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Abstract. We describe a novel diverse family of metal in particular have evolved elaborate mechanisms which
ion transporter (CDF) proteins (the cation diffusion fa- allow them to effectively compete with their hosts for
cilitator (CDF) family) with members occurring in both limiting micronutrients such as iron and copper while
prokaryotes and eukaryotes. Thirteen sequenced protejirotecting themselves against the lethal effects of anti-
members of the CDF family have been identified, severamicrobial agents such as mercury, copper and silver
of which have been shown to transport cobalt, cadmium{Wooldridge & Williams, 1993; Guerinot, 1994; Brown
and/or zinc. All members of the CDF family possess sixet al., 1995; Gupta et al., 1995; Odermatt & Solioz, 1995;
putative transmembrane spanners with strongest consesolioz & Odermatt, 1995).

vation in the four N-terminal spanners, and on the basis  Three major families of transport proteins have been
of the analyses, we present a unified structural modeligentified which include members that catalyze heavy
Members of the fam”y are shown to exhibit an Unusualmeta| ion transport. (|) P_type ATPases are known to
degree of size variation, sequence divergence, and dikpecifically catalyze either uptake or extrusion ofCar
ferences in cell localization and polarity. The phyloge- 2+ as well as a variety of mono- and divalent ions (H
netic tree for the CDF family reveals that prokaryotic andk + Na", Mg2*, C&*) (Odermatt et al., 1993; Bull &
eukaryotic proteins cluster separately. It allows func-coy 1994: Fagan & Saier, 1994). (i) ABC-type trans-
tional predictions for some uncharacterized members Of)orters are known which transport3j Mn2*, F&* and

this family. A signature sequence specific for the CDF 2+

o i , and some of these proteins are closely related to
family is derived.

transporters specific for peptides and sugars (Tam &

. Saier, 1993; Kuan et al., 1995). (iii) RND transporters
Key word_s: Transport — Membrane proteins — Cobalt include proteins that extrude Kij Co?*, C* and zrt*

;ﬁadm'“tr.“ - ane — Uptake — Efflux — pmf —  yinh ot a1 1094; Saier et al., 1994). While the ATP-

ylogenetic analysis dependent P-type and ABC-type transport systems are
ubiquitous, being found in all major classifications of

Introduction living organisms examined for them, the pmf-dependent
_ ) RND family proteins have so far been found only in

Heavy metal ions such as those of Fe, Co, Ni, Zn and Cgyacteria (Saier et al., 1994). In addition to proteins in-
are essential mlcron_utnents, but thes_e ions as well ag|,ded within these major families, various heavy metal

many others are toxic when present in excess. Consgg transporters have been identified that have not yet

quently, living organisms have evolved transport mechapeen assigned to established families. These include

nisms for the active uptake and/or extrusion of thesg,,cierial transporters specific for chromium, copper, and

ions, thereby enabling cells to regulate their intracellularmercury (Silver & Walderhaug, 1992).

concentrations (Silver et al., 1989). Bacterial pathogens  \jies and Silver (1995) recently described a novel
family of heavy metal ion transporters with four numbers

I which they designated theafion Diffusion Facilitator

Correspondence taWl.H. Saier, Jr. (CDF) family. In contrast to the three families men-
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Table 1. Members of the CDF metal ion transporter family

Abbr. Organism Size Function Acc. No. Database
CzcD Aeu Alcaligenes eutrophus 316 Regulation of a cobalt/zinc/

cadmium resistance operon X98451 ap
YgIB Bst Bacillus stearothermophilus 108 (partial) ? P30540 ap
YiiP Eco Escherichia coli 300 ? P32159 sp
P34A Rri Rickettsia rickettsii 301 ? P21559 sp
YdxT Bsu Bacillus subtilis 276 ? P46348 sp
Cotl Sce Saccharomyces cerevisiae 439 Cobalt uptake P32798 sp
ZnrP Sce Saccharomyces cerevisiae 442 Zinc/cadmium resistance P20107 sp
Orf7 Cel Caenorhabditis elegans 549 ? U23529 ap
Orf3 Cel Caenorhabditis elegans 382 ? 268119 ap
Zntl Rno Rattus norvegicus 507 Zinc exporter U17133 ap
Zntl Mmu Mus musculus 503 Zinc exporter U17132 ap
Orf2 Sce Saccharomyces cerevisiae 740 ? 268194 ap
Znt2 Rno Rattus norvegicus 366 vesicular zinc uptake u50927 ap

tioned above, this family is concerned with the transport  The sizes of the CDF family proteins vary dramati-
of heavy metal ions, and all currently characterizedcally with the bacterial proteins consistently being
members of the family serve this function. In this study smaller than the eukaryotic proteins (276-316 residues
we identify thirteen members of the family have beenversus 366—740 residues). In the case of the largest eu:
identified from a variety of bacteria and eukaryotes. Ofkaryotic protein (Orf2 Sce), we consider it probable that
these, the yeast COT1 and ZRC1 gene products confer is actually somewhat smaller due to incorrect assign-
cobalt and zinc-cadmium-resistance, respectively, probment of the N-terminal ATG. All proteins listed in the
ably due to uptake of the ions into mitochondria (Conklin Table proved to be homologous based on the fact that
et al., 1992, 1994). One homologous mammalian zincthey exhibited comparison scores with each other that
resistance transporter (ZnT-1) has been localized to thevere always in excess of 9 S.D. (Saier, 1994).
plasma membrane and reported to function iR*Zfflux
(Ealmitgr and Findley, 1995). A ;econd' mamma”"?mTopological and Sequence Analyses of CDF
zinc-resistance transporter (ZnT-2) is localized to the '”'Family Proteins
tracellular membrane system and appears to facilitate
vesicular sequestration of ih(PaImiter et al., 1996). Figure 1A shows an average hydropathy plot of the mul-
Finally, the CzcD protein in the bacteriurAjcaligenes tiply aligned CDF family proteins while Fig.B.shows a
eutrophus,together with CzcR, allows induction of re- corresponding average similarity plot. In the former
sistance to cobalt, zinc and cadmium (Nies, 1992). CzcDylot, the six distinct peaks of hydrophobicity presumably
may catalyze metal ion uptake while CzcR binds thecorrespond to six transmembrane spanners (I-VI). Peaks
metal ion and promotes transcription of ttecoperon. ||l and IV proved to be most hydrophobic while peaks V
and VI were least hydrophobic. Examination of the six
multiply aligned putative spanners in helical wheel de-
Proteins of the CDF Family piction revealed that helices |, Il, V and VI were strik-
ingly amphipathic with hydrophobic residues localized
to one side of each of these helices and the more con-
The Table lists the proteins of the CDF family. The pro- served semipolar and hydrophilic residues localized to
tein abbreviations to be used in this study as well as théhe other side. Helices Il, V and VI each contained a
organismal sources, protein sizes and functions whesingle fully conserved aspartyl residue on their hydro-
known are provided. Accession numbers allow easy acphilic sides, and assuming that the hydrophilic sides of
cess to the protein sequences. The functionally charadhese helices face inwards to form a central water-filled
terized transporters from eukaryotes catalyze either upehannel, thgs-carboxyls of these three aspartyl residues
take or efflux of the divalent heavy metal ions, cobalt, might comprise a cation binding site inside the channel.
cadmium and/or zinc. A single bacterial protein (CzcD) We suggest that the four amphipathic helices comprise
has been reported to regulate thec (cobalt/zinc/ an inner core which forms a channel while the two re-
cadmium-resistance) operon écaligenes eutrophus maining hydrophobic helices (lll and 1V) are located in
(Nies, 1992), probably by catalyzing uptake of the metalthe more lipid-exposed outer shell. Site-specific muta-
ions which interact with the CzcR transcription factor. genesis analyses should allow determination of the es-
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A C - i 2 =z
Zntl Mmu {11)LLCMLLLTPMFMVLEVVVSRVTASLAMLSDsFHML
2 -+ I II III IV V VI ZntlRno ( 11) LLCMLLLTFMFMVLEVVVSRVTASLAMLSDSFHML
ZnrP Sce ( 9)IISLLTLDTVFFLLEITIGYMSHSLALIADSE‘HHL
Cotl Sce (10)IISLLLLDTV!‘FGIEITTGYLSHSLALIADSFHML
1.5 orf7Cel (71) LITQIGMTVIFCALEFITGVVCSSIAMLADSYHMA
YiiPEco ( 13) ATIAATAMASLLLLIKIFAWWYTGSVSILAALVDSL
P34A Rri (14)SYLSVTTALIXLSIKLYAHVVTDSQS!LAALXDSM
1+ YdxT Bsu (14)ALVSIAA‘1LVLS}\IKLXIGYLFHSEALTADGLNNT
CzcD Reu (17)LK1ALALTGTFLIAEVVGGVMTKSLALISDAAHHL
orf3 cel (76)LWLTVVLCLFPHVCEVIGGVLAGSLAIVTDAAHLL
0.5 + YglBBst ( 24) LWITLVLTLFFTIVEIVGGLLSNSLALLSDSAHMA
Znt2 Rno ( 57) LYVASAICLVFMIGEIIGGYLAQSLAIMTDAAHLL
orf2 Sce ( 99 IFSFLLLNTAFMFVQLLYSFRSKSLGLLSDSLHMA
0+ consensus L-==-=-- L---F-=-=-E---G----SLA-L-DS-HML
[ 1 v |
Zntl Mmu ( 46) SDVLALVVALVAERTFA
-0.5 Zntl Rno ( 46) SDVLALVVALVAERFA
ZnrP Sce ( 44) NDIISLLVALWAVDUVA
Cotl Sce (45) NDIISLVVALWAVNVA
-1r Oorf7 Cel (106) ADVMALIVAFTCIKSLPILCRKSQRNIAFCLVATIM
YiiPEco ( 48) VDIGASLTNLLVVRYS
P34ARri (49) LDITSSFINLIALRTFA
1.5 N i N ' ' " YdXT Bsu ( 49) TDIIASVAVLIGLRIS
0 100 200 300 400 500 600 CzcD Aeu ( 52) TDTVALAIALAAIAIA
orf3 Cel (111) TDFASVLISLFSLYTIA
B YglB Bst ( 59) SDVLALGLSMIALYLA
Znt2 Rno ( 92) TDFASMLISLFSLWVS
90 orf2 sce ( 44) LDCTSLLLGLIAGVLT
—— consensus “D--AL=-=--L-A---RA-=-=--=--=- -
80 CZZZZZ7ZZ7 772
Zntl Mmu ( 62) RRTHATQKNTFGWIRAEVMGALVNATI
70 zntl Rno ( 62) RRTHATQKNTFGWIRAEVMGALVNATI
ZnrP Sce ( 60) KNRGPDAKYTYGWKRAEILGALINAV
Cotl Sce ( 61) KNRNPDSTYTYGWKRAEILGALINAV
60 1 Orf7 Cel (141) QNYKPIIRQIATRPSTRLGYGWVRAETLGGFFNGI
YiiP Eco ( 64) LQPADDNHSFGHGKAESLAALAQSM
50 P34A Rri ( 65) LQPPDHHHRFGYEKLQDLTIFSQSTI
YdxT Bsu ( 65) QKPPDEDHPYGHFRAETIASLIASTF
40 CzeD Aeu ( 68) KRPADKKRTFGYYRFEILAAAFNAL
orf3 cel (127) RRPPSQKMSFGFHRAEVLGAFFSVF
30 YglB Bst ( 75) MRPPNHRFTFGYLRFEIITSFLNGL
Znt2 Rno (108) SRPATKTMNFGWQRAEILGALLSVL
orf2 sce ( 60) KKPASDKFPFGLNYLGTLAGFTNGV
20 consensus @0 = - = = = - = = = = = = PPo==o=o=- FG-~-RAE-LGALS-N -~
=z Il Zzzzzr ZZTrrzzr3
10 + Zntl Mmu ( 8) FLTGLCFAILLEAVERFIEPHEMQQPLVVLSVGUVA
ZntlRno ( 88) FLTGLCFAILLEAVERFIEPHEMQQPLVVLSVGUVA
0 + + + + { 1 ZnrP Sce ( 86) FLIALCFSIMIEALQRLIEPQEIQNPRLVLYVGUVA
Cotl Ssce (87) FLIALCVSILIEALQRIIAPPVIENPKFVLYVGVA
0 100 200 300 400 500 600 orflcel (176) FMCTVCVLVFQEAVGRIINVHMITHPLQUVLVIGEFTI
YiilPEco (89) FISGSALFLFLTGIQHLISPTPMTDPGVGVIVTIV
. . . . P34ARri ( 90) FFFASAFFVGFSSVKSLFEKTKPENISDGTTVMYV
Fig. 1. Average hydropathyA) and average similarityB) plots for the =~ Ydxrssu (90) 1MMVVGLQUVLFSAGESIFSAKQETPDMIAAWTAARG
. N . - . . CzcDAeu ( 93)) LLFGVAIYILYEAYLRLKSPPQIESTGMFUV VAVL
thirteen proteins of the CDF family. A sliding window of 20 residues grfocel (I3%) LINIVTIGVDYVLAIMRIVSGDIEVEGGINALTAAL
. .. . g
was used in both plots. The algorithm of Kyte and Doolittle (1982) waszntz rro (133) s 1WVVTGVLVYLAVQRLISGDYEIKGDTMLITSGC
. . . . orf2Sce (8) LLLGIVCGIFVEAIERIFNPIHLHATNELLVVATL
used in panel. The six peaks (I-VI) correspond to the six putative consensus FL--ooooon- EA--R-I-P-m--w-c--- L-v---
transmembrane spanners. By the bar indicates that portion of the znt1 unu (129) TE TV RV L S L C LR HHSGE QG AGHGHSHGEHG H
. . . . . Zntl Rno (123) GLLVNVLGLCLFHHEHHSGE GQG AGHGHSHGHG H
multlple allgnmentthat IS presented n Flg 2. ZnrP Sce (121) GLI SNVVGLFLFHDHGSD SL HSHSHGSVESGN
Cotl Sce (122) GLI SNTVGLFLFHDNDOQEHGHG HGHSHGGIFADRE
Oorf7 Cel (211)) GLLINLFGMFNLSGHGHSHGGGSHGHSHGGSHGHS
YiiP Eco (124) ALICTI I LVSFQR
I . ) R . ) PM4ARri (125) CIFLTII LVFYQTY
sentiality of specific residues to cation binding and trans-&z s Gz savixs: vexywx
CzeD Aeu (128) GLIINLI SMRML
t Orf3 Cel (187) GVVVNLVMLALLY
por . YglB Bst (100)
Znt2 Rno (168) AVAVNIIMGLALHDQ
orf2 sce (120) GLLVNLVGLFAFDH
consensus GL==N===L==== ==t toeeeeeeeen=e=e===-=

A CDF Family-specific Signature Sequence . . _ _
Fig. 2. Multiple alignment of the most conserved portions of the CDF

As shown in Fig B. the most conserved region of the family proteins (corresponding to the region indicated by the bar in Fig.
L 1B). The residue# in each protein is indicated by the number presented

CDF famlly prOtems‘, enco_mpasses transmemprane Sp,aﬂw parentheses following the abbreviation of that protein. The consen-
ners I-IV. The multlple al'gnmem CorreSpondmg to this sus sequences (CONSENSUS) is provided below the multiple align-
region (represented by the bar in Fig8)lis reproduced ment. The four bars (I-1V) at the top of the alignment indicate the
in Fig. 2. The bars above the multiple alignment in Fig. positions of putative transmembrane spanners I-IV. Fully conserved
2 show the positions of the four putative spanners. Twoesidues are presented in bold print. The signature sequence for the
residues are fully conserved in this alignment: the serinéDF family (see teXtwas derived from the region encompassing the
in the |00p between spanners | and I, and the aspartatf@"y conserved S (line 1) and D (line 2) portrayed in bold print.
located near the center of spanner II.

From this region of the multiple alignment, a CDF It was screened against the SwissProt database, ant
family-specific signature sequence (Bairoch, 1992) wasnly members of the CDF family were retrieved. It is
derived. It begins with the fully conserved serine showntherefore a bona fide signature sequence which should be
in Fig. 2 and continues just past the fully conservedyseful for the identification of new members of the CDF
aspartate. This signature sequence is: family as these become sequenced.

S X (ASG) (LIVMT) , (SAT) (DA) (SGAL) (LIVFYA)
(HDN) X3DX, (AS) (11) Segmental Size Variability Analyses

[X = any residue; alternative residues at any one posiProteins of the CDF family exhibit considerable size
tion are in parentheses] variability as mentioned abovesde Table). We local-
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Orf7 Cel YoxT B loosely together on the left while all of the prokaryotic

Orf3 Cel Znt2 Rno

proteins cluster loosely together on the right. Orf3 Cel

clusters tightly with Znt2 Rno while Orf7 Cel clusters

Zntl Nmu loosely with Zntl Mmu and Zntl Rno. It can therefore

be proposed that Orf3 Cel, like Znt2, is localized to

intracytoplasmic vesicles while Orf7 Cel, like Znt1, is

localized to the plasma membrane. Since ZnrP Sce and

Cotl Sce are very closely related, it can be proposed that

these two proteins are close isoforms serving similar

functions in spite of their differing specificities.

CzeD Aeu YelB Bst Only one bacterial protein, CzcD Aeu, is at all func-

tionally characterized. Based on its reported functional

Fig. 3. Phylogenetic tree for the thirteen current members of the CDFcharacteristics See Introduction), this protein presum-

family. The eight eukaryotic proteins are shown on the left-hand side ofably transports Cd, Zn** and Cd* (Nies, 1992). It

the tree while the five proke}ryotic proteins are on the right. The TR_EEdoeS not cluster with other members of the family. In

program of Feng anq Doollttl.e (1'990) was used for tree.constructlon.ract except for YiiP Eco and P34A Rri, the bacterial

Branch length (in arbitrary units) is approximately proportional to phy- - . ’

logenetic distance. proteins are all distantly related. The _former two clus-
tered proteins may be orthologues serving the same func-
tion while the distant homologues may serve distinct
functions.

ized this variability to the various hydrophilic regions of

the proteins preceding, following and connecting the six i )

putative transmembrane spanners. The N-termini preSonclusions and Perspectives

ceding spanners | are usually short (8—23 residues) ex- . - . . . .
cept for three eukaryotic proteins (Orf7 Cel, Orf3 Cel We have identified thirteen proteins which comprise a

and Orf2 Sce) in which these hydrophilic regions are 7Onovel, ubiquitous family of metal ion transporters (the

residues or more in length. Loops 1 (between spannersq’DF family). The variability observed for' this family Of.
and 1) are of invariant length (9 residues) as shown inlransporters occurs at several levels. (i) They vary in

Fig. 2. Loops 2 are either 16 or 17 residues in lengthS'Z&: 'anging in length from 276 to 549 amino acyl resi-

except for Orf7 Cel in which loop 2 is 45 residues long. dues, a feature that is highly unusual to previously stud-

Loops 3 vary from 13 to 15 residues. However, the vari-€d transport protein families (Saier, 1994, 1996). (ii)

ability in loop sizes for loops 4 (10-141 residues) and 5They vary in localization, being present either in the

(6-47 residues) as well as the C-termini (0-171 residues@ytoplasmic membrane or in intracellule}r vesicglar mem-
is very substantialnfot show). This variability accounts oranes of eukaryotes. (iii) They vary in polarity, cata-

for the very low degree of similarity observed in Fid3 1 g/zinglg e_ither influx or efflux. _(iv) r‘:’hey vary ';rerr]ne?-
for the loop regions in the C-terminal portions of these90US!Y In sequence, suggesting that some of the func-
proteins. tionally uncharacterized proteins may exhibit novel

It is noteworthy that the ZntL Mmu, Znt2 Rno, ZnrP specificities and/or functions. (v) The eukaryotic pro-

Sce, Cot2 Sce and Orf7 Cel proteins all possess lon _in§ _O"ffef from the prokaryotic proteins in poss_essing
cytoplasmic loops 4 (108-141 residues) between tran Nistidine-rich cytoplasmic loops of characteristic se-

membrane spanners 4 and 5. In the other eukaryotic prflU€nce between transmembrane spanners 4 and 5 thz

teins loops 4 vary in size from 25 to 37 residues, and i@ Serve some unique function, possibly in metal se-

; ; ; tration or in macromolecular recognition.
the prokaryotic proteins they are uniformly short (10—13ques 79 i
residues). The eukaryotic loops 4 between spanners 4 On the other hand, the CDF family is the first trans-

and 5 consistently contain histidine rich regions with thePort p_rotein family SO far to be identifigd that is as yet
sequence (HX)where X is usually G or C, and = 3-6. specific and exclusive for heavy metal ions. The P-type

The significance of these regions in the eukaryotic pro—ATPaseS' the ABC transporters, and the RND transport-

teins is not known, but they could function in metal ion ers all appear to exhibit broader substrate specificities
binding, potentially serving either a functional or a regu_than observed for the currently characterized members of

the CDF family, transporting molecular species in addi-
latory role. . . 4 O .

tion to heavy metal ions. This observation is particularly
surprising in view of the sequence and size variability
CDF Family Phylogenetic Tree observed for members of the CDF family, a characteristic

that, for example, is not shared by the ABC or RND
The phylogenetic tree for the CDF family proteins is families (Saier et al., 1994; Kuan et al., 1995).
shown in Fig. 3. All of the eukaryotic proteins cluster The fully conserved acidic residues present in am-

Orf2 Sce
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phipathic putative transmembrane spanners of the CDPinh, T., Paulsen, I.T., Saier, M.H., Jr. 199%.Bacteriol.176:3825~
family proteins, may well prove to serve as membranal 3831 o

cation binding sites. Structural and functional analyseg>Uerinot, M.L. 1994Annu. Rev. Microbiold8.743-772 _

of genetically altered members of this family should pro- G”plt?%i'z%;_'fzelgaro” Camakaris, J., Wu, H.C. 18%Bacteriol.
vide clues asto the molecqla.r bases underlying_the trapspagan"M_J” Saier, M.H., Jr. 1993, Mol. Evol.38:57-99

port mechanism characteristic of, and the functional dif-peng, p.-F, Doolittle, R.F. 1990Methods Enzymoll83:375-387
ferences exhibited by the protein members of the CDFkuan, G., Dassa, E., Saurin, W., Hofnung, M., Saier, M.H., Jr. 1995.
family. The results presented here should therefore fa- Res. Microbiol.146:2271-278

cilitate detailed molecular genetic and biochemicalKyte, J., Doolittle, R.F. 1982]. Mol. Biol. 157:105-132

analyses of the structures and functions of these proteindlies: D.H. 1992J. Bacteriol.1748102-8110
Nies, D.H., Silver, S. 1995]. Ind. Microbiol. 14:186—199

. . . .Odermatt, A., Solioz, M. 1995]. Biol. Chem270:4349-4354
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