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We describe a small family of proteins, CHR, which contains members that function in chromate and/or
sulfate transport. CHR proteins occur in bacteria and archaea. They consist of about 400 amino acyl residues,
appear to have 10 transmembrane a-helical segments in an unusual 416 arrangement, and arose by an
intragenic duplication event.

Several families of bacterial transport proteins are in-
volved in solute translocation as secondary carriers (e.g.,
transporters of the major facilitator superfamily [MFS] [6,
10, 19], the cation diffusion facilitator [CDF] family [15, 21],
and the resistance-Nodulation-cell division [RND] family [13,
25, 27]). Such active transporters are generally believed to
form a transmembrane pathway that allows the substrate to
cross the cytoplasmic membrane (18). This channel is usually
composed of amphipathic a-helices (18). Carrier and channel
forms of some permeases seem to be interconvertible (3, 4, 28,
29), at least in some cases. The number of transmembrane
a-helical segments (TMSs) may vary from 2 to 14. Twelve or 14
TMSs are observed exclusively for secondary carriers of the
MFS (20), and many transport proteins seem to consist of two
units composed of five to seven transmembrane a-helices.
Transporter families with six transmembrane spanners have
also been described (e.g., the cation diffusion facilitators
[CDFs] [15, 20]).

The MFS carriers (26) and RND family permeases (27),
each with 12 to 14 TMSs, appear to have originated by gene
duplication events, and the term “616 spanner transporter”
has been proposed for these proteins (18). In this communi-
cation, we describe a small family of transport proteins, most
members of which apparently consist of two structurally similar
repeat units. The N-terminal repeat unit appears to possess
four TMSs; the C-terminal repeat unit, however, appears to
possess six TMSs. We show that these two topologically dis-
similar repeat units probably arose from a single primordial
polypeptide unit by an internal gene duplication event.

The CHR protein family. Table 1 presents the fully se-
quenced proteins of the CHR family currently available in the
databases. While all of these sequences are clearly homolo-
gous, with comparison scores well in excess of 10 standard
deviations (RDF2 program with 500 random shuffles when the
entireties of the protein sequences were compared [22]), they
show no significant similarity to other proteins in the data-
bases. The two functionally characterized proteins are the plas-
mid-encoded ChrA proteins from Alcaligenes eutrophus [ChrA
(Aeu)] (12) and Pseudomonas aeruginosa [ChrA(Pae)] (2).
Both proteins seem to catalyze the energy-dependent extrusion
of chromate. One other protein, SrpC, from the cyanobacte-

rium Synechococcus, is sulfur regulated and may function in
sulfate uptake (11). The other CHR family homologs have not
been functionally characterized. Since one of these homologs is
from the archaeon Methanococcus jannaschii (1), the family is
not restricted to the Bacteria domain. Both this protein and the
one found in Synechocystis are chromosomally encoded (7, 11).

All of these proteins are about the same size (393 to 416
amino acyl residues). In contrast, two homologs of Bacillus
subtilis, Orf1 (YwrA) and Orf2 (YwrB), are about half this size
(197 and 178 amino acyl residues, respectively) (24). These two
putative Bacillus proteins are encoded by two adjacent over-
lapping genes that may be translationally coupled. Evidence
suggesting that a sequencing error is responsible for an appar-
ent splice site within a single gene is lacking. The genomes of
Mycoplasma genitalium, Mycoplasma pneumoniae, Helicobacter
pylori, Escherichia coli, Haemophilus influenzae, Methanobacte-
rium thermautotrophicum, Archaeoglobus fulgidus, and Saccha-
romyces cerevisiae do not encode ChrA homologs.

Operons encoding CHR family proteins and their possible
physiological function. Among genes surrounding those en-
coding CHR family proteins, there appear to be some that are
involved in resistance to oxidative stress, such as chrC in A.
eutrophus, a chrC-homologous open reading frame (ORF) fol-
lowing chrA in P. aeruginosa, and the srpA putative periplasmic
catalase from Synechococcus sp. (2, 11, 23). When chromate is
reduced, toxic oxygen species are produced. The presence of
the periplasmic SrpA catalase suggests that chromate reduc-
tion may occur in the periplasm, most likely catalyzed by a
membrane-bound redox enzyme system.
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TABLE 1. The chromate resistance (CHR) protein family

Abbre-
viation Description Source

Length
(amino
acids)

Acces-
sion no.

ChrA(Pae) Chromate resistance
protein A

Pseudomonas aeru-
ginosa

416 spP14285

Orf1(Ssp) ChrA homolog Synechocystis sp. 399 gbD90916
SrpC(Ssp) ChrA homolog, sulfur

regulated
Synechococcus sp. 393 pirC56274

ChrA(Aeu) Chromate resistance
protein A

Alcaligenes eutro-
phus

401 gbP17551

Orf1(Mja) ChrA homolog Methanococcus
jannaschii

402 gbU67518

Orf1(Bsu) ChrA homolog (YwrA) Bacillus subtilis 197 gbZ93767
Orf2(Bsu) ChrA homolog (YwrB) Bacillus subtilis 178 gbZ93767
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Insertions into the ChrA-like srpC gene of Synechococcus lead
to an increase, rather than a decrease, in chromate resistance
(11). In P. aeruginosa and A. eutrophus, chromate is accumulated
by sulfate uptake systems, and expression of ChrA leads to re-
duced accumulation of chromium (2, 12, 16, 17). In Alcaligenes,
the chrA gene is preceded by chrB. Expression of Alcaligenes
chrA without chrB leads to hyperaccumulation of chromium
and an increase in sensitivity (12), as in Synechococcus. Thus,
the ChrA protein of A. eutrophus may be a chromate uptake
system when expressed alone.

These contradictory observations can be explained if CHR
family proteins catalyze chromate/sulfate antiport, thereby cor-
recting the deficiency of the nonspecific sulfate uptake system
by exporting the erroneously accumulated chromate, which
would be exchanged for sulfate. Since the sulfate concentration
is usually high compared to the chromate concentration, the
former might be sufficient to drive chromate/sulfate antiport.
In Synechococcus, the effect of the srpC mutation was tested at
low sulfate concentrations (11), when the antiporter should
work as a chromate uptake system.

Multiple alignment of the CHR family proteins. Figure 1 pre-
sents a multiple alignment of the CHR family proteins. In the top
line, two adjacent G’s are fully conserved, and these are followed
by several additional fully conserved residues, producing the
following motif: GGX12VX4WX16PGPX10GX7G (X 5 any
residue). Starting at the end of line 4, another conserved motif
was found: GGX12VX4WX16PGPX8GX7G. A comparison of
the two halves of the CHR family proteins by using the RDF2
program (22) revealed that the two halves are homologous,
suggesting that they (as well as the two ORFs from B. subtilis)
may have been derived from a common ancestral sequence.
Based on the multiple alignment shown in Fig. 1, average sim-
ilarity and hydropathy plots were derived (data not shown).
Following a short, poorly conserved region containing the first
30 positions, the next 120 residues of both halves are better
conserved. The hydropathy plot of all proteins (shown for
ChrA(Aeu) in Fig. 2A [all other proteins not shown]) revealed
two N-terminal peaks of moderate hydrophobicity, followed by
10 peaks of a significantly hydrophobic character.

Phylogenetic tree for the CHR family proteins and their
halves. ChrA of A. eutrophus and SrpC of Synechococcus are
closely related, but all other homologs are about equally dis-
tant from each other and from these two proteins (data not
shown). This observation is surprising, because Methanococ-
cus, being an archaeon, is not closely related to the other or-
ganisms. These facts suggest either the appearance of paralo-
gous isoforms of the CHR proteins early during evolution or
horizontal transmission of genetic material.

In the multiple alignment of the 12 homologous 200-residue
protein halves of the CHR family members, 6 residues are fully
conserved: 3 G’s, 2 P’s, and a V (data not shown). These and
other residues that appear in the consensus sequence are likely to
be of structural significance. The phylogenetic tree for all of the
halves of the CHR family proteins is shown in Fig. 3. Branch
lengths connecting halves 1 are approximately the same as
those for halves 2, suggesting that the two halves of these
proteins have undergone sequence divergence at about the
same rate. Most surprising is the fact that the two Bacillus
ORFs are closer to each other than they are to any other
segment analyzed. This fact strongly suggests that they arose by
an extragenic duplication event that occurred later than the
intragenic duplication event that gave rise to the larger mem-
bers of the CHR family. These Bacillus ORFs represent the
structural equivalent of the primordial protein that presum-
ably gave rise to the members of the CHR family. Although we
have analyzed nearly 150 families of transport proteins (8),

several of which arose by intragenic duplication events, this is
the first instance in which both extant primordial polypeptide
unit-equivalent and full-length duplicated proteins have been
identified.

FIG. 1. Multiple alignment of six full-length members of the CHR family.
The two Bacillus ORFs (Orf1 and Orf2) were artificially fused to generate a
full-length protein. The multiple alignment was generated with the TREE pro-
gram (5). Protein abbreviations are as indicated in Table 1. Asterisks above the
alignment indicate fully conserved residues. A residue appears in the consensus
sequence if it occurs in a majority (four of six) of the aligned sequences at any
one position. Solid bars above the alignment indicate the putative TMSs. The
numbers above these lines indicate the number of the TMS in the proposed
topological model (Fig. 2). The residue number of the first residue in each line
is presented in parentheses following the abbreviation of that protein. Residues
to which LacZ and PhoA fusion domains were attached in the topological
analyses reported in this paper are underlined and indicated above the alignment
with the demonstrated orientation (in or out) indicated in parentheses.
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Topological analyses of the CHR family proteins. The struc-
ture of the ChrA protein from A. eutrophus was investigated by
using translational lacZ and phoA fusions. Various fragments
of the chrA gene were cloned into the fusion vectors pECD499
and pECD500 (25). The activities of alkaline phosphatase (9)
and b-galactosidase (14) were determined with E. coli CC118
(9) as published previously (25). In fusions at positions S14,
T60, and I84 (Fig. 1 and 2A), the PhoA activities were negli-
gible, but LacZ activities were significant (Fig. 2A). Thus, the
amino-terminal 84 residues of A. eutrophus ChrA are probably
located in the cytoplasm.

Following the first 90 residues are four peaks of hydropho-
bicity, and four fusions were constructed in this region at res-
idues G122, K152, E177, and W198 (Fig. 1). The high PhoA
and low LacZ activities of the fusions at E177 indicated a
periplasmic location (Fig. 2A). Two other fusions, in contrast,

indicated a cytoplasmic location of residue W198 and residue
K152. Based on the very low LacZ activity, residue G122, be-
tween peaks I and II, is probably localized to the periplasmic
side of the membrane. In agreement with these data, there is a
cluster of positively charged amino acids following peak II in
ChrA(Aeu), as well as in all of the ChrA homologs (Fig. 1).

As noted above, the first halves of the ChrA homologs are
homologous to the second halves. However, the ChrA(Aeu)-
PhoA fusion at residue E259 displayed an extraordinarily high
PhoA activity (Fig. 2A), and E259 must be located on the peri-
plasmic side. Thus, between W198 (on the cytoplasmic side)
and E259, an odd number of transmembrane spans must exist.
We suggest that a single transmembrane spanner is present.

A third hydrophobic region is localized to the carboxy ter-
minus of the large CHR family proteins, starting at alignment
position 290 (Fig. 2). There are four or five hydrophobic peaks
C terminal to alignment position 290. Only two fusion points
could be obtained in this region, at residues P319 and I357
(Fig. 1). The high LacZ activity of fusion I357 (Fig. 2A) indi-
cates a cytoplasmic location, similar to the fusion K152 in the
first half of this protein. The result for P319 is not so clear, but
the low LacZ activity and the similarity to the fusion point
G122 should mean a periplasmic location for P319.

Summing up the predicted structure of A. entrophus ChrA
(Aeu) and the average hydrophobicity of all CHR family pro-
teins, there appear to be four transmembrane helices in the
first halves of these proteins, with the amino termini up to
alignment position 90 localized to the cytoplasmic side of the
membrane. The C-terminal halves of the proteins start with
two spans which are at the same position as the nonspanning,
relatively hydrophilic regions of the amino-terminal halves.
Finally, the proteins exhibit four C-terminal transmembrane
helices which are homologous to the four spans in the hydro-
phobic region of the N-terminal halves of these proteins. The
total number of transmembrane spans in CHR proteins is
therefore probably 10 (Fig. 2B).

Since all of the large CHR family proteins may be composed
of two homologous halves, the CHR family ancestor would
probably have been a six-span transporter, probably involved in
oxyanion transport. The primordial fusion protein may well
have had 12 spans. Presumably, the first two evolved an in-
creased degree of hydrophilicity and became localized to the
cytoplasmic side of the membrane.

FIG. 2. Localization score, hydrophobicity, and model of ChrA(Aeu). (A)
Parts of the chrA gene of A. eutrophus were fused with the phoA (light grey bars)
or lacZ (dark grey bars) topological reporter gene. The chrA parts were from the
59 end of the gene up to the point indicated by the amino acid residue written
above the x axis. After expression in E. coli CC118 (9), the specific activities were
determined in triplicate, and mean values were calculated. The results for the
respective negative controls (vector plasmids with no insert) were subtracted
from the specific activities, and the resulting corrected values from both assays
were divided by the highest specific activity obtained, which was 0.55 U/mg of
protein (ChrA-E259) for phoA fusions or 10.7 U/mg of protein (ChrA-W198),
respectively. The light grey PhoA bars and the dark grey LacZ bars were drawn
in the hydrophobicity plot of ChrA(Aeu) with the roman numerals indicating
the predicted transmembrane spans. (B) Proposed topological model for the
ChrA(Aeu). The four assumed membrane-spanning a-helices in the first half of
the protein are shown as open boxes; the six membrane-spanning helices in the
second half are presented as shaded boxes. S14, T60, I84, G122, K152, E177,
W198, E259, P319, and I357 are the amino acid residues that were used as the
sites of construction of the LacZ- and PhoA-reporter fusions. The model is based
on the assumption that ChrA functions alone and as a monomer.

FIG. 3. Phylogenetic tree of the halves of the CHR family proteins, based on
the TREE program (5) and the multiple alignment of the CHR protein halves.
Protein abbreviations are as indicated in Table 1. Branch lengths are assumed to
be approximately proportional to phylogenetic distance. Numbers 1 and 2 at the
ends of abbreviations represent first and second halves, respectively.
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