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The nucleotide sequence of the fruA gene, the terminal gene in the fructose operon of Rhodobacter capsulatus,
is reported. This gene codes for the fructose permease (molecular weight, 58,575; 578 aminoacyl residues), the
fructose enzyme II (II"™) of the phosphoenolpyruvate-dependent phosphotransferase system. The deduced
aminoacyl sequence of the encoded gene product was found to be 55% identical throughout most of its length
with the fructose enzyme II of Escherichia coli, with some regions strongly conserved and others weakly
conserved. Sequence comparisons revealed that the first 100 aminoacyl residues of both enzymes II were
homologous to the second 100 residues, suggesting that an intragenic duplication of about 300 nucleotides had
occurred during the evolution of II™™ prior to divergence of the E. coli and R. capsulatus genes. The protein
contains only two cysteyl residues, and only one of these residues is conserved between the two proteins. This
residue is therefore presumed to provide the active-site thiol group which may serve as the phosphorylation site.
ITF™ was found to exhibit regions of homology with sequenced enzymes II from other bacteria, including those
specific for sucrose, B-glucosides, mannitol, glucose, N-acetylglucosamine, and lactose. The degree of
evolutionary divergence differed for different parts of the proteins, with certain transmembrane segments
exhibiting high degrees of conservation. The hydrophobic domain of II"™ was also found to be similar to
several uniport and antiport transporters of animals, including the human and mouse insulin-responsive
glucose facilitators. These observations suggest that the mechanism of transmembrane transport may be

similar for permeases catalyzing group translocation and facilitated diffusion.

The integral membrane permeases of the bacterial phos-
phoenolpyruvate:sugar phosphotransferase system (PTS),
also called enzymes II, catalyze the unusual process of
group translocation in which transmembrane transport and
phosphorylation of the sugar substrates are coupled in a
single, concomitant process (43, 48, 49; M. H. Saier, Jr., in
P. L. Yeagle, ed., The Structure and Function of Biological
Membranes, in press). The genes encoding more than dozen
of these permeases have been sequenced, and their deduced
aminoacyl sequences have been analyzed in some detail (4,
5, 12, 56). Sequence comparisons have established that at
least several of the PTS permeases are evolutionarily re-
lated, but the evolutionary relationships of others have not
yet been demonstrable (12, 52, 56).

Recently, the sequence of the fructose-specific enzyme 11
(IIF™) of Escherichia coli was published (44), as was that of
the fructose-specific enzyme III (IIIF™) protein of Salmo-
nella typhimurium (21). The published analyses revealed
some homology with other PTS proteins, but anomalies were
also noted. Thus, the fructose permease appears to be
substantially larger than other sequenced PTS permeases,
and unlike most other PTS permeases, a large hydrophilic
region of over 200 residues precedes the first presumed
transmembrane segment (44). On the basis of sequence
comparisons, the postulated phosphorylation site within the
E. coli protein is suggested to be histidyl residue 381 (44).

Species of the genus Rhodobacter (previously designated
Rhodopseudomonas) have long been known to possess an
unusual, two-component, fructose-specific PTS (47, 51). The
system has been subjected to kinetic and biochemical anal-

* Corresponding author.

7167

yses (31-33). Recently, Daniels et al. (10) cloned the fructose
(fru) operon from Rhodobacter capsulatus in preparation for
sequence analyses. We had maintained that a fructose PTS
might have been the primordial PTS and that analysis of the
unusual fructose-specific PTS from these photosynthetic
bacteria might provide insight into the evolution of the PTS
(47, 52).

In this paper, we report the complete nucleotide sequence
of the R. capsulatus fruA gene which encodes the fructose
enzyme II of the PTS in this organism. We show that the
gene encodes a 578-residue protein which exhibits striking
sequence identity throughout most of its length with the
corresponding E. coli protein. Sequence analyses revealed
that the N-terminal 100 amino acids of the primordial protein
had been duplicated during its evolution and that it therefore
possessed a 100-residue repeat unit at its N terminus.
Further sequence analyses revealed that the same must have
been true of the E. coli protein, but these two homologous
domains in the E. coli II*™ have diverged almost to the point
of obscurity. Of further interest was the fact that the histidyl
residue in the E. coli ITF™ (IIE™), postulated to be the
phosphorylation site, was not conserved in the R. capsulatus
I (IIF™). A single cysteyl residue was found to be
conserved between the two proteins, and consequently this
residue is presumed to supply the catalytic thiol group in the
enzyme (31).

Sequence comparisons with other PTS permeases have
shown that IIE™ is homologous throughout its length with
some of these permeases and that specific regions of the
hydrophobic domain of this protein exhibit a significant
degree of sequence identity with most sequenced PTS per-
meases. It therefore shares a common ancestry with them.
Of equal significance, however, is the surprising finding that
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GCTGGGCGAGATCGGCCCGCATCTGCCGCCGCCGGAGCGCCTTGCCGCGCTGGCCCGCAC 60

v T vV XK T L P P V *

M S K I 4

CGTCACCGTCAAAACGCTGCCGCCCGTCTGAGCCGCAGGGGAGGAACCCATGTCGAAGAT 120

SD

V AV T AGA AI K GV A HTHTULA AW ATE AL 24
CGTTGCCGTGACCGCCGGGGCCAAGGGCGTCGCGCATACCCATCTGGCCGCCGAGGCGCT 180

S A T A Q A L G H Q

R V E R H S A E G 44

GAGCGCCACCGCGCAGGCGCTGGGCCATCAGATCCGTGTCGAACGCCACTCTGCCGAGGG 240

V E A P L Q G A E I

A A A D V V L I

A A 64

CGTCGAGGCGCCGCTGCAGGGGGCCGAGATCGCCGCCGCCGATGTGGTGCTGATCGCCGC 300

D L R I

E DV RF V T K P V Y R T S T A 84

CGACCTCCGCATCGAGGATGTGCGCTTCGTCACGAAACCCGTTTACCGGACCTCGACTGC 360

R A V T

T A A VL A E AL AL T G E E 104

CCGCGCCGTCACCCAGACGGCGGCGGTTCTGGCCGAGGCCCTTGCCCTGACCGGAGAGGA 420

T P Q M T TD T G Q R P L R V V A I

T S 124

GACCCCGCARATGACGACAGATACAGGCCAAAGGCCGCTCAGGGTGGTGGCGATCACCTC 480

C P T G I

A H T FMA A A DA AL K K T A A 144

CTGTCCGACCGGCATTGCCCATACGTTCATGGCGGCCGATGCGCTGAAAAAGACCGCCGC 540

A R G W E I A V E T

G S V G S Q N A L 164

CGCCCGCGGCTGGGAAATCGCGGTCGAGACGCAGGGCTCGGTGGGCTCGCARAACGCGCT 600

S A A Q 1

A A DL V V I

A A D T H V D 184

GAGCGCGGCGCAGATCCAGGCCGCCGATCTGGTGGTGATCGCGGCCGACACCCATGTCGA 660

D S R F A G KK VY K T S V G A A V K G 204
TGACAGCCGCTTTGCCGGGAAAAAGGTCTACAAGACCTCGGTCGGCGCGGCGGTGAAGGG 720

A A KV L DAA AL AEGV VL G TN L A 224
CGCGGCCAAGGTGCTCGATGCGGCCCTGGCCGAAGGCGTCGTGCTGGGCACCAACCTGGC 780

D T Vv D A L K A

R A A T R S G P Y M H 244

CGACACGGTCGATGCGCTCAAGGCGCAACGCGCCGCGACCCGCTCGGGCCCCTATATGCA 840

L LT GV S YMULUPULV VA G G L L I A 264
CCTGCTGACGGGCGTGTCCTACATGCTGCCGCTGGTGGTGGCGGGCGGTCTCTTGATCGC 900

L 8§ F V F G I

K A F E V E G T UL P A A L 284

GCTTTCGTTCGTCTTCGGGATCAAGGCCTTCGAGGTCGAGGGCACGCTGCCCGCGGCGCT 960

M A I

G GG A A F KL MV P VL A G F I 304

GATGGCGATCGGTGGCGGCGCCGCCTTCAAGCTGATGGTGCCGGTTCTGGCGGGCTTCAT 1020

A Y S I

A D RP GVL TP G L I

G G M L A 324

CGCCTATTCGATCGCCGACCGTCCCGGCCTGACCCCGGGTCTGATCGGTGGCATGCTGGC 1080

V NL NA G F L G G

V A G F L A G Y V 344

GGTGAACCTGAATGCCGGGTTCCTAGGCGGCATCGTCGCGGGCTTCCTGGCGGGCTATGT 1140

the hydrophobic domain of the R. capsulatus fructose en-
zyme II shows sequence identity with transport proteins of
animal cells (67). The latter proteins include mammalian
insulin-responsive glucose facilitators (20, 26) and the
chicken erythroid anion transporter (9). The statistical anal-
yses presented suggest that PTS group translocators and the
facilitators of animal cells, lower eucaryotes, and procary-
otes (24, 65) may share a common ancestry. These observa-
tions suggest the possibility that these two classes of perme-
ases share a common translocation mechanism.

MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase, and
T4 DNA polymerase were obtained from Bethesda Research

Laboratories, Gaithersburg, Md., or Boehringer Mannheim
Biochemicals, Inc. The T7 polymerase sequencing kit was
from Pharmacia. The deoxyadenosine 5'-([a->>S]thio)triphos-
phate (1,335 Ci/mmol) was purchased from New England
Nuclear Corp., Boston, Mass. Isopropyl-p-p-thiogalactopyr-
anoside, 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside,
and lysozyme were purchased from Boehringer Mannheim.
Acrylamide, bisacrylamide, and N,N,N’,N'-tétramethyleth-
ylenediamine were from Bio-Rad Laboratories, while agar-
ose was from Bethesda Research Laboratories. Deoxynucle-
otides and dideoxynucleotides were obtained from
Pharmacia and P-L. Biochemicals, Inc. All other chemicals
and enzymes used were of the highest quality available
commercially.
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R T L E G L K P V 364

CGCGCGCTGGCTGCGCGATGCGATCAAGCTGCCGCGCACGCTGGAAGGGCTCAAGCCCGT 1200

L I L P L L S T A I

T G L I

M V Y V V G 384

CCTGATCCTGCCGCTGCTCTCGACCGCGATCACCGGGCTGATCATGGTCTATGTCGTCGG 1260

T P V A A I

L A A MTAVF L Q G

G T T 404

L
CACGCCGGTGGCGGCGATCCTGGCCGCGATGACCGCCTTCCTGCAGGGGCTGGGCACCAC 1320

N A VvV V L G L I

L G G MM AV D M G G P 424

CAATGCCGTCGTTCTGGGCCTGATCCTTGGCGGCATGATGGCCGTCGACATGGGGGGGCC 1380

I N K A A Y T F A V G L L T s S

T Y A P 444

GATCAACAAGGCCGCCTATACTTTCGCCGTCGGCCTGCTGACCTCGAGCACCTATGCGCC 1440

M A AV MAAGMT P P

L G L A L A T L 464

GATGGCCGCCGTGATGGCCGCGGGCATGACGCCGCCGCTGGGTCTGGCGCTGGCGACGCT 1500

vV A K N R

F T A E E R E A G G A A A V L 484

GGTTGCGAAGAACCGCTTCACCGCGGAAGAACGTGAAGCCGGGGGCGCCGCCGCGGTGCT 1560

G L s F I T E G A I

P F A A K D P A R V 504

GGGCCTGTCCTTCATCACCGAAGGCGCCATTCCCTTTGCCGCGAAAGACCCGGCCCGGGT 1620

I p S I I V G s A I

T G A L S M A L G C 524

GATCCCCTCGATCATCGTCGGCTCGGCGATCACCGGGGCGCTGTCGATGGCGCTGGGTTG 1680

L L VvV A P H G G I

F VvV L A I

P H A V T N 544

CCTGCTGGTCGCGCCGCATGGCGGGATCTTCGTGCTGGCGATCCCGCATGCGGTGACGAA 1740

L G L Y A L s I

vV v G T L VvV T T G L L I 564

CCTCGGGCTTTATGCGCTTTCGATCGTTGTCGGCACGCTGGTGACGACGGGTCTGCTGAT 1800

A L K K P I

P A E E R A R S * 578

CGCGCTGAARAAAGCCGATCCCGGCTGAAGAGCGCGCCCGCAGTTGATCGGGCAAGGCCGC 1860

GAACTCAAGGCCGACGGTCCCCGGATCGTCGGCCTTTGGCTGTCCGCCGGGGCAGAAA

1918

FIG. 1. Nucleotide sequence of the fruA gene of R. capsulatus and the deduced amino acid sequence of the encoded fructose-specific
enzyme II of the PTS. In addition to the fruA open reading frame, the Shine-Dalgarno sequence (labeled SD) (GGAGG) is underlined, as is
the inverted repeat following the fruA gene. The initial 29 codons depicted encode the C-terminal 29 amino acids of the fruK gene product,

fructose-1-phosphate kinase.

Bacterial strains and plasmids. E. coli TGl was provided
by T. Gibson of the Laboratory of Molecular Biology,
Medical Research Council, Cambridge, United Kingdom (7).
Strain XL1-Blue was obtained from Stratagene. The pBlue-
script SK(+) and KS(+) plasmids as well as helper phage
VCS-M13 were obtained from Stratagene. Phage M13mp18
and M13mp1l9 were from Bio-Rad.

Synthesis of oligodeoxynucleotides. Oligodeoxynucleotides
were synthesized from B-cyanoethyl phosphoramidite pre-
cursors on a model 380B DNA synthesizer (Applied Biosys-
tems). The oligonucleotides were synthesized as trityl-on
derivatives which were deblocked at 58°C for 12 h in
concentrated ammonium hydroxide. These solutions were
then applied to Applied Biosystems OPC oligonucleotide
purification columns. The oligonucleotides were eluted as
described by the manufacturer. These solutions were taken
to dryness under vacuum.

Growth media and selection conditions. Transformants
were selected on Luria-Bertani (LB) plates (Difco Labora-
tories) (37) containing ampicillin (50 ng/ml). For the subclon-
ing of fragments into pBluescript SK(+) or KS(+) or into
phage M13mp18 or M13mp19, LB plates containing 1 mM
isopropylthio-B-galactoside and 30 pg of S-bromo-4-chloro-
3-indolyl-B-D-galactopyranoside were used. Ampicillin (50
png/ml) was included when required.

DNA procedures. E. coli XL1-Blue and TG1 carrying the
Bluescript plasmids were grown at 37°C in LB medium
containing ampicillin (50 png/ml). Single-stranded M13mp18
and M13mp19 DNA were prepared from E. coli TG1 cultures

infected with M13 phage as described by Sanger et al. (57).
Single-stranded DNA from the Bluescript plasmids was
prepared with helper phage VCS-M13 as described in the
Stratagene manual. Small- and large-scale preparation of
phage replicative-form and plasmid DNAs was accom-
plished by using the procedure of Birnboim and Doly (3).
Competent cells of E. coli TG1 and XL1-Blue were prepared
by the CaCl, method (36).

Nucleotide sequencing was conducted with the T7 se-
quencing kit of Pharmacia with Deaza **Sequencing Mixes
as described previously to overcome G+C compression
resulting from the high G+C content of Rhodobacter DNA
(70% for the fru operon) (68). We reported previously the
location of the fruA and fruK genes on an EcoRI-HindIIl
fragment of 4.5 kb. Three smaller fragments (EcoRI-PstI, 2.0
kb; PstI-Pstl, 1.0 kb; and PstI-PstI, 1.1 kb) were subcloned
from this fragment into phage M13mp18/19 or plasmid Blue-
script SK(+) or KS(+). An Smal fragment of 1.2 kb which
partially overlapped with the PstI-Pst] fragment of 1.1 kb
was also subcloned into phage M13mpl9. Universal and
synthesized primers were used for the sequencing.

The large EcoRI-Pst] fragment of 4.1 kb was sequenced in
both directions at least twice. This fragment included the
entire coding region of the fruA gene (Fig. 1). The average
number of nucleotides determined per reaction was about
250 bp.

Computer analyses. The Staden programs were used for
statistical analyses and structural prediction studies (63). For
homology screening, the Fasta programs with the combined
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FIG. 2. Depiction of the hairpin structure following the fruA
gene which is believed to function as a rho-dependent transcrip-
tional terminator. The number, 1866, corresponds to the numbering
in Fig. 1, and the stem-loop structure corresponds to the se-
quence underlined in Fig. 1 following the fruA gene. The program
SECSTRUC was used for searching the stem-loop structures. The
Gibbs free energy for the H-bonds in the stem region was calculated
by using Tinoco free energy values. AG is equal to —35.4 kcal.

PIR and GenBank banks were used. Multialignment was
conducted by using the Newat program (18). The signifi-
cance of homology was calculated by using the Los Alamos
program (27). The programs are available through the Uni-
versity of California, San Diego, Computer Center.

RESULTS

Nucleotide sequence of the fruA gene encoding the II*™ of R.
capsulatus. Figure 1 presents the nucleotide sequence of the
R. capsulatus fruA gene and flanking regions. Preceding the
start codon of the fruA gene is a Shine-Dalgarno sequence,
GGAGG, located 5 bp upstream of the ATG initiation codon
within a short intercistronic region of 18 bp between fruk
(encoding fructose-1-phosphate kinase) and fruA. The cor-
responding intercistronic region in E. coli is 20 bp. Ninety
nucleotides of the fruK gene are also presented. The fruA
open reading frame is 1,737 bp long, corresponding to 579
codons (578 amino acids in the protein; molecular weight,
58,575). This molecular weight is similar to that determined
experimentally for II*™ from R. capsulatus (68) and is
slightly larger than that of the E. coli II'™ calculated from
the nucleotide sequence of the fruA gene of this organism
(molecular weight, 57,500) (44). The Rhodobacter fruA open
reading frame is present within the 1,918-bp chromosomal
fragment, the sequence of which is shown in Fig. 1.

Rho-dependent transcriptional termination signal. Twenty
nucleotide bases following the UGA translational stop codon
(nucleotide bases 1844 to 1846; indicated by the asterisk in
Fig. 1) is a stable stem-loop structure with a calculated free
energy of stabilization of —35.4 kcal (ca.—148 kJ) (under-
lined in Fig. 1 and shown in Fig. 2). This structure is likely to
correspond to a rho-dependent transcriptional termination
signal (2). The fruBKA operon of E. coli terminates with a
rho-independent terminator (44). Only 10 bp separates the
transcriptional terminator of the E. coli fru operon from the
SfruA termination codon (44). Codon usage within the fru
operon will be described in a separate publication concern-
ing the fru operon in general.

Amino acid composition of IT*™. Table 1 presents the
amino acid compositions of the II'™ proteins of R. capsu-
latus and E. coli. A striking difference between the two
proteins was the low C and W contents of the R. capsulatus

J. BACTERIOL.

TABLE 1. Amino acid composition of the fructose enzyme II
from R. capsulatus compared with that from E. coli®

R. capsulatus 1IF™ E. coli IIF™
Amino acid No. of % of No. of % of
amino total amino total
acids residues acids residues
A 109 18.8 100 17.7
L 70 12.1 62 11.0
G 60 10.4 64 11.3
8] 56 9.7 40 7.1
T 45 7.8 32 5.7
I 35 6.0 40 7.1
P 26 4.5 32 5.7
S 23 4.0 22 3.9
E 21 3.6 23 4.1
R 21 3.6 14 2.5
K 20 35 31 5.5
M 17 2.9 24 4.3
F 16 2.8 16 2.8
D 16 2.8 15 2.7
Q 12 2.1 10 1.8
Y 10 1.7 13 2.3
H 9 1.6 6 1.1
N 8 1.4 9 1.6
C 2 0.3 6 1.1
w 2 0.3 4 0.7
Hydrophobic (PAUMILF) 56.8 55.7
Semipolar NTSQGCYW) 28.0 28.4
Acidic (DE) 6.9 6.8
Basic (KRH) 8.7 9.1

“ The amino acid composition was calculated by using the ANALYSEP
program. Amino acids are listed in order of frequency in the R. capsulatus
IIF™. The relative abundance of the four groups of residues (hydrophobic,
semipolar, acidic, and basic) is provided for both proteins.

IIF™ compared with those of the E. coli ITF™ (two versus six
C’s and two versus four W’s). Additionally, V, T, and R
showed increased frequencies relative to the E. coli protein,
while I, M, P, and K showed decreased frequencies. Regard-
less of the compositional differences, about 56% of the
amino acids in both proteins were hydrophobic, 28% were
semipolar, 7% were acidic, and 9% were basic. These values
are similar to those of other enzymes II of the PTS (55).

Alignment of the fructose enzymes II from R. capsulatus and
E. coli. Figure 3 shows the alignment of the R. capsulatus
IIF™ (IIg™) with the E. coli IIF™ (IIE™). IIE™ is 578 residues
long, whereas IIEc" is 15 residues shorter. The two proteins
show 55% overall sequence identity. However, almost no
sequence identity is observed in the first 56 residues of the R.
capsulatus protein, corresponding to the first 40 residues of
the E. coli protein, and relatively little sequence identity is
observed in the first 100 residues of these two proteins. Also,
in the C-terminal 20 residues, little sequence identity is
observed. Consequently, the percent sequence identity in
remaining portions of the two proteins is substantially higher
(nearly 70%). Optimal alignment resulted in the generation of
only two gaps, a three-residue gap at position 112 of the R.
capsulatus protein and a two-residue gap at position 209 of
the E. coli protein (Fig. 3).

Detection of an internal repeat of 100 residues in the two
fructose-specific enzymes I1. Computer analyses revealed that
residues 1 to 100 of IIF™ align with residues 116 to 215 of the
same protein with 46% identity. Residues 103 to 202 of II5c
exhibit 40% sequence identity with residues 1 to 100 and 57%
identity with residues 116 to 215 of IIE™ (Fig 4 and Table 2).



VoL. 172, 1990 NUCLEOTIDE SEQUENCE OF THE fruA GENE 7171

20 30 40 50 60 70
R.c THLAAEALSATAQALGHQIRVERHSAEGVEAPLQGAEIAAADVVLIAADLRIEDVRFVTK

E.c MKTLLIIDANLGQARAYMAKTLLGAAARKAKLEIIDNPNDAEMAIVLGDSIPNDSALNGK

10 20 30 40 50 60

80 90 100 110 120 130
R.c  PVYRTSTARAVTQTAAVLAEALALTGEETPQMITD---TGQRPLRVVAITSCPTGIAHTF
E.c  NVWLODISRAVAHPELFLSEAKGHAKPYTAPVAATAPVAASGEKRVVAVIAGETGVANTE
70 80 90 100 110 120

140 150 160 170 180 190
R.c  MAADALKKTAAARGWEIAVETQGSVGSONALSAAQIQAADLVVIAADTHVDDSRFAGKKV
E.c  MAAEATETEAKKRGWWVKVETRGSVGAGNALTPEEVARADLVIVAAD IEVDLAKFAGKEHM
130 140 150 160 170 180

200 210 220 230 240 250
R.C  YKTSVGAAVKGAAKVLDAALAEGVVLGTNLADTVDALKAQRAATRSGPYMHLLTGVSYML
E.c  YRISTGLALKKTAGELDKAVAEATPYEP--AGKAQTATTESKKESAGAYRHLLIGVSYML

190 200 210 220 230
260 270 280 290 300 310

R.c PLVVAGGLLIALSFVFGIKAFEVEGTLPAALMAIGGGAAFKLMVPVLAGFIAYSIADRPG

E.c PMVVAGGLCIALSFAFGIEAFKEPGTLAAALMQIGGGSAFALMVPVLAGYIAFSIADRPG

240 250 260 270 280 290
320 330 340 350 360 370
R.c LTPGLIGGMLAVNLNAGFLGGIVAGFLAGYVARWLRDAIKLPRTLEGLKPVLILPLLSTA
E.c LTPGLIGGMLAVSTGSGFIGGIIAGFLAGYIAKLISTQikLééé&éAikéiiiiéﬁiééL
300 310 320 330 340 350
380 390 400 410 420 430
R.c  ITGLIMVYVVGTPVAAILAAMTAFLQGLGTTNAVVLGLILGGMMAVDMGGP INKAAYTFA
E.c  VVGLAMIYLIGKPVAGILEGLTHWLOTMGTANAVLLGAILGGMMCTDMGGPVNKAAYAFG
360 370 380 390 400 410
440 450 460 470 480 490

R.c VGLLTSSTYAPMAAVMAAGMTPPLGLALATLVAKNRFTAEEREAGGAAAVLGLSFITEGA

E.c VGLLSTQTYGPMAAIMAAGMVPPLAMGLATMVARRKFDKAQQEGGKAALVLGLCFISEGA

420 430 440 450 460 470
500 510 520 530 540 550
R.c  IPFAAKDPARVIPSIIVGSAITGALSMALGCLLVAPHGGIFVLAIPHAVINLGLYALSIV
E.c  IPFAARDPMRVIPGCIVGGALTGAISMAIGAKIMAPHGGLFVILIPGAITPVLGYLVAIT
480 490 500 510 520 530
560 570
R.c  VGTLVTTGLLIALKKPIPAEERARS

E.c AGTLVAGLAYAFLKRPEVDAVAKAA
540 550 560

FIG. 3. Alignment of II*™ from R. capsulatus (R.c) with IIF™ from E. coli (E.c). A colon indicates an identity, while a single dot reveals
a conservative substitution. Dashes represent gaps in the aligned sequences. All residues of the 563-residue E. coli protein and the best
alignment of the 578-residue R. capsulatus protein (beginning at residue 17) are shown.

Moreover, residues 41 to 84 of IIE™ show 25% identity with
both segments of IIF™ and 21% ldcntlty with residues 103 to
202 of IIE™ in the reglon of overlap (Table 2). It therefore

seven A’s, four P’s, and one G consistent with the compo-
sition of an A-P-rich linker (see reference 68 for a discussion
of these linkers). Surprisingly, this region contains a direct

appears that the N termini of these proteins arose by internal
gene duplication prior to their evolutionary divergence. The
conserved cysteyl and histidyl residues in the second repeat
domains of the two proteins (discussed below) are not
conserved in the first domains.

Connecting the repeated segments of both proteins is a
region predicted to serve as a flexible linker. In IIE®, the
sequence between residues 85 and 105 inclusive included

repeat of the hexa aminoacyl residue sequence, TAPVAA
(residues 89 to 94 and residues 95 to 100). This region
exhibits sequence identity with a previously identified linker
present twice in the multiphosphoryl transfer protem of R.
capsulatus (68). The corresponding region in II;™ shows the
characteristics of a flexible Q linker (two Q’s, two E’s, two
R’s, and two P’s) (66). One of the only two gaps in the
alignment between the aminoacyl sequences of these two
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10 20 30 40 50
R.c 1 MSKIVAVTAGAKGVAHTHLAAEALSATAQALGHQIRVERHSAEGVEAPLQ
(REEN} IXEER) [EERN] terr DN
R.c 116 PLRVVAITSCPTGIAHTFMAADALKKTAAARGWEIAVETQGSVGSQNALS
L N N N B I N N B I D I N N R R N I R N} 10

E.c 103 PKRVVAVTACPTGVAHTFMAAEAIETEAKKRGWWVKVETRGSVGAGNAIT
NN RN NN NN ' [N (R RN "

E.c 1 MKTLLIIDAANLGQARAYMAKTLLGAAARKAKLEI

v

Consensus P-RVVAVTACPTGVAHTFMAAEAL~--TAQARGW-IKVET-GSVG-ANAL-

60 70 80 90 100
* * * * * *

R.c 51 GAEIAAADVVLIAADLRIEDVRFVTKPVYRTSTARAVTQTAAVLAEALAL

IR R I A NN o Tererrrr v N RN

R.c 166 AAQIQAADLVVIAADTHVDDSRFAGKKVYKTSVGAAVKGAAKVLDAALAE

Yoty 1 IR N ] Yorrr e

E.c 153 PEEVAAADLVIVAADIEVDLAKFAGKPMYRTSTGLALKKTAQELDKAVAE
RN R " (KRN RN 0 Ve

E.c 36 IDNPNDAEMAIVLGDSIPNDSALNGKNVWLGDISRAVAHPELFLSEAKGH
' " e Ve v o

Consensus -AEIAAADLVIIAAD--VDDSRFAGKPVYRTSTGRAVK-TA-VLDEALAE
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FIG. 4. Alignment of the two 100-residue internal repeats at the N-terminus of the R. capsulatus (R.c) IIF™ with those from the E. coli
(E.c) II™. The symbols are as indicated in the legend to Fig. 3 except that a dot under a sequence indicates identity with the consensus
sequence. The top line shows the sequence of residues 1 to 100 of the R. capsulatus II'™, the second line shows residues 116 to 215 in the
same protein, the third line shows residues 103 to 202 in the E. coli IIF™, and the bottom line shows residues 1 to 84 in the E. coli protein.
Only the C-terminal part of the first repeat unit in the E. coli IIF™ shows significant identity with the other three domains.

proteins was observed in this region (Fig. 3). These results
suggest that residues 1 to 100 and 116 to 215 in IIE™ as well
as residues 1 to 85 and 103 to 202 in IIE™ form relatlvely
autonomous domains within these two protems The second
of these repeated domains exhibits striking sequence identity
in the two proteins (including conservation of possibly
functional cysteyl and histidyl residues), suggesting conser-
vation of structure and function. On the other hand, the first
of these repeated domains has clearly diverged more than
the second, with residues 1 to 85 of the E. coli protein
diverging the most.

Residues 1 to 48 of the E. coli protein were computer
screened for sequence identity with the protein bank. Only
one protein, the Ca2*-transporting ATPase of rat brain (61)
(residues 487 to 535), showed appreciable sequence identity
with this segment (19.1% identity). The function(s) of the
first segment in these two proteins remains obscure. It is
interesting to note, however, that both segments_of g™
diverged more than the respective segments in IIE™ (19%
identity versus 60% identity with the consensus sequence for
the segments 1; 64% identity versus 71% identity for the
segments 2).

Hydropathy, amphiphilicity, and secondary structural anal-

TABLE 2. Percent identity between the N-terminal-repeated
segments of the IIF™ proteins from R. capsulatus and E. coli®

% Identity? with:

Segments of IIF™

proteins R. capsulatus E. coli
1-100 116-215 103-202 41-84
R. capsulatus 1-100 46 (24.5) 40 (21.3) 25 (4.6)
R. capsulatus 116- 57 (32.2) 25 (6.5)
215
E. coli 103-202 21 (1.7

“ The alignments of these segments are shown in Fig. 4.
® Percent identity was calculated as described by Feng and Doolittle (18).
The Los Alamos comparison scores are given in parentheses in SDs (27).

yses of IT"™ proteins. A hydropathy analysis of ITE>* has been
published (44). A comparison of this plot with that for the R.
capsulatus protein is shown in Fig. SA and C. These plots
are very similar, particularly in the region beginning at
residue 245 in the R. capsulatus protein and residue 230 in
the E. coli protein. These proteins are strongly hydrophobic,
suggesting an integral membrane topology, possibly with
eight transmembrane helical segments as suggested previ-
ously (44). The hydropathy plots of the N-terminal repeated
domains show greater divergence. Interestingly, in the R.
capsulatus protein, each of the two repeated domains ap-
peared by secondary structural analysis (ANALYSEP pro-
gram) (63) to consist of three a-helical regions of about equal

i~ A Hydropathy, R.c.
0.5 i
0.0 b
-0.§ E-
1.0 P B Amphiphilicity, R.c
0.5 -
0.0

100 200 300 400 $00

i~ C Hydropathy, E.c

os | :
0.0
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E-

1.0 E D Amphiphilicity, E.c.
> :‘VﬁJw\J“\ANh“/wj\/rqu/\/vgn/\v4/\\f\dﬁ/\JALuhﬁw~
0.0 T Ll T T Ll
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FIG. 5. Hydropathy and amphiphilicity analyses of IIF™ of R.
capsulatus (A and B, respectively) and E. coli (C and D, respec-
tively). The ANALYSEP programs were used with a window length
of 18 and an angle of 100° for the amphiphilicity plots. Values are
expressed in terms of the hydrophobicity values of Kyte and
Doolittle (28) (A and C) or the hydrophobic moment per residue
values of Eisenberg (14).
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length connected by random coil or B-turns (data not
shown). The E. coli protein showed deviation from this
pattern only in its first, more divergent domain.

The amphiphilicity plots of these two proteins are shown
in Fig. SB and D. Marked differences between the two
proteins are apparent. Thus, regions which when a-helical
possess large hydrophobic moments in one protein do not
necessarily exhibit large hydrophobic moments in the other
protein.

In the E. coli ITF™, two strongly amphipathic, potentially
a-helical regions precede the first transmembrane segment
(residues 188 to 203 and 211 to 228) (54, 55). We examined
the Rhodobacter protein in the homologous region and found
that within this region there was low sequence conservation
(25% identity compared to 55% overall identity) and that
neither the amphipathic character of the two helical regions
nor the prolines which separate them were conserved. The
presence of a two-residue gap in this region further suggests
that structural features, and consequently the function of
this region in the E. coli protein, had not been retained in the
R. capsulatus protein. These major structural differences
suggest that this region may comprise a flexible region
separating domains in both proteins.

Conservation of residues of potential catalytic significance in
the two II"™ proteins. Comparisons of the aligned sequences
of the IIF™ proteins from R. capsulatus and E. coli revealed
that in contrast to the E. coli protein which contains six
cysteyl residues, the R. capsulatus protein contains only
two, and of these, only one (Cys-125 in the R. capsulatus
protein; Cys-112 in the E. coli protein) is conserved. Since it
is known that II¥™ from Rhodobacter spheroides contains
an essential cysteyl residue (as do all well-characterized
enzymes II of the PTS), Cys-125 is likely to be the essential
cysteyl residue in this protein. On the basis of the work of
Lolkema and Robillard (31) and Pas and Robillard (40), it is
a candidate for the phosphorylation site within this protein.

Figure 6 shows the aminoacyl sequences around the
cysteyl residues of the two IIF™ proteins and compares them
with the sequences surrounding essential cysteyl residues in
MY 116% and IIB®, as well as those surrounding estab-
lished or postulated essential cysteyl residues in other en-
zymes II. Four points are worthy of note. (i) The sequence
surrounding the conserved Cys in the two II"™ proteins is
strongly conserved (70% identity), but it is not conserved in
MU TIC ) or I1B#! (20 to 30% identity). (ii) These sequences
are also poorly conserved between IIM" and either I1' or
I1B8! (10 to 20% identity). (iii) Conservation of sequence is
observed to the right of the cysteyl residue in IIN2&, 116,
1188 and II5°" and partially with II°", but not in the other
proteins. (iv) IIMY and IIM2" show a startling degree of
homology (80% identity for this 10-residue stretch).

Three histidyl residues in the E. coli IIF™ are conserved in
the R. capsulatus 11F™: H131, H244, and H530 in the R.
capsulatus protein, which correspond to H118, H229, and
HS515 in the E. coli protein, respectively. All of these histidyl
residues occur in strongly conserved regions of the proteins.
While the first pair of these His residues is six residues to the
right of the conserved cysteyl residues and therefore serves
as a candidate for an active-site residue, the second pair
immediately precedes the membrane-embedded region, and
the third pair is within a hydrophilic loop which, according to
the model of Prior and Kornberg (44), is localized to the
periplasmic side of the membrane. If this model is correct,
only the first two of these histidyl residues in each protein
may function in energy coupling. Histidyl residue 381 in IIE™
has been postulated to be the phosphorylation site (44), but
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FIG. 6. Alignment of the single conserved cysteyl (C) residues in
the R. capsulatus and E. coli 11'™ proteins (Fru-Rc and Fru-Ec,
respectively) with the known, essential cysteyl residues in IIM!
(Mtl-Ec) (30, 40), 119" (Glc-Ec) (15, 39), 1P (Bgl-Ec) (4, 59, 60),
and I11'* (Lac-Gp) of three gram-positive bacteria (S. aureus, S.
lactis, and L. casei) (6; DeVos et al., unpublished data; Alpert and
Chassey, unpublished data) as well as with presumed essential
cysteyl residues in other enzymes II of the PTS. The 10-residue
segment depicted was chosen so that the cysteine (the number of
which is given on the left) would always align in position 5. Except
for the Man-Ec sequence, which is derived from the 1IM2"-P protein
(16, 17), all of these segments are present in hydrophilic portions of
the proteins. Additional abbreviations, referring to the PTS enzymes
I1. are as follows: Fru-Rc or Fru-Ec, fructose (R. capsulatus or E.
coli) (44; this paper); Gut-Ec, glucitol (E. coli) (69); Nag-Ec,
N-acetylglucosamine (E. coli) (41, 46); Glc-Ec, glucose (E. coli);
Bgl-Ec. B-glucoside (E. coli); Scr-Bs, sucrose (Bacillus subtilis) (19);
Scr-Sm, sucrose (S. mutans) (58); and Scr-St, sucrose (S. typhimu-
rium) (12; modified according to J. Lengeler, personal communica-
tion).

this residue is not conserved in the Rhodobacter 11"™ and is
replaced by an alanyl residue (position 397). Many basic,
acidic, and polar residues are conserved between the two
proteins, and some of these are within regions which are
conserved with other enzymes II (55, 56).

Alignment of selected PTS proteins with the fructose per-
meases. Computer analyses indicated that the two IIF™
proteins aligned throughout their lengths with about 20%
sequence identity with the sucrose permeases of S. typhimu-
rium and B. subtilis (Fig. 7, ScrSt and ScrBs, respectively)
as well as the B-glucoside permease of E. coli (Fig. 7, BglEc)
(Table 3). The region encompassed by the sequence depicted
in Fig. 7 includes all of the membrane-embedded regions of
the fructose permeases, a stretch 323 residues long. Careful
scrutiny of the sequence alignments in Fig. 7 reveals that all
but one of the fully conserved residues are prolyl, glycyl,
alanyl, and hydrophobic residues, and consequently they are
likely to be of structural rather than catalytic significance. Of
the 23 fully conserved residues, 11 are G’s, 4 are A’s, and 3
are P’s. Thus, it appears that conservation of structure is
more important than conservation of some specific catalytic
function within the hydrophobic domains of these proteins.

The fact that structural residues are largely conserved in
these hydrophobic domains is consistent with the suggestion
that the membrane-embedded domain functions as a sugar-
binding channel while the hydrophilic portions possess the
catalytic domains of these proteins (see Discussion). It is
interesting to note that the essential histidine in 115" (His-
306) is replaced by asparagine with an adjacent lysine in both
IIF™ proteins.

The one exception to the generalization that structural
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FIG. 7. Alignment of the entire hydrophobic domains of the two fructose PTS permeases with those of three other PTS permeases, those
specific for sucrose (Scr) from S. typhimurium (St) and B. subtilis (Bs) and that specific for B-glucosides (Bgl) from E. coli. The alignment was
performed by using the progressive multiple alignment program of Feng and Doolittle (18). Abbreviations are as described in the legend to
Fig. 6. Symbols: *, all five residues at this position are conserved; !, four of the five residues at this position are conserved; ", at least one
identity is observed at this position between a fructose enzyme II and one of the other three aligned proteins.

residues are conserved is the glutamyl residue (E491 in IIRS,;

E479 in IIE™). Recognition of the conservation of this
residue facilitated the computer alignment of 12 of the 14
sequenced PTS permeases which establishes a common
origin for these proteins.

Evidence for a common ancestry of 12 PTS permeases.
Figure 8 shows the alignment of 12 of the 14 currently
sequenced PTS permeases within a restricted region of their
hydrophobic domains surrounding the conserved glutamyl
residue noted in the previous section. This glutamyl residue
was found to be conserved in the following enzymes II: I1M",
1€, and 11528; 115" of Streptococcus mutans (58); and the
three I proteins of Staphylococcus aureus (6), Lactoba-
cillus casei (C.-A. Alpert and B. M. Chassy, unpublished

data), and Streptococcus lactis (W. M. DeVos, R. J. Van
Rooijen, 1. Boerrigter, B. Reiche, and W. Hengstenberg,
unpublished data), in addition to those shown in Fig. 7
suggesting functional significance. Interestingly, the model
of Prior and Kornberg (44) places this glutamyl residue
directly in the center of a transmembrane helix.

The statistical analyses of this region are presented in
Table 4. The 12 permease segments fell into five groups of
closely related segments (Table 4, footnote a). Comparison
scores for segments of permeases in distinct groups revealed
that they are all homologous (Table 4, footnote a). Particu-
larly significant is the similarity of the three lactose perme-
ases (which are all similar to one another) with the sucrose
permease of S. mutans (comparison score of 8.6 standard



VoL. 172, 1990

TABLE 3. Statistical analyses of sequence comparisons between
various enzymes II of the PTS¢

First enzyme 11 Second enzyme II

and region and region % Identity SD? .

compared compared gaps
Fru-Rc 17-578 Fru-Ec 1-563 54.8 71.0 2
Fru-Rc 155-553  Scr-St 41-435 18.3 7.5 4
Fru-Rc 365-557  Scr-Bs 248-433 19.7 4.5 8
Fru-Rc 251-561 Bgl-Ec 141-440 20.1 7.8 8
Fru-Rc 158-414  Glc-Ec 77-334 19.3 43 7
Fru-Ec 142-538 Scr-St 41-435 15.6 5.3 4
Fru-Ec 350-538 Scr-Bs 248-429 21.7 4.5 3
Fru-Ec 235-520  Bgl-Ec 141-426 15.0 4.7 6
Fru-Ec 318-399  Gic-Ec 281-361 22.4 4.0 4
Scr-St 41-435 Scr-Bs 41-435 45.0 73.0 3
Scr-St 201-440 Bgl-Ec 201-440 25.0 16.2 4
Scr-St 5-66 Glc-Ec 400-461 38.1 9.6 2
Scr-Bs 201-440 Bgl-Ec 201-440 27.1 17.6 4
Scr-Bs 5-67 Glc-Ec 400-461 44.4 15.6 1
Bgl-Ec 2-70 Glc-Ec 399-466 36.2 12.4 1

@ Selected regions of the five PTS permeases whose hydrophobic sequences
are depicted in Fig. 7 as well as the glucose permease of E. coli are compared.
Segments analyzed correspond to those which showed the highest comparison
score for each of these pairs of proteins. For abbreviations of PTS enzymes II,
see legend to Fig. 6.

® The Los Alamos comparison scores were determined as described previ-
ously (27). Values are based on the weighted frequencies of identities,
conservative substitutions, and gaps.

deviations [SDs] when the S. aureus lactose permease is
used in the comparison (Table 4). No evidence was previ-
ously available, suggesting that the lactose enzymes II are
evolutionarily related to other sequenced PTS permeases
(8). Our results strongly support a common evolutionary
origin for these proteins. These four proteins exhibited
significant similarity throughout their hydrophobic domains
(data not shown). Since the sucrose permease of S. mutans
is clearly homologous to the other sucrose PTS permeases
(comparison scores between 15 and 30 standard deviations),
this relationship establishes that all 12 permeases are evolu-
tionarily related.

Homology between the bacterial fructose permeases and the
human and mouse insulin-responsive glucose facilitators.
When the sequence of the R. capsulatus enzyme IIF™ was
screened versus the data base, several proteins were found
to exhibit significant identity with it. All of these potentially
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FIG. 8. Alignment of 45 residue segments of 12 of the 14 se-
quenced PTS permeases. The alignment was performed by using the
progressive multiple alignment program of Feng and Doolittle (18).
Residues which occur at least four times in any one column
(position) are underlined and boldfaced. Abbreviations are the same
as those described in the legend to Fig. 7 and as follows: Lac,
lactose; Glc, glucose; Nag, N-acetylglucosamine; Mtl, mannitol; Sa,
S. aureus; S|, S. lactis; Lc, L. casei; Sm, S. mutans. The statistical
analyses of these alignments are presented in Table 4, which gives
the percent identities between the pairs of segments as well as the
comparison scores in SDs for representative comparisons (Table 4,
footnote a).

homologous proteins proved to be transport proteins (uni-
porters, antiporters, and symporters), and those exhibiting
the highest degree of sequence identity with IIR™ were
glucose facilitators of animals. The alignments of two mam-
malian glucose facilitators with the two bacterial fructose
PTS permeases were published in a preliminary communi-
cation (67). The Rhodobacter II'™ and the human insulin-
responsive glucose facilitator (HirGT) had the highest per-
cent identity (20% identity over a stretch of 178 aminoacyl
residues). The average Los Alamos comparison score was
6.1 SDs higher than that obtained with 10 X 100 comparisons
of randomized sequences of these proteins. This fact sug-
gests that II*™ of R. capsulatus and the human glucose

TABLE 4. Percent identities between the homologous segments of the 12 PTS permeases shown in Fig. 8¢

PTS % Identity with:
permease Lac-SI Lac-Lc Scr-St Scr-Bs Scr-Sm Bgl-Ec Glc-Ec Nag-Ec Mtl-Ec Fru-Rc Fru-Ec
Lac-Sa 84 53 26 26 33 21 26 19 22 14 19
Lac-SI 51 23 23 29 16 23 16 20 10 17
Lac-Lc 19 21 21 30 16 21 17 10 14
Scr-St 73 52 42 27 18 33 16 20
Scr-Bs 55 47 34 23 38 20 23
Scr-Sm 43 26 24 23 17 22
Bgl-Ec 32 18 26 25 18
Glc-Ec 60 40 21 21
Nag-Ec 26 16 9
Mtl-Ec 24 24
Fru-Rc 61

2 The abbreviations are as described in the legends to Fig. 6 through 8. Comparison scores (27) between permease segments within a coherent group ([1} Lac-Sa,
Lac-SI, Lac-Lc; [2] Scr-St, Scr-Bs, Scr-Sm, Bgl-Ec; [3] Glc-Ec, Nag-Ec; [4] Mtl-Ec; [5] Fru-Rc, Fru-Ec) were greater than 15 SDs. The probability (P) of getting
a score of 15 SD by chance is less than 1074°. Comparison scores obtained for representative segments between groups which establish homology for all 12
segments include: Lac-Sa:Scr-Sm, 8.6 SD (P < 10~7); Lac-Sa:Mtl-Ec, 5.8 SD (P < 10™8); Scr-Bs:Glc-Ec, 9.2 SD (P = 10~2%); Bgl-Ec:Fru-Rc, 6.3 SD (P = 10719);

Glc-Ec:Mtl-Ec, 9.7 SD (P < 1072%); and Mtl-Ec:Fru-Ec, 6.0 SD (P = 107°).
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TABLE 5. Percent identities between the segments of two
mammalian glucose facilitators and the two fructose enzymes 114

TS
Glucose facilitator % Identity”® with:

or enzyme II

MirGT HirGT Fru-Re Fru-Ec
MirGT 93 (64) 19 (5.7) 16 (2.9)
HirGT 20 (6.1) 17 (3.6)
Fru-Rc 61 (48)

“ Abbreviations: MirGT and HirGT, insulin-responsive glucose transport-
ers of mice and humans, respectively; Fru-Rc and Fru-Ec, fructose-specific
enzymes II of R. capsulatus and E. coli, respectively. )

® The program of Feng and Doolittle (18) was used to calculate percent
identities. The Los Alamos comparison scores are given in parentheses in SDs
Q7).

facilitator are homologous, i.e., derived from a common
ancestor. The probability of getting such a score by chance
is less than 10~°. The Los Alamos comparison score for IIF™
with the mouse glucose transporter was 5.7 SDs (19%
identity over a stretch of 166 aminoacyl residues), a value
which also suggests common ancestry (P = 10~%) (Table 5).
Corresponding values obtained when the ITE™ was com-
pared with these two glucose facilitators were 3.6 and 2.9
SDs, respectively (P values of about 10™* and 1073, respec-
tively), values which are below the level of reliability for
establishing homology. However, the obvious relatedness of
the two glucose facilitators with each other and of the two
fructose PTS permeases with each other clearly suggests
that these four proteins are related. The lower values ob-
tained when IIE™* was compared suggest that evolutionary
divergence had been more rapid in E. coli than in R.
capsulatus, a conclusion which agrees with the greater
degree of sequence divergence of the N-terminal-repeated
domain of IIE™ relative to those of IIF™.

Examination of the alignments between the two IIF™
proteins and the two glucose facilitators (67) revealed that all
of the aligned residues may play a structural rather than a
catalytic role. Thus, five G’s, three P’s, two A’s, seven L’s,
and one F are conserved among the four proteins.

Of the 21 residues which aligned in these four permeases,
4 also align with the five PTS permeases shown in Fig. 7.
Furthermore, 20 of the 39 residues which show identity
between at least one of the bacterial fructose permeases and
at least one of the glucose facilitators also show alignment
with at least one other PTS permease. These statistics
suggest that residues which are conserved between the
fructose PTS permeases and the glucose facilitators also
tend to be conserved among the PTS permeases. This
observation supports the conclusion that these residues
serve an important structural role in these transmembrane
proteins and that they all may share secondary and tertiary
structural features.

Low but possibly significant alignment was observed
between the fructose enzymes II and both the chicken
erythroid anion transporter (9) and the glycerol phosphate
permease (glpT gene product) of E. coli (13) (23.7% identity
over a 131-residue stretch with six gaps, and 22.2% identity
over a 99-residue stretch with three gaps, respectively). The
comparison scores were too low to establish homology.

DISCUSSION

Numerous recent studies have confronted the problem of
the nature of energy coupling to active transmembrane
solute transport. (For up-to-date discussions of this subject
as it applies to several classes of bacterial permeases includ-
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ing the PTS, see reference 50.) Several such studies applied
to the PTS have suggested that although uptake of sugar via
a PTS permease is usually coupled to sugar phosphorylation,
transport of free sugar in the inward direction via an enzyme
II can occur at low rates (62) while efflux of free sugar from
the bacterial cell via an enzyme II can occur at accelerated
rates under certain physiological conditions (23, 45, 64).
Additionally, enzymes II can be specifically mutated so that
they lose the capacity to phosphorylate their sugar sub-
strates but retain the capacity to transport them across the
membrane (39, 42, 60) or vice versa (35). Recent studies
have convincingly demonstrated that for the mannitol-spe-
cific enzyme II of E. coli, the energy coupling moieties of the
permease, which are themselves phosphorylated, are the
hydrophilic domains localized to the cytoplasmic side of the
membrane while the integral membrane hydrophobic do-
mains bear the sugar binding site (22). The transmembrane
channel through which the sugar passes is also presumed to
be localized to this region of the protein. Thus, the PTS
permeases can be thought of as protein mosaics with distinct
functions relegated to distinct protein domains. The hydro-
phobic, membrane-embedded parts function in transport
while the hydrophilic parts, localized to the cytoplasmic side
of the membrane, function to couple energy expenditure to
solute accumulation. If the PTS proteins are structural
mosaics, they may represent evolutionary mosaics with
different moieties derived from entirely different ancestral
protein domains.

The present study provides substantiation for this predic-
tion. Thus, we recently showed that enzyme I of the E. coli
and R. capsulatus PTSs exhibit homology with pyruvate:
phosphate dikinases of plants and bacteria (68), and in this
paper we show that the hydrophobic domains of the fructose
enzymes II of R. capsulatus and E. coli are probably
homologous with corresponding domains of 10 other PTS
permeases as well as with several facilitators of animal cells.
The latter proteins do not possess hydrophilic domains and
do not couple the expenditure of chemical energy to trans-
port.

Recent evidence has led several investigators to argue that
symporters, antiporters, and uniporters (all subclasses of
facilitators) are functionally and evolutionarily related (24,
25, 34, 38, 49, 50, 65). We here suggest that this large group
of related transport proteins apparently includes the group
translocating PTS permeases. Moreover, in a recent report
we showed that the pore-forming glycerol facilitator of E.
coli shares a common ancestry with several proteins of
higher organisms which probably possess transport func-
tions (1). These pore-type permeases share structural fea-
tures with the carrier-type facilitators (1). It is therefore
possible that the many pore-type and carrier-type transport-
ers found throughout the living world are derived from one
or a few pore-forming, transmembrane, primordial proteins.

Sequencing of the R. capsulatus fructose permease and
sequence comparisons led to important mechanistic ad-
vances related specifically to energy coupling. Thus, the
proposed phosphorylation site in the E. coli fructose enzyme
1I (44) seems likely to be incorrect, but we have identified the
probable catalytic cysteyl residue in the two proteins since
the R. capsulatus IIT™ possesses only two cysteyl residues
and only one of these is conserved between this protein and
the E. coli homolog. Surprisingly, residues surrounding this
cysteyl residue are not well conserved with those surround-
ing the identified or suspected essential cysteyl residues of
other PTS permeases.

We have shown that almost all PTS permeases possess
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amphiphilic, potentially helical segments which are believed
to function in membrane targeting and initiation of insertion
into the membrane (54, 55). Two such structures precede the
first presumed transmembrane hydrophobic segment of the
E. coli IT*™ (55). Surprisingly, neither of these amphipathic
segments is well conserved in the Rhodobacter II'™. Since
R. capsulatus is a photosynthetic bacterium with two dis-
tinct membranes of different protein compositions (11, 28)
and since the R. capsulatus II'™ has not yet been success-
fully expressed in E. coli in a functional state (G. A. Daniels,
L.-F. Wu, and M. H. Saier, Jr., unpublished results), it is
possible that different membrane protein biogenic signals are
operative in the two organisms.

The present study emphasizes the universality of funda-
mental biological principles and serves to suggest rational
avenues of scientific investigation. It is becoming increas-
ingly clear that basic molecular mechanisms operative in one
organism are applicable to distantly related organisms.
These studies thus provide further evidence for the theorem
that “‘the basic life-endowing molecular processes had to
exist prior to extensive evolutionary divergence’’ (53).
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