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ABSTRACT  Cadmium resistance specified by the cadA
determinant of Staphylococcus aureus plasmid pI258 results
from the functioning of a cadmium-efflux system. In the
nucleotide sequence of the DNA fragment containing the cadA
determinant, two open reading frames were identified. The
larger one, corresponding to a predicted polypeptide of 727
amino acid residues, is necessary and sufficient for expression
of cadmium resistance. Comparison of the CadA amino acid
sequence with known protein sequences suggested that CadA is
a member of the E,E, cation-translocating ATPases, similar to
the K*-uptake ATPases of Gram-positive and Gram-negative
bacteria. The sequence homology is lower but significant with
other E,E,-type ATPases, including the H*-efflux ATPases of
eukaryotic microbes and the Ca?*- and Na*/K*-ATPases of
animals. A frame-shift mutation in the middle of the gene
destroys the Cd>*-resistance phenotype. A detailed model for
the putative CadA ATPase based on homologies to other E,E,
ATPases is presented and discussed.

Resistance to Cd®* is widespread in Staphylococcus aureus
(1). There are two separate Cd?*-resistance determinants,
cadA and cadB, located on plasmids (2). The cadB gene
product may protect the cell by binding Cd?* (3). The
resistance function coded by the cadA determinant results
from decreased intracellular accumulation of Cd?* (4), me-
diated by an energy-dependent efflux mechanism (5).

In S. aureus, Cd** enters the cell by the Mn?* active
transport system (4, 6), but cells that have the cadA gene have
lower net accumulation. The CadA-efflux system is sensitive
to metabolic inhibitors such as uncouplers but is not affected
by agents that eliminate the membrane potential (5). There-
fore, it was proposed (5) that the cadA product is an
electroneutral antiporter that ejects one Cd?* while accumu-
lating two protons.

We have cloned the cadA determinant from S. aureus
plasmid pI258 and expressed it in Bacillus subtilis. The DNA
sequence was determined.* It consists of a single open
reading frame (ORF) very likely coding for an E,E, cation-
translocating ATPase.

METHODS

Bacterial Strains. For cloning of the cadA determinant of
plasmid pI258 into the vector pSK265 (7), B. subtilis strain
BD224 (8) (trpC2 recE4 thr-5) (BGSC 1 A46, Bacillus Genetic
Stock Center, Columbus, OH) was used. The cells were
grown in tryptone broth (8 g of Difco Bacto tryptone and 5 g
of NaCl per liter) supplemented with threonine and tryp-
tophan (50 ug/ml each). When necessary for selection,
chloramphenicol (5 ng/ml) was added to liquid medium or to
the tryptone broth agar plates.
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Uptake Assays. The cells were grown to a density of 100 Klett
turbidity units (no. 54 Kodak Wratten filter) at 37°C with
shaking, harvested by centrifugation at 6800 X g for 7 min, and
suspended in medium at a density of 25 mg (dry weight)/ml. The
final cell density in transport assays was 0.5 mg (dry weight)/ml.
Transport assays were at 37°C in broth with aeration by shaking.
Samples were filtered through 0.45-um pore-diameter filters
(Bio-Rad) and rinsed twice with 5 ml of NaCl solution (9 g/liter).
Radioactive samples were assayed in a liquid scintillation
spectrometer (Packard Instrument).!

DNA Cloning and Sequencing. For construction of plasmids
and phage M13 derivatives containing the cadA determinant, a
derivative of pRAL1 (1, 9) was used. The 3.5-kilobase (kb) Bg!
II-Xba I DNA fragment, previously identified by Novick et al.
(2) as containing the cadA Cd>*-resistance determinant, was
cloned into phage mTM010 (10) in both orientations. Nested
deletions for sequencing were made by using BAL-31 exonu-
clease (10). The 3.5-kb fragment was also cloned into vector
pSK265 (7) (for expression in B. subtilis). Two recombinant
plasmids, pGN114 and pGN115, containing the entire 3.5-kb
DNA fragment in opposite orientations, were generated.

Plasmids pGN116-1 and pGN116-2 [containing the intact
larger ORF (ORF2, cadA) cloned in both orientations] were
obtained by ligating into the vector plasmid pSK265 a DNA
fragment generated by BAL-31 deletion and lacking the first
920 base pairs (bp) of the Bg! II-Xba I fragment shown in Fig.
1. This fragment was introduced also in pGEM-3Zf(+)
(Promega Biotec) under control of the T7 phage transcrip-
tional promoter to generate pGN118 [for the expression of the
CadA protein in Escherichia coli strain BL21 (11)], contain-
ing the T7 RNA polymerase under the control of the inducible
lacUVS5 promoter.

Mutant plasmid pGN117, containing the entire 3.5-kb DNA
fragment with a frame-shift mutation in the cadA gene, was
obtained by Klenow DNA polymerase conversion of the
protruding ends generated by Xho I (see Fig. 1) digestion of
pGN114 to blunt ends.

Membrane Preparation, Solubilization and Reconstitution
of Proteoliposomes, and Transport Assays. The procedure of
Ambudkar et al. (12), slightly modified, was used for the
preparation of bacterial membranes. Membranes and proteo-
liposomes were suspended in 20 mM Mops, pH 7/200 mM
KCl and used immediately. For transport assays, membrane
vesicles or proteoliposomes were mixed with 109Cd?*. After
3-5 min at 0°C, the reaction was initiated by the addition of
5 mM ATP and 5 mM Mg?*. Aliquots (0.1 ml) were filtered
on Millipore filters (pore size, 0.22 um) and washed with
assay buffer containing MgSO,. The radioactive samples
were assayed in a scintillation counter.

Abbreviation: ORF, open reading frame. . )
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04551).
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Labeling of Proteins with [3?P]JATP. Cell membranes were
incubated in 50 mM Mops (pH 7.2)/5% (vol/vol) glycerol/5
mM MgCl, at 4°C; 10 uM [>*P]JATP (10 uCi; 1 uCi = 37 kBq)
was added, and incubation was continued at 4°C for 15 sec.
After addition of cold 10% (wt/vol) trichloroacetic acid/1
mM phosphate and centrifugation, the precipitate was
washed with cold H,O, suspended in loading buffer, and
resolved by electrophoresis on an acidic lithium dodecyl
sulfate/polyacrylamide gel (13, 14).

RESULTS

Nucleotide Sequence of the cadA Determinant. Fig. 1 shows
the nucleotide sequence of the 3535 bp containing the cadA
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determinant and the amino acid translation of the two major
ORFs. The sequence starts =200 bp from the Xba I site of the
physical map of plasmid pI258 (1, 2) and ends at the Bgl II
site. Of the two major ORFs identified, the first one starts at
position 704, after a segment of DNA containing direct and
inverted repeats (indicated by arrows a through h in Fig. 1)
and ends at nucleotide 1072. The resulting predicted peptide
contains 122 amino acids. From deletion experiments (see
below), the first 920 bp containing the repeats and coding for
part of the short polypeptide appear not necessary for
resistance to Cd?*. At position 1065, a second and longer
ORF starts that overlaps 8 bp with the previous one.
Upstream of the ATG start codon there are a reasonably good
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Fic. 1. Nucleotide sequence
of the 3535 bp of the cadA deter-
minant from plasmid pI258. The
strand equivalent to the mRNA is
shown. Ribosome binding site
(RBS), predicted polypeptides,
and three restriction nuclease sites
(Xho 1, Eco RI, and Bgl II) used
for cloning or mutations are indi-
cated. Inverted repeat sequences
a through f and direct repeats g
and h of 10 bp or longer in the
region from base pair 219 to 737
are shown by labeled arrows.
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Fi16. 2. Cd?* resistance of B. subtilis BD224 strains containing
the recombinant plasmid pGN114 (0) or vector plasmid pSK265 (e).
Overnight cultures were diluted 1:100 in tryptone broth containing
Cd?*. Culture turbidities were measured after 7 hr of growth.

potential ribosomal binding site and a transcriptional initia-
tion signal (marked on Fig. 1). This ORF continues for 2184
bp, corresponding to a predicted 727-amino acid polypeptide.

Alignment of the 200 bp flanking the Bgl II site with the left
end of the IS427 insertion sequence element of plasmid pI524
(also from S. aureus) sequenced by Barberis-Maino et al. (15)
showed a perfect match of the 134 terminal bp (not shown).

Cd?* Resistance Is Determined by a Single ORF. Fig. 2
shows the effect of increasing concentration of Cd?* on the
growth of B. subtilis cells carrying plasmids pSK265 (sensi-
tive) or pGN114 (resistant; the entire 3.5-kb Bgl 1I-Xba 1
fragment). The cells with the recombinant plasmid grew in
the presence of 10 times the concentration of Cd?* that the
sensitive cells would tolerate. Similar results were obtained
with cells containing plasmid pGN115, where the insert had
been cloned in opposite orientation (not shown).

In cation transport experiments, cells containing pSK265
or pGN114 took up equivalent amounts of *Mn?* over the
5-min time course of an uptake experiment. However, the
sensitive cells took up 2-4 times more ®Cd?* than the
resistant cells (Fig. 3). Note that the uptake of Cd** was 20
times more in Fig. 3 than that of Mn?*, similar to the ratio in
earlier studies (16). The roles of the two major ORFs in the
cloned fragment were investigated by repeating growth and
109C{2+ uptake experiments with cells transformed by plas-
mids pGN116-1 and pGN116-2 (containing only the larger
OREF cloned in opposite orientations in the vector) and by
plasmid pGN117 (where a framshift mutation had been
introduced in the large ORF 35 bp upstream of the codon for
the aspartate residue believed to be critical to the activity of
E,E, ATPases; see Discussion below). In this mutant, the
first ORF had therefore been left intact. The results indicate
that the protein encoded by the large ORF is necessary and
sufficient for Cd?* resistance (data not shown) and for
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FiG. 4. Uptake of 1%°Cd?* by B. subtilis cells containing plasmid
vector pSK265 (@), recombinant plasmid pGN114 (0), the cadA large
OREF cloned in both orientations in pSK265 to form pGN116-1 (T0) and
pGN116-2 (m), and the mutant pGN117 (a) in which a frame-shift
mutation has been introduced in cadA by Xho I digestion blunt-end
conversion with Klenow DNA polymerase, and ligation.

reduced Cd?* uptake (Fig. 4). Comparable results with
pGN116-1 and pGN116-2 indicate that cadA is expressed by
using its own promoter.

Analysis of the Predicted Polypeptides. The amino acid
sequences predicted from the two major ORFs were checked
against protein libraries for related proteins by using a
polypeptide alignment program (17). No significant homol-
ogy was found for the smaller protein. However, the 727-
amino acid polypeptide showed significant matches with
bacterial and eukaryotic E,E, cation-transport ATPases
(Table 1). Fig. 5 shows the alignment of the 727-amino acid
CadA polypeptide with the K*-ATPase from Strep. faecalis
(17), which is the closest to the CadA polypeptides of
currently published E,E,-type ATPase sequences.

In Vitro Measurements of ATPase Activity, Protein Phos-
phorylation, and Cd?>* Transport. Attempts were made to
overproduce the 727-amino acid protein (11), to measure
ATPase activity of the protein in vitro, to measure uptake of
19Cd2* in everted membrane vesicles of B. subtilis and in
proteoliposomes (12), and to measure a large polypeptide that
could be labeled with [32P]JATP (13). This series of experi-
ments has not been successful. When the T7 RNA polymer-
ase was induced for the expression of the cadA gene under
the control of the phage T7 promoter (11), cell growth
stopped abruptly, and the surviving cells contained plasmids
where the insert was partially or completely deleted.

DISCUSSION

The sequence homology between the cadA gene product and
ElEz-tyge ATPases suggests that Cd?* resistance is mediated
by a Cd?*-translocating ATPase. This is consistent with the
physiological results of Tynecka et al. (5), who demonstrated
that Cd** resistance results from energy-dependent Cd**

S
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2 3 Fic.3. Uptake of 1Cd** (4)
g E  and of Mn?* (B) by sensitive B.
e e & subtilis cells containing plasmid
L 40 o 12 ¥ pSK265 (@) and by resistant cells
g e © S containing plasmid pGN114 (O).
E3 (& .~ The cells were prepared as de-
& % scribed in the text and incubated
3 = for 2 min at 37°C; 20 uM 1°Cd?*
0 . A . A or 5*Mn?* was added. Samples
0 2 4 0 2 4 [0.25 mg dry weight (wt)] were

Time at 37°C, min

filtered and washed as indicated.
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Table 1. Comparison of the Cd**-ATPase sequence with other
cation-translocating ATPases

% identities

(over aa
Cation Length, FAsTP range
ATPase source specificity aa score indicated)
S. aureus Cd** 727 3381 100 727
Strep. faecalis K* 583 703 29.8 (543)
E. coli KdpB K* 682 462 26.2  (577)
Sac. cerevisiae H* 918 179 331 (148)
Neurospora H* 920 170 29.6 (189)
Human « chain Na*/K* 1023 159 356 (90)
Rabbit muscle Ca?* 1001 133 379  (95)
(E. coli Hg**
reductase) Hg?* 561 9 328 (58)

Results are from a search (January 22, 1989) of the European
Molecular Biology Organization library of protein sequences for
polypeptides homologous to CadA using the FASTP alignment algo-
rithm (16). The closest match found was to the Streptococcus
faecalis K*-ATPase sequence (18). The FASTP score (17) is given in
arbitrary units after optimization allowing gaps; the percent amino
acid (aa) identities and the lengths of the homologous regions from
the FASTP matching are shown. Results from only one of the seven
current Na*/K*-ATPase sequences, one of the current two sarco-
plasmic reticulum Ca?*-ATPase sequences, and one of the five
current mercuric reductase sequences are shown. The mercuric
reductases are not ATPases but scored with a significant homology
for the N-terminal region (see text). Sac., Saccharomyces.

efflux. The protein predicted by the DNA sequence shows
26-30% amino acid identities over stretches of >500 residues
with the K*-uptake ATPases of Strep. faecalis and E. cali
(Table 1).

At its amino-terminal end, the putative Cd?*-ATPase
shares significant homology (10 SDs from the mean score for

ca2* MSEQKVKLMEEEMNVYRVQGFTCANCAGKFEKNVKKI PGVQDAKVNFGASKIDVYGNASV 60
Cd?* EELEKAGAFENLKVSPEKLANQTIORVKDDTKAHKEEKTPFYKKHSTLLFATLLIAFGYL 120
Cd2* SHFVNGEDNLVTSMLFVGS IVIGGYSLFKVGFONLIRFDFDMKTLMIVAVIGATT IGKWA 180
K+ MELKG(SPM&PLIMGIMYVYSVYSFIANLISPHH-NMDFH:J& 47

ca2* EASIWILFAISEALERFS}DRSR;SIRSLMDIAPKEA—LVRMIIIHV[DIAVGJI 239

K'  LATLIVIML-LGHWIEMNAVSNASDALOKLAELLPESVKRLKKDGTEETVSLKEVHEGDR 106

cd?t MIVKP@!(IN{XSI IVM}[SAVNJAAHGESVPVSKAV[DEVFAGHNEM.IEVKI’H(Y 299

Kkt LIVMWIWPIU(G{PIVDESAVRESKGWQ(WVI(ISIWIBIW 165

ca?+ VEDHIWIII’LVEEA(EERAPPOAFVMAKYYTPI IMVIAALVAVVPP’L.FR}}SWM 359

Kt TGZMVIU(VHEMWWHSDKVAMFYVALW-GIIAFWLFLANLPDA 223
cd?t VY(HAVLVV({ZPCALVISPPISIVSAIMGVLWKTVAW 419

Kt [ERMVNFIIACPHA[G[AIPLWAIGPSIANWUMAMBQND{DVIMM 283
ca?* LHMWIIWWIPYW 479

K* LWGIEILDEAYQBEEILKYIGMEAHAM-IPLAIGI}NYUCEIQ(I-—TPW 341

cd?* nsxmmcwumwu&mmsnrsm-mvmw’mmlm 538

K" WWMD-----WIIMAMKIDPBRLMWVSFLVVSD 396

ca2* TILGVLAVADEVRBISWIMLIKQFINHWMNAIGIHVGVSDICSM 598

K* Kl..VAVIA[GJVIKPEAKBFIQKI]mI IPVM!..'KGINPQA&QRVAEYIGINBYY@LLP 455

cd?t WYIWWWWWWDW 658
........................ (XN ETUR X PR S |
K* mmmmommmlmmmrm-@cmmmmsw 514

ca2* Sl(l..PFAVRLSRKTLNIIKANITFAIGIKIIALI.LVIPGNLT[HIAILSBGATILVALNS 718

K*  KOILHFL B AKETRRKMIONHWGAGYN TALPL A-AGTL APTGLILSPAVGAVLISLST 573
Cd2* LRIMRVKDK 727

K*  VVVALNALTIK 583

Fi6. 5. Alignment of the putative cadA amino acid sequence
versus the K*-ATPase from Strep. faecalis. Dashes indicate gaps
introduced to optimize alignment, semicolons indicate identities, and
dots indicate conservative amino acid replacements. The marked

proline (*) and aspartate (PQO,4) residues are considered in the
Discussion.
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8702 polypeptides in the current library) to mercuric reduc-
tase and to the periplasmic mercury-binding protein of the
mercury-resistance operons (Table 1 and Fig. 6). The region
includes conserved paired cysteine residues (Cys-23 and
Cys-26 in the CadA protein). The occurrence of such paired
cysteine residues has become a recurring motif in soft
metal-binding regions, and they are hypothesized to play a
role in the initial binding of the heavy-metal ion because of the
strong affinity of their sulfhydryl groups for the heavy-metal
ions (20, 21). In several E;E, ATPases, the amino-terminal
part of the enzyme has been postulated to provide the
recognition and the initial binding site for the cation to be
transported (22, 23). The models are based on analysis of
enzyme functions (recognition and binding of the cation,
transduction, phosphorylation, and ATP binding) after lim-
ited tryptic digestion. The E,E, ATPases are primarily
cytoplasmic globules formed by at least four interactive
domains, connected by a narrow stalk to the hydrophobic
membrane-anchoring segment of the enzyme (24-26). Trans-
membrane hairpins are postulated to form a channel through
which the cations are transported (22, 26, 27).

There is little homology in general between eukaryotic and
prokaryotic E,E, ATPases in the transmembrane hairpins,
beyond their positions and general hydrophobicity. The
location of these hydrophobic sequences, defined by a high
density of charged residues on either side of a hydrophobic
segment of ~20 amino acid residues, and their occurrence in
closely positioned pairs suggest very similar overall struc-
tures for the enzymes.

The first transmembrane hairpin segment of the putative
Cd?* ATPase is predicted to occur between residues 106 and
148. The transmembrane segment occurs after a highly
hydrophilic stretch (residues 86 through 105) and separates
the amino-terminal region of the protein (concerned with the
initial binding of the cation to be transported) from the
transduction domain, whose primary function is the delivery
of the cation to the transmembrane channel for outward
translocation. The transduction domain consists of =180
residues in the CadA protein. It is predicted to be mostly in
a-helical conformation and is highly hydrophilic (with a net
negative charge provided by an excess of nine glutamate and
aspartate residues). Fig. 6 shows a comparison of a relatively
conserved (central) section of the putative transduction
domain of the Cd**-ATPase with the corresponding regions
of other E,E, ATPases. The homology occurs over a stretch
of about 50 residues, and it includes several conserved
aspartate, glutamate, and glycine residues.

In the putative Cd?>*-ATPase, a second transmembrane
hairpin segment is predicted next, with the second half of the
hairpin containing a crucial proline residue. This proline
(Pro-372, Fig. 5), is located in all E,E, ATPases 43 residues
before the aspartate residue (Asp-415, Fig. 5) that is phos-
phorylated in E;E, ATPases. The position of the second
transmembrane hairpin as well as the location of the proline
next to the junction between transmembrane and cytoplasmic
regions are in agreement with the structural model developed
for other E;E, ATPases (22, 24, 26, 28). Asp-415 in the CadA
protein is the first of a string of 7 amino acids [Asp-
Lys-Thr-Gly-Thr-Leu (or Ile)-Thr] that are conserved in E,E,
ATPases (from different species and with different cation-
transport specificities; Fig. 6C) and are flanked by conserv-
ative replacements. By analogy to other E,E, ATPases,
Asp-415 of the CadA protein should be the aspartate residue
that undergoes phosphorylation (23, 28).

The next and most extended region of homology and
conservative replacements between the CadA protein and
other E,E, ATPases starts around residue 600 and continues
for approximately 50 residues. This region is centered around
two aspartate residues (Asp-620 and Asp-624 in the cadA
gene product; Fig. 6D). By comparing the sequences in
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A Hypothesized cation binding N-terminal region

Cd2* ATPase S. aureus
Mercuric reduc E.

periplasmic Hg?*-BP E.

coli
col

B Transduction domain

cd2* ATPase S. aureus
K* ATPase E. coli

K* ATPase S. faecalis
H' ATPase yeast

H' ATPase Neurospora
Na*/K* ATPase human
Na'/K' ATPase eel
CaZ* ATpPase rabbit

* kk * * *k

i 28 VPGMICAACPITVKKALSKVEGV 50

*k * *

229 IHVDDIAVGDIMIVKPGEKIAMDGIIVNGL — SAVNQAAITGESVPVSKAVDDEVF 282
121 VPADQLRKGDIVLVEAGDIIPCDGEVIEGG  ASVDESAITGESAPVIRESGGDFA 174
96 VSLKEVHEGDRLIVRAGDKMPTUGTIDKGH  TIVDESAVIGESKGVKKQVGDSVI 149
191 IPANEVVPGDILQLEDGTVIPTDGRIVTEDC FLQIDQSAITGESLAVDKHYGDQTF 246
191 IEAPEVVPGDILQVEEGTIIPADGRIVIDDA FLQVDQSALTGESLAVDKHKGDQVF 246
180 INAEEVVVGDLVEVKGGDRIPADLRIISAN GCKVDNSSLTGESEPQTRSPDFTNE 234
180 INAEQVVVGDLVEVKGGDRIPADLRIISAC SCKVDNSSLTGESEPQSRSPEYSSE 234
140 IKARDIVPGDIVEVAVGDKVPADIRILSIKSTTLRVDQSILTGESVSVIKHTEPVPD 196

ok ok

Proc. Natl.

Acad. Sci. USA 86 (1989)

C Phosphoryl-aspartate region
PO4
* Fekkddk *

404 EKLGAIKTVAFDKTGTLTKG 423
296 EAAGDVDVLLLDKTGTITLIG 315
268 BEQANDLDVIMLDKTGTLTQG 287
367 ESLAGVEILCSDKTGILTKN 386
367 ESLAGVEILCSDKTGTLTKN 386
365 ETLGSTSTICSDKTGILTON 384
365 ETLGSTSTICSDKTGTLTON 384
340 ETLGCTSVICSDKIGILTIN 359

Cd%* ATPase S. aureus

K* ATPase E. coli

K* ATpase S. faecalis

H' ATPase yeast

H' ATPase Neurospora
Na*/K* ATPase human
Na'/K* ATPase electric eel
ca2* ATPase rabbit

D Hinge region and end of ATP-binding domain
* *

Cd2* ATPase S. aureus
K ATPase E. coli

K' ATPase S. faecalis
H' ATPase yeast

H* ATPase Neurospora
Na*/K* ATPase human
Na'/K* ATPase electric eel
Ca?* ATPase rabbit

this region, a_consensus can 2& extrapolated: Val-Ala-
Met-Thr-Gly-Asp-Gly-Val-Asn-Asp-Ala-Pro-Ala-Leu. This
region is believed to include the end of the nucleotide-binding
domain (22) and extends into the next transmembrane
stretch. In all of the E,E, ATPases (including the postulated
Cd?*-ATPase), the ATPase region constitutes a single intra-
cellular domain of 250-400 amino acids, uninterrupted by
transmembrane segments.

Finally, after the last putative transmembrane hairpin,
predicted to be between residues 624 and 707, the CadA
molecule ends with Lys-727. The carboxyl-terminal region is
considerably longer in eukaryotic E,E, ATPases, where it
often includes two additional transmembrane segments (23,
24, 26).

Despite different cellular origins and different specificities
of cation transport and orientation, the bacterial and eukary-
otic ATPases are related in function and have homologies in
the regions (Fig. 6) that may correspond to the common
properties of the proteins essential for their activity as
primary cation pumps.

It often has been speculated that sequence similarities for
E,E, cation-translocating ATPases must be a consequence of
a common ancestry. It is attractive to hypothesize that the
proteins underwent modifications evolving the capability to
transport different cations inwardly and outwardly through
different membranes according to the needs for the survival
of the cell, including the elimination of toxic cations.
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