way from NADH to ubiquinone to
reach the flavins on the periplasmic side. Such an “electron-loop”
mechanism, depicted in Fig. 5, is consistent with the weak dipole-dipole
interactions between the reduced [2Fe-2S] cluster and NqrC and NqrB
flavosemiquinones [24], as these groups are located on the different

Vc ApbE
Vc_ ApbE’

MRNWLVALASLLLLAGCEKPAEQVHLS...
MEKPAEQVHLS...

Fig. 4. N-terminal sequences of authentic (Vc_ApbE) and truncated (Vc_ApbE’) V. cholerae
ApDbE proteins. P-, H-, and L-boxes of the signal peptide are shown as blue, gray and yellow
boxes, respectively; the Cys residue through which fatty acids are attached is shown in red.
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Table 3

The effects of mutations in apbE1 and apbE2 on the activities of membrane-bound Na™-NQR and cytoplasmic fumarate reductase in K. pneumoniae strains, as estimated from Na*-
stimulated dNADH oxidation and fumarate reduction, respectively, and their complementation with plasmids carrying V. cholerae apbE or apbE'’.

K. pneumoniae strain Plasmid (encoded V. cholerae protein) Activity (unit/mg)

Na*-NQR KPK_2907
Wild type None 0.11 + 0.03 28 + 0.1
AapbE1 None <0.01 27 £ 0.1
AapbE2 None 0.12 £+ 0.02 <0.01
AapbE1 PB_LAES (Vc_ApbE) 0.11 £+ 0.03 nd?
AapbE1 pB_CM1 (Vc_ApbE’) <0.01 n.d.
AapbE2 pB_LAE9 (Vc_ApbE) n.d. <0.01
AapbE2 pB_CM1 (Vc_ApbE’) nd. 26 + 0.1

¢ n.d,, not determined.

sides of the membrane. To ensure efficient electron transfer, redox-
active groups should be separated by <14 A [45]. Hence, at least two
more such groups are required in the membrane portion between the
[2Fe-2S] cluster and FMNyg,c. Although the nature of these groups is
currently unknown, the likely candidates are the four membrane-
embedded Cys residues of NqrD and NqrE, earlier suggested to take
part in electron transfer [46]. Possible involvement of these residues in
redox activity is supported by their being virtually invariant residues
that are replaced by only selenocysteines in the Na*-NQR of several ma-
rine bacteria [47,48].

Na* translocation through Na*-NQR apparently occurs during
electron transfer from the [2Fe-2S] cluster to FMNygc [7,22]. The
“electron loop” mechanism in Fig. 5 has the obvious merit of permitting
a smaller charge separation during the transport reactions because Na™
is co-transported with an electron. As the Na* /e stoichiometry is 1 in
Na'-NQR [49], such an electroneutral symport should produce only

periplasm

[2Fe-2S]
A

Na'

NADH ~cytoplasm

Fig. 5. Topology and proposed reaction mechanism of Na™-NQR in the bacterial mem-
brane. Electron and Na* pathways are shown with gray-blue and violet arrows, respec-
tively. NqrA-F subunits are designated by corresponding capital letters, Rf denotes
riboflavin, UQ is ubiquinone, X and Y are putative redox-active prosthetic groups between
the distant [2Fe-2S] cluster and FMNyqcc. The shown membrane topology of the Na*-NQR
subunits is entirely based on the literature data [26]: NqrA is a cytoplasmically localized
water soluble subunit; NqrB, NqrD and NqrE are formed by 8, 6 and 6 membrane-
embedded a-helices, respectively; NqrC and NqrF each have only one transmembrane
a-helix and large solution oriented parts. The assignment of the redox-active groups to
different subunits [23] and the order of the redox events [7,23], except for X and Y, is
also based on literature data. Two new features of this scheme, directly following from
our data, are the placement of FMNyqs and FMNng.c (and their corresponding binding
domains) on the periplasmic side and addition of X and Y. The rate of electron transport
from the [2Fe-2S] cluster to FMNyq,c is known to be strongly activated by sodium ions
[21,22] indicating that some step in between is coupled with Na™ pumping.

ApNa, whereas Ays generation will occur upon electron transfer from
FMNngrc to ubiquinone. This scheme is supported by single-turnover
data showing the role of riboflavin oxidoreduction in Ays generation
[50]. Separating the process of Afiy," generation into two successive
steps should facilitate Na*-NQR catalysis by reducing its activation
barrier.

Covalent bonding of flavins is usually associated with the need to
change their redox properties in proteins [51]. This explanation is likely
in cases where flavins are attached via the isoalloxazine ring. In the
NqrB and NqrC subunits of Na*-NQR, the RnfD and RnfG subunits of
the RNF complex [2], regulator of NO reductase transcription NosR [3],
and urocanate reductase UrdA [4], the FMN residue is attached via the
phosphate group, i.e., at a distance from the isoalloxazine ring. There-
fore, an effect of such covalent bonding on flavin redox properties
seems unlikely in these proteins. Instead, our data on the periplasmic lo-
cation of the bound FMN residues suggest that the covalent bonding
simply helps to prevent cofactor loss to the external medium. A similar
interpretation of the covalent bonding of a heme group was suggested
for cytochrome c [52].

In summary, we have identified a novel cytoplasmic fumarate reduc-
tase and flavin transferase in K. pneumoniae and demonstrated that FMN
residues are attached to Na*-NQR on its periplasmic side. Based on the
latter finding, an “electron loop” mechanism is proposed for coupling
the transport reactions in Na™-NQR.
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