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Abstract

Sequence comparison studies revealed that the drug resistance transporter of Streptomyces peucetius (DrrAB) and
two nodulation gene products (NodlIJ) of Rhizobium leguminosarum are homologous to proteins encoded by three
sets of genes that comprise capsular polysaccharide export systems in gram-negative bacteria: KpsTM of Esche-
richia coli, BexABC of Haemophilus influenzae, and CtrDCB of Neisseria meningitidis. These five systems com-
prise a new subfamily within the family of ATP binding cassette (ABC)-type transporters. We have termed this
subfamily the ABC-2 subfamily. For three of the systems comprising this subfamily (Drr, Nod, and Kps) only
one integral membrane constituent has been identified, whereas for the other two systems (Bex and Ctr) two dis-
similar integral membrane constituents have been found. This observation suggests that the transmembrane chan-
nels of ABC-2-type transporters can be formed of homo- or heterooligomers as is true of several other classes of

transport systems.

Keywords: ABC-type permeases; ATP hydrolysis; drug resistance; evolution; nodulation; oligomeric channels;

phylogenetic tree; polysaccharide export; solute transport

In a recent communication, Guilfoile and Hutchinson
(1991) presented the sequences of two genes (drrA and
drrB) that apparently encode a two-component drug re-
sistance transport system from Streptomyces peucetius.
One of the two proteins (DrrA) was found to be similar
to the family of ATP binding proteins that energize sol-
ute transport via the ABC (ATP binding cassette) family
of permeases (Furlong, 1987; Higgins et al., 1990). The
other protein, DrrB, was hydrophobic with six putative
transmembrane a-helical segments and was reported to
show no significant sequence similarity to other known
transport proteins. These two proteins were proposed to
function together in the export of daunorubicin and
doxorubicin, both of which are produced by S. peucetius,
and induction of the syntheses of these transport proteins
was coordinate with induction of the syntheses of the
drug biosynthetic enzymes. A parallel between bacterial
drug resistance and mammalian multidrug resistance was
proposed (Guilfoile & Hutchinson, 1991). However, no
quantitative sequence comparison data were provided.

Reprint requests to: Milton H. Saier, Jr., Department of Biology,
0116, University of California at San Diego, La Jolla, California
92093-0116.

In a recent publication we summarized evidence for the
structural and evolutionary relatedness of the integral
membrane constituents of several different types of trans-
port systems (Saier & Reizer, 1991). These transporters
include (1) a large and diverse class of facilitators that
catalyze solute uniport, solute:cation symport, and sol-
ute:solute antiport; (2) the ABC-type active transport sys-
tems that are energized by ATP hydrolysis; (3) the group
translocating sugar transporters of the bacterial phospho-
transferase system (PTS), which are energized by phos-
phoryl transfer from phosphoenolpyruvate to the sugar
substrate; and (4) voltage-sensitive ion channels of nerve
and muscle cells. All of these transport systems appear to
consist of units of six transmembrane «-helical segments
although exceptions have been noted (Kerppola & Ames,
1992). In all cases examined to date, at least two such
units must be present for construction of a functional
permease, but in a few cases only one such unit has been
identified suggesting that in these cases, a single trans-
membrane protomer forms the oligomeric channel. There
is precedence for this proposal because the PTS perme-
ases, some voltage-sensitive ion channels, and some fa-
cilitators consist of homooligomers, and thus, the
transmembrane units in each of these permeases are iden-
tical (Saier & Reizer, 1991).
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In the present communication we report analyses of the
DrrA and DrrB proteins. DrrB was found to exhibit sta-
tistically significant sequence similarity to integral mem-
brane proteins of three other transport systems, all of
which appear to be energized in processes involving ATP
binding proteins resembling those of other ABC-type per-
meases. These integral membrane proteins are also simi-
lar in sequence to the NodJ protein, which in conjunction
with the Nodl protein most likely functions in oligosac-
charide export in Rhizobium leguminosarum (S.R. Long,
pers. comm., and the reported analyses). Two of the ho-
mologous transport systems (BexABC and CtrDCB) may
function with the participation of two distinct integral
membrane proteins (BexB plus BexC and CtrC plus CtrB,
respectively). However, each of the two remaining sys-
tems (KpsTM and NodlJ) resembles the DrrAB system in
that a gene encoding a second transmembrane constitu-
ent of the system has not been discovered. Because these
latter transporters apparently have a single six-unit trans-
membrane transport protein constituent, they resemble
homooligomeric facilitators, ion channels, and PTS per-
meases.

Computer searches revealed that no other proteins in
the database—including those comprising facilitators,
PTS group translocators, ion channels, or other ABC-
type permeases — were demonstrably homologous to these
five proteins. Additionally, the DrrA protein is homolo-
gous to all four of the ATP binding constituents that pre-
sumably energize transport via the four homologous
integral membrane transport proteins mentioned above.
However, DrrA is also homologous to many other ATP
binding proteins including those that energize other ABC-
type permeases. These observations suggest that DrrAB
and its four homologous systems (BexABC, CirDCB,
KpsTM, and NodlJ) comprise a novel subclass of perme-
ases that are energized by ATP employing a mechanism
analogous to that utilized by other well-characterized
ABC-type permeases. We have termed this subfamily the
ABC-2 family. The evolutionary implications of our
quantitative sequence comparisons will be discussed.

Results

Figure 1 presents a multiple alignment of the five homol-
ogous integral membrane proteins that are constituents
of the ABC-2 family of transport systems. The consen-
sus sequence is provided below the multiple alignment,
and residues conserved in all five proteins are indicated
by an exclamation mark above the multiple alignment. In
addition to the DrrB protein of S. peucetius (Sp) (Guil-
foile & Hutchinson, 1991), these proteins include the
BexB protein of the polyribosylribitol phosphate capsu-
lar polysaccharide export system of Haemophilus influen-
zae (Hi) (Kroll et al., 1988, 1990; Kroll & Moxon, 1990),
the CtrC protein of the polyneuraminic acid capsular
polysaccharide export system of Neisseria meningitidis

1327

{Nm) (Frosch et al., 1991), the KpsM protein of the poly-
neuraminic acid capsular polysaccharide export system of
Escherichia coli (Ec) (Smith et al., 1990; Pavelka et al.,
1991), and the NodlJ protein of R. leguminosarum (Rl)
(Evans & Downie, 1986).

Table 1 summarizes the binary comparison scores (in
standard deviations) for these five proteins. The KpsM(Ec),
BexB(Hi), and CtrC(Nm) proteins are all clearly homol-
ogous as reported previously (comparison scores of 18-
67 SD). DrrB(Sp) and NodJ(RI) gave comparison scores
of 8 SD and 10 SD, respectively, with KpsM(Ec). The
former value is clearly suggestive of homology (a com-
mon ancestry), whereas the latter value establishes ho-
mology as discussed previously (Doolittle, 1981, 1986).
No other protein in the database gave a comparison score
with any one of the five homologous proteins of the
ABC-2 family, which was suggestive of homology.

The phylogenetic tree for these proteins is shown in
Figure 2. CtrC(Nm) and BexB(Hi) are very closely re-
lated, as suggested by the comparison score reported in
Table 1. KpsM(Ec) is substantially more distant from
these two, but DrrB(Sp) and NodJ(RI) are out on a sep-
arate rather distant branch of the tree. The distances
shown in this tree are in full agreement with the binary
comparison scores reported in Table 1.

Each of the Bex and Ctr capsular polysaccharide ex-
port systems appears to possess a second integral inner
membrane transport protein. These proteins, designated
BexC and CtrB, respectively, were significantly similar to
each other but not to any other protein in the data base
(data not shown). The C-terminal hydrophobic domain
of NodC, which might conceivably function in transport

Table 1. Binary comparisons of the alignments of the
homologous integral membrane constituents of the ABC-2
subfamily of transport systems

BexB(Hi) DrrB(Sp) CtrC(Nm) NodJ(RI)
(265)* (283) (265) (259)
KpsM(Ec) 27 (247)° 23 (248) 25 (246) 25 (44)
(258) [22] [8] (18] [10]
BexB(Hi) 18 (256) 70 (261) 40 (40)
(265) 4] [67) 9]
Drr(Sp) 22 (37 29 (45)
(283) 131 7
CtrC(Nm) 26 (152)
(265) (8]

2 The values in parentheses below the protein designations indicate
the numbers of amino acids in the proteins.

b Values reported in the table correspond to the percent identities in
the segments compared. The number of amino acids in the aligned seg-
ment is provided in parentheses. Values in brackets denote the compar-
ison scores in standard deviations higher than those obtained with 100
comparisons of randomized sequences of these protein segments. The
FASTA and RDF2 programs (Pearson & Lipman, 1988) were used to
assess the similarity scores and their significance. The abbreviations used
are defined in the text.
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Fig. 1. Multiple alignment of the sequences of the five homologous integral membrane proteins of the ABC-2 family. Residues conserved in all five proteins are indicated
by an exclamation mark above the multiple alignment. The consensus sequence (consensus) is provided below the multiple alignment. Numbers to the left of the sequences

provide the positions in the proteins of the first residues in each line. The abbreviations of the proteins and species are as defined in the text.
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KpsM(Ec)

CtrC(Nm)

NodJ(RI)

DrrB(Sp)

Fig. 2. Phylogenetic tree of the homologous integral membrane pro-
teins of the ABC-2 subfamily of transport systems. The programs used
for tree construction, abbreviations, and references are provided in the
text.

1
BexA(Hi) 16 GWKTVLKNINFELQKGE
CtrD(Nm) 16 GMRTVLDDINFSLOQKGE
KpsT(Ec) 16 GRHYVFKDLNTIETIPSGEK
DrrA(Sp) 19 NGTRAVDGLDLNVPAGL
NodI(R1) 23 GGKIVVNDLSFTIAAGE
CysA(Ec) 13 GRTQVLNDISLDIPSGRQ
ORF60-5(Ssp) 65 QKVESLKPLSIAVQQGE
NosF (Ps) 14 GSMTVLHDLNLNLGEGE
Consensus G...vVL.DL......GE
BexA(Hi) 64 RSMSISWPL
CtrD (Nm) 64 RTMSISWPL
KpsT(Ec) 64 TNKTISWPV
DrrA(Sp) 67 VFGHDVTSEPDTVRRRI
NodI(Rl) 71 VLGAQEPGQVRLARAKI
CysA(Ec) 61 FHGTDUV SRLHARDRKV
ORF60-5(Ssp) 85 LLG KPIGDRQTKQRYV
NosF(Ps) 62 VLG RAPNDPOQ VRRQL
Consensus . . G A e e e e e c e e e e
BexA(Hi) 97 VD PDYVTR FTKETFS
CtrD(Nm) 97 vD IDYVKA FTEETFS
KpsT (Ec) 97 KQ EELKEKIEFVEETFA
DrrA(Sp) 111 YSWARARERAAELIDGTF
NodI(R1l) 115 MSTREIETVIPSLLETFA A
CysA(Ec) 108 PNAAAIKAKVTKLLEMV
ORF60-5(Ssp) 155 IGKQEROQRRILAMCDLYV
NosF(Ps) 104 AALTOQVD ELLEQV
Consensus e e e e e e s e [T >

[ !

BexA(Hi) 140 EFDCYLIDEVIAVGDS SR
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DrrA(Sp) 157 TPDLLFLDEPTTGLDPR
NodI(R1l) 161 DPQLLILDEPTTGLDPH
CysA(Ec) 154 EPQILLLDEPFGALDARQ
ORF60-5(Ssp) 203 DPEVVFLDEPMSGLDPW
NosF (Ps) 146 EPRLLLLDEPTVGLDPI
Consensus .P. .. .LDEP...LD..
BexA(Hi) 186 SYCDNAVVLENG IMH
CtrD(Nm) 186 QYCDNAMVLEKG HMY
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NodI(R1) 208 RLCDRLCVLEAGRIKTIA
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NosF(Ps) 193 AHINRAAILAKGCLOQA
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(Long, 1989), was not homologous to BexC, CtrB, or any
other protein in the database.

Multiple alignment of limited portions of the sequences
of several homologous ATP binding proteins are pre-
sented in Figure 3. The proteins included in this depiction
are the BexA(Hi), CtrD(Nm), KpsT(Ec), DrrA(Sp), and
NodI(R]) proteins of the ABC-2 subfamily of transport
systems as well as the CysA protein of E. coli, the ATP
binding constituent of the sulfate-thiosulfate permease of
E. coli (Sirko et al., 1990), the ORF60-5 protein from the
cyanobacterium, Synechocystis sp. PCC6803 (Ssp), en-
coded by a gene adjacent to one encoding a chaperonin
protein (Chitnis & Nelson, 1991), and the NosF protein
of Pseudomonas stutzeri (Ps), a component of the Cu?*
processing system (possibly a Cu?* iransport system,
which, interestingly, may possess only one integral mem-

] 1 t 1 ! !
GILGRNGAGKSTLIRLMSGVEPPTSGTTIE
GILGRNGAGKSTLVRLISGVEPPTSGETIK
AFIGRNGAGKSTLLRMIGGIDRPDSGKTITZ
GILGPNGAGKSTTIRMLATLLRPDGGTAR
GLLGPNGAGKSTITRMILGMTSPSVGKIT
ALLGPSGSGKTTLLRIIAGLEHQTSGHTIR
GLLGPNGAGKTTLLKILLGVIRASGGRGT
GLFGHNGAGKTTSMKLILGLLSPSEGO QUVEK
6G.LG.NGAGKSTL.R.I.G...P..G.1.
s G AFQGSLTGMDN LRFICRLYD
s G AFQGSLTGMDN LRFICRIYN
AG GFQGSLTGREN VKFVARLYRA
TGQYASVDEGLTGTEN LVMMGRLOQG
VSQFDNLDLEFTVREN LLVYGRYTFR
VFQHYALFRHMTVFDNIAFGLTVLPRRER
LPENAYFYDFLTAWETF LDYIGSLFQ
LPENVTFYPQLSGRET LREFARLKG
.+ +.+..F. . . LTG.EN Lt....RL..

! ! !
G D YLYEPVKKYSSGMKARLAFALSLSYV
GQ YLYEPVKRYSSGMKARLAFALSLAV
G K YFDMPIKTYSSGMRSRLGFGLSMAF
G D ARDRLLEKTYSGGMRRRLDIAASIVY
E S KANTRVADLSGGMKRRLTLAGALTIN
A H LADRYPAHVSGGQKQRVALARALARAYVY
AQKTAKKKOQLRQYSKGMLQRVGMAQALTIN
AH ARDRRVEKTYSKGMRQRLGLAQALLG
. ¢« 4+ ++...K.YS.GM..RL..A..L..
EKCKYELF EKRKDR SIILVSHSPSAMEK
DKCKYELF EKRKDR SIILVSHSHSAMEK
EKCA QLFKERHKES SFLMVSHSLNSLEK
NQVWDIVRALVDAGT TVLLTTQYLDEAD
HLIWERLRSLLARGEK TILLTTHIMEEAR AE
KELRRWLRQLHEHEELKFTSVFVTHDQEEAT
TKCGKLFFPSRNRAK PSFSTPTFWRTLE
QDLYLLIDRLRQRGT SIILCSHVLPGVE
s 7 e :

Fig. 3. Multiple alignment of major parts of the sequences of the five homologous cytoplasmic ATP binding proteins of the ABC-2 family as
well as three closely related proteins: (1) the CysA protein, a constituent of the sulfate-thiosulfate transport system of Escherichia coli (Ec), (2)
the ORF60-5 protein, a functionally uncharacterized protein of the cyanobacterium Synechocystis sp. PCC6803 (Ssp), and (3) the NosF protein,
a constituent of the Cu?* processing system of Pseudomonas stutzeri (Ps). Residues conserved in all eight proteins are indicated by an exclamation
mark above the multiple alignment. The consensus sequence (consensus) is provided below the multiple alignment. Numbers to the left of the
sequences provide the positions in the proteins of the first residues in each line. The abbreviations of the proteins and species as well as references

for the sequences are provided in the text.
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brane protein with six transmembrane helical segments)
(Zumft et al., 1990). The identities (indicated by exclama-
tion marks above the alignment) and the consensus se-
quence (provided below the alignment) illustrate the high
degree of sequence similarity exhibited by these proteins.

Table 2 presents binary comparison scores for the pro-
teins included in Figure 3 as well as for an ATP binding
domain of a human (Hs) multidrug resistance protein
(Mdr3) (Chen et al., 1986). All of these proteins exhibit
comparison scores in excess of 10 SD and are therefore
homologous, but the Mdr3(Hs) protein is more distant
from the ATP binding constituents of the ABC-2 subfam-
ily than they are from each other. It is interesting to note,
however, that the Mdr3(Hs) protein domain, like the
CysA(Ec) and ORF60-5(Ssp) proteins, is much more sim-
ilar to DrrA and Nodl than it is to KpsT, BexA, or CtrD.

The phylogenetic tree for the proteins, the sequences of
which are shown in Figure 3, is presented in Figure 4. In
agreement with the tree for the integral membrane con-
stituents of the ABC-2 family, the ATP binding proteins
of the polysaccharide transporters, Bex, Ctr, and Kps,
are all closely related. The other ATP binding proteins,
including DrrA and Nodl, are off on a distant branch to-
gether with the other members of this family of proteins
selected for comparison because of their sequence simi-
larities. The relative distances of the different integral
membrane constituents of the ABC-2 subfamily (Fig. 2)
are similar to those of the different ATP binding protein
constituents of this same subfamily (Fig. 4). This fact
suggests that the evolutionary divergence of these two
classes of permease proteins may have occurred in par-

J. Reizer et al.

allel, and that an ancestral transport system may there-
fore have contained both of these proteins. It should be
noted, however, that the DrrA, Nodl, CysA, and NosF
proteins are substantially closer to each other than they
are to the capsular polysaccharide transport ATP bind-
ing proteins (Fig. 4). Because the integral membrane con-
stituents of the Drr and Nod transporters were not
demonstrably homologous to the integral membrane con-
stituents of the Cys or Nos systems, it appears that the
constituent proteins of these systems either did not evolve
in parallel as parts of complete transport systems derived
from a common ancestral system, or that the relative
rates of evolutionary divergence of the integral membrane
channel forming constituents of these systems were mark-
edly different from those of their ATP binding constit-
uents.

Discussion

In this communication we have provided evidence regard-
ing the structural and evolutionary relatedness of proteins
that apparently comprise a subfamily of the ABC fam-
ily of solute transport systems. Our study began with the
finding that the transmembrane constituent of the Drr
drug resistance transporter of S. peucetius, which pumps
daunorubicin and doxorubicin out of the bacterial cell
(Guilfoile & Hutchinson, 1991), exhibits striking sequence
similarity to corresponding integral membrane protein
constituents of polysaccharide export systems of gram-
negative bacteria. Of particular interest was the fact that
only a single gene, encoding only one integral membrane

Table 2. Binary comparisons of the alignments of the ATP-binding constituents of the ABC-2 subfamily of transport systems

CysA(Ec)

BexA(Hi) DrrA(Sp) CtrD(Nm) NodI(RI) ORF60-5 (Ssp) NosF(Ps) Mdr3(Hs)
(217)2 (330) 216) 31D (365) (354) (308) (1279)
KpsT(Ec) 45 217)® 27 (195) 44 217) 26 (211) 46 (61) 24 (230) 27 (210) 33 (61)
(224) [61] [23] 601 [13] [17] [20} 16
BexA(Hi) 30 (151) 82 (213) 26 (195) 40 (47) 23 (218) 29 (217) 33 (61)
Q17 [11] [95) [12] [15] [26] [6]
DrrA(Sp) 25 (200) 33 (310) 25 (259) 26 (273) 29 (315) 24 (297)
(330) [14] 125} (32} 34] [23}
CtrD(Nm) 28 (212) 39 (62) 23 (194) 33 (209) 30 (61)
(216) [12] [14] 27] (71
NodI(Rl) 33 (250) 28 (287) 37 (208) 30 (218)
311) [29] (28] {301 [24}
CysA(Ec) 26 (156) 28 (228) 29 (228)
(365) [24] 23] (24}
ORF60-5(Ssp) 32 (278) 23 (222)
(354) [33] (11}
NosF(Ps) 26 (261)
(308) [15]

2 The values in parentheses below the protein designations indicate the numbers of amino acids in the proteins.

b Values reported in the table correspond to the percent identities in the segments compared. The number of amino acids in the aligned segments
is provided in parentheses. Values in brackets denote the comparison scores in standard deviations higher than those obtained with 100 compari-
sons of randomized sequences of these protein segments. The FASTA and RDF2 programs (Pearson & Lipman, 1988) were used to assess the similarity
scores and their significance. The abbreviations used are defined in the text as are references for the sequences compared.
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ORF60-5(Ssp)
NosF{Ps)
67
KpsT(Ec) 63
CtrD(Nm) 22
N\ 23 63 12 /a
/6
BexA(Hi)
CysA{Ec)

DrrA(Sp)

Fig. 4. Phylogenetic tree of eight ATP binding proteins including the
ATP binding constituents of the five members of the ABC-2 family of
transport systems. The programs used for tree construction, abbrevia-
tions, and references are provided in the text.

constituent in each of two of these systems (Drr and Kps),
has yet been found. Further, each of these proteins was
found to exhibit sequence similarity to the NodJ protein
(Fig. 1). Although the biochemical function of NodJ is
not known, it appears to act together with Nodl to facili-
tate nodulation of leguminous plants by rhizobial species.
Although no direct experimental evidence is available
concerning their biochemical function, these proteins
might catalyze export of a modified 3-1,4-linked N-ace-
tylglucosamine oligosaccharide (Long, 1989; S.R. Long,
pers. comm.). The sequence analyses reported here
clearly support this suggestion. In this connection it is
worth noting that no integral membrane protein in addi-
tion to NodJ has been found that is likely to function as
an additional constituent of this postulated transporter,
although most of the nod genes of Rhizobium meliloti
and R. leguminosarum (Long, 1989) have been se-
quenced. Further, only a single candidate for a trans-
membrane constituent of the Kps system of E. coli
(KpsM) or of the presumptive copper transport system of
P. stutzeri (NosY) has been detected (Zumft et al., 1990;
Pavelka et al., 1991; R.P. Silver, pers. comm.).

The observations presented in this communication ex-
tend and accentuate the suggestion (Kerppola & Ames,
1992) that individual members of the ABC-type trans-
porters, like the members of the various transport fami-
lies, which include facilitators, ion channels, and PTS
permeases, may be capable of functioning either as
homooligomers or as a heterooligomers, depending on
the system under study. This observation provides further
evidence for the postulate (Saier & Reizer, 1991) that
these four classes of permeases are evolutionarily, struc-
turally, and functionally related.
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Methods

The protein sequence alignments and relative evolution-
ary distances were determined using the progressive se-
quence alignment programs of Feng and Doolittle (1990)
and Doolittle and Feng (1990), modified for execution in
the UCSD VAX/VMS DNA system (Smith, 1988). The
Protein Information Resource (PIR) of the National Bio-
medical Research Foundation (NBRF) database was
screened in all homology searches using the FASTA pro-
gram. The FASTA and RDF2 programs (Pearson & Lip-
man, 1988) were used to assess the similarity scores and
their significance. Comparison scores are recorded in
standard deviations higher than obtained with 100 com-
parisons of randomized sequences of the protein seg-
ments analyzed.
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