J Mol Evol (2001) 53:622-633
DOI: 10.1007/s002390010249

JOURNAL OF ULEEUMR
EVOLUTION

© Springer-Verlag New York Inc. 2001

Independent Evolution of Heavy Metal-Associated Domains in Copper
Chaperones and Copper-Transporting ATPases

I. King Jordan, Darren A. Natale, Eugene V. Koonin, Michael Y. Galperin
National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD 20894, USA

Received: 14 December 2000 / Accepted: 9 May 2001

Abstract. Copper chaperones are small cytoplasmic(EC 1.15.1.1), and amine oxidase (EC 1.4.3.6), are found
proteins that bind intracellular copper (Cu) and deliver itin many organisms (McGuirl and Dooley 1999). How-
to Cu-dependent enzymes such as cytochrome oxidaseyer, Cu ions are toxic, and their cellular concentration
superoxide dismutase, and amine oxidase. Copper chapas to be kept very low (Dameron and Harrison 1998;
erones are similar in sequence and structure to the ClRae et al. 1999). The task of sequestering intracellular
binding heavy metal-associated (HMA) domains of Cu-copper and delivering it specifically to the Cu-dependent
transporting ATPases (Cu-ATPases), and the genes fanzymes is accomplished by Cu chaperones, small cyto-
copper chaperones and Cu-ATPases are often located flasmic proteins that bind Cu ions withkg < 1072° M
the same operon. Phylogenetic analysis shows that Cirae et al. 1999). Cu chaperones are similar in sequence
chaperones and HMA domains of Cu-ATPases represerind structure to the Cu-binding heavy metal-associated
ancient and distinct lineages that have evolved largelyymA) domains of Cu-transporting ATPases (Cu-
independently since their initial separation. Copper chapaTpases) whose genes are mutated in human Wilson and
erone-Cu-ATPase operons appear to have evolved indgrenkes diseases (Bull et al. 1993; Solioz et al. 1994;
pendently in different prokaryotic lineages, probably dueyy|pe et al. 1993). Cu chaperones have been character-
to a strong selective pressure for coexpression of thesgeq in yeast, worm, and humans (Culotta et al. 1997;
genes. Harrison et al. 1999; Hung et al. 1998; Pufahl et al. 1997;
) Wakabayashi et al. 1998), where their activity has been
Key words:  P-type ATPases — Cation transport — st died as part of the efforts to better understand Cu
Metalloenzyme — Copper poisoning — Wilson diseasemetabolism aberrations in familial amyotrophic lateral
— Menkes disease — Mercury-binding protein sclerosis (Corson et al. 1998; Culotta et al. 1997). In
bacteria, a Cu chaperone has been characteriz&sh-in
terococcus hiragCobine et al. 1999; Odermatt and So-
Introduction lioz 1995), and re.Iateq. mgrcury—binding proteins
(HgBPs) have been identified in the periplasm of several
. . L . bacteria harboring mercury-resistance plasmids (Bhriain
Copper (Cu), like other transitional metals, is involved in ;4 Foster 1986; Silver et al. 1989). A recent survey of
a number of important redox reactions in the cellulary, o gistribution of Cu chaperones in completely se-
energy metabolism. Cu-dependent enzymes, such as Cyyenced genomes showed that they are encoded by most
tochrome oxidase (EC 1.9.3.1), superoxide d'smUtas?ree-living bacteria and some archaea (Jordan et al.
2000). The genes for Cu chaperones are usually clustered
and presumably form operons with the genes that encode
Correspondence tdvlichael Y. Galperine-mail: galperin@ncbi.nim.  CU-ATPases containing HMA domains at their N termini
nih.gov (Fagan and Saier, 1994; Silver, 1996; Rensing et al.
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Fig. 1. Alignment of heavy metal-associated domains encoded in the complete genomes. The proteins are listed under their names in complete
genomes léft column and their unigue identifiers in the NCBI protein databasgh¢ column); the total sizes of the proteins are given in
parentheses. The numbers at the left and right indicate the positions of the first and the last amino acid residues in the alignment. The names of the
HMA domains from experimentally characterized proteins or with known 3D structures boddface.Conserved amino acid residues are shown

in boldface. White letters on a black backgroundicate conserved Cys residues that are involved in metal bindiggt gray shadingndicates

conserved hydrophobic amino acid residues. The structural assignments are from the crystal structures of the HMA domains of the human Menkes
protein [PDB code 1AWO (Gitschier et al. 1998)]; yeast Cu chaperones ATX1 [PDB code 1CC7 (Rosenzweig et al. 1999)] and LYS7 [PDB code
1QUP (Lamb et al. 1999)], Cu chaperone CopZ frenterococcus hiragPDB code 1CPZ (Wimmer et al. 1999)], and the mercury-binding protein

MerP from Shigella flexner[PDB code 1AFI (Steele and Opella 1997)]; the cylinders indieateelices and tharrows indicate 3-strands. The

different lengths of the two MerP proteins refer to the mature and the unprocessed forms of the protein. Species name abbreviations are as follows:
Bs, Bacillus subtilis; Cj, Campylobacter jejuniDR, Deinococcus radioduransdl, Haemophilus influenzag:dP, Helicobacter pylori; NMB,

Neisseria meningitidis;TM, Thermotoga maritima,Sy, Synechocystisp.; APE, Aeropyrum pernix;Aq, Aquifex aeolicus;UU, Ureaplasma
urealyticum,ENTHR, Enterococcus hiraeCAEEL, Caenorhabditis elegansyITH, Methanobacterium thermoautotrophicuidtu, Mycobacte-

rium tuberculosis; SHIFLShigella flexneri;PSEAE,Pseudomonas aeruginos8TAAU, Staphylococcus aureus.

2000). As a result, the sequences coding for multipleradiation. Considered together with the genomic organi-
HMA domains are often located next to each other (Jorzation of the corresponding genes, these results suggest
dan et al. 2000). While transcriptional coupling of the Cuindependent formation of Cu chaperone—Cu-ATPase op-
chaperone and Cu-ATPase genes is biologically plauerons in different phylogenetic lineages of prokaryotes,
sible, these (predicted) operons exhibit a surprising diprobably due to a strong selective pressure toward their
versity of gene order and the number of consecutivecoexpression.
HMA domains (Jordan et al. 2000).

Here we present an evolutionary analysis that supnjethods
ports the notion that Cu chaperones and HMA domains
of Cu-ATPases represent ancient and distinct lineageshe multiple alignment of the HMA domains of Cu chaperones and
that have evolved largely independently since their initialCu-ATPases was constructed on the basis of a ClustalW (Higgins et al.
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Fig. 1. (continued)

1996) alignment and corrected according to the results of gappedotal of three phylogenies (1, the best neighbor-joining phylogeny; 2,
BLAST (Altschul et al. 1997) comparisons and the HMA domain three- hypothesis 1 phylogeny; and 3, hypothesis 2 phylogeny) were com-
dimensional structure (Lamb et al. 1999, 2000). Phylogenetic treepared using three phylogenetic reconstruction methods: distance-based,
based on this alignment (69 sites) were generated using both parsimorparsimony, and maximum likelihood. The Fitch—Margoliash (1967)
and distance-based methods. The maximum-parsimony method wasgorithm implemented in the DAMBE program (Xia 2000) was used
employed using the PAUP* v4.0 (Swofford 1998) program. The full to perform two distance-based tests, Bartlett's (Zar 1996) and New-
heuristic search option was used with tree-bisection—reconnectioonan—Kuels (Zar 1996), comparing the three alternate topologies. Three
branch swapping and random stepwise addition (10 replicates) of separsimony-based tests implemented in PAUP* were also used to do so:
quences. The same search options were used to perform 100 bootstrée Kishino—Hasegawa (1989) test, Templeton (1983) (Wilcoxon
replicates. A permutation-tail probability (PTP) test (Archie 1989a, b; signed-ranks) test, and winning-sites (sign) test (Prager and Wilson
Faith 1990) (100 replicates) was performed using PAUP* v4.0 with the1988). The TREEPUZZLE program (Strimmer and von Haeseler 1996)
same search options as above. The neighbor-joining trees (Saitou amwdas used to compare the three alternate phylogenies using the Kishino—
Nei 1987) were built using distances calculated with the Dayhoff PAM Hasegawa (1989) test based on maximum likelihood.
matrix as implemented in the PROTDIST and NEIGHBOR program of ~ Neighbor-joining, parsimony, and maximum-likelihood methods
the PHYLIP package (Felsenstein 1996). The SEQBOOT program ofnvere all used to reconstruct phylogenies based on alignments of Cu
PHYLIP was used to generate 1000 bootstrap replicates of the multiplehaperone, Cu-ATPase HMA domain, and ATPase sequences of six
alignment which were analyzed using the same program, and the masperons (Fig. 2) that contain both Cu chaperones and Cu-ATPases. The
jority-rule consensus tree was produced using the CONSENSE proresults of the neighbor-joining analysis, implemented in PHYLIP and
gram. based on PAM distances as described above, are shown in Fig. 5.
Partially resolved trees (Fig. 4) that represent distinct hypothese®hylogenetic comparisons between the Cu chaperone tree and the Cu-
concerning HMA domain evolution used were generated using theATPase HMA domain tree were done using the same procedures de-
MacClade v3.01 (Maddison and Maddison 1992) program. These treescribed above for the entire data set.
were imported into PAUP* and used as topological (backbone) con-  Stem-loop structures were predicted using the GCG (Madison, WI)
straints for neighbor-joining searches, with the PAM distances de-program StemLoop with default parameters. Six hundred bases, begin-
scribed above, to generate two alternative hypothesis phylogenies. Aing with the start codon, were analyzed for each sequence.
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Results constructed from the HMA alignment. Nevertheless, the
general topology of the HMA phylogeny, which shows
separate Cu chaperone and Cu-ATPase groups (Fig. 3),
seemed to be best compatible with the notion that Cu
Heavy metal-associated (HMA) domains in human Cu-chaperones and the HMA domains of Cu-ATPases rep-
ATPases (Wilson and Menkes disease proteins), yeasesent distinct phylogenetic groups. Given the prepon-
and human Cu chaperones for superoxide dismutase, amitrance of low bootstrap values, we sought to ensure that
bacterial periplasmic mercury-binding proteins (HgBPs)the alignment did in fact contain some reliable phyloge-
show significant sequence and structural similarity asetic signal. A permutation-tail probability test (Archie
well as similar Cu-binding properties (Harrison et al. 1989a, b; Faith 1990) indicated that the HMA alignment
1999; Harrison et al. 2000; Rosenzweig and O’Hallorandoes include a hierarchical structur@ € 0.01) which
2000) (see Fig. 1). These domains consist of 65—7(@robably represents a phylogenetic signal.
amino acid residues that form a compact structure of two Given the existence of hierarchical structure in the
a-helices and fourB-strands with conserved metal- HMA alignment, comparisons of entire phylogenies (as
binding Cys residues located between the fiedhelix ~ opposed to individual branches) were used to test spe-
and the first3-strand (Gitschier et al. 1998; Lamb et al. cific hypotheses concerning Cu chaperone and HMA do-
1999; Rosenzweig et al. 1999; Steele and Opelia 1997main evolution. Phylogenies that represented distinct
Wimmer et al. 1999). The yeast Cu chaperone for superevolutionary scenarios were generated using neighbor-
oxide dismutase, Lys7, has an additional domain that igoining searches with constraint trees (Fig. 4). The alter-
apparently involved in its interaction with this enzyme native phylogenies reflected two distinct hypotheses: (1)
(Eisses et al. 2000; Hall et al. 2000; Srinivasan et al.Cu chaperones represent a distinct evolutionary lineage
1998). These observations indicate that stand-aloneeparate from the HMA domains of Cu-ATPases, and (2)
HMA domains are capable of sequestering and traffick-each Cu chaperone has evolved via a duplication of the
ing intracellular Cu. We therefore predict that all micro- adjacent HMA domain of a Cu-ATPase. Subsequent to
bial stand-alone HMA domains are Cu chaperones; iphylogenetic reconstruction, the phylogenies corre-
remains to be determined if they deliver Cu to any en-sponding to these alternative hypotheses were compared
zyme other than Cu-ATPase. with the best overall neighbor-joining phylogeny using
six tests based on three modes of phylogenetic recon-
struction: distance based, parsimony, and maximum like-
lihood (Table 2). The hypothesis 1 tree was not signifi-
cantly different from the best tree in five of six of these
The alignment of HMA domains from Cu chaperones,tests, and both these trees were consistent with the sce-
Cu-ATPases, and HgBPs (Fig. 1) shows absolute connario whereby Cu chaperones and HMA domains of Cu-
servation of the two metal-binding Cys residues andATPases represent distinct and ancient evolutionary lin-
good conservation of three glycine residues that are loeages. The phylogeny that corresponds to hypothesis 2 is
cated at the end of the firg-strand and in the turns the longest of the three trees. In all six of the tests em-
between the firstx-helix and the secong@-strand and ployed, both the best tree and the hypothesis 1 tree were
between the secong-helix and the fourtt-strand, re-  significantly shorter P < 0.05) than the hypothesis 2
spectively (Lamb et al. 1999, 2000). Sequence and struaree. Thus the phylogenetic signal that exists in the data
ture conservation of the HMA domains in Cu chaper-appears to favor the hypothesis of an ancient radiation of
ones, Cu-ATPases, and HgBPs (Rosenzweig an€u chaperones and the HMA domains of Cu-ATPases
O’Halloran 2000) clearly indicates that all these domainsover the alternative hypothesis whereby Cu chaperone
share a common ancestor. Given this homology, weyenes have repeatedly evolved via duplication of the
sought to investigate, by means of phylogenetic analysisiMA domain-encoding sequences in different lineages.
how the HMA domains evolved in their disparate genic Having established that Cu chaperones and Cu-
contexts (Table 1 and Fig. 2). Primarily, we wished to ATPases represent distinct and ancient evolutionary lin-
ascertain whether Cu chaperones represent a distinetages, we sought to examine the subsequent evolution of
evolutionary lineage separate from the HMA domains ofthe chaperone—ATPase operons. To this end, six operons
Cu-ATPases. In addition, we addressed the questio(Fig. 2) that contain both Cu chaperones and Cu-
whether Cu chaperones and their corresponding coregiATPases were analyzed phylogenetically. Separate phy-
lated Cu-ATPases have evolved as linked units. logenetic reconstructions were performed for Cu chap-
Except for several conserved residues and the overairones, HMA domains of Cu-ATPases, and the ATPase
structural conservation, the HMA domain sequencesiomains themselves, and the topologies of the resulting
from different organisms exhibit considerable variability trees were compared (Fig. 5). If these operons have
(Fig. 1). This variability, together with the small size of evolved as linked units from an ancestral proto-operon,
the HMA domains, resulted in a low statistical supportthen trees reconstructed from these three domains should
for most internal branches of the phylogenetic trees rebe congruent. Trees reconstructed based on the HMA

Stand-Alone HMA Domains as Cu Chaperones

Homology and Evolutionary History of the HMA
Domains in Cu Chaperones and Cu-ATPases
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Table 1. Copper-dependent proteins encoded in complete genomes

Copper-dependent enzynies
Copper Cu-ATPases Total

chaperones (No. of No. of Heme/copper-type
(stand- N-terminal encoded Cu,Zn- cytochrome Multi-
alone HMA HMA HMA superoxide oxidase subunits  copper Amine Urate
Organisni domainsy  domains) domains dismutase | and Il oxidases  oxidase oxidase
Bacteria
Aquifex aeolicus ag_18404 aq_1445(1) 2 ag_238 ag_2190 ag_2191 ag_1130 — —
ag_1050 ag_2192
Bacillus subtilis YvgY YvgX (2) 4 YojM CtaC CtaD CotA — YunL
YvgW (1) QoxA QoxB
Campylobacter jejuni Cjl162c Cjl161c(1) 4 — Cj1490c Cj1516 — —
Cj1155c (2)
Deinococcus radiodurans DR245Z% DR2453(2)° 3 DR1546 DR2619 DR2620 — DRB0101 DR1160
Escherichia coli — YbaR (2f 2 SodC CyoA CyoB YacK Sufl  TynA —
Haemophilus influenzae  HI0292 H10290 (1) 4 — — HI0733 — —
HI10291
HI11050
Helicobacter pylori HP1073 HP10721) 2 — HP0144 — — —
Ureaplasma urealyticuf® UU202" uu203' (0) 1 — — — — —
Mycobacterium — Rv0092 (1) 2 Rv0432 Rv3043c Rv2200c  Rv0846c  — —

tuberculosis
Rv0103c (1)

Neisseria meningitidis NMB1271  NMB1325(1) 2 NMB1398 NMB1725 NMB1623 — —
Rickettsia prowazekii — — 0 — RP405 RP406 — —
Synechocystisp. ssr2857 sll1920 (1) 4 — sIr1136 slr1137 — — —
sIr0798 (1) sll0813 slr2082
sIr1950 (1)
Thermotoga maritima TM0320 TMO0317 (1) 2 — — — — —
Archaea
Methanobacterium — MTH1535(2) 2 — — — — —

thermoautotrophicum
Archaeoglobus fulgidus ~ AF0346 AF0473 (1+1) 3 — — — — —
Aeropyrum pernix APE0009 APE1454 (1) 2 APEQ792 APE0793 — — —
APE1623 APE1720

Eukaryotes
Saccharomyces cerevisiaeLYS7 CCC2(2) 5 SOD1 COX1 COX2 FET3 — —
ATX1 PCAL (1) FET5
YDR506¢
Caenorhabditis elegans CUC-1 CUA-1 (3) 5 C15F1.7 COX1 COX2 F21D5.3 — —
Y76A2A.3 F55H2.1
ZK430.3

20nly organisms that have at least one copper-dependent protein aremes, are listed. Lysyl oxidase, tyrosinase, laccase, or ceruloplasmine
listed. We have not found Cu chaperones, Cu-ATPases, or any Cuhomologues have not been found in any sequenced prokaryotic ge-
dependent enzymes encoded in the genomeMyfoplasma geni- nomes.

talium, Mycoplasma pneumoniae, Borrelia burgdorferi, Treponema®The Cu chaperone gene aq_1840a was missed in the original anno-
pallidum, Chlamydia trachomatis, Chlamydia pneumoniae, Metha-tation of theAquifex aeolicugienome but recognized in the course of
nococcus jannaschii, Pyrococcus horikoshind Pyrococcus abyssi. COG-based analysis, as described previously (Natale et al. 2000).

b Proteins are listed according to their gene names in the completé DR2452 and DR2453 genes are located on opposing DNA strands and
genome sequences, which can be used to retrieve the sequences frapparently form a divergent operon (see Fig. 2).

the NCBI protein database (http://www.ncbi.nlm.nih.gov/Entrez/ f This gene is frameshifted; the corresponding protein may not be ex-
protein.html). A dash indicates the absence of the corresponding gengressed in an active form.

in the complete genome, based on protein sequence comparisons usifybaR has recently been experimentally characterized and renamed
the Clusters of Orthologous Groups (http://www.ncbi.nim.nih.gov/ CopA (Rensing et al. 2000).

COG) approach. This does not necessarily mean the absence of tHdJreaplasma urealyticungenome encodes a Cu chaperone (UU202),
corresponding function, which might be carried out by a nonortholo-but the adjacent P-type ATPase (UU203) lacks an HMA domain; this
gous protein, e.g., Fe,Mn-dependent superoxide dismutase. See Koonaould be either a sequencing artifact or an indication of specific inter-
et al. (1998) and Tatusov et al. (1997, 2000) for more details. Cuaction between UU202 and UU203 (see text for more details).
chaperones and Cu-ATPases that are encoded by adjacent genes, prBredicted Cu-ATPase AF0473 contains an HMA domain at its N
sumed to comprise an operon, are in boldface. terminus and another one at its C terminus.

¢ Only the Cu-dependent enzymes, commonly found in microbial ge-
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gV yvgk Bacillus subtilis

DR2452 DR2453 Deinococcus ragiodurans

Helicobacter pylori HP1072 HP'1073
HIp2%2 MHIE2gT  HIR250 Haemophilus influenzae

Fig. 2.  Operon organization of HMA
m >| domains in Cu chaperones and
Cu-transporting ATPases. The heavy
metal-associated (HMA) domains are
indicated byshort black arrows;the
ATPase domains are indicated ite
arrows. The complete sequences of

I i . >| Cu-transporting ATPases including HMA
and ATPase domains abexed.

ybaR [copA) Escherichia coli

domains of Cu-ATPases and the ATPases domains wer€u,Zn-dependent superoxide dismutase, cytochrome
essentially identical, with the exception of one short in-oxidase, and tyrosinase (Harrison et al. 1999, 2000;
ternal branch that was not well supported (Fig. 5, top).Rosenzweig and O’Halloran 2000). Their role in Cu de-
This indicates, not unexpectedly, that the HMA andtoxification seems to be minor, if any; this function is
ATPase domains of Cu-ATPases encoded by the samgerformed by metallothioneins (Dameron and Harrison
gene have evolved as a single unit. In contrast, the t01998). In bacteria, the only experimentally characterized
pology of the Cu chaperone tree differed from those ofCu chaperone, CopZ frofEinterococcus hiraehas been

the Cu-ATPase trees (Fig. 5, bottom). For example, bootimplicated in maintaining copper homeostasis in the cell
strap-supported association of the Cu chaperones froCobine et al. 1999; Harrison et al. 1999, 2000). A com-
H. pylori and T. maritimawas not observed among the parison of the repertoires of Cu-binding proteins encoded
corresponding Cu-ATPases. Instead, the Cu-ATPasg each of the complete genomes shows that, as a rule, Cu
HMA domain fromH. pylori consistently grouped with  chaperones are encoded only in those genomes that also
the Cu-ATPase HMA domain from. influenzagFig. 5, encode a Cu-ATPase and at least one Cu-dependent en-
bottom). Whole-tree comparison was also employed hergyme (Table 1). The only exception seems toUre-

to test further the differences between trees. Again, Si)&plasma urealyticunthat encodes a Cu chaperone
tests based on three phylogenetic reconstruction methocéguzoz) but no other Cu-binding proteins (Table 1). In

were used to compare the Cu chaperone tree with th?act, the nextU. urealyticumgene (UU203) is in frame

Cu-ATPase HMA-domain tree. Each test indicated stayyith UU202 and encodes a P-type ATPase that is very

ti_stically Eilgnifican':qdifferﬁnces kl)etyveen tk;]e_ two topf)olo- similar to Cu-ATPases but lacks an HMA domain. Phy-
gles (Table 3). Thus, the evolutionary history of Cu logenetic analysis shows that UU202 clusters with HMA

chaperones appears to differ from that of their adjacen&omains of Cu-ATPases, not with Cu chaperones (Fig.
Cu-ATPases, which seems to support the counterg). Thus UU202 is, in effect, an ATPase HMA domain
intuitive hypothesis of de novo formation of chaperone— ' ’

that has been separated from the rest of the ATPase gene
ATPase operons. . . .
due to a genuine nonsense mutation or a sequencing
) ) error.
Discussion Two more exceptions of the general ruke, coli and
M. tuberculosiseach encode Cu,Zn-type superoxide dis-
mutases and heme copper-type quinol oxidases but lack
a dedicated Cu chaperone gene (Table 1). Eheoli
In eukaryotes, the principal function of Cu chaperones iSCu-ATPase contains two tandem HMA domains, and the
to deliver Cu to copper-dependent enzymes, such abl-terminal one has been identified ih coli protein ex-

Co-Occurrence of Cu Chaperones and
Cu-Dependent Enzymes
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Fig. 3. Neighbor-joining phylogenetic tree of the HMA domains in Cu chaperones and Cu-transporting ATPases. The designations of the HMA
domain-containing proteins are as in Fig. 1. Consecutive HMA domains from a single protein are indicated as _1 or _2, starting from the N-terminal
domain. Names of stand-alone HMA domains (Cu chaperonesha@ed The E coli N-terminal HMA domain, discussed in the text, is labeled

with an asterisk.Bootstrap values >50% are shown.

tracts as a separate protein (Wasinger and Humpheryerminal HMA domain of theE. coli Cu-ATPase among
Smith 1998), suggesting that, in this bacterium, a Cuthe Cu chaperones (Fig. 3), suggesting a relatively late
chaperone might be generated by proteolytic cleavage dlision of this domain with an ancestral, single-HMA
the Cu-ATPase (Jordan et al. 2000). Alternatively, itdomain-containing ATPase. Sequence analysis of unfin-
could be formed by an early termination of transcriptionished bacterial genomes showed the same organization
(or translation) of the Cu-ATPase gene. This second posef the Cu-ATPase gene in other member&oterobac-
sibility, however, appears less likely because the regiorteriaceae,but not in all y-proteobacteria (not shown),

of the copAgene that separates the two HMA domainsindicating that this fusion could be specific for the en-
does not seem to form any strong stem-loop structureterobacterial lineage.

(data not shown). The phylogenetic data placed the N- A similar mechanism could have emergedNtyco-
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Hypothesis #1 Table 2. Statistical comparisons of the best neighbor-joining (NJ)
. tree with the hypothesis 1 (Hyp 1) tree and hypothesis 2 (Hyp 2} tree
constraint tree N yp (Hyp 1) yp (Hyp 2}
E Cu-chaperones Distance based: Bartlett's test
3 Tree Length Variance F PP
Cu-transporting NJ 20.52578 0.01514 1.076 0.1670
ATPases Hyp 1 20.79250 0.01407 Best
{ Hyp 2 22.82852 0.02372 1.686 0.0000

Distance based: Student—-Newman-Keuls test

All others Tree comparison Diff. log (var.) q PP
NJ vs Hyp 1 0.07302 1.3558 0.3367
) NJ vs Hyp 2 0.44912 8.3269 <0.001
. Hyp 1 Hyp 2 0.52214 9.6912 <0.001
Hypothesis #2 yp L VS TP
constraint tree H inf Parsimony based: Kishino—Hasegawa test
B.sub Tree Length Diff. sSD t p°
H. pyl NJ 1203 Best
D. rad Hyp 1 1221 18 9.93656 1.8115 0.0745
T. mar Hyp 2 1303 100 15.83369 6.3156 <0.0001
= <~ C.acet
g Syne Parsimony based: Templeton (Wilcoxon signed-ranks) test
A-per Tree Length Rank sums z P>
NJ 1203 Best
All others Hypl 1221 700.5 (-427.5)  1.5072 0.1318
Hyp 2 1303 1254.5(-123.5) 51986  <0.0001

) . . . o Parsimony based: Winning-sites test
Fig. 4. Unresolved topologies corresponding to hypothesis-specific y 9

constraint trees. Hypothesis 1 holds that Cu chaperones representgee Length Counts pb

distinct evolutionary lineage separate from the HMA domains of Cu-

ATPases. Hypothesis 2 holds that each Cu chaperone has evolved vi4J 1203 Best

a duplication of the adjacent HMA domain of a Cu-ATPase. Hyp 1 1221 32 (-15) 0.0196
Hyp 2 1303 44 (-8) <0.0001

bacterium tuberculosisThis organism encodes at least Maximum likelihood based: Kishino—Hasegawa test

three Cu-dependent enzymes, superoxide dismutase (Wt

— : 5

et al. 1998), cytochrome oxidase, and a multicopper-typpT ree Log likelihood Diff. SE P

oxidase (Table 1), and would be expected to need a Cl¥J -5166.74 Best

chaperone. Nevertheless, a dedicated Cu chaperong¥P 1 -5184.07 17.33 14.37 >0.05
-5348.69 181.95 39.43 <0.05

encoding gene is apparently missing in tle tubercu-
losis genome. Moreover, both CU'ATPase_SM)-f tuber-  apetails of statistical tree comparisons are described under Methods.
culosis, Rv0092 and Rv0103c, contain only one ° Approximate probability of getting a more extreme test statistic under
N-terminal HMA domain. As a result, generation of a Cu the null hypothesis of no difference between the trees (best vs other)
chaperone by proteolytic digestion of a Cu-ATPasePeing compared.

seems unlikely because this would result in the formation . . .
of a solo ATPase domain without an HMA domain. A Cu per-type cytochrome oxidasiss is not accompanied by

chaperone formation via premature termination of tran-the presence of either a Cu chaperone or a Cu-ATPase

scription (or translation) in a Cu-ATPase gene(s) does(Table 1). BecausR. prowazekiis an intracellular para-

not seem to be particularly plausible either due to thes'te’ it can be speculated that Cu delivery to its cyto-

lack of predicted stem—loop structures in either Rv0092c?rtcr’]r:igs)f['oéﬁe ;fogzglir?;eiebi;‘% Svl;yc?éﬁeé%?g(;)
or Rv0103c genes (data not shown). The mechanisms ) ' . . .
copper homeostasis iN. tuberculosiswarrant further Ogse I!v_ers Cu tto rhiggnétochondnal Cytochrome oxidase
investigation, particularly because the most commonl)x finivasan et al. )-
used antituberculin drugs, isoniazid and ethambutol, ar
both efficient copper chelators (Bottari et al. 2000; Han-‘E; (éhl\?gte(r:o;:sofgz Cu-ATPases Are Coexpressed But
son et al. 1981; Kozak et al. 1998). v Vo

Finally, R. prowazekiirepresents the only exception Phylogenetic analysis shows that HMA domains of Cu
of a different kind, where the presence of the heme copehaperones and Cu-ATPases evolved independently of




630

Table 3. Statistical comparisons of the copper chaperone tree with\Wunderli-Ye and Solioz 1999). We now know that, at
the copper transporter HMA-domain tfee least in yeast cells, all Cu is chaperone-bound and the
concentration of free Cu in the cytoplasm is virtually nil
(Rae et al. 1999). This probably means that the functions

Distance based: Bartlett's test

Tree Length Variance F PP of Cu chaperones in Cu resistance and Cu delivery are
Chaperone 2.92205 0.00790 Best tightly linked. Under normal conditions, when extracel-
HMA 3.03620 0.02902 3.672 0.0130 lular Cu levels are very low, Cu-ATPases and Cu chap-

erones ensure Cu uptake and its delivery to Cu-

Distance based: Student-Newman-Keuls test dependent enzymes, respectively (Table 1). Under the

Tree Length  Variance Diff. log (var.) g P conditions of excessive Cu levels, these same Cu-
Chaperone  2.02205 000790 Best ATPases and (?u chapgrones ensure Cu binding in the
HMA 3.03620 0.02902  1.30066 31860 00243 Cytoplasm and its extrusion from the cell. Such a system
for maintaining Cu homeostasis might involve two dif-
Parsimony based: Kishino-Hasegawa test ferent Cu-ATPases for Cu uptake and extrusion. Indeed,
Tree Length  Diff.  SD t pb several microbial genomes encode a single Cu chaperone

and two or more Cu-ATPases (Table 1).

The juxtaposition of the Cu chaperone and Cu-
ATPase in the same operon would ordinarily suggest that
Parsimony based: Templeton (Wilcoxon signed-ranks) test such operons are descendants of an ancestral operon
whose gene organization had been maintained by selec-

Chaperone 163 Best
HMA 175 12 4.71543 2.5448 0.0132

Tree Length Rank sums Z P> ) : ) '
tion. However, phylogenetic analysis fails to show con-
Chaperone 163 Best gruent evolution of chaperones and ATPases, which
HMA 175 137 (-34) 2.4493 0.0143 ;
seems to suggest that the same operonic arrangement has
Parsimony based: Winning-sites test evolved repeatedly in different phylogenetic lineages.
Operon disruption and shuffling are common in prokary-
T Length Count p° ! . .
ree end ounts otic evolution (Itoh et al. 1999), but independent forma-
Chaperone 163 Best tion of the same operon in different genomes, to our
HMA 175 14 (=4) 00309 knowledge, has not been documented so far. Horizontal
Maximum-likelihood based: Kishino-Hasegawa test gene tra_nSfer is widespread in 'pro'kar.yot(.as (Doolittle
— . . 1999). Given the scattered phyletic distribution of HMA
Tree Log likelihood Dif. SE P domains and the presence of several unexpected group-
Chaperone -866.31 Best ings in the phylogenetic tree (Fig. 3), it is a distinct
HMA -883.46 17.15 8.74 <0.05 possibility that horizontal transfer has contributed to the

} - _ _ observed distribution of HMA encoding genes. How-
@ Details of statistical tree comparisons are described under Methods, the | bootst | for individual b h
b Approximate probability of getting a more extreme test statistic underever’ € low bootstrap values tor individual branches on

the null hypothesis of no difference between the trees (best vs otheriN€ HMA Free does_ not allow us to provide strong sup-
being compared. port for this scenario.

each other, rather than as a single unit (Figs. 3 and 4 andMA Domains in Mercury Resistance

Tables 2 and 3). Given the extensive rearrangement that

is characteristic of prokaryotic genomes (Mushegian an@®ne instance where the function of the HMA domain is
Koonin 1996; Dandekar et al. 1998; Itoh et al. 1999), thisfirmly established is its involvement in mercury detoxi-
evolutionary scenario would be expected to result in dication. This system has been extensively studied, and
random scatter of the chaperones and ATPases on prthe function of periplasmic mercury-binding proteins
karyotic chromosomes unless coexpression of thes@HgBPs) in delivering Hg" to the cytoplasm is well
genes is selected for. While the Cu chaperone and Cuestablished (Lund and Brown 1987; Silver et al. 1989;
ATPase genes are indeed located separately in sever@lliver and Phung 1996). The presence of the HMA do-
genomes, in many bacteria they seem to form operonsnains in mercury reductases, however, remains unex-
indicating that the two genes are coexpressed and, bylained because deletion of an HMA domain was found
inference, functionally linked (Fig. 2). Coexpression of to have no effect on the reduction of Hgto Hg’
these proteins has been reported @ elegans (Schiering et al. 1991). Phylogenetic analysis of the
(Wakabayashi et al. 1998), where their genes are nadMA domains in both HgBPs and Hg reductases shows
adjacent. IrE. hirae,localization of a Cu chaperone and that these domains, while closely related to ones in Cu
a Cu-ATPase in the same operon was attributed to theichaperones and Cu-ATPases, form a separate well-
joint participation in maintaining Cu homeostasis in the defined branch (data not shown). It appears that HgBPs
cell (Cobine et al. 1999; Odermatt et al. 1992, 1994;have evolved from the ancestral HMA domains by pick-
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HMA ATPase
40 B. subtilis B. subtilis 81
D. radiodurans D. radiodurans
P B H. influenzae H. influenzae 76
H' pylon ................................. H_ py'on
43 T. maritima T. maritima
E. coli E. coli
HMA Chaperone
B. subtilis B. subtilis
40 _1 66
—— D. radiodurans .. H. pylori =—————— o
H. influenzae
61
H. pylori = P H. influenzae
T maritima <~ = D. radiodurans ‘
43 49
E. coli E. coli

Fig. 5. A comparison of the topologies of neighbor-joining phylogenetic trees of the Cu chaperones and Cu-transporting Abpages.
comparison of the trees for the N-terminal HMA domains and non-HMA portions of Cu-transporting ATPases. For Cu-transporting ATPases from
B. subtilisand D. radiodurans,only the N-terminal domains BYvgX_1 and DR24531 were used in the HMA tree. For the Cu-transporting
ATPase YbaR (CopA) fronk coli, the N-terminal HMA domain ATCUECOLI_1 was used in the chaperone tree, whereas the second HMA
domain ATCUECOLI_2 was used in HMA tree. See text for a discussion of the mechanism of Cu chaperone form&iaolinBottom: A
comparison of the trees for HMA domains of Cu-transporting ATPases and their adjacent Cu chaperones. Bootstrap values >40% are shown.
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