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Vibrio alginolyticus contained two adjacent genes, kfrA and kirB, which encode a new type of bacterial
K*-uptake system. KtrA and KtrB are peripheral and integral membrane proteins, respectively. Six of the nine
sequenced bacterial genomes contain homologs to both kfr4 and ktrB, suggesting that KtrAB is widespread.

In prokaryotes, K* uptake is essential for the homeostatic
processes of turgor pressure regulation and maintenance of
cytoplasmic pH (5, 30). Escherichia coli K-12 contains two
major types of K" -uptake systems (Trk and Kdp) and one
minor K" -uptake system (Kup) (22, 30). The inducible Kdp
system belongs to the family of P-type ATPases. It transports
K™ with high affinity (26, 27). TrkH and TrkG are two consti-
tutive, rapid K" -uptake systems with a relatively low affinity for
K™ (6). They consist of several subunits: an integral membrane
protein, TrkH or TrkG (25); a membrane surface protein, TrkA,
that binds **P-NAD(H) in vitro (23); and the sapDF gene pro-
ducts from the sapABCDF operon (9), which encodes an ABC
transporter of unknown function (20). Little is known about
K™ uptake in bacteria other than E. coli. Enterococcus hirae
contains an inducible system, K*-transport system IT (KtrII),
which accepts Rb™ poorly (low affinity and low rate) (10). KtrII
requires the n#pJ gene product for activity. NtpJ is an integral
membrane protein. It exhibits weak sequence similarity to por-
tions of both the TrkG and TrkH proteins and the K*-uptake
proteins Trkl and Trk2 from yeasts (31). It has been specu-
lated that NtpJ is not the only component of KtrII (13). Several
bacterial genomes contain an n#pJ homolog, suggesting that
Ktrll is widespread among bacteria (4).

Vibrio alginolyticus is a marine bacterium that grows at neu-
tral to alkaline pH. K™ transport is particularly important for
cytoplasmic pH homeostasis of this bacterium at an alkaline
external pH (16). It accumulates K* via at least two systems: a
low-affinity, Trk-like, constitutive system and an inducible
high-affinity system different from Kdp (15). We have previ-
ously cloned and sequenced the rkAH gene cluster from V.
alginolyticus (14, 17). These genes are expressed in E. coli and
form active hybrids with other components of the E. coli TrkH
and TrkG systems (17). Here we report on the cloning of genes
encoding a new type of high-affinity K*-uptake system, KtrAB
from V. alginolyticus. It consists of two gene products, one of
which (KtrB) is homologous to NtpJ from E. hirae.

The strains and plasmids used in this study are given in
Table 1 and Fig. 1, respectively. Plasmid pKTS8 was selected
from a V. alginolyticus 138-2 gene bank in plasmid pHG165
(28) by allowing the K" -uptake-negative E. coli strain TK2450/
pKTS8 to grow on plates at 3 mM K™ and on the basis of having
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a nucleotide sequence different from that of the V. alginolyticus
trkAH-containing plasmid pKT6 (17). Plasmid pKT8 contained
a chromosomal insert of 4,004 bp with three complete open
reading frames of the same orientation (Fig. 1). (Coordinates
in this publication are identical to those of the database
record.) The first gene started at nucleotide 351 and termi-
nated at nucleotide 1584. It encoded a protein of 411 amino
acid residues with a molecular mass of 45,623 Da that was
similar to the RNA helicase-like protein RhlE from E. coli
(18). Putative —35 and —10 regions and a putative ribosome
binding site were found 84 and 7 nucleotides upstream of rhlE,
respectively. The second gene started at nucleotide 1837 and
terminated at nucleotide 2497. It encoded a protein with a
predicted molecular mass of 23,804 Da. Cell fractionation
studies of minicells (24) expressing gene 2 showed that its
product occurred both in the soluble protein fraction and in
the membrane (results not shown), suggesting that this protein
is a peripheral membrane protein. Putative —35 and —10 re-
gions and a putative ribosome binding site were found 56 and 5
nucleotides upstream of this gene, respectively. The third gene
overlapped with gene 2 by 1 nucleotide. It started at position
2496 and ended at nucleotide 3861. A putative ribosome bind-
ing site was found 10 nucleotides upstream of the third gene. It
encoded a hydrophobic protein with a calculated molecular
mass of 49,675 Da and with 36% identity to NtpJ from E. hirae
(31). A putative p-independent termination signal was found
65 bases downstream of the ntpJ-like gene.

A series of deletion plasmids was constructed in order to

TABLE 1. Strains used in this study

Strain® Gcnotypg, property, or V. algino- Source Refer-
Iyticus genes present ence

LB650 TK1001 trkH::Cam" trkG::Kan" Lab collection 17

LB670 TK1001 sapABCDF::Kan* Lab collection 17

LB680 TK1001 trkH::Cam" sapABCDF:: Lab collection 17
Kan®

LB700 LB2003 sapABCDF::Kan* Lab collection 17

LB2003 TK1001 AtrkA Lab collection 29

TK1001 F~ thi lacZ gal rha AkdpFABCS W. Epstein 21
trkD1

TK2450  F~ thi rha lacZ gal AkdpFABCS W. Epstein 25
trkD1 trkH::Cam" trkG::Kan"

TK2693  AkdpFABCS trkDI1 trkESO trkG90 ~ W. Epstein 6

nadA

“ All strains are derivatives of E. coli K-12.
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FIG. 1. Deletion plasmids derived from plasmid pKT8. Left- and right-end
restriction sites are in multiple cloning sites of pHG165.
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examine the role of the three cloned genes in K* transport
(Fig. 1). Various E. coli strains lacking kdpFABC genes, a func-
tional Kup system, and one or more #rk genes were trans-
formed with the pKTS8 series of plasmids (Table 2). Only
plasmid pKT8 and its ArilE derivative, pKT84, allowed these
strains to grow at low K™ concentrations (Table 2), suggesting
that the cloned genes 2 and 3 are both required for K* uptake.
This notion was confirmed in a test in which net uptake by K*-
depleted, energized E. coli cells was measured (1). Only plas-
mids pKT8 and pKT84 conferred K™ -uptake activity to cells of
the AkdpFABCS kup-1 AtrkA strain, LB2003 (Fig. 2). K" up-
take by these cells was rapid (about 200 wmol min~' g~ ') and
comparable to that of the E. coli TrkH and TrkG systems as-
sayed under similar conditions (3). At a K" concentration as
low as 50 pM, K" uptake occurred at the same rate as at 0.5
mM K™, suggesting that the system has a high affinity for K*.
At K™ concentrations of less than 50 uM, K* measurements of
uptake become inaccurate with the assay method used. Neither
the presence nor the absence of ri/E on the plasmid (Fig. 2)
nor growth of the cells at 0.3 instead of 30 mM K™ affected
the V. of the system (results not shown). The cells took up
86Rb™ with a V,,,, similar to that for K* (about 240 wmol
min ' g~ ') and with a much higher K,,, (about 1 mM) than for
K™ (less than 50 wM; see above).

E. coli K-12 does not contain genes homologous to the
cloned genes 2 and 3 from V. alginolyticus (2). Moreover, none
of the known E. coli K" -uptake genes were required for K*
uptake via the products of the cloned genes (Table 2 and Fig.
2). Hence we conclude that the two overlapping genes 2 and 3
together encode a new type of K*-uptake system. Since NtpJ
(standing for natrium [sodium] transport) was a misnomer (31)
and since this protein is involved in K*-transport system II
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FIG. 2. Net K* uptake by K*-depleted cells of strain LB2003 containing
plasmid pKT8 or one of its derivatives. Cells were grown at 30 mM K" in the
minimal medium described in reference 7. K*-depleted, energized cells were
prepared as described in reference 1. At = 0, 0.5 mM KCl was added to the cell
suspension. At the time points indicated on the abscissa, cells from a 1-ml sample
were centrifuged through silicone oil (1). The K* content of the pellet was
analyzed by flame photometry (1). Symbols: O, cells carrying plasmid pKTS; @,
cells carrying plasmid pKT81; m, cells carrying plasmid pKT83; [J, cells carrying
plasmid pKT84; A, cells carrying plasmid pKT85; @, cells carrying plasmid
pKT86.

(KtrII) from E. hirae (13), we propose to call the cloned genes
2 and 3 ktrA and ktrB, respectively, and the new system KtrAB.
NtpJ was suspected to function together with some other pro-
tein(s) (13). We therefore examined whether the sequenced
genomes containing ktrB (ntpJ) also contained a ktr4 homolog.
This is indeed the situation. Genes homologous to both ktrA4
and ktrB (ntpJ) are found in Mycoplasma genitalium, Myco-
plasma pneumoniae, Synechocystis sp. strain PCC 6803, Bacillus
subtilis (two copies of ktrA and ktrB each), Borrellia burgdorferi,
and Aquifex aeolicus. Moreover, partial ktrA and ktrB se-
quences are available for Thermoanaerobacter ethanolicus
(see the legend to Fig. 3 for the accession numbers). In M. gen-
italium, M. pneumoniae, B. burgdorferi, T. ethanolicus, and
A. aeolicus, ktrA and ktrB are adjacent genes. The same is true
for one set of B. subtilis ktr genes (ktrA1 and ktrBI), except that
in the latter case the gene organization is the same as that in
V. alginolyticus. In the two mycoplasmas, ktrA and k#rB are
transcribed in opposite directions, whereas in B. burgdorferi,
T. ethanolicus, and A. aeolicus the gene order is ktrB ktrA
instead of the order ktrA ktrB, which is the case in V. algino-
Iyticus (Fig. 1). Prokaryote genomes that did not contain a ktrB
gene homolog also did not contain a kfz4 homolog (i.e., Hae-
mophilus influenzae, E. coli [2], Helicobacter pylori, and the
three archaea Methanococcus jannaschii, Archaeoglobus fulgi-

TABLE 2. Effect of plasmids with V. alginolyticus genes on growth of K*-uptake-defective E. coli strains at low K™ concentrations

Minimal K* concn (mM) required for growth of strain:

V. alginolyticus gene(s)

Plasmid present LB2003  LB670 AsapABCDF ~ LB700 AwrkA ~ LB650 AwkH — TK2693 AtrkG1 ~ LB680 AtrkH
AtrkA (“AtrkE”) AsapABCDF AtrkG AtrkH92 AsapABCDF
pKT8 rhiE ktrA ktrB 0.1 0.1 0.1 0.1 0.1 0.1
pKT81 rhiE 30 3 30 30 30 3
pKT82 ktrB 30 3 30 30 30 3
pKT83 ThiE ktrA 30 3 30 30 30 3
pKT84 ktrA ktrB 0.1 0.1 0.1 0.1 0.1 0.1
pKT85 ThiE ktrA 30 3 30 30 30 3
pKT86 rhiE kB 10 1 ND 10 ND ND
pHG165 or no plasmid 30 3 30 30 30 3

“ Genotype with respect to trk genes. All strains are AkdpFABC5 kup-1. ND, not determined.
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FIG. 3. Phylograms of the family of proteins or protein domains to which KtrA (A) and KtrB (B) belong. Alignment of protein sequences was first done with the
program CLUSTAL W and was then improved by hand before a phylogram was calculated (32). Phylograms were drawn with the program TREEVIEW (19). For the
different entries, the gene or protein and the GenBank accession number are given within parentheses. (A) KtrA Ssp, KtrA Val, KtrA2 Bsu, KtrAl Bsu, KtrA Aae,
KtrA Mge, KtrA Mpn, and KtrA Bbu, complete KtrA sequences from Synechocystis strain PCC6803 (s11049 in D64006), V. alginolyticus (D89592, this work), B. subtilis
(YkgB in Z99111), B. subtilis (YuaA in Z99119), A. aeolicus (Aq1503 in AE000743), M. genitalium (MG323 in U39714), M. pneumoniae (H08-orf 231 in AE001046),
and B. burgdorferi (BB075 in AE001172), respectively; KtrA Tet, an incomplete N-terminal KtrA sequence of 198 residues from 7. ethanolicus (AF001974); TrkAN Eco,
TrkAN Val, TrkA Mja, and TrkAC Eco and TrkAC Val, the N-terminal TrkA half from E. coli (X52114, residues 1 to 232) (23) and V. alginolyticus (D86411, residues
1 to 232), the complete TrkA sequence from Methanococcus jannaschii (MJ1105), and the C-terminal TrkA half from E. coli (X52114, residues 233 to 458) (23) and
V. alginolyticus (D86411, residues 233 to 458), respectively; KchX Ssp and KefC Eco, C-terminal putative NAD*-binding domain from putative K* channel from
Synechocystis strain PC6803 (s110993, residues 127 to 3365) and from KefC of K*-efflux channel from E. coli (P03819 in X56742, residues 399 to 620) (12), respectively.
(B) KtrB Bbu, KtrB Ssp, KtrB Aae, KtrB Ehi, KtrB Val, KtrB1 Bsu, KtrB2 Bsu, KtrB Mge, and KtrB Mpn, KtrB from B. burgdorferi (BB0724 in AE001172),
Synechocystis strain PCC6803 (s111509 in D90911), A. aeolicus (Aq1504 in AE000743), E. hirae (NtpJ, D17462) (31), V. alginolyticus (D89592, this work), B. subtilis
(YubG in Z99119), B. subtilis (YkrM in Z99111), M. genitalium (MG322 in U39714), and M. pneumoniae (H08-orf 565 in AE000036), respectively; KtrB Tet, a
350-residue C-terminal KtrB fragment from 7. ethanolicus (AF001974); Trkl Sce and Trk2 Sce, Trk membrane domains from Saccharomyces cerevisiae (P12685,
residues 1 to 138 and 755 to 1235 [8], and P28584, residues 1 to 141 and 442 to 889 [11], respectively); TrkH Val and TrkH Mja, TrkH from V. alginolyticus (D86411)
(17) and M. jannaschii (MJ1485), respectively.

dus, and Methanobacterium thermoautotrophicum). Our results
are significant in showing that KtrB (NtpJ) homologs usually
occur with KtrA and that this hitherto unknown combination
of components produces K*-uptake systems of a novel type.
Sequence alignments showed that KtrA and KtrB belong to
a broader family of proteins and protein domains from micro-
bial K* transporters and K" channels, respectively (Fig. 3).
KtrA is distantly related to one half of TrkA, which is a fused
dimer (23). Like TrkA, KtrA contains a putative NAD *-bind-
ing domain similar to that of NAD"-dependent dehydroge-
nases (from K2 to G128 of KtrA) (23). A C-terminal cytoplas-
mic domain of various types of putative K* channels from both
bacteria and archaea forms two additional subgroups of this
family. Figure 3A gives a rooted tree (phylogram) for the dif-

ferent types of subunits/domains belonging to the family. The
KtrA proteins of the different species identified on the basis of
sequence similarity with KtrA from V. alginolyticus form one
cluster, which is distinct from that of the three other subgroups
of this protein (domain) family, of which only a few examples
are shown (Fig. 3A). This finding supports the notion that the
putative KtrA proteins of the different species have been iden-
tified correctly and that KtrA is indeed a novel type of bacterial
K" -transport protein.

It has been recognized before that parts of NtpJ align both
with parts of the TrkH subunits from the Trk system and with
the membrane domain C-terminal to the large cytoplamic do-
main of the K" -uptake systems Trk1 and Trk2 from yeast (8,
25, 31). We observed that the N-terminal part of NtpJ (KtrB)
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aligns also with the two putative N-terminal transmembrane
helices of Trk1 and Trk2, which precede the soluble domain
of these proteins. Figure 3B gives a rooted tree based on the
alignment of the complete KtrB sequences, the complete mem-
brane domains of representative Trk1 and Trk2 proteins from
yeast, and representative TrkH and TrkG proteins from pro-
karyotes. Once again, all KtrB proteins, identified on the basis
of high sequence similarity to each other, form a cluster sep-
arate from those of the two other, distantly related, subgroups
of this protein family, suggesting that KtrB also is a K*-trans-
port protein of a new type (Fig. 3B [only a few examples of the
yeast Trk1l and Trk2 and TrkH proteins are shown]).

The data in Fig. 3 show convincingly that both the putative
KtrA proteins and the putative KtrB proteins from the differ-
ent species form distinct clusters of proteins within a broader
family of K"-transport proteins and putative K* channels.
This conclusion supports the notion that KtrAB is a new type
of bacterial K*-uptake system distinct from Kdp, Trk, and
Kup.

Nucleotide sequence accession number. The sequence of the
4,004-bp chromosomal insert of pKTS is listed in the EMBL,
GenBank, and DDBJ databases under the accession no.
D89592.
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