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Abstract Seven clones isolated from libraries of DNA from
alkaliphilic Bacillus firmus OF4 restored the growth of
a K'-uptake-deficient Escherichia coli mutant on only
10mM K. None of the clones contained genes with appar-
ent homology to known K" transport systems in other or-
ganisms. Based on sequence homologies, the newly isolated
alkaliphile loci included: ftsH; a dipeptide transport system;
a gerC locus with hydrophobic open reading frames not
found in the comparable locus of Bacillus subtilis; a sugar
phosphotransferase enzyme; and a cap BC homologue. The
ftsH gene provided a new and striking example of a recog-
nized property of extracellular and external regions of
polytopic alkaliphile proteins: a significant paucity of basic
amino acid residues relative to neutrophile counterparts.
The alkaliphile ftsH gene was able to complement a mutant
of E. coli with a temperature-sensitive ftsH gene product.
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Introduction

A central physiological challenge confronting extremely
alkaliphilic Bacillus species at the upper edge of their pH
range for growth is maintenance of a cytoplasmic pH that is
below the external pH. This has been illustrated by studies
of alkaliphilic Bacillus firmus OF4 growing on malate in
continuous culture at various carefully controlled pH values
(Sturr et al. 1994; Krulwich 1995). As the growth pH was
elevated from 7.5 to 9.5, the cytoplasmic pH remained close
to pH 7.5, representing a transmembrane pH gradient
(ApH), acid in, of approximately 2 units at pH 9.5. A ApH of
2.0-2.3 units, acid in, was maintained at values of the
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growth pH up to 11.2, above which a diminished capacity to
maintain this gradient was evident. Importantly, since the
magnitude of the ApH did not increase substantially above
2 units as the external pH rose above 9.5, the cytoplasmic
pH began to rise at values of the growth pH above 9.5 and
there was a concomitant decrease in the growth rate. Other
energetic parameters, e.g., the transmembrane electrical
potential or total electrochemical proton gradient, did not
correlate with the growth rate in a comparable fashion.

In other studies in B. firmus OF4, as well as other
alkaliphilic Bacillus species, the capacity for maintaining
a cytoplasmic pH significantly below that of the medium
was shown to be dependent upon Na* (Krulwich et al.
1985,1996; Kitada and Horikoshi 1992). Several lines of
evidence implicate electrogenic Na*/H" antiporters in Na'-
dependent pH homeostasis in alkaliphilic Bacillus species
(Krulwich and Guffanti 1992; Kitada and Horikoshi 1992).
In alkaliphilic Bacillus C-125, a gene apparently encoding
an Na'/H" antiporter has been identified and shown to re-
store pH homeostasis to a nonalkaliphilic mutant lacking
this capacity (Hamamoto et al. 1994). The specificity for Na*
in the pH homeostasis of alkaliphilic Bacillus species is in
marked contrast to the finding that Bacillus subtilis can use
either Na* or K* to achieve pH homeostasis in its more
modest upper range of growth pH (Cheng et al. 1994;
Krulwich et al. 1996). The basis for the specificity in the
alkaliphile is of interest. One possibility is that a detrimental
loss of cytoplasmic K* might occur were K'/H" antiporters
involved in ongoing, active accumulation of protons during
nonfermentative growth at extremely alkaline pH. K* is
generally maintained at high concentrations in the cyto-
plasm of prokaryotes, where it is required for optimal activ-
ity of certain enzymes (Suelter 1970) and plays a role in cell
turgor control (Epstein 1986). Perhaps the systems for K*
accumulation are inadequate to sustain cytoplasmic K un-
der conditions of rapid K* efflux. B. firmus OF4 may lack
the specialized mechanisms that allow the more moderate
alkaliphile or alkaline-tolerant Bacillus pasteurii to substi-
tute high cytoplasmic NH," for K, but such substitution in
any event requires special growth conditions that are not
routinely used for B. firmus OF4 (Jahns 1996).



To gain insights into the nature of the K* transport sys-
tems in B. firmus OF4, we characterized seven clones of
alkaliphile DNA that could complement the phenotype of
an Escherichia coli mutant that is deficient in three of its K*
uptake systems. As reported here, none of these clones
contains genes predicted to encode an obvious homologue
of any of the K" uptake systems that have been character-
ized in other organisms. Perhaps such homologues exist in
the alkaliphile, and are used at high pH, but cannot func-
tionally complement at the neutral pH of the screen. The
newly characterized clones were found, however, to encode
diverse hydrophobic proteins of interest, and include sev-
eral candidates for stress-involved activities.

Materials and methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used are listed in Table 1.
LB medium (Sambrook et al. 1989), LBK medium (Ivey et
al. 1991), and minimal medium supplemented with 10mM or
30mM K* (Epstein and Kim 1971) were used. Ampicillin
at 100 pg/ml, 20 pg/ml of chloramphenicol, and 50 pg/ml of
kanamycin were added for growing plasmid-bearing cells as
well as for selecting transformants. Plasmid pQEF1 carried
ftsH-hisq without its own promoter and with its expression

Table 1. Strains and plasmids used in this study

23

strictly controlled by the lac promoter-operator. It was
constructed as follows. Polymerase chain reactions with B.
firmus OF4 chromosomal DNA as a template were primed
by two synthetic mutagenesis primers. The upstream
primer (5-ATAAACGAAGCTAGCATGCCCGTC-3")
contained the Sphl recognition sequence followed by nucle-
otides 714-737 of pC22 (Accession No. U61844), and the
downstream primer (5'-CCTCCCTTTCATCAAAAAG-
ATGGATCC-3") contained the BgllI recognition sequence
corresponding to nucleotides 2815-2789. The polymerase
chain reaction products were digested with Sphl and BglII,
and a 2.0-kb fragment was ligated with Sphl- and Bglll-
digested pQE70 (QIAGEN, Chatsworth, CA, USA). The
ftsH gene and the his, sequence on the resulting plasmid
were fused in frame.

Preparation of DNA libraries from B. firmus OF4

Chromosomal DNA isolation and preparation of the Clal-
pGEM3zf(+) (Promega, Madison, WI, USA) library (Li-
brary 1) and Mbol-pSPT19 (Boehringer-Mannheim,
Indianapolis, IN, USA) library (Library 2) were done as
described previously (Ivey et al. 1991,1992). A novel
library (Library 3) was prepared by completely digesting
chromosomal DNA from B. firmus OF4 with HindIII and
ligating it into HindIII-digested and dephosphorylated
pBK36.

Strain or plasmid Genotype or characteristics

Reference or source

Escherichia coli

DH50aMCR F~ mcrA A(mrr-hsd, RMS-mcrBC) @80dlacZ AM15 Gibco, Grand Island, NY, USA
A(lacZY A-argF) UI69 deoR recAl endAl supE44 A” thi-1
gyrA96 relAl

JM109 endAl recAl gyrA96 thi-1 hsdR17 relA supE44 Stratagene, La Jolla, CA, USA
[F’ traD36 lacl® A(lacZ)M15 proAB™]

TK2420 N(kdpABC) trkD1 AtrkA Epstein et al. 1993

EP432 melBLid AnhaA::Km AnhaB:Cm AlacZY thrl Pinner et al. 1994

AR432 met gal supE hsdR sfiC A(srl-recA) 306:Tn10 Akiyama et al. 1994a
AftsH3:Km [pAR171 fisH rep™ Cm®]

Bacillus firmus
OF4 Wild-type Sturr et al. 1994
Plasmids
pGEM3z{f(+) Cloning vector (Ap®) Promega, Madison, WI, USA
pSTP19 Cloning vector (Ap®) Boehringer-Mannheim, Indianapolis,
IN, USA

pBK36 Shuttle vector (Ap® in Gram™ and Km® in Gram®) Obtained from Dr. Kevin Zen

pAR171 ftsH rep™ Cm® Akiyama et al. 1994a

pQE70 Expression vector (Ap®) QIAGEN, Chatsworth, CA, USA

pQEF1 pQE70 with a 2.0 kb Sphl-Bgl/II fragment This work
(ftsH gene from B. firmus OF4)

pC22 Isolated from library 1 This work

pC23 Isolated from library 1 This work

pC24 Isolated from library 1 This work

pT26 Isolated from library 2 This work

pBK154 Isolated from library 3 This work

pBK379 Isolated from library 3 This work

pBK3711 Isolated from library 3 This work

Km, kanamycin; Ap, ampicillin; Cm, chloramphenicol.
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Complementation screening

Transformation of E. coli strains and all recombinant DNA
manipulations were carried out by standard methods
(Sambrook et al. 1989). Screening of E. coli TK2420
transformants for complementing clones was accomplished
by transferring colonies initially obtained on LBK + 100 pg/
ml ampicillin (Ap) medium to a minimal medium supple-
mented with only 10mM K" at pH 7.0 (Epstein and Kim
1971). The seven plasmids isolated from E. coli TK2420
were used to transform kanamycin- and chloramphenicol-
resistant E. coli EP432 (AnhaAAnhaB Km"* Cm®) and each
transformant was tested for Na® resistance on LBK plus 0.4
M NaCl at pH 7.5. Strain EP432 is deficient in Na’/H"
antiporters and cannot grow in medium containing 0.4 M
NaCl (Pinner et al. 1993).

Measurement of intracellular K™ concentration
of the cells and generation times

Cells in the late log phase of growth in minimal medium
supplemented with 10mM or 30mM K were harvested by
centrifugation (3000g, 10min, 25°C), washed in 300mM
sucrose, and then resuspended in 5% (w/v) trichloroacetic
acid. The cell suspensions were incubated at 100°C for
10min to destroy the cell membrane. After centrifugation
(3000g, 10min, 25°C), the supernatant was used for K" mea-
surement. The K* concentration of each sample was deter-
mined with a flame photometer (Coleman Model 51 Ca,
Bacharach, Pittsburgh, PA, USA) calibrated with standard
K" solutions of known concentration. Protein was deter-
mined by the Lowry method (Lowry et al. 1951) with
lysozyme as a standard. Generation times of each strain
were calculated from increases in turbidity measured by
absorbance at 600 nm.

Complementation of AftsH3::Km in
E. coli with ftsH of B. firmus OF4

E. coli AR423 shows temperature-sensitive growth, because
the replication of the plasmid pAR171, containing the es-
sential ftsH gene and a Cm resistance (Cm*) marker, is
defective at 42°C (Akiyama et al. 1994a). The plasmids
pQEF1 and pQE70 were used to transform strain AR423,
and transformants were selected by Ap" at 30°C. The
transformants obtained were incubated on LB plates at
42°C overnight, and then plated on LB plates containing
Km at 30°C. The colonies were tested for antibiotic resis-
tance by streaking on LB plates containing Ap or Cm.

DNA sequence analysis

The nucleotide sequence of both strands of the insert DNA
from the newly isolated complementing plasmids was deter-
mined by the dideoxy nucleotide method by using an auto-
matic sequencer (Applied Biosystems model 373A; Foster
City, CA, USA). Universal primers from Stratagene (La

Jolla, CA, USA) or customized primers were used as se-
quencing primers. Sequence analysis was done with both
FASTA (Devereux et al. 1984) and BLAST (Altschul et al.
1990) programs and utilized the Genetics Computer Group
software package run on a VAX 4000-300 computer. Esti-
mation of molecular masses, isoelectric points, and
hydropathy profiles were done with the Gene Runner soft-
ware package version 3.0 (Hastings Software, Hastings, NY,
USA).

Results and discussion

Seven clones were isolated from a screen for enhancement
of the ability of E. coli TK2420 to grow in the presence of
10mM K. The plasmids isolated contained apparently
distinct inserts and were able to complement TK2420
upon retransformation. The intracellular K* content of
transformant cells and generation times are shown in Table
2. Strain TK2420 carrying only the vector was not able to
grow in minimal medium with 10mM K", and grew very
slowly in minimal medium with 30mM K. The wild type
(DH5aMCR) and each transformant carrying a comple-
menting clone clearly grew better than strain TK2420 carry-
ing the vector alone. The osmolarity of minimal medium
with 30mM K" is about 0.2 osmolar. The intracellular K*
content of E. coli cells grown under these conditions is
about 220mmol K" per 1 of cytoplasmic H,O (Bakker 1993).
The concentration obtained for the wild type in this study
(234mM) is in good agreement with this previously pub-
lished value. The intracellular K* content of TK2420 grown
in minimal medium with 30mM K" was only 68% of that of
the wild type. This low K* content is presumably why the
generation times for TK2420 are so long. All complemented
transformants exhibited an intracellular K* content of at
least 160 mM when grown on 10mM K* media, a concentra-
tion very similar to the internal [K'] for TK2420 grown on
30mM K. Consistently, the generation times of all but one
of the complemented transformants was in a range close to

Table 2. Intracellular K* concentration of TK2420 transformants and
generation times

Strain 10 mM [K'],, 30 mM [Kou
[K+]m 8 [K+]in 8
(mM) (min) (mM) (min)
DHSaMCR (pGM3zf) 2192 73 2340 72
TK2420(pGEM3zf) ND NG 160 + 6 149
(pC22) 154 +2 87 194 + 10 74
(pC23) 195 +4 94 2243 76
(pC24) 161 £ 6 315 178 +7 92
(pT26) 2097 70 207 +4 57
(pBK154) 160 = 6 167 211 +4 60
(pBK379) 1817 87 222+3 58
(pBK3711) 2113 120 245+ 1 63

Values are the averages of at least two independent experiments in
which triplicate measurements were made; they are shown # standard
deviations.

ND, not done; NG, no growth; g, generation time.



that of TK2420 growing on 30mM K*. The exception,
TK2420/pC24, may have a growth rate representing a com-
posite of enhanced growth due to a higher internal [K'] and
growth inhibition due to the genes overexpressed from the
clone. When grown on 30mM K" all complemented
transformants had a higher internal K* concentration than
TK2420 grown under the same condition, and again, the
pC24 transformant had a longer generation time than the
other transformants. None of the plasmids complemented
the Na'-sensitive phenotype of E. coli strain EP432, indicat-
ing that a gene encoding a TetK-like transporter that has
both the capacity for Na* efflux and K* uptake (Guay et al.
1993; Cheng et al. 1996) had not been identified.

The deduced arrangement of open reading frames
(OREFs) on the inserts of the seven complementing clones is
shown in Fig. 1. A summary of the search for similar gene
products in the gene databases, which formed the basis for
the arrangements shown in the figure, is provided in Table
3. None of the clones was predicted to encode a protein that
was a strong candidate for a regulatory gene, i.e., one that
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Fig. 1. Diagrammatic presentations of the deduced arrangement of
open reading frames (ORFs) in seven cloned alkaliphile DNA frag-
ments that complemented the E. coli TK2420 for growth on 10mM K.
ORFs were named based on the sequence comparisons summarized in
Table 2. ORFs that are likely to encode membrane proteins are under-
lined. Arrows indicate the direction of transcription of the ORF, and
dotted arrows indicate expected directions of extension of apparently
truncated ORFs

pT26
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might directly enhance the production of an E. coli product
that would cause the increased K" accumulation. All of the
alkaliphile clones were predicted to encode at least one
hydrophobic protein, although in four of the plasmids,
pBK379, pBK3711, pT26, and pBK154, those products
would be truncated. In one of those same clones, pBK379,
the putative hydrophobic products had no homologues in
the gene databases and there were no additional ORFs that
provided a hypothetical relationship to K* accumulation.
The remaining six clones contained one or more ORFs
expected to encode one or more hydrophobic proteins that
had significant sequence similarity to known proteins.

A homologue of ftsH was found, on pC22, in a region
that bore overall similarity to that in which ftsH genes had
earlier been found in Lactococcus lactis and B. subtilis
(Nilsson et al. 1994; Ogasawara et al. 1994 ). A derivative of
the alkaliphile ftsH gene was therefore constructed to ex-
press a hexa-histidine-tagged FtsH under an inducible pro-
moter. This gene complemented the strain, AR423, of E.
coli (data not shown) that has a temperature-sensitive fisH
gene derived from E. coli (Akiyama et al. 1994a). The ftsH
genes encode adenosine triphosphatases (ATPases) of the
AAA-protein family (Erdmann et al. 1991) that are hypoth-
esized to have both protease and chaperone activities
(Akiyama et al. 1994a, b). Previous work has implicated the
ftsH genes of other bacteria in stress responses that include
high temperature and hypersaline stress (Ogura et al. 1991;
Geisler and Schumann 1993; Nilsson et al. 1994; Deuerling
et al. 1995; Hecker et al. 1996). These stresses, respectively,
pose the challenges of potential loss of K from the cyto-
plasm accompanying heat-induced membrane leakiness
and the need for enhanced K" uptake to restore cell turgor.
The complementation by multicopy expression of a heter-
ologous ftsH gene might involve an indirect effect upon
proper assembly of a requisite transport system. Interest-
ingly, a different heat-shock protein, a member of the clp/
HSP104 family, was found to suppress the defect of a yeast
potassium transport mutant (Perier et al. 1995).

The deduced sequence of the alkaliphile ftsH gene prod-
uct provides a striking example of a generalization that has
been noted for these extremophiles, i.e., that extracellular
enzymes or the hydrophilic loops of polytopic proteins, in
this case only one, predicted to face the external milieu
present an extreme version of the “basic in” rule (Von
Heijne 1994). That is, the alkaliphile versions have an even
more exaggerated reduction in basic amino acids (Van der
Laan et al. 1991; Kang et al. 1992; Quirk et al. 1993). As
indicated in Fig. 2 and Table 4, the alkaliphile FtsH is pre-
dicted to have numerous substitutions of acidic or neutral
amino acid residues for residues that are basic in other
homologues of FtsH (Ogasawara et al. 1994; Tomoyasu et
al. 1993; Nilsson et al. 1994; Fraser et al. 1995). The overall
loop is strikingly low in basic amino acids and far more
acidic than its homologues from neutrophiles. It has been
suggested (S. Lazar and R.G. Kolter, unpublished results)
that even in E. coli, moderately alkaline pH promotes the
need for enhanced expression of the periplasmic chaperone
surA to avoid protein misfolding; perhaps in the extreme
alkaliphiles, folding and/or function of proteins in the alka-
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Table 3. Analysis of open reading frames (ORF) from plasmids complementing strain TK2420

Plasmid ORF Possible Homology Function Identity  Similarity = Species Reference
(Accession protein  to % %
no)# length (amino (amino
(amino acid acid
acids) overlap)  overlap)
pC22 1 199 Hprt Hypoxanthine-guanine 75.4 88.8 B. subtilis Ogasawara et al.
(U61844) (180aa) phosphoribosyltransferase ~ (179aa) (179aa) 1994
2 679 FtsH Chaperone 74.9 85.1 B. subtilis Ogasawara et al.
(637aa) (648aa) (648aa) 1994
3 56%* Hypothetical 56.4 74.5 B. subtilis Ogasawara et al.
(orfA) protein (233aa) (55aa) (55aa) 1944
pC23 1 170* DppA (535aa) Dipeptide transport 32.7 53.7 E. coli Sofia et al. 1994
(U64514) system (170aa)  (170aa)
2 333 DppB (339aa) Dipeptide transport 48.9 71.2 E. coli Sofia et al. 1994
system (333aa) (333aa)
3 304 DppC (300aa) Dipeptide transport 49.0 70.5 E. coli Sofia et al. 1994
system (296aa) (296aa)
pC24 1 221%* GerC2 Spore germination 63.3 76.6 B. subtilis Yazdi and Moir.
(U61168) (233aa) protein (218aa) (218aa) 1990
2 277 UbiA 4-hydroxybenzoate 22.7 52.7 E. coli Nishimura et al.
(290aa) octaprenyltransferase (276aa) (276aa) 1992
3 200 UbiX 3-octaprenyl-4-hydroxy- 44.8 66.1 E. coli Nonet et al.
(189aa) benzoate-carboxy-lyase (194aa)  (194aa) 1987
4 281 unknown
(orfB)
5 288* GerC3 Spore germination 63.1 79.5 B. subtilis Yazdi and Moir.
(384aa) protein (244aa) (244aa) 1990
pBK154 1 159* AnsB (348aa) L-Asparaginase 11 36.3 56.7 E. coli Sun and Setlow.
(U64314) (159aa)  (159aa) 1991
2 213%* a. Hypothetical 48.6 74.5 B. subtilis Sorokin et al.
(orfC) protein (218aa) (213aa) (213aa) 1993
b. Na"/H" 232 493 Bacillus sp. Hamamoto
antiporter (213aa) (213aa) C-125 et al. 1994
system (804aa)
pBK379 1 508%* unknown
(U64515) (orfD)
2 141* unknown
(orfE)
pBK3711 1 208* FruA PTS system, fructose 46.1 68.4 E. coli Prior and
(U64312) (304aa) specific [IBC (208aa) (208aa) Kornberg 1988
component
2 481 Amidase 30.2 52.6 Rhodococcus  Mayaux et al.
(462aa) (474aa) (474aa) sp. 1991
pT26 1 300%* CapB Encapsulation 67.5 78.9 B. anthracis Makino et al.
(U60883) (397aa) protein (299aa) (299aa) 1989
2 138* CapC Encapsulation 69.8 86.3 B. anthracis Makino et al.
(149aa) protein (138aa) (138aa) 1989

aa, amino acids; PTS, phosphotransferase system.
*Incomplete ORF.

line medium is dependent upon the extreme paucity of
residues with pK values in the range of the growth
medium.

Plasmid pC23 contains one incomplete and two com-
plete ORFs that are likely to encode a dipeptide transport
system of the ABC-type by analogy with homologues (Sofia
et al. 1994). Possibly, this category of transporter possesses
some capacity for catalyzing K* uptake when over-
expressed, inasmuch as a mutation in another oligopeptide
transport system in K'-uptake-deficient E. coli has been

noted by Epstein et al. (1993) to allow growth of the strain
on otherwise insufficient K".

Plasmid pC24 contained an insert that is predicted to
encode homologues to the B. subtilis germination genes
gerC2 and gerC3 (Yazdi and Moir 1990). The apparent gene
organization of the locus is different, however, in B. firmus
OF4. In the alkaliphile locus there are three ORFs between
the two putative gerC genes (Fig. 1). Two of them are
predicted to encode hydrophobic products that show simi-
larity to membrane-associated proteins in the ubiquinone



Fig. 2. Comparison of the deduced sequence of B. firmus OF4
the putative extracytoplasmic loop of the ftsH gene
products of B. firmus OF4 and B. subtilis. Acidic
residues are in squares and basic residues are in

circles
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Table 4. Comparison of extracellular loop region of FtsH from B.
firmus OF4 and other microorganisms

FtsH Number of acidic Over-
all and basic amino acids charge
D+E H, K, +R
B. firmus OF4 20 5 -15
B. subtilis 12 12 +0
E. coli 12 11 -1
M. genitalium 4 6 +2
L. lactis 10 9 -1

biosynthetic pathway of E. coli (Nishimura et al. 1992;
Nonet et al. 1987). How overexpression of such proteins
mediates the complementation is unclear. However, it is
notable that evidence has recently been presented (Tani et
al. 1996) that a spore germination gene of Bacillus
megaterium encodes a transporter with sequence similarity
to a K'- and Na'-involved transporter from Enterococcus
hirae (Waser et al. 1992). Given the long-standing recogni-
tion of a role for K* in at least some spore germination
pathways (Moir and Smith 1990), it is possible that the B.
megaterium gene and one of the genes in pC24 encode K*
transporters of some kind. A second such candidate in the
current screen was orfC of pBK154 which has a homologue
in B. subtilis and also shows sequence similarity to a puta-
tive monovalent cation/H" antiporter from alkaliphilic Ba-
cillus C-125 (Hamamoto et al. 1994).

The final two complementing plasmids, pBK3711 and
pT26, each encode homologues of known hydrophobic pro-
teins, a fructose-specific Phosphotransferase system (PTS):
hexose phosphotransferase component and encapsulation
proteins, respectively (Table 3). There is no basis for hy-
pothesizing about the specific mechanism for the comple-
mentation, which could well be a physiologically unrelated

side-product overexpression. While multicopy suppression
of mutant phenotypes, especially with heterologous genes,
can provide initial approaches to genes of physiological
interest, the limitations of this approach are also clear
(Ueguchi and Ito 1992).
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