
J Mol Evol (1996) 42:281-293 
joo, ,   o MDLECUL.AR 

LEVOLUTION 
© Springer-Verlag New York Inc, 1996 

Relationships Between Bacterial Drug Resistance Pumps and Other 
Transport Proteins 

J.H. Parish, 1 J. Bentley 2 

Department of Biochemistry and Molecular Biology, The University of Leeds, Leeds LS2 9JT, United Kingdom 
2 Department of Biology, The University of York, York, Y01 5YW, United Kingdom 

Received: 25 August t995 / Accepted: 21 September 1995 

Abstract. We have used three reference sequences 
representative of bacterial drug resistance pumps and 
sugar transport proteins to collect the 91 most closely 
related sequences from a composite, nonredundant pro- 
tein sequence database. Having eliminated certain very 
close relatives, the remainder were subjected to analysis 
and alignment by using two different similarity matTices: 
one of these was a matrix based on structural conserva- 
tion of amino acid residues in proteins of known confor- 
mation and the other was based on the more familiar 
mutational matrix. Unrooted similarity trees for these 
proteins were constructed for each matrix and compared. 
A systematic analysis of the differences between these 
trees was undertaken and the sequences were analyzed 
for the presence or absence of certain sequence motifs. 
The results show that the clades created by the two meth- 
ods are broadly comparable but that there are some clus- 
ters of sequences that are significantly different. Further 
analysis confirmed that (1) the sequences collected by 
this objective method are all known or putative 12-helix 
(in some cases reported as 14-helix) transmembrane pro- 
teins, (2) there is evidence for few cases of an origin 
based on gene duplication, (3) the bacterial drug resis- 
tance pumps are distributed in more than one clade and 
cannot be regarded as a definitive subset of these pro- 
teins, and that (4) the diversity is such that there is no 
evidence of a single ancestral protein. The possible ex- 
tension of the methods to other cases of divergent protein 
sequences is discussed. 
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Introduction 

Bacterial resistance to drugs including antibiotics and 
antiseptics can be mediated by mechanisms involving the 
efflux of these compounds. Such mechanisms have great 
practical importance as, unlike drug detoxification pro- 
cesses (such as penicillin hydrolysis and aminoglycoside 
adenylylation), the proteins involved in drug efflux can 
often confer resistance to a variety of chemically unre- 
lated drugs (Lewis 1994). Also, this group of transporters 
includes several examples of proteins whose genes are 
present on transferable genetic elements, potentially al- 
lowing the spread of such resistance among members of 
heterogeneous bacterial populations. The biochemistry 
of such resistance is reviewed by Nikaido (I 994). 

The proteins involved in this study include many 
transport proteins that employ the proton motive force 
generated by energy@elding metabolism (Mitchell et al. 
1981) to effect the movement of substrate against a con- 
centration gradient. We follow Mitchell and refer to pro- 
teins that translate the proton and substrate in the same 
direction as substrate-H + symporters and those in which 
these move in opposed directions as substrate/H + an- 
tiporters. 

The antibiotic resistance proteins whose mechanism 
of action is known, or by analogy predicted, to involve a 
drug/H + antiport mechanism are proposed to belong to a 
larger group of 12- to 14-helical transmembrane proteins. 
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A tree based on sequence similarity has been constructed 
for some of these transmembrane proteins (Lewis 1994). 
It is known that these proteins show sequence relation- 
ships with sugar transport proteins including both facil- 
itated diffusion transporters and sugar-H + symporters 
(Griffith et al. 1992), and the evidence for 12-trans- 
membrane helices comes largely from side-directed mu- 
tagenesis experiments with members of this group (Bald- 
win, 1994). Several sequence analyses have been pub- 
l ished which predict  structural relationships between 
some of  these membrane transporter proteins (Griffith et 
al. 1992; Marger and Saier 1993). However,  now over 80 
membrane transport proteins, including those involved in 
the transport of  antibiotics, sugars, ol igopeptides and 
amines, have been reported. Al l  these proteins are pre- 
dicted to have between 12 and 14 transmembrane do- 
mains and all share sequence similarity although there is, 
as yet, no comprehensive large-scale sequence analysis 

of  these proteins. 
Therefore, the aim of this study was to use a number 

of computer alignment and clustering algorithms to es- 
tablish whether this large group of  proteins indeed con- 
stituted a superfamily and whether the bacterial drug 
resistance pumps reviewed (Lewis 1994) were in any 
sense clustered within this larger superfamily. The ap- 
proach is complementary with that of a recent study (Le 
Novbre and Changeaux 1995) of  the nicotinic acetylcho- 
line receptors: these authors contrasted the use of  a cla- 
distic method based on the mutation matrix PAM250 
with a parsimony-based phenetic analysis: we have not 
used the pars imony method but have contrasted the 
clades generated by using the same matrix with those 
generated by using a matrix based on amino acid con- 
servation in proteins of  known structure. We  follow Le 
Novbre and Changeaux in representing the findings as 
unrooted trees because, like them, we are dealing with a 
group of  proteins with no obvious archaic progenitor. 

Materials and Methods 

The protein sequences used for alignments were abstracted from the 
OWL composite, nonredundant protein sequence database (Bleasby 
and Woottou 1990; Akrigg et al. 1992) by using three "reference 
sequences." They were (1) the human erythrocyte facilitated glucose 
transport protein, (2) the Escherichia coil lactose-H + symport protein, 
and (3) the predicted E. coli bicyclomycin resistance protein. The se- 
lected sequences were aligned by using CLUSTALV (Higgins et al. 
1992) with two modifications. Firstly, the source code of CLUSTALV 
was changed to handle larger data sets: Secondly, alternative scoring 
matrices, Risler and PAM250, were employed. Two utilities were writ- 
ten for this purpose, the first converts the Risler matrix into FASTA 
format while the other, named "CLUTR", performs two passes on the 
nearest-joins output from CLUSTALV and generates files suitable for 
direct loading into the generic graph plotting program, GNUplot 
(Williams and Kelley 1992). The source code for CLUTR and other 
utilities specific to this work can be obtained by e-mall to either author 
(J.H.Parish@leeds.ac.uk or JB30@york.ac.uk). 

We constructed cladograms of these selected proteins by using two 
alternative similarity matrices. The first matrix measures amino acid 

similarities by using a scoring system derived from the pattern recog- 
nition of amino acid substitutions of Risler et al. (1988). This is referred 
to as the "Risler matrix"; this matrix is objective and based on the 
known substitutions of amino acids in proteins of known isomorphic 
structure. The matrix was transtbrmed to FASTA format required by 
CLUSTALV. This was achieved by using a utility RTOS. The Risler 
matrix itself uses the score of 0 for homology and increasing scores (up 
to 100) for unfavorable replacements. RTOS maps the scores of 0-400 
to a range of two values, MAX and MIN, set to 20 and -20 in the 
calculations used in this paper. The cladogram was constructed from 
the nearest-joins output (Saitou and Nei 1987) calculated by the boot- 
strap algorithm of Felsenstein (1985) The second alignment and anal- 
ysis was performed using the more familiar PAM250 matrix (Dayhoff 
et al. 1978). 

Analysis of the internal homology in these proteins were performed 
by predicting the point of division between the left and right domains 
of these sequences by using either the PHD neural network program 
(Rost and Sander 1994) or the PEPPLOT program (Devereux et al. 
1984) and then constructing a cladogram with these domains with the 
Risler matrix as described above. 

Motifs were abstracted in part from the PROSITE database (Bai- 
roch and Bucher 1994) and converted to the "CREGEX" (regular 
expression) format of Kolakowski et aL (1992). A program, PROTEST, 
was used to interrogate such REGEX files with the 82 protein sequence 
flies. 

Results 

We set out to construct cladograms for the group of 
membrane transporter proteins predicted to belong to a 
large superfamily. Three reference sequences-- (1)  the 
human erythrocyte-facili tated glucose transport protein, 
(2) the Escherichia coli lactose-H + symport  protein, and 
(3) the predicted E. coli bicyclomycin resistance protein 
were chosen to scan the database. It was considered that 
the human glucose transporter and the E. coli lactose 
symporter represented two transporter types previously 
thought to be distinct. The bicyclomycin resistance gene 
bcr, putative protein Bcr, is of  interest to us as it is 
predicted to confer resistance to two unrelated drugs, 
bicyclomycin and sulphathiazole (Bentley et al. 1993; 
Lewis 1994), and might be another example of a protein 
containing a naturally suppressed opal codon (Kopelo- 

witz 1992). 
Ninety-one different proteins were selected from the 

OWL database by the three reference sequences as de- 
scribed in Materials and Methods. Eighty-two of these 
proteins are listed in Table 1. In order to reduce the 
complexi ty of  the output we grouped certain vel)  ~ closely 
related proteins and selected one representative. An ex- 
ample of this is the group comprising the glucose trans- 
porters GTR1 from human, bovine, mouse, pig, rabbit, 
and rat, of  which the human sequence was chosen as the 
representative. The bcr gene product was intentionally 
included twice where the first product is the full-length 
Bcr protein and the second is the product predicted from 
the nucleotide sequence distal to the TGA opal codon. 
I f  the TGA codon is read through in the bcr gene the 
predicted protein sequence is s imilar  to that of the 
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Table 1. Proteins selected from the OWL database for further sequence analysis ~ 

1 FUCP_ECOLI 
2 CSCB ECOLI 

3 LACY_ECOLI 
4 LACY_KLEPN 
5 RAFB_ECOLI 
6 ORF_BCNR 
7 ARAE_ECOLI 

8 ATRI_YEAST 

9 BCR_ECOLI 
10 EMRD_ECOLI 
11 BMRP_CANAL 

12 YIDY_ECOLI 

13 CITI_ECOLI 

14 CIT2 ECOLI 

15 CITA_SALTY 

16 CIT_KLEPN 

17 CMLR_STRLI 
18 GAL2_YEAST 

19 GLCP_SYNY3 
20 GLF_ZYMMO 
21 GTR I_HUMAN 

22 GTR2_HUMAN 
23 GTR2_MOUSE 
24 GTR2_RAT 
25 GTR3_CHICK 
26 GTR3_HUMAN 
27 GTR3_MOUSE 
28 GTR4_HUMAN 

29 GTR4_MOUSE 

30 GTR4_RAT 

31 GTR5_HUMAN 

32 GTR7_RAT 

33 HUPI_CHLKE 

34 HXT2_YEAST 

35 VMTI_RAT 

36 VMT2_RAT 

37 MMR_BACSU 

B-S-s L-FUCOSE PERMEASE. - ESCHERICHIA COLI. (Lu and Lin 1989) 
B-S-s SUCROSE TRANSPORT PROTEIN (SUCROSE PERMEASE). - ESCHERICHIA COLI. (Bockmann et al. 

1992) 
B-S-s LACTOSE PERMEASE (LACTOSE-PROTON SYMPORT). - ESCHERICHIA COLL (Kaback 1990) 
B-S-s LACTOSE PERMEASE (LACTOSE-PROTON SYMPORT). - KLEBSIELLA (McMorrow et al. 1988) 
B-S-s RAFFINOSE PERMEASE. - ESCHERICHIA COLI. (Aslinidis et al, 1989) 
B-O-? extended orf of BCR_ECOLI [9] (Bentley et aI. 1993) 
B-S-s ARABINOSE-PROTON SYMPORT (ARABINOSE TRANSPORTER). - ESCHERICHIA COLI (Maiden et 

al. 1987) 
F-A-? AMINOTRIAZOLE RESISTANCE PROTEIN'. - SACCHAROMYCES CEREVISIAE (BAKER'S 

YEAST). (Goempel-Klein and Brendel 1990) 
B-A-a BICYCLOMYCIN RESISTANCE PROTEIN. - ESCHERICHIA COLI. (Bentley et al. 1993) 
B-A-? MULTIDRUG RESISTANCE PROTEIN D. - ESCHERICHIA COLI. (Burland et al. 1993) 
F-A-? BENOMYL/METHOTREXATE RESISTANCE PROTEIN. - CANDIDA ALBICANS (YEAST). (Fling et 

al. 1991) 
B-O-? HYPOTHETICAL 41.5 KD PROTEIN IN TNAB 3' REGION. - ESCHERICHIA COM. (Burlm~d et al, 

1993) 
B-M-s CITRATE-PROTON SYMPORT (CITRATE TRANSPORTER) (CITRATE UTILIZATION 

DETERMINANT). - ESCHERICHIA COLI. (Sasatsu et al. 1985) 
B-M-s CITRATE-PROTON SYMPORT (CITRATE TRANSPORTER) (CITRATE UTILW~ATtON 

DETERMINANT). - ESCHERICHIA COLI. (Ishiguro and Sato I985) 
B-M-s CITRATE-PROTON SYMPORT (CITRATE TRANSPORTER) (CITRATE CARRIER PROTEIN). - 

SALMONELLA TYPHIMURIUM. (Shimamoto et al. 1991) 
B-M-s CITRATE-PROTON SYMPORT (CITRATE TRANSPORTER) (CITRATE CARRIER PROTEIN). - 

KLEBSIELLA PNEUMONIAE. (van der Rest et al. 1990) 
B-A-a CHLORAMPHENICOL RESISTANCE PROTEIN. - STREPTOMYCES LFv'IDANS. (Dittrich et al. 1991) 
F-S-? GALACTOSE TRANSPORTER (GALACTOSE PERMEASE). - SACCHAROMYCES CEREVISIAE 

(BAKER'S YEAST). (Nehlin et al. 1989) 
F-S-? GLUCOSE TRANSPORT PROTEIN. - SYNECHOCYSTIS SP. (STRAIN PCC 6803). (Zhang et al, 1989) 
B-S-f GLUCOSE FACILITATED DIFFUSION PROTE1FN. - ZYMOMONAS MOBILIS. (Barnell et al. 1990) 
M-S-f GLUCOSE TRANSPORTER TYPE 1, ERYTHROCYTE~RAIN. - HOMO SAPIENS (HUMAN). 

(MuecMer et al. 1985) close relatives: GTRI_BOVIN glucose transporter type 1, erythrocyte/brain. - Bos taurus 
(bovine). (Boado and Pardridge 1991) GTRI_MOUSE glucose transporter type 1, erythrocyte/brain (gtl). - Mus 
musculus (mouse). (Kaestner et al. 1989) GTRI_PIG glucose transporter type 1, erythrocyte&rain (fragment). - 
Sus scrofa (pig). (Weiler-Giittler et ai. 1989) GTRI_RABBIT glucose transporter type 1, erythrocyte/brain. - 
Oryctolagus ctmiculus (rabbit). (Asano et al. 1988) GTR1 RAT glucose transporter type 1, erythrocyte/brain. - 
Rattus norvegicus (rat). (Williams and Birnbaum 1988) MUSGLUTRN mouse facilitated glucose transport 
protein mRNA, complete cds. - Mus musculus 

M-S-f GLUCOSE TRANSPORTER TYPE 2, LIVER. - HOMO SAPIENS (HUMAN). (Fukumoto et al. 1988) 
M-S-f GLUCOSE TRANSPORTER TYPE 2, LIVER. - MUS MUSCULUS (MOUSE). (Suzue et al. 1989) 
M-S-f GLUCOSE TRANSPORTER TYPE 2, LIVER. - RATTUS NORVEGICUS (RAT). (Thorens et al. 1988) 
A-S-f GLUCOSE TRANSPORTER TYPE 3 (CF~-GT3). - GALLUS GALLUS (CHICKEN). (White et al. 1991) 
M-S-f GLUCOSE TRANSPORTER TYPE 3, BRAIN. - HOMO SAPIENS (HUMAN). (Kayano et aI. 1988) 
M-S-f GLUCOSE TRANSPORTER TYPE 3, BRAIN. - MUS MUSCULUS (MOUSE). (Nagamatsu et al. 1992) 
M-S-f GLUCOSE TRANSPORTER TYPE 4, INSULIN-RESPONSIVE. - HOMO SAPIENS (HUMAN). 

(Fukumoto et al. 1989) 
M-S-f GLUCOSE TRANSPORTER TYPE 4, INSULIN-RESPONSIVE (GT2) - MUS MUSCULUS (MOUSE). 

(Kaestner et al. 1989) 

M-S-f GLUCOSE TRANSPORTER TYPE 4, INSULIN-RESPONSIVE. - RATTUS NORVEGICUS (RAT). 
(Birnbaum 1989) 

M-S-f GLUCOSE TRANSPORTER TYPE 5, SMALL INTESTINE. - HOMO SAPIENS (HUMAN). (Kayano et 
al. I990) 

M-S-f GLUCOSE TRANSPORTER TYPE 7, HEPATIC MICROSOMAL. - RATTUS NORVEGICUS (RAT). 
(Waddell et aI. 1992) close relative: MMGLUTRA Mouse mRNA for liver-type glucose transporter protein - 
Mus musculus Eukaryota (Asano et aI. 1989) 

P-S-s H(+)/HEXOSE COTRANSPORTER. - CHLORELLA KESSLERI (CHLORELLA VULGARIS). (Saner and 
Tanner 1989) 

F-S-? HIGH-AFFINITY GLUCOSE TRANSPORTER HXT2. - SACCHAROMYCES CEREVISIAE (BAKER'S 
YEAST). (Kruckeberg and Bisson I990) 

M-M-? CHROMAFFIN GRANULE AMINE TRANSPORTER. - RATTUS NORVEGICUS (RAT). (Liu et al. 
1992) 

M-M-f SYNAPTIC VESICLE AMINE TRANSPORTER (MONOAMINE TRANSPORTER), - RATTUS 
NORVEGICUS (RAT). (Liu et al. 1992) 

B-A-a METHYLENOMYCIN A RESISTANCE PROTEIN (MMR PEPTIDE). - BACILLUS SUBTILIS. (Putzer 
et al. I992) 
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Table 1. Continued 

38 MMR_STRCO 

39 NORA_STAAU 
40 PRO 1 _LEIEN 
41 QACA_STAAU 
42 QAY_NEUCR 
43 QUTD_EMENI 

44 RAGI_KLULA 

45 SNF3_YEAST 

46 STPI_ARATH 

47 TCRB_BACSU 
48 TCRI_ECOLI 

49 TCR2_BACSU 

50 TCR2_ECOLt 
51 TCR3_ECOLI 

52 TCR_BACST 

53 TCR_STAAU 

54 TCR_STRAG 

55 XYLE_ECOLI 

56 YIEO_ECOLI 

57 HXTI_YEAST 

58 JQ1479 

59 BMRI_BACSU 
60 JQ1201 

61 B40046 

62 $24752 

63 TCR_STAHY 

64 S18539 

65 TCMA_STRGA 

66 $25009 
67 $25015 
68 A45611 
69 B43319 
70 TCR4_ECOLI 
71 ISTN10 

72 B48442 

73 TH11_TRYBB 

74 TH2A TRYBB 

75 S14144 

B-A-a METHYLENOMYCIN A RESISTANCE PROTEIN (MMR PEPTIDE). - STREPTOMYCES 
COELICOLOR. (Neal and Chater 1987) 

B-A-a QUINOLONE RESISTANCE NORA PROTEIN. - STAPHYLOCOCCUS AUREUS. (Yoshida et al. 1990) 
Z-O-? PROBABLE TRANSPORT PROTEIN (LTP). - LEISHMANIA ENRIETTII. (Calms et ah 1989) 
B-A-a ANTISEPTIC RESISTANCE PROTEIN. - STAPHYLOCOCCUS AUREUS. (Rouch et ai. 1990) 
F-M-? QUINATE TRANSPORTER. - NEUROSPORA CRASSA. (Geever et al. 1989) 
F-M-? QUINATE PERMEASE. - EMERICELLA NIDULANS (ASPERGILLUS 

NIDULANS). (Hawkins et al. 1988) 
F-S-? LOW-At;~EINITY GLUCOSE TRANSPORTER. - KLUYVEROMYCES LACTIS (YEAST). 

(Wesolowski-Louvel et aI. 1992) 
F-S-? HIGH-AFFLNITY GLUCOSE TRANSPORTER SNF3, - SACCHAROMYCES CEREVISIAE (BAKER'S 

YEAST). (Marshall-Carson et al. 1990) 
P-S-? GLUCOSE TRANSPORTER (SUGAR CARRIER). - ARABIDOPSIS 

THALIANA (MOUSE-EAR CRESS). (Saner et al. 1990) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN. - BACILLUS SUBTILIS. (Sakaguchi et al. 1988) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN (TILANSPOSON TN10), - ESCHERICHIA COLI, (Nguyen et 

ai. 1983) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN. - BACILLUS SUBTILIS. (Noguchi et al. 1986) close 

relative: TCR_STRPN tetracycline resistance protein. - Streptococcus pneumoniae, Bacillus cereus and Bacillus 
subtilis. (Palva et al. 1990) 

B-A-a TETRACYCLINE RESISTANCE PROTEIN, - ESCHERICHIA COLI. (Preden 1983) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN (TRANSPOSON TN1721). - ESCHERICHIA COLI. (Waters 

et al. 1983) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN. - BACILLUS STEAROTHERMOPHILUS. (Hoshino et al. 

1985) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN, - STAPHYLOCOCCUS AUREUS, (Mojumdar and Khan 

1988) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN. - STREPTOCOCCUS AGALACTIAE. (van tier Lelie et al. 

1989) 
B-S-s XYLOSE-PROTON SYMPORT (XYLOSE TRANSPORTER), - ESCHERICHIA COLI. (Maiden et al. 

1987) 
B-O-? HYPOTHETICAL 51.5-KD PROTEIN IN RBSR 3' REGION, - ESCHERICHIA COLI. (Burland et al. 

1993) 
E-S-? HIGH-AFFINITY GLUCOSE TRANSPORTER HXT1. - SACCHAROMYCES CEREVISIAE (BAKER'S 

YEAST). (Ko et al. 1993) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN - ESCHERICHIA COLI TRANSPOSON TN1721 (Allmeier 

et al. 1992) 
B-A-a MULTIDRUG RESISTANCE PROTEIN, - BACILLUS SUBTILIS. (Neyfakh et al. 1991) 
B-A-a CMLA PROTEIN - PSEUDOMONAS SP. PLASMID R1033 TRANSPOSON TN1696 (Stokes and Hall 

t991) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN HOMOLOG ACTII-2-STREPTOMYCES COELICOLOR 

(Femandez-Moreno et al. 1991) 
B-A-a LINCOMYCIN RESISTANCE PROTEIN LMRA - STREPTOMYCES LINCOLNENSIS (Zhang et al, 

1992) 
B-A-a TETRACYCLINE RESISTANCE PROTEIN" - STAPHYLOCOCCUS HYICUS (Schwartz et al. 1992) 
B-A-? ACTVA-t PROTEIN - STREPTOMYCES COELICOLOR (actinorhodin gene cluster) (Caballero et ah 

1991) 
B-A-? TCMA PROTEIN - STREPTOMYCES GLAUCESCENS TETRACENOMYCIN C RESISTANCE AND 

EXPORT PROTEIN. - (Guilfoile and Hutchinson 1992) 
P-S-? SUGAR TRANSPORT PROTEIN STP4 ~ ARABIDOPSIS THALIANA (Sauer et al. 1992) 
P-S-? MONOSACCHARIDE TRANSPORT PROTEIN MSTI - COMMON TOBACCO (Sauer and Stadler 1992) 
Z-O-? PUTATIX~ HEXOSE TRANSPORTER - TRYPANOSOMA BRUCEI (Bringaud mad Baltz 1992) 
M-M-? SYNAPTIC VESICLE AMINE TRANSPORTER, SVAT - RAT (Liu et al. 1992) 
TETRACYCLINE RESISTANCE PROTEIN, CLASS E .  - ESCHERICHIA COLI. (Allard and Bertrand 1993) 
B-A-a TRANSPOSON TN10 SEQUENCE ENCODING TETRACYCLINE RESISTANCE - ESCHERICHIA 

COLI PROKARYOTA (Hillen and Schollmeier 1983) 
Z-S-? D2 = MEMBRANE TRANSPORT PROTEIN (CLONE DI.16.S) - LEISHMANIA DONOVANI (glucose 

transporter) (Langford et al. 1992) 
Z-S-? GLUCOSE TRANSPORTER IB/1C/1D/1F/2B. - TRYPANOSOMA BRUCEI BRUCEI. (Bringaud and 

Baltz 1993) 
Z-S-? GLUCOSE TRANSPORTER 2A. - TRYPANOSOMA BRUCEI TRYPANOSOMA BRUCEI (Bringaud and 

Baltz 1993) close relative: TBTHT3 T. brucei genes for hexose transporters - Trypanosoma brucei (Bringaud 

and Baltz 1993) 
P-S-s C. KESSLERI I-tUP1 GENE FOR H(+)/HEXOSE-COTRANSPORTER - CHLORELLA KESSLERI 

EUKARYOTA (Sauer and Tanner 1989) 
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76 $38453 
77 RCCSCP 

78 RCCSCPS 

79 GAL2 YEAST 

80 GTR3_RAT 

81 RATGLUTV 

82 GALP_ECOLI 

P-S-s C. KESSLERI HUP2 M-RNA - CHORELLA KESSLERI EUKARYOTA (Sauer and Tanner 1989) 
P-S-? RICINUS COMMUNIS (CLONE PST293) SUGAR CARRIER PROTEIN (RCSTC) M-RNA, COMPLETE 

CDS. - RICINUS COMMUNIS EUKARYOTA (Weig et al. 1992) 
P-S-? RICINUS COMMUNIS (CLONE PST29) SUGAR CARRIER PROTEIN (RCSTA) M-RNA, COMPLETE 

CDS. - RICINUS COMMUNIS EUKARYOTA (Weig et al. 1992) 
F-S-? SACCHAROMYCES CEREVISIAE GALACTOSE TRANSPORTER (GAL2) GENE, COMPLETE CDS. - 

SACCHAROMYCES CEREVISIA EUKARYOTA (Nehlin et al. 1989) 
M-S-f RAT M-RNA FOR NEURONE GLUCOSE TRANSPORTER. - RATTUS NORVEGICUS EUKARYOTA 

(Nagamatsu et al. 1993) 
M-S-f RATTUS NORVEGICUS FRUCTOSE TRANSPORTER (GLUT5) M-RNA, COMPLETE CDS. - 

RATTUS NORVEGICUS EUKARYOTA (Rand et al. 1993) 
B-S-s GALACTOSE TRANSPORT PROTEIN (GALP) ESCHERICHIA COLI (Griffith et al. 1992) 

The sequences, codes, and brief descriptions were obtained by using 
the display facility of DELPHOS (see Materials and Methods) with the 
following exceptions. All descriptions from the database are in upper- 
case (certain older entries appear in lowercase). If erroneous biochemi- 
cal descriptions (e.g., use of the word "permease") occur in the de- 
scription these have not been corrected. Lowercase entries in the 
descriptions are for two purposes: (1) following the phrase "close 

relatives" as codes for proteins that showed very small differences 
in the cladograms and were eliminated to simplify the subsequent 
diagrams and (2) to cover ORF_BCNR (see text for discussion). 
Key: A avian; B bacterial; F fungal; M mammalian; P plant; Z proto- 
zoa; S sugar transporter; M metabolite (not sugar) transporter; A anti- 
biotic resistance; O ORF; a antiport; s symport; f facilitated diffu- 
sion 

R L  

! 

I 

RT 

16  

E 
.21 

.!L0s 

i I t~ i , : 

z 

i 31 

i 

3 6  

41 

46  : 

56  

,61 

i71 

! 7G 

.... :81 

distance 

Fig. 1. CIadogram of members of the superfamily calculated by using 
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column (iii) of Table 3. The distance is the percent divergence (Kimura 
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noted in column (viii) of Table 3. 

Pseudomonas spp.  c h l o r a m p h e n i c o l  r e s i s t a n c e  g e n e  

(cmlA) p roduc t  C m l A ,  w i th  h i ghes t  s equence  s imi lar i ty  

p red ic ted  at  the  N - t e r m i n a l  (Lewis  1994; B e n t l e y  et al. 

1993).  T h e  c o r r e s p o n d i n g  a m i n o  ac id  in C m l A  is W 

(codon  T G G ) .  

As  the  p ro te ins  b e l o n g  to severa l  func t iona l  c lasses  

and  c o m e  f rom wide ly  d ive rgen t  t axa  we used  two dif- 

f e ren t  ma t r i ces  for  cons t ruc t ing  the  c l adograms .  T h e  re-  

sults  o b t a i n e d  by  us ing  the  Ris le r  m a t r i x  are s h o w n  in  

Fig. 1 and  those  by  u s ing  the  P A M 2 5 0  ma t r ix  in  Fig. 2. 
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Table 2. Summary of motifs used for analysis a 

A, PB0001 
B. PB0002 
C, PB0003 
D. PS00216 
E, PS00217 
F. PS00896 
G. PS00897 
H. PS00873 
I. PS00211 
J, PS00402 

[RK].GR[RK] 
[RK]_[RK] 
[RK]...[RK] 
[LSTA] [DE].[LFYA] GR[RK]....G 
[LF].G[LFA]..G ........ [LIFY]..[EQ] ...... [RK] 
G[L] [L].D[RK]LGL[RK] [RK].[L] [L]W 
P.[LF] [LF]NR[L]G,KN[STA] ILl [L] [L] 
Detail omitted 
Detail omitted 
Detail omitted 

STRICT_ 12_MOTIF 
SLACK_12_MOTIt 
SLACK_12_MOTI2 
S_T_I 
S T 2  
LACY_I 
LACY_2 
NA_ALANINE_SYMP 
ABC_TRANSPORTER 
BPD_TRANSP_INN_MEM 

a Motifs A, B, and C represent the "strict" and general transporter 
motifs (Marger and Saier 1993), D and E are sugar transporter motifs 
while F and G are LacY motifs. H, I, and J represent typical motifs 
from other distinct transmembrane families (the details of these motifs 
have been omitted for clarity but can be accessed from PROS1TE by 

using the motif code) (Bairoch and Bucher 1994), The listed sequences 
lbllow the REGEX convention (Materials and Methods). Thus motif A 
defines a sequence of five amino acids: either R or K; any residue; G; 
R; either R or K. Abbreviations used: [L] = [LIVM], S_T = SUGAR- 
_TRANSPORTER, , = any residue 

Both Figs. 1 and 2 are drawn as unrooted trees as there 
is no obvious outgroup for such a divergent set. In order 
to compare the two sets of  data, we list the order in which 
these proteins appear in each cladogram in Table 3. We 
have also divided each of  the two cladograms into the 
three large clades separated at the point of trichotomy. 
We have arbitrarily named these clades G, L, or T de- 
pending on the position of three characteristic proteins--  
namely, the facilitated glucose transport proteins GTR 
(G), the lactose/H + symport protein LACY (L), and the 
tetracycline resistance proteins TCR (T). We refer to the 
two matrices as PAM250 (P) and Risler (R); therefore, in 
Table 3 the PAM matrix L clade is termed PL and the 
corresponding Risler matrix clade is RL. 

Part of our analysis relied on the prediction of motifs 
or signatures within the 82 proteins. For this we first 
abstracted all the PROSITE entries that matched the 82 
sequences of  Table t; motifs that occurred on less than 
two occasions and non-discriminating motifs (such as 
leucine zipper, myristylation sites, etc.) were rejected. As 
a result, only four motifs survived (two sugar transport- 
ers and two LACY motifs). We also constructed three 
motifs based on the "str ict"  motif [RK]XG[RK] identi- 
fied by Henderson (1990) and more general motifs 
[RK]X2_or_3[RK] of Marger and Saier (1993). In these, X 
is any amino acid and IRK] means either R or K. These 
three motifs (termed A, B, and C) plus the PROSITE 
entries--sugar transport 1 and 2 (D and E); LACY 1 and 
2 (F and G) along with three control motifs typical of  
other families of  transmembrane proteins (H, I and J ) - -  
were used to scan the 82 sequences. These motifs are 
listed in Table 2. None of the proteins scored with the 
three control motifs--namely,  the sodium/alanine sym- 
porter (H), the ABC superfamily motif (I), and mito- 
chondrial inner membrane protein (J). Table 3 includes a 
summary of  the motif searches. 

Certain motifs do seem localized to particular clades 
or domains: the LACY motifs are restricted to a group of  
proteins within the domain RL/PL and sugar transport 
motifs are found in the PG/RG domain, although the 

sugar motif is also found in several proteins whose func- 
tion is not known to involve the transport of  sugars. The 
fact that all the sequences scored at least one of  the 
motifs A, B, or C of  Table 2 confirms that the objective 
method used to construct our set of  sequences in Table 1 
has not collected any spurious accidental entries, even 
though some of  the sequences are open reading frames 
(ORFs) of no known function. 

Although a superficial glance suggests differences be- 
tween Figs. 1 and 2 and the corresponding parts of  Table 
3, the overall differences are not clear. In Fig. 3 we 
compare systematically the order of  proteins in Figs. 1 
and 2 by presenting them as a scatter plot. Following the 
ctade terminology adopted above, LACY, for example, 
appears in both clades PL and RL, and this is referred to 
as the RL/PL "domain" ;  similarly, we refer to domains 
RG/PG and RT/PT. If  the PAM250 and Risler clado- 
grams were comparable, the points of  Fig. 3 would lie on 
a diagonal and only the domains RL/PL, RG/PG, and 
RT/PT should be occupied. We have allocated the pro- 
teins that are clustered into "groups"  (I-VIII). The small 
number of  outlying proteins are given letters ( a - g ) .  In 
general, there is no significance in the fact that, for ex- 
ample, protein e (Table 3) appears as such an outlying 
sequence: it may be the only member of  a larger cluster 
sequenced so far. The majority of  sequences (subgroups 
III, IV, Vt, and VII) do fall, more-or-less on the predicted 
diagonal. (Group II does not: it is a heterogeneous do- 
main, RL/PG.) Subgroups IV and VI could probably be 
united; arguably c and d should be associated with sub- 
group IV and a with subgroup II; f seems to be interme- 
diate between groups V and VI. Two of the heteroge- 
neous domains (RL/PT and RG/PT) are unoccupied; in 
reality we suspect that RT/PG should be unoccupied be- 
cause its sole member (g) is probably a redundant and 
erroneous sequence: the protein has the code JQ1479 (58 
in Table 1) and is allegedly the same as TCR3_ECOLI 
(51 in Table 1). Protein 51 is a member of subgroup VII 
(RT/PT). Since discovering this anomaly, we have re- 
checked the sequences of  these two proteins: the reported 
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T a b l e  3. S u m m a r y  o f  pos i t ions  o f  82 m e m b e r s  o f  the  s u p e r f a m i l y  w i th in  the  two c l a d o g r a m s  Fig .  1 ( R i s l e r - - R I S )  and  F ig .  2 ( P A M  2 5 0 - - P A M )  a 

M o t i f s  
( i )  ( i i )  ( i i i )  ( i v )  ( v )  ( v i )  ( v i i )  ( v i i i )  

No,  T y p e  R I S  P A M  d o m a i n  G r o u p  A B  C D E  F G  P A M  No.  

74  Z - S  1 43 

72  Z-S  2 44  

73 Z - S  3 45  

68 Z - O  4 46  

40  Z - O  5 47  

I2  B - O  6 28 

9 B - A  7 73 

6 B - O  8 74 

54  B - A  9 21 

52 B - A  10 22 

63 B - A  11 23 

53 B - A  12 24  

49 B - A  I3  25 

47 B - A  14 26 

3 B-S  16 19 

11 F - A  t5  14 

2 B-S  17 16 

4 B-S  18 18 

5 B-S  19 17 

1 B-S 20 20  

81 M - S  21 30  

31 M - S  22  31 

32 M - S  23 32 

23 M - S  24 33 

24  M - S  25  34 

22  M - S  26 35 

30  M - S  27 37 

29 M - S  28 36 

25 A - S  29 29 

27 M - S  30 40  

80 M - S  3 I  39 

26  M - S  32 41 

28 M - S  33 38 

2 t  M - S  34  42  

17 B - A  35 27 

16 B - M  36 69 

15 B - M  37 71 

14 B - M  38 70 

13 B - M  39 72  

8 F - A  40  13 

45 F -S  41 51 

43 F - M  42  49 

42  F - M  43  50 

55 B-S  44  65 

57 F -S  45 48 

44  F -S  46  54 

34 F -S  47  52  

79 F - S  48  53 

18 F -S  49  55 

76  P-S  50  57 

77 P -S  51 56 

78  P -S  52 59  

66 P -S  53 60  

67 P -S  54 58 

46  P -S  55 61 

75 P-S  56 62 

33 P-S  57 63 

20 B-S  58 66  

19 F-S  59 64 

82 B-S  60  67 

7 B-S  61 68 

5 t  B - A  62 75 

RL,  P G  

R L ,  P G  

R L ,  P G  

RL.  P G  

RL.  P G  

RL.  P G  

RL.  P G  

RI, .  P G  

RL.  P G  

RL.  P G  

R L .  P G  

RL.  P G  

RL.  P G  

RL.  P G  

RL.  P L  

RL.  P L  

RL.  P L  

RL.  P L  

RL.  P L  

RL.  P L  

R G  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

RG,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

RG,  P G  

R G ,  P G  

RG,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

RG,  P G  

R G ,  P G  

RG,  P L  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R G ,  P G  

R T ,  P T  

I - - + + - - - i 6 9  

I + + +  - +  - -  2 36 

I - + +  . . . .  3 35 

I - + +  . . . .  4 65 

I - + +  - +  - -  5 64 

a + + +  . . . .  6 61 

b - + +  + -  - -  7 60 

b - + +  + -  - -  8 38 

I I  - + +  . . . .  9 56  

I I  - + + . . . .  1 0  62 

I I  - + +  . . . .  11 37 

I I  - + + . . . .  i 2  41 

I I  - + +  . . . .  13 8 

I I  - + +  . . . .  14 11 

I I I  - ÷ + - - + + 1 5  10 

I t I  - + + . . . .  1 6  2 

I I I  - + + - - + + 1 7  5 

ILl - + +  - -  + +  18 4 

I I I  - + +  - -  + +  19 3 

I I I  - + + . . . .  20  1 

I V  - + -  - +  - -  21 54  

I V  + + + - + - - 22  52 

I V  + + + - + - - 23 63 

I V  + + +  - +  - -  24  53 

I V  + + + - + - - 25 49  

I V  + + + - + - - 26 47 

I V  + + +  - +  - -  27 17 

c + + +  - +  - -  28 12 

I V  + + + - + - - 29 25 

I V  + + + - + - - 30  81 

I V  + + +  - +  - -  31 31 

I V  + + + - + - - 32 32 

I V  + + +  - +  - -  33 23 

I V  + + + - + - - 34 24  

d - + + . . . .  35 22 

V + + +  - +  - -  36 29 

V + + +  + +  - -  37 30 

V + + +  + +  - -  38 28 

V + + +  + +  - -  39 80  

e - + +  + +  - -  40  27 

V I  - + + - + - -- 41 26 

V I  - + + - + - - 42  21 

V I  - + + - + - - 43 74 

f - + +  - +  - -  44  72  

V I  - + + . . . .  45 73 

V I  + + + - + - - 46  68 

V I  + + + + + - - 47 40  

V I  - + + - + - - 48  57 

V I  - + + - + - - 49 43 

V I  + + + - + - - 50  42  

V I  + + +  - +  - -  51 45  

V I  + + + - + - - 52 34 

V I  + + + - + - - 53 79 

V I  + + +  - +  - -  54  44  

V I  + + +  - +  - -  55 18 

V I  + + + - + - - 56 77 

V I  + + + - + - - 57 76  

V I  + + + - + - - 58 67 

V I  + + + - + - - 59 78 

V I  + + + - + - - 60  66  

V I  + + +  - +  - -  61 48 

V I I  + + + . . . .  62 75 



288 

Table 3. Continued 

( i )  ( i i )  ( i i i )  ( i v )  ( v )  (v i )  

No. Type RIS PAM domain Group 

Motifs 
(vii) (viii) 

ABC DE FG PAM No. 

48 B-A 63 76 
71 B-A 64 77 
70 B-A 65 78 
59 B-A 66 81 
58 B-A 67 70 
50 B-A 68 80 
39 B-A 69 82 
64 B-A 70 5 
61 B-A 71 6 
60 B-A 72 7 
62 B-A 73 10 
38 B-A 74 8 
65 B-A 75 4 
56 B-O 76 9 
41 B-A 77 12 
37 B-A 78 1 I 
69 M-M 79 1 
36 M-M 80 2 
35 M-M 81 3 
82 B-O 82 15 

RT PT VII 
RT PT VII 
RT PT VII 
RT PT VII 
RT PT g 
RT PT VII 
RT PT VII 
RT PL VIII 
RT PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 
RT, PL VIII 

+ + +  . . . .  63 33 
+ + + . . . .  64 19 
+ + + . . . .  65 55 
+ + + + + - - 66 20 
+ + + . . . .  67 82 
+ + +  . . . .  68 7 
- + +  . . . .  69 16 
+ + +  . . . .  70 14 
+ + +  . . . .  71 15 
+ + +  + -  - -  72 13 
- + +  . . . .  73 9 
- + +  . . . .  74 6 
- + + . . . .  75 51 
- + +  . . . .  76 48 
- + +  . . . .  77 71 
- + +  . . . .  78 70 
- + +  . . . .  79 58 
- + + . . . .  80 50 
- + +  . . . .  8t 59 
+++  . . . .  82 39 

a The first two columns of the table correspond to the number of each 
protein (Table 1) and type of transporter (as in Table 1 but with the 
mechanism omitted). Column (iii) lists the order in which these pro- 
teins appear in Fig. 1 while the corresponding position of the same 
proteins in the PAM matrix is shown in column (iv). Columns (v) and 
0,i) (domain and group) are discussed in the text. The column headed 
"motifs" is a summary of the scores of the motifs of Table 2 in that 

order. Proteins that do not fall into groups I-VIII are indicated by a 
letter (a-g). Thus, for example, the first entry (sequence 74 in Table 1) 
lacks motifs A and B, contains motifs C and D, and lacks motifs E, F, 
and G. Note that the entry (for the first three motifs) + - is impossi- 
ble as motif A is a special case of motif C (Table 2). The last two 
columns repeat the data of columns (i) and (ii) ordered as in Fig. 2 

differences are genuine  but, as T C R 3 _ E C O L I  is the more  

recent ly deposi ted sequence,  it is p resumably  the correct  

sequence.  Al though  JQ1479 is probably an erroneous 

sequence  we  have  left  it in p lace  for two reasons:  first, 

our survey of  the databases was objec t ive  and we  avoid  

e l iminat ing awkward  sequences;  second,  the identif ica-  

tion o f  this unique  m e m b e r  of  a domain  in Fig. 3 and the 

recogni t ion o f  the fact  that other  te t racycl ine resis tance 

proteins occur  e l sewhere  (see Discussion)  provide  an- 

other  applicat ion o f  our  method  of  analysis. 

W e  consider  brief ly the members  o f  the heteroge-  

neous domains  and others that are not  wi thin  the " d i a g -  

o n a l "  subgroups II, IV, V, and VII. Within  the domain  

R L / P G  the f ive  protozoal  sugar transporters (proteins 

numbered  1-5  in the Ris ler  order) fo rm a dist inct  sub- 

group (I) of  proteins which  lie to the left  of  the diagonal .  

The  two  translations o f  the bcr gene  (b) and an E. coli 
O R F  (a) are outliers. Proteins of  group II (also in domain  

RL/PG)  are exc lus ive ly  bacterial  an t iNot ic  transporters 

(numbers  9-14) .  Group  V, al though in the domain  R G /  

PG, is set apart f rom the diagonal:  this comprises  bac-  

terial metabol i te  transporters. Protein e is the aminotr i -  

azole  resis tance protein f rom Saccharomyces cerevisiae, 
A T R I _ Y E A S T .  Protein f is the xy lose -H + sympor ter  

f rom E. coli, X Y L E _ E C O L I ,  which is known to have  a 

larger cy toplasmic  domain  be tween  hel ices 6 and 7 than 

that predicted for most  other  proteins wi thin  this super-  

family  (Griffi th et al. 1992). Group VII I  (the entire RT/  

PL domain)  conta ins  prote in  sequences  that are not  

c lose ly  related (Figs. 1 and 2) and these comprise  bac-  

terial  ant ibiot ic  res is tance proteins,  ORFs ,  and some  

mammal i an  metabol i te  transport proteins.  This  subgroup 

also includes the two proteins M M R _ B A C S U  (37 in Ta-  

ble 1) and Q A C A _ S T A A U  (41 in Table  t ) ;  there is 

ev idence  that these two contain 14 rather than 12 trans- 

membrane  helices.  

Sequences  in groups other than II, III, IV, VI, and VII  

(Fig. 3) deviate  s ignif icant ly f rom a l inear relat ionship in 

the plot. W e  analyzed further several  such sequences.  It 

is possible that some o f  the abnormali t ies  might  arise i f  

some  o f  the proteins arose as a result  o f  gene  fusions. 

Our  reason for making  this supposi t ion was that it has 

been  sugges ted  by other  sources  ( inc luding  Ba ldwin  

1994) that the genes for such proteins might  have  arisen 

f rom duplicat ion o f  an archaic gene.  The  ev idence  comes  

f rom the observat ion that there are broad similari t ies be- 

tween the " l e f t  pa r t "  o f  the protein sequence (containing 

predic ted  t ransmembrane  hel ices  1-6)  and the " r i g h t  

pa r t "  (containing predicted hel ices  7 -12 )  for  several  

proteins o f  this superfamily.  W e  chose  individual  or  rep- 

resentat ive sequences  that l ie remote  f rom the diagonal  

in Fig. 3 and scanned the 82 original  protein sequences  
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Fig. 3. Scatter diagram of the orders of 
entries in Figs, 1 and 2 and Table 3. Each 
point represents one sequence: the x-axis is 
the order for the Pdsler matrix (Fig. 1) and 
the y-axis that from the PAM matrix (Fig. 
2). The protein can be referred to from 
Table 3. For example, the point at 
coordinates Risler 21, PAM 30 is 
RATGLUV (No. 81 in Table 1)~ The three 
clades (RL, RG, RT) for each of the 
cladograms based on the Risler matrix are 
delimited by vertical lines and those for the 
PAM matrix (PL, PG, PT) are delimited by 
horizontal lines. Therefore, the bottom left 
rectangle is the " domain" RL/PL (see 
text). The eight major groups are identified 
and numbered I-VIII. 
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Protein file: borfl .gcg 
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...... ........... , ; t . y '  ..... 

0 50 100 150 200 250 300 350 

Amino acid number (residues I ,  11 ._ at top) 

400 

Fig. 4. The predicted secondary 
structure of ORF_BCNR (Table 1, 
entry 6). The output from the 
network was plotted in six 
horizontal panels using a score of 0 
to 9 in each case. The abscissa is 
the protein sequence (every tenth 
amino acid residue is written along 
the top). The panels (from the top 
to the bottom) are as follows: PH is 
the helix propensity; PE is the 
beta-sheet propensity; PL is the 
loop propensity; AC is the predicted 
accessibility. In this case the neural 
network predicted that the protein 
was a transmembrane type and 
generated additional data plotted in 
the bottom two panels: TH is a 
measure of the likelihood of a 
transmembrane helix and TL is the 
likelihood of an interhetix loop. TH 
and TL should be (and indeed are) 
the inverse of one another. The 
arrows (1".1.) represent the gap 
between helices 6 and 7. 

with the left  and r ight  parts o f  these representat ive  se- 

quences.  First  the point  o f  d iv is ion  was ident i f ied  by  

objec t ive  methods.  A posi t ion be tween  predic ted  hel ices  

6 and 7 was ident i f ied by using ei ther the P H D  neural  

ne twork  p rogram or the P E P P L O T  program. As  an ex-  

ample,  output  f rom P H D  is shown in Fig. 4 for O R F B -  

C N R  (No. 6 in Table  1). 

The  half  sequences  used are summar ized  in Table  4 

and Fig. 5. Ev idence  for such internal h o m o l o g y  in this 

set of  " a n o m a l o u s "  sequences  is partial: the two  halves  
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Table 4. Half sequences in the order of the cladogram of Fig. 5" Discussion 

Order 
(Fig. 5) Code No. Side Clade 

1 MATS_RAT 36 Left X 
2 ATRI_YEAST 8 Right 
3 TCR STAAU 54 Right 
4 LACY_ECOLI 3 Left 
5 ORF BCNR 6 Right 
6 MATS_tLAT 36 Right 
7 ATRI_YEAST 8 Left 
8 LACY_ECOLI 3 Right 
9 TBTH5 74 Left 

10 XYLE ECOLI 55 Left 
11 HUPI_CHLKE 75 Left 
12 TCRI_ECOLI 48 Right Y 
13 JQ1201 60 Right 
14 TCR_STAAU 54 Left 
15 TCRI_ECOLI 3 Left 
16 CMLR_STRLI 17 Right 
17 CMLR_STRLI 17 Left 
18 JQ1201 60 Left 
19 ORF_BCNR 6 Left 
20 TBTH5 74 Right Z 
21 XYLE_ECOLI 55 Right 
22 HUP1 CHLKE 75 Right 

a The codes are those of the sequences from which these left and right 
halves were derived and the column headed No. cross-refers to the 
numbers in Table 1 

X 

¥ 

1 

6 

11 

16 

21 

30 35 4~0 45 5 10 t5 20 25 

distance 

Fig. 5. Cladogram of hatf sequences of selected members of the 
superfamily calculated by using a Risler matrix; 10,000 bootstrap at- 
tempts were made and nodes for which the confidence limit was 80% 
or more are marked with diamonds. Every fifth sequence is indicated 
by its position in Table 4. 

of  CMLR_STRLI (16 and 17 in Fig. 5) are clearly re- 
lated. Otherwise, of the three main clades (X, Y, and Z in 
Fig. 5), ctade Z contains only right halves; ORF_BCNR, 
which occupies a highly anomalous position in Fig. 3 is 
confirmed as having its left half  related to JQ1201 
whereas its right half related to other proteins (not any of 
those that appear to be anomalous and hence are not 
represented in Fig. 5). We had previously observed this 
by qualitative examination of  a 2-D plot (Bentley et al. 
1993). 

If  the 12-helix/14-helix transmembrane proteins are re- 
ferred to as a superfamily, we propose that our 8 groups 
and the domains of  Table 3 can be used as a working 
categorization. Given this, it is clear that the bacterial 
antibiotic resistance proteins are not clustered as Lewis 
(1994) predicted but occur in domains RL/PG, RG/PG, 
RT/PT, and RT/PL and in groups II, III, V, VIII, and XI. 
Moreover, tetracycline resistance can be mediated by 
proteins that are poorly related whether one chooses 
structural ("Risler matrix") or mutational ( " P A M  ma- 
trix") criteria. The qualitative picture emerges of the 
superfamily comprising members that are grouped in 
such a way that for the majority, mutational consider- 
ations are not much constrained by selective fitness (this 
majority is represented by sequences that lie on or near 
the diagonal of Fig. 3). This provides a partly quantita- 
tive justification for the case that the superfamily is rep- 
resentative of  a versatile basic structure that has been 
recruited for a variety of transport purposes (see for ex- 
ample Griffith et al. 1992). However, we see no evidence 
of a candidate for a single ancestral protein of this type. 
There may be cases of divergent and convergent evolu- 
tion in the supeffamily: the use of  the Risler matrix 
would not distinguish between these alternatives, and 
sequences that lie off the diagonal of  Fig. 3 might include 
cases of convergent evolution However, it is at present 
difficult to speculate about this for two reasons: there is 
some, albeit weak, evidence for duplication and fusion 
referred to in our consideration of Fig. 5 and references 
such as Baldwin (1994). A second complicating factor is 
that as many of these are bacterial proteins and several 
are known products of  plasmids, transposons, and inte- 
grons, the evolution of  this superfamily will have in- 
cluded many cases of  the lateral transmission of  genetic 
information across large taxonomic gaps. We propose 
that one extension of  the work might be to contrast codon 
usage in the genes for such proteins: to take one single 
example that we have considered briefly before (Bentley 
et al. 1993), the similarity of  the N-terminal portion of  
Bcr and that of  the Pseudomonas Cml protein suggests 
that a gene has been transferred from one organism to 
another in which a novel codon bias must represent a 
new selection pressure. 

The methods developed for this analysis can obvi- 
ously be applied with benefit to other cases of  proteins of 
related function and/or structure (or presumed structure) 
but for which there is little apparent sequence homology. 
One example would be the lipocalins which have been 
the subject of independent approach searching for motifs 
by a statistical method (Lawrence et al. 1993). However, 
we should like to see two extensions of  our method. 
First, data are lost in the representation of Fig. 3 because 
it dens only with the order of  sequences in the clado- 
grams: the points in such a plot should be distances al- 
though we recognize there is a problem of data repre- 
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senta t ion.  Second ,  we  b e l i e v e  tha t  the  m e t h o d  shou ld  b e  

m a d e  gener ic :  the  p r inc ip le  o f  u s ing  two  d i f fe ren t  s imi-  

lar i ty mat r ices  for  ana lyz ing  s equence  re l a t ionsh ips  is, 

we  hope ,  jus t i f i ed  b y  this  work.  T he  r ecep to r  p ro te ins  o f  

Le  N o v b r e  and  C h a n g e a u x  (1995) ,  w h i c h  f o r m  ano the r  

r a the r  more  c o n s e r v e d  fami ly ,  r ep resen t  a good  e x a m p l e  

o f  a set  o f  p ro t e in s  to wh ich ,  we  be l ieve ,  ou r  m e t h o d  

cou ld  use fu l ly  b e  appl ied.  M o r e  genera l ly ,  the  m e t h o d  

could  be  app l ied  to deduc ing  the  s imi lar i ty  mat r ices  tha t  

ac tua l ly  app ly  and,  b y  r ep lac ing  the  equ iva l en t  o f  Fig. 3 

by  an  ar ray  in m u l t i d i m e n s i o n a l  space,  the  rules  tha t  

d e t e r m i n e  a m i n o  ac id  r e p l a c e m e n t  in a s u p e r f a m i l y  

cou ld  ob jec t ive ly  be  de t e rmined .  
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