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HoxN, an integral membrane protein with seven transmembrane helices and a molecular mass of 33.1 kDa,
is involved in high-affinity nickel transport in Alcaligenes eutrophus H16. From genetic analyses, it has been
concluded that HoxN is a single-component ion carrier. To investigate this assumption, hoxN was introduced
into Escherichia coli. The recombinant strain showed significantly enhanced nickel uptake in a short-interval
assay. Likewise, growth in the presence of “*NiCl, yielded a more than 15-fold-increased cellular nickel content.
The HoxN-based nickel transport activity could also be demonstrated in a physiological assay: an E. coli strain
coexpressing hoxN and the urease operon of Klebsiella aerogenes exhibited urease activity 10-fold greater than
that in the strain lacking a functional hoxN. These results strongly suggest that HoxN is sufficient to operate
as a nickel permease. Multiple sequence alignment of HoxN and four other bacterial membrane proteins
implicated in nickel metabolism revealed two conserved signatures which may play a role in the nickel

translocation process.

Nickel is an essential trace element for at least four biolog-
ical processes: (i) oxidation and evolution of molecular hydro-
gen, (ii) hydrolysis of urea, (iii) carbon monoxide dehydroge-
nase-mediated acetate metabolism in methanogens and in
homoacetogenic bacteria, and (iv) reduction of methyl coen-
zyme M to methane in methanogenic archaea (6). Uptake of
nickel ions is a prerequisite for those organisms catalyzing
nickel-dependent reactions. The microbial transport of the di-
valent Ni** cation, the most commonly occurring oxidation
state of nickel, has been investigated with regard to physiology,
ion specificity, and very recently, the molecular structure of the
transport proteins (3, 18). Nickel uptake is mediated by non-
specific Mg?* transport systems and by high-affinity systems
specific for the transport of nickel (for a review, see reference
7).
In Alcaligenes eutrophus, a gram-negative aquatic and soil
bacterium which can utilize molecular hydrogen as an energy
source, nickel uptake occurs by Mg?" transporters and by a
high-affinity nickel transporter, the product of gene hoxN (2,
11). The phenotype of a HoxN-negative mutant manifested
itself in the inability to grow on hydrogen as the energy source
under nickel limitation (below 100 nM) in the presence of 0.8
mM Mg>". As expected for a mutant lacking the specific nickel
transporter, this nickel deficiency was physiologically compen-
sated for by either increasing the Ni** concentration to 1 uM
or decreasing the Mg?* concentration (1, 2). The nucleotide
sequence of ~oxN has been determined, and the two-dimen-
sional membrane topology of the HoxN nickel transport pro-
tein has been investigated. While computer analyses of poten-
tial membrane-spanning segments gave ambiguous results, the
construction of a set of fusions to alkaline phosphatase and
B-galactosidase clearly allowed the identification of segments
located in the periplasm and in the cytoplasm, respectively.
Using these data, a topological model for HoxN predicting
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seven transmembrane helices with the amino terminus in the
cytosol and the carboxyl terminus facing the periplasm was
developed (3).

On the basis of uptake experiments and genetic analyses, it
was concluded that HoxN is a single-component permease as
has been described for a number of secondary carriers (for
reviews, see references 19 and 20). To examine this assump-
tion, we purified HoxN and subjected it to reconstitution ex-
periments in proteoliposomes. For this purpose, a gene fusion
encoding a tripartite protein consisting of B-galactosidase, an
endoproteolytically cleavable peptide linker, and HoxN was
constructed and overexpressed in Escherichia coli (22). The
nickel transporter could be purified by affinity chromatography
and subsequent site-specific proteolysis. Nickel uptake exper-
iments with the reconstituted system, however, were unsatis-
factory since nonspecific binding of Ni** to phospholipids hind-
ered kinetic analyses (21).

To overcome these problems, we developed a physiological
assay. We now present evidence that the expression of ~oxN of
A. eutrophus in E. coli results in a functional nickel permease
which increases the intracellular content of nickel and there-
fore facilitates its incorporation into urease. In addition, by
sequence comparison of HoxN and related proteins, we iden-
tified conserved signatures which may play a role in nickel
recognition or in the translocation pathway.

MATERIALS AND METHODS

Materials. Analytical-grade chemicals were obtained from E. Merck or from
Sigma. ®*NiCl, was purchased from Amersham. Nitrocellulose membrane filters
with a pore size of 0.45 wm were from Schleicher & Schuell. Zinsser Aquasafe
300 Plus was the cocktail for liquid scintillation analyses in a Packard 1600 TR
counter.

Bacterial strains and plasmids. E. coli CC118 [araD139 A(ara leu) AlacX74
PphoAA20 galE thi rpsB rpoB argE(Am) recAI] (14) was used as the host strain for
recombinant plasmids. Plasmids pCH231-Sm and pCH231-P47 were described
recently (3). pCH231-Sm is a derivative of vector pBluescript KS+ containing
the A. eutrophus gene hoxN under control of a lac promoter. A streptomycin
resistance cassette replaces a major part of the bla gene. pCH231-P47 is derived
from plasmid pCH231-Sm and harbors an insertion of the transposon TnphoA in
the 48th codon of hoxN. Plasmid pKAU17 (17) contains the urease operon of
Kilebsiella aerogenes under control of the lac promoter and was a gift from R. P.
Hausinger (Michigan State University, East Lansing).
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FIG. 1. Nickel uptake of recombinant E. coli CC118. Solid circles,
CC118(pCH231-Sm) containing functional 4oxN; open circles, CC118(pCH231-
P47) harboring an inactivated soxN. The assay mix consisted of 100 nM **NiCl,
and 10 mM MgCl, in a 50 mM Tris-hydrochloride buffer (pH 7.5).

Nickel uptake. Cells were grown in the absence of nickel in Luria-Bertani
broth (LB) supplemented with streptomycin (50 pg ml™!) to the mid-exponential
phase, washed once with 50 mM Tris-hydrochloride (pH 7.5) containing 10 mM
MgCl,, and resuspended to a protein concentration of 0.25 to 0.3 mg ml™'.
Glucose was added to a final concentration of 10 mM, and after shaking for 5 min
at 30°C, uptake experiments were initiated by the addition of ®*NiCl, (883
Ci/mol) to a final concentration of 100 nM. Aliquots of 150 pl were passed
through membrane filters, and the filters were washed twice with 3 ml of 100 mM
LiCl. The radioactivity was determined by liquid scintillation counting. Nickel
uptake activity is expressed as picomoles of Ni>" taken up per milligram of
protein at 30°C. Protein was estimated by the method of Lowry et al. (12).

Nickel accumulation. Strains were grown overnight at 37°C in LB with the
appropriate antibiotics in the presence of 500 nM **NiCl, (883 Ci/mol), washed
twice with 50 mM Tris-hydrochloride (pH 7.5), and concentrated 10-fold. One
hundred microliters of the cell suspension was subjected to liquid scintillation
analysis. The cellular content of ®Ni is expressed as picomoles per milligram of
protein.

Urease assay. E. coli CC118(pKAU17; pCH231-Sm or pCH231-P47) was
grown aerobically overnight in LB in the presence of ampicillin (100 ug ml™),
streptomycin (50 pg ml~ "), and NiCl, as indicated. Cells were washed twice in 35
mM potassium phosphate buffer (pH 7.0) and resuspended to a protein content
of approximately 4 mg ml~'. Urease activity was measured with permeabilized
cells by quantitating the rate of ammonium ion released from urea by formation
of indophenol (16). The assay mix consisted of the cell suspension in 35 mM
potassium phosphate (pH 7.0) and 0.15 mM N-cetyl-N,N,N-trimethylammonium
bromide. The reactions were initiated by the addition of a urea solution to a final
concentration of 5 mM, and the released ammonium ion was determined in
timed aliquots. One unit of urease activity is defined as the amount of enzyme
required to form 2 pmol of ammonium ion per min at 37°C.

Sequence alignments. For multiple sequence alignments, the CLUSTAL pro-
gram (version 1.20) of the PC/GENE software package (version 6.80; Intelli-
Genetics Inc.) was used.

RESULTS AND DISCUSSION

Functional expression of the nickel transporter in E. coli. In
previous reports, we demonstrated that HoxN is a major com-
ponent for high-affinity nickel transport in 4. eutrophus (1, 2,
22). Complementation analyses of HoxN™ mutants suggested
that DNA regions flanking the gene hoxN are not essential for
the transport activity. We could not exclude the possibility,
however, that genetically unlinked determinants are important
for nickel uptake. Therefore, we developed a new strategy of
investigation. hoxN was introduced on a high-copy-number
plasmid into an E. coli strain, and the nickel uptake activity of
the recombinant strain was investigated. As illustrated in Fig.
1, the presence of an intact hoxN gene led reproducibly to a
fivefold increase in nickel uptake in a 5-min interval.

To examine the relevance of this effect, we assayed the
cellular nickel content upon growth in liquid medium contain-
ing 500 nM %*NiCl,. The results are summarized in Table 1.
The hoxN-harboring strain E. coli CC118(pCH231-Sm) accu-
mulated approximately 25 pmol of Ni per mg of protein, com-
pared to 1.4 pmol of Ni per mg of protein for the control strain
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TABLE 1. HoxN-dependent nickel accumulation of E. coli cells

Nickel accumulation

Strain* b
(plasmid]s]) Phenotype cpm (pglrzlt/:; E) of
CC118 HoxN™ 1,300 14
(pCH231-P47) Urease ™
CC118 HoxN™" 22,800 24.6
(pCH231-Sm) Urease™
CC118 HoxN™ 2,900 2.9
(pCH231-P47, pKAU17)  Urease™
CC118 HoxN™ 15,700 14.7
(pCH231-Sm, pKAU17) Urease™

“ Strains were grown aerobically in LB with 500 nM **NiCl, overnight.
b Radioactivity of an aliquot of 10-fold-concentrated washed cells.

which contained an inactivated soxN. These values lie within
the same order of magnitude as those obtained with the uptake
assays, confirming that the transport process has a very low
capacity.

The high-affinity low-capacity uptake of nickel may meet the
physiological requirements of the organism. On the one hand,
nickel is an essential trace element; on the other hand, sup-
plied at elevated concentrations, nickel acts as a toxic transient
metal. In A. eutrophus CH34, for example, a nickel resistance
determinant (cnr) whose products export Ni** from the cyto-
plasm and therefore protect the organism against toxic effects
was discovered (10). This ambivalent role of nickel could ex-
plain the existence of uptake systems with an outstanding af-
finity but a very low capacity. These properties, however, make
a straightforward biochemical analysis rather difficult.

A nickel-specific high-affinity transporter has been analyzed
in detail in E. coli. This system is completely different from that
in A. eutrophus. It consists of the five proteins NikA, -B, -C, -D,
and -E. NikA is a periplasmic binding protein, NikB and NikC
are integral membrane components, and NikD and NikE con-
tain ATP-binding sites. The system has been classified as a
member of the ATP-binding cassette family of transporters
(18). The nik operon is expressed under anaerobic growth
conditions and provides nickel for the three hydrogenases in-
volved in anaerobic metabolism (23).

Interestingly, the presence of an intracellular nickel-scav-
enging pathway did not increase the HoxN-dependent nickel
accumulation in E. coli. Strain CC118(pKAU17, pCH231-Sm)
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FIG. 2. Effect of hoxN on the urease activity of E. coli CC118 expressing the
K. aerogenes ure operon. Solid boxes, CC118(pKAU17, pCH231-P47); shaded
boxes, CC118(pKAU17, pCH231-Sm). Strains were grown overnight in LB sup-
plemented with NiCl, as indicated. The urease activity was measured with per-
meabilized cells by quantitating the amount of ammonium ion released from
urea.
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FIG. 3. Multiple sequence alignment of nickel transport-related proteins.
Signatures with high similarity were detected in five (A) or four (B) of the
following proteins: AeHoxN, A. eutrophus high-affinity nickel transporter (2, 3);
BjHupN, B. japonicum protein HupN (5); BcUreH, urease accessory protein of
a thermophilic Bacillus sp. (13); HpNixA, H. pylori nickel transporter (15);
EcNikC, integral membrane protein of the E. coli nickel-specific ATP-binding
cassette transport system (18). Identical residues are shown in black boxes;
similar residues are shaded. Numbers represent positions in the sequence.

coexpressing hoxN and the urease operon of K. aerogenes con-
tained about 15 pmol of Ni per mg of protein (Table 1).
pKAU17 directs the synthesis of seven urease-related polypep-
tides, the urease subunits UreA, UreB, and UreC, and the
accessory proteins UreD, UreE, UreF, and UreG (8). The
coexpression of the urease operon as a sink for nickel did not
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enhance the long-term nickel uptake. It should be considered
in this context that both plasmids pKAU17 and pCH231-Sm
contain an origin of replication derived from plasmid ColEl.
Thus, introduction of pKAU17 into a strain already harboring
pCH231-Sm reduces its copy number. The plasmid content of
the strains used in this study was analyzed. Growth with anti-
biotic selection for both plasmids resulted in a 1:1 stoichiom-
etry (data not shown). This can explain the lower nickel accu-
mulation of strain CC118(pKAU17, pCH231-Sm) than of the
strain lacking pKAU17 (Table 1).

HoxN increases urease activity under nickel limitation. The
nickel uptake and accumulation assays indicated that HoxN
increases the cellular nickel content of E. coli. However, these
experiments did not completely rule out the possibility that
HoxN binds Ni** specifically and tightly on the cell surface.
Therefore, we monitored the effect of hoxN on the activity of
a cytoplasmic nickel-dependent enzyme. We introduced the
urease operon of K. aerogenes on plasmid pKAU17 into E. coli
CC118 containing plasmid pCH231-Sm or pCH231-P47. The
functional expression of the K. aerogenes urease in E. coli has
been shown by Lee et al. (8) to be strictly nickel dependent.
The results presented in Fig. 2 clearly demonstrate that the
presence of a functional HoxN allows the formation of cata-
lytically active urease even at extremely low nickel concentra-
tions. This finding is compatible with the view that HoxN not
only binds Ni** but also transports the divalent cation into the
cytoplasm and therefore facilitates its incorporation. At ele-
vated nickel concentrations in the range of 1 mM, the HoxN
effect was much less obvious and urease activities exceeded 10
U/mg of protein even in the absence of HoxN (data not
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FIG. 4. Localization of putative nickel translocation motifs in the 4. eutrophus protein HoxN. The topological model was reported previously (3). Identical or similar
residues which were detected in related proteins are shown in black boxes.
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shown). This was probably due to nickel uptake by nonspecific
magnesium transport systems.

Sequence alignment of HoxN and related proteins. Very
recently, the cloning and sequencing of hoxN-related genes of
other bacteria whose products are essential under nickel-lim-
iting conditions have been described. HupN of Bradyrhizobium
japonicum is an integral membrane protein, exhibits high sim-
ilarity to A. eutrophus HoxN (56% amino acid identity), and is
required for the activity of hydrogenase (5). The homology
between HoxN and HupN strongly suggests a function in
nickel transport for B. japonicum HupN, but its exact role has
not yet been established (5). The NixA protein mediates high-
affinity nickel transport in Helicobacter pylori (15), a gastroin-
testinal pathogen producing a potent urease. NixA is highly
similar to HoxN (41% identity). Sequence determination of
the urease operon of thermophilic Bacillus sp. strain TB-90
revealed two accessory genes (ureH and wurel) which are re-
quired for urease activity under nickel limitation. Nickel trans-
port was not further investigated, but since UreH shows sig-
nificant similarity to A. eutrophus HoxN (23% identity), a role
in nickel uptake has been postulated (13).

Potential nickel recognition motifs have not yet been re-
ported for these transport proteins. To search for common
motifs, we conducted a sequence comparison by multiple align-
ments. The result is shown in Fig. 3. Two conserved signatures
were found to occur with very similar distances in HoxN,
HupN, NixA, and UreH. Both signatures include histidine
residues. Histidine motifs are generally considered potential
Ni ligands. This has been shown for proteins with a function in
nickel incorporation into hydrogenases and urease (4, 9). Thus,
the stretches of amino acids shown in Fig. 3 may be involved in
high-affinity nickel binding or in the translocation process. In-
terestingly, one of the conserved signatures was also detected
in NikC, an integral membrane component of the E. coli nickel
transport system (Fig. 3A). The localization of these putative
nickel translocation motifs in A. eutrophus HoxN is illustrated
in Fig. 4. One of the histidine-containing signatures lies within
a transmembrane helix. The localization of that motif might be
surprising if it were involved in nickel recognition. However,
examination of well-characterized transport proteins such as
the lactose (LacY) or melibiose (MelB) carrier of E. coli shows
that important residues for sugar specificity and cation cou-
pling are located in a narrow area in the middle of the trans-
membrane helices (LacY) or in cytoplasmic loops (MelB) (19).
The identification of the putative nickel translocation motif in
HoxN of A. eutrophus invites experiments to exchange specific
amino acids which may lead to a more detailed insight into
nickel ion transport.

ACKNOWLEDGMENTS

We thank Robert P. Hausinger (Michigan State University, East
Lansing) for plasmid pKAU17 containing the urease operon of K.
aerogenes.

This work was supported by grants from the Deutsche Forschungs-
gemeinschaft (Schwerpunktprogramm Bioanorganische Chemie) and
Fonds der Chemischen Industrie.

EXPRESSION OF A. EUTROPHUS HoxN IN E. COLI

Ju

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

1843

REFERENCES

. Eberz, G., T. Eitinger, and B. Friedrich. 1989. Genetic determinants of a

nickel-specific transport system are part of the plasmid-encoded hydroge-
nase gene cluster in Alcaligenes eutrophus. J. Bacteriol. 171:1340-1345.

. Eitinger, T., and B. Friedrich. 1991. Cloning, nucleotide sequence, and

heterologous expression of a high-affinity nickel transport gene from Alcali-
genes eutrophus. J. Biol. Chem. 266:3222-3227.

. Eitinger, T., and B. Friedrich. 1994. A topological model for the high-affinity

nickel transporter of Alcaligenes eutrophus. Mol. Microbiol. 12:1025-1032.

. Friedrich, B., and E. Schwartz. 1993. Molecular biology of hydrogen utili-

zation in aerobic chemolithotrophs. Annu. Rev. Microbiol. 47:351-383.

. Fu, C,, S. Javedan, F. Moshiri, and R. J. Maier. 1994. Bacterial genes

involved in incorporation of nickel into a hydrogenase enzyme. Proc. Natl.
Acad. Sci. USA 91:5099-5103.

. Hausinger, R. P. 1993. Biochemistry of nickel, p. 23-180. Plenum Press, New

York.

. Hausinger, R. P. 1993. Biochemistry of nickel, p. 181-187. Plenum Press,

New York.

. Lee, M. H., S. B. Mulrooney, M. J. Renner, Y. Markowicz, and R. P. Haus-

inger. 1992. Klebsiella aerogenes urease gene cluster: sequence of ureD and
demonstration that four accessory genes (ureD, ureE, ureF, and ureG) are
involved in nickel metallocenter biosynthesis. J. Bacteriol. 174:4324-4330.

. Lee, M. H., H. S. Pankratz, S. Wang, R. A. Scott, M. G. Finnegan, M. K.

Johnson, J. A. Ippolito, D. W. Christianson, and R. P. Hausinger. 1993.
Purification and characterization of Klebsiella aerogenes UreE protein: a
nickel-binding protein that functions in urease metallocenter assembly. Pro-
tein Sci. 2:1042-1052.

. Liesegang, H., K. Lemke, R. A. Siddiqui, and H.-G. Schlegel. 1993. Charac-

terization of the inducible nickel and cobalt resistance determinant cnr from
pMOL28 of Alcaligenes eutrophus CH34. J. Bacteriol. 175:767-778.

. Lohmeyer, M., and C. G. Friedrich. 1987. Nickel transport in Alcaligenes

eutrophus. Arch. Microbiol. 149:130-135.

. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951. Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275.
Maeda, M., M. Hidaka, A. Nakamura, H. Masaki, and T. Uozumi. 1994.
Cloning, sequencing, and expression of thermophilic Bacillus sp. strain
TB-90 urease gene complex in Escherichia coli. J. Bacteriol. 176:432-442.
Manoil, C., and J. Beckwith. 1985. TnphoA: a transposon probe for protein
export signals. Proc. Natl. Acad. Sci. USA 82:8129-8133.

Mobley, H. L. T., R. Garner, and P. G. Bauerfeind. Helicobacter pylori nickel
transport gene nixA: synthesis of catalytically active urease in E. coli inde-
pendent of growth conditions. Mol. Microbiol., in press.

Mobley, H. L. T., and R. P. Hausinger. 1989. Microbial ureases: significance,
regulation, and molecular characterization. Microbiol. Rev. 53:85-108.
Mulrooney, S. B., H. S. Pankratz, and R. P. Hausinger. 1989. Regulation of
gene expression and cellular localization of cloned Klebsiella aerogenes (K.
pneumoniae) urease. J. Gen. Microbiol. 135:1769-1776.

Navarro, C., L.-F. Wu, and M.-A. Mandrand-Berthelot. 1993. The nik
operon of Escherichia coli encodes a periplasmic binding-protein-dependent
transport system for nickel. Mol. Microbiol. 9:1181-1191.

Poolman, B., and W. N. Konings. 1993. Secondary solute transport in bac-
teria. Biochim. Biophys. Acta 1183:5-39.

Saier, M. H., Jr. 1994. Computer-aided analyses of transport protein se-
quences: gleaning evidence concerning function, structure, biogenesis, and
evolution. Microbiol. Rev. 58:71-93.

Wolfram, L., T. Eitinger, A. J. M. Driessen, W. N. Konings, and B. Friedrich.
Unpublished results.

Wolfram, L., T. Eitinger, and B. Friedrich. 1991. Construction and proper-
ties of a triprotein containing the high-affinity nickel transporter of Alcali-
genes eutrophus. FEBS Lett. 283:109-112.

Wu, L.-F., M.-A. Mandrand-Berthelot, R. Waugh, C. J. Edmonds, S. E. Holt,
and D. H. Boxer. 1989. Nickel deficiency gives rise to the defective hydro-
genase phenotype of hydC and fnr mutants in Escherichia coli. Mol. Micro-
biol. 3:1709-1718.



