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The scrY gene, part of the pUR400-borne sucrose regulon, appeared to be transcribed from its own
promoter, with the transcriptional start site located 58 bp upstream from the initiation codon. An open reading
frame encoding a polypeptide of 505 amino acid residues (Mr 55,408) was identified. The first 22 amino acid
residues formed a leader sequence typical of those found in other procaryotic outer membrane and periplasmic
proteins. A frameshift mutation in the scrY gene resulted in a dramatic decrease in sucrose transport with no
effect on in vitro phosphorylation activity associated with enzyme llscr. The rate of diffusion of sucrose was 96
times greater than the rate of diffusion of lactose or maltose in liposomes containing the ScrY protein. This
increase in sucrose permeability provided strong evidence that the ScrY protein functions as a sucrose porin.
There was 23% amino acid sequence identity between the ScrY protein and LamB, a maltose porin from
Escherichia coli.

One of the mechanisms by which a wide variety of
bacterial species transport and phosphorylate sugars is the
phosphoenolpyruvate (PEP)-dependent carbohydrate phos-
photransferase system (PTS). The components of the PTS
are the soluble cytoplasmic proteins enzyme I and HPr,
which are general phosphoryl transfer proteins that partici-
pate in the phosphorylation of all PTS class sugars and a
series of sugar group-specific integral cytoplasmic mem-
brane proteins, enzymes II, which act as permeases. The
enzymes II may function in a complex with another sugar
group-specific class of membrane-associated phosphopro-
teins known as enzymes III. The characteristics of the
various PTS components and the details of the phosphory-
lation cascade that drives the system have been thoroughly
reviewed (9, 29, 31).
The ptsI (enzyme I), ptsH (HPr), and crrA (enzyme III"Gc)

genes constitute an operon, at 52 and 49 min on the Esche-
richia coli (3) and Salmonella typhimurium (32) linkage
maps, respectively. A number of the enzyme II genes that
have been mapped in E. coli are widely dispersed on the
chromosome (3, 29). However, many of these enzyme II

genes are arranged in operons or regulons which usually
contain a regulatory gene, the corresponding enzyme III
gene, if required, and structural genes that code for sub-
strate-metabolizing enzymes. (See reference 31 for a list of
the genes which have been identified in some of these
operons.)
A sucrose PTS regulon from S. typhimurium is located on

a conjugative plasmid, pUR400, which has been transferred
to E. coli (36, 40). Enteric bacteria other than Klebsiella
pneumoniae cannot ferment sucrose unless they harbor this
or a similar plasmid. The structure of the sucrose regulon of
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pUR400 has been reported (3, 16, 35, 36) and is similar to
those of chromosomally located sucrose regulons in Bacillus
subtilis (11) and Streptococcus mutans (34). In our studies,
restriction fragments ofpUR400 were cloned in E. coli K-12,
and inducible sucrose fermentation was exhibited by clones
that contained a 5.7-kb SalI fragment (16). When sucrose-
inducible gene products were expressed in maxicells, a
previously unidentified protein having an apparent molecular
weight of 68,000 was observed. This protein appeared to be
localized in the outer membrane and did not appear to be
either enzyme llScr (scrA gene) or P-D-fructofuranoside
fructohydrolase (EC 3.2.1.26) (scrB gene). Analysis of a
collection of plasmids with progressively larger deletions
indicated that this protein was the product of a new gene,
designated scrC. This gene was located immediately up-
stream from the scrA and scrB genes. Deletions resulting in
the loss of this gene coincided with dramatically reduced
sucrose uptake but had no effect on PEP-dependent sucrose
phosphorylation associated with enzyme lIScr (16). Schmid
et al. (35) obtained similar results except that the apparent
molecular weight of their gene product was 58,000. They
designated the new gene scrY, and we will adopt that
designation in this study for the sake of consistency.

Thus, an unusual feature of the plasmid-encoded sucrose
PTS regulon was the existence of a new gene involved in
sucrose transport. Here we present the complete nucleotide
sequence of the scrY gene, demonstrate the porinlike prop-
erties of the gene product (ScrY), and show similarities
between the gene product and LamB protein, a maltose
porin found in the outer membrane of E. coli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli
TB1 [A(lac-pro) rpsL ara thi +80dlacZAM15 hsdR] (Life
Technologies, Inc., Gaithersburg, Md.) and RR1(X c1857) (7)
were used as plasmid hosts in this study. E. coli JM107
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TABLE 1. Plasmids used in this study

Plasmid Relevant phenotypea Source or reference

pUC18, pUC19 Ampr LacZ Cloning vector; Life Technologiesb
pBR328 Ampr Cmlr Tetr Cloning vector; ATCCC
pEV-vrfl Ampr A PL Expression vector (7)
pJD2000 Scr+ Ampr Cmlr 5.7-kb Sall fragment containing the sucrose regulon cloned in pBR328 (16)
pCH183 Scr+ Ampr 5.7-kb Sall fragment from pJD2000 cloned in pUC18 (16)
pCH186 Scr+ Ampr Insert in opposite orientation relative to pCH183 (16)
pCH186A104 ScrY- Ampr 1.6-kb SalI-PstI deletion (16)
pCH186A470 Scr- Ampr 2.6-kb EcoRI-Sall deletion (16)
pCH183A52 EIISCr ScrY- Ampr 2.9-kb Sall-SmaI deletion (16)
pCH183A21 EIIs ScrY- Ampr 3.1-kb SalI-EcoRI deletion (16)
pCH2 ScrY- Ampr Frameshift mutation in scrY; this study
pCV139 ScrY+ Ampr scrY cloned in pEV-vrfl; this study

a Ampr, ampicillin resistance; Cmlr, chloramphenicol resistance; Tetr, tetracycline resistance; LacZ, ,-galactosidase; A PL, lambda promoter; Scr+, sucrose
fermentation; EIISC", enzyme H1scr; ScrY, 68-kDa protein.

b Life Technologies, Gaithersburg, Md.
c American Type Culture Collection, Rockville, Md.

[A(lac-pro) thi gyrA96 endAl relAl supE44(F' traD36 proAB
lacIqZAM15 hsdRJ7) was used as the host for bacteriophage
M13mpl9 (26). The growth media used were L broth, K
medium, and M9 minimal medium (24). Broth media were

supplemented with either glycerol, glucose, fructose, or
sucrose (0.4% final concentration unless otherwise noted)
and ampicillin, tetracycline, or chloramphenicol (50 pug/ml).
The M9 medium was also supplemented with 0.1 ,ug of
thiamine per ml and the appropriate amino acids (40 pug/ml).
K. pneumoniae CH, grown in brain-heart infusion broth,
was used as a source ofDNA for hybridization experiments.
Solid media consisted of the media listed above or MacCon-
key agar base supplemented with 1% sucrose and ampicillin
(50 ,ug/ml). The plasmids used in this study are described in
Table 1.
DNA sequencing. Deletions were made with restriction

enzymes or exonuclease III (18, 30) and were cloned in
either pUC19 or M13mpl9 (26). Plasmid DNA for sequenc-
ing of double strands was purified by a modification of the
rapid boiling method (15). Sequencing was performed by the
dideoxy chain termination method (33) with commercial and
synthetic primers and the Sequenase kit (version 2; U.S.
Biochemical Corp., Cleveland, Ohio). Both strands were
sequenced a minimum of two times.
Primer extension. Total RNA was extracted (14) from

late-log-phase cells of TB1(pCH186) or TB1(pCH183A52)
grown in K medium supplemented with 0.4% sucrose. The
RNA start site for the scrY gene was determined as de-
scribed before (4) by using the synthetic primers 5'-
GATAAGCATCGCAAGTGTGC-3' and 5'-GCTTCAATG
GTGCTTATATC-3' .

Construction of plasmids. A frameshift mutation in the
scrY gene was made by treating pJD2000 DNA with KpnI
and Klenow fragment. Blunt-end ligation was carried out as
described previously (16). The 5.7-kb Sall fragment was then
excised and cloned in pUC18 to create pCH2. The mutation
was verified by DNA sequencing. To create the expression
clone pCV139, pEV-vrfl (7) was digested with EcoRI, and a
2-kb AviII-EcoRI fragment was isolated from pCH186. The
5' overhanging region of the plasmid and the fragment were

filled in by using Klenow and deoxynucleotide triphosphates
to create blunt ends. E. coli RR1(X c1857) was transformed at
30°C following ligation. Transformants were selected by
hybridization with a 1.1-kb SphI DNA fragment, from
pCH186, containing the 5' end of the scrY gene.

Isolation of the ScrY protein. Three liters of a culture of

TB1(pCH186) was lysed by sonication, and the membrane
fraction was collected by centrifugation at 100,000 x g
(Spinco 7OTi rotor) for 1 h. The membrane fraction was then
extracted with 0.5% sodium Sarkosyl for 30 min at room
temperature, followed by 1% sodium dodecyl sulfate (SDS)-
0.4 M NaCl-5 mM EDTA-10 mM Tris hydrochloride (pH
8.0) for an additional 30 min at room temperature. The
soluble fraction (2 mg of protein) from the SDS extraction
was loaded on a Sephadex G-200 column (2 by 75 cm)
equilibrated in the same SDS buffer. Fractions containing
the ScrY protein were pooled and run on a Sepharose 6B
column (2 by 75 cm). Fractions containing the ScrY protein
were exhaustively dialyzed against deionized water for in-
corporation into liposomes. The ScrY protein constituted
61% of the total protein in the final fraction, as determined
by scanning densitometry of gels stained with Coomassie
blue.

Assays. The uptake of carbohydrate (36), PEP-dependent
sugar phosphorylation activity (20), and sucrase activity (16)
were measured as described previously except that cells
were grown in 0.1 to 0.6% sucrose. The soluble PTS protein
fraction was obtained from E. coli TB1 by published proce-
dures (20). Phospholipids, used to form the liposomes, were
extracted from E. coli TB1 by the method of Ames (1). Porin
activity was measured by the liposome swelling method as
described before (23). Briefly, 6 ,umol of phospholipid was
suspended in 200 ,ul of chloroform and dried under nitrogen.
The sample was placed in a vacuum desiccator for 30 min,
400 ,ul of water was then added, and the suspension was
sonicated for 1 min. Outer membrane protein (75 ,ug) or
partially purified ScrY protein (10 ,ug) from cells grown in
0.1% sucrose was added, and the suspension was sonicated
for an additional 15 s. The liposomes were then dried under
nitrogen in a 45°C water bath. The liposomes were resus-
pended in 400 [l1 of 20 mM stachyose-2 mM Tris hydrochlo-
ride (pH 7.5). The liposomes (30 RI) were added to 600 pI of
various isotonic sugar solutions, and the change in OD400
was determined. Isotonic solutions were prepared by using
liposomes that did not contain protein. The rate of swelling
was determined as d(1/OD400)Idt between 7 and 14 s after the
addition of liposomes to each of the test sugar solutions.

General procedures. Plasmid and genomic DNA were
isolated as described previously (16). Southern blotting and
DNA-DNA hybridizations were performed as described
before (16). Outer membrane was recovered by isopycnic
sucrose density gradient centrifugation (28), and the proteins
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SphI ----->< ---- -------> <-------
TGCGCGGCTCACTTTGTTGCATGCATCACATTTATTAAACCGGTTTAGCATATTTGTTTTAAGAAAAACAAAGGT 75

-35
----- - >< ----- - - ---- - > < - ---- - scrY RBS

CGGGCTTAACATAGCGCCTAAACCGGTTTAGCAAAAATTATAATTTTCCATTTTTACTTTTGGGATGCCAACAGC 150
-10 0---> transcription start site

AviII
ATGTACAGAAAAAGCACACTTGCGATGCTTATCGCTTTGCTAACCAGCGCTGCCTCAGCCCATGCGCAAACGGAT 225
MetTyrArgLysSerThrLeuAlaMetLeuIleAlaLeuLeuThrSerAlaAlaSerAlaHisAlaGlnThrAsp
-22 -1

PstI
ATAAGCACCATTGAAGCCCGACTCAACGCGCTGGAAAAACGCCTGCAGGAGGCAGAAAACAGGGCGCAACGGCG 300
IleSerThrI leGluAlaArgLeuAsnAlaLeuGluLysArgLeuGlnGluAlaGluAsnArgAlaGlnThrAla

GAAAACCGCGCCGGGGCGGCGGAGAAMAGTTCAGCAACTCACCGCGCAGCAGCAAAAAACCAGAACTCGACT 375
GluAsnArgAlaGlyAlaAlaGluLysLysValGlnGlnLeuThrAlaGlnGlnGlnLysAsnGlnAsnSerThr

CAGGAAGTGGCTCAGCGTACCGCCAGACTTGAGAMAAAAGCCGATGACAAAAGCGGATTTGAGTTTCACGGTTAC 450
GlnGluValAlaGlnArgThrAlaArgLeuGluLysLysAlaAspAspLysSerGlyPheGluPhelisGlyTyr

GCCCGCTCCGGCGTGATAATGAATGATTCCGGCGCCAGCACCAAATCCGGAGCCTACATAACGCCGGCAGGTGAA 525
AlaArgSerGlyValIleMetAsnAspSerGlyAlaSerThrLysSerGlyAlaTyrIleThrProAlaGlyGlu

ACCGGCGGAGCTATCGGCCGTCTGGGAAACCAGGCCGATACCTATGTTGAAATGMTCTTGAACATMGCAGACC 600
ThrGlyGlyAlaIleGlyArgLeuGlyAsnGlnAlaAspThrTyrValGluMetAsnLeuGluHisLysGlnThr

CTGGATAATGGGGCCACGACCCGCTTTAAGGTGATGGTCGCCGACGGGCAAACCTCTTATMCGACTGGACTGCA 675
LeuAspAsnGlyAlaThrThrArgPheLysValMetValAlaAspGlyGlnThrSerTyrAsnAspTrpThrAla

StuI
AGCACCAGCGATCTGAACGTTCGTCAGGCCTTTGTCGAATTGGGTAACCTGCCGACGTTCGCTGGGCCATTTAAG 750
SerThrSerAspLeuAsnValArgGlnAlaPheValGluLeuGlyAsnLeuProThrPheAlaGlyProPheLys

GGCTCCACCCTGTGGGCCGGGAAACGTTTCGACCGCGACAATTTCGATATTCACTGGATTGACTCTGATGTCGTG 825
GlySerThrLeuTrpAlaGlyLysArgPheAspArgAspAsnPheAspIleHisTrpIleAspSerAspValVal

KpnI
TTCCTCGCCGGTACCGGTGGTGGTATCTATGACGTGAAGTGGAACGACGGCCTGCGGAGTAATTTCTCCCTGTAC 900
PheLeuAlaGlyThrGlyGlyGlyIleTyrAspValLysTrpAsnAspGlyLeuArgSerAsnPheSerLeuTyr

GGGCGTAACTTCGGCGACATTGATGATTCCAGCAACAGCGTGCAGAACTATATCCTCACCATGAATCACTTCGCA 975
GlyArgAsnPheGlyAspIleAspAspSerSerAsnSerValGlnAsnTyrIleLeuThrMetAsnHisPheAla

PstI
GGTCCGCTGCAGATGATGGTCAGCGGTCTGCGGGCGAAGGATAACGACGAGCGTAAAGATAGCAACGGCAATCTG 1050
GlyProLeuG1nMetMetValSerGlyLeuArgAlaLysAspAsnAspGluArgLysAspSerAsnGlyAsnLeu

SphI
GCAAAAGGCGATGCGGCMACACCGGCGTGCATGCGCTGCTCGGCCTGCATAACGACAGTTTCTACGGCCTGCGC 1125
AlaLysGlyAspAlaAlaAsnThrGlyValHisAlaLeuLeuGlyLeuHisAsnAspSerPheTyrGlyLeuArg

GACGGTAGCAGTAAAACCGCTCTGCTTTATGGTCATGGTCTGGGCGCAGAGGTTAAAGGTATCGGATCTGATGGC 1200
AspGlySerSerLysThrAlaLeuLeuTyrGlyHisGlyLeuGlyAlaGluValLysGlyI leGlySerAspGly

GCACTTCGTCCGGGAGCCGACACATGGCGCATTGCCAGTTACGGCACCACGCCGCTCAGCGAAAACTGGTCTGTT 1275
AlaLeuArgProGlyAlaAspThrTrpArgI leAlaSerTyrGlyThrThrProLeuSerGluAsnTrpSerVal

GCCCCGGCAATGCTGGCGCAACGCAGTAAAGACCGCTATGCCGATGGCGACAGCTATCAGTGGGCAACATTCAAC 1350
AlaProAlaMetLeuAlaGlnArgSerLysAspArgTyrAlaAspGlyAspSerTyrGlnTrpAlaThrPheAsn

CTGCGTCTGATTCAGGCAATCAATCAGAATTTCGCTCTCGCCTACGAAGGCAGCTACCAGTACATGGATCTTAAA 1425
LeuArgLeuI leGInAlaI leAsnGlnAsnPheAlaLeuAlaTyrGluGlySerTyrGlnTyrMetAspLeuLys

PvuI
CCCGAAGGTTATAACGATCGTCAGGCGGTGAACGGTAGCTTCTACAAGCTCACCTTCGCCCCGACATTTMGGTC 1500
ProGluGlyTyrAsnAspArgGlnAlaValAsnGlySerPheTyrLysLeuThrPheAlaProThrPheLysVal

GGCAGTATCGGTGATTTCTTCAGTCGCCCGGAGATTCGTTTCTATACCTCCTGGATGGACTGGAGCAAAAACTG 1575
GlySerI leGlyAspPhePheSerArgProGluI leArgPheTyrThrSerTrpMetAspTrpSerLysLysLeu

AATAATTACGCCAGCGACGACGCCCTGGGCAGTGACGGTTTTAACTCGGGCGGCGAATGGTCTTTCGGTGTGCAG 1650
AsnAsnTyrAlaSerAspAspAlaLeuGlySerAspGlyPheAsnSerGlyGlyGluTrpSerPheGlyValGln

.__ _><.__
ATGGAAACCTGGTTCTGACGGCTTACGCCTGATGACAGGAATAGCCGGGGGTCAGAGCATCTTTGTCACCCCGGA 1725
MetGluThrTrpPhe***

scrA RBS
CTCAACTAAGACGCAGAAAAAGCGCTCCCGTGAACGCGGGACGACAACATAAAATGTTTAAGCCTTAAGAGGGT 1800

ACTATGGATTTTGAACAGATTTCC 1824
MetAspPheGluGlnI leSer
+1

FIG. 1. Nucleotide sequence of the scrYgene and its upstream region. Selected restriction sites and the transcription start site are labeled.
A direct repeat (bases 36 to 50 and 94 to 108) is underlined, and four inverted repeats, upstream from the scrY coding region, are identified
by dashed arrows above the sequence. A putative ribosome-binding site (RBS) and promoter region (-10 and -35) are shown. A putative
transcription termination loop (bases 1655 to 1714) is also labeled by dashed arrows. The deduced amino acid sequence of the gene product
is written below the nucleotide sequence. Negative numbers designate the leader sequence of the ScrY protein. Amino acid residues
determined by amino-terminal sequence analysis of the 68-kDa protein are underlined. The 5' end of the scrA gene (10) is shown along with
its putative ribosome-binding site. The deduced amino acid sequence of the amino-terminal end of the scrA gene product begins at residue + 1.
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FIG. 2. Primer extension experiment showing the scrYtranscrip-

tion start site. The synthetic primer 5 -GCTTCAATGGTGCT

TATATC-3' was end labeled and hybridized to total RNA from

TB1(pCH186). Hybridization was performed at 480C for 3.5 h.

Separate reaction mixtures were incubated at 37 and 420C for 1 h,

and the samples were loaded on a 6% sequencing gel (lanes

designated 370C and 420C). The corresponding nucleotide sequence

of the primer-binding region, of the noncoding strand, was deter-

mined on the same gel (lanes A, C, G, and T). The numbers refer to

the base positions shown in Fig. 1. The autoradiogram is shown.

Some curvature in the running gel is evident in the first lane.

were analyzed by SDS-polyacrylamide gel electrophoresis

on 17.5% slab gels. Samples were treated for electrophoresis
as described before (16). Gels were stained with Coomassie

brilliant blue and scanned with an LKB laser densitometer

(Pharmacia-LKB Instruments, Paramus, N.J.). Total protein
was determined by the method of Lowry et al. (22) with

bovine serum albumin as a standard.

Amino acid sequence analysis was performed by D.

Speicher, Wistar Institute, Philadelphia, Pa., for samples

electroblotted on polyvinylidene difluoride membranes (Im-

mobilon; Millipore Corp., Bedford, Mass.) as described

before (25). Primers for DNA sequencing and primer exten-

sion experiments were made by M. Mitchell of the DNA

Synthesis Service, University of Pennsylvania. Nucleic acid

and protein data base searches were performed with soft-

ware developed by the University of Wisconsin Genetics

Computer Group (8).

Nucleotide sequence accession number. The sequence

shown in Fig. 1 has been assigned GenBank accession no.

M38416.

RESULTS AND DISCUSSION

Nucleotide sequence and amino acid sequence of the plas-
mid-encoded sucrose transport protein. A 1.1-kb Sphl frag-
ment of DNA containing part of the scrY gene hybridized to

RNA isolated from TB1(pCH183), TB1(pCH186), TB1(pCH

186A&470), and TB1(pCH2) but not to RNA from TB1(pCH

186A&104), TB1(pCH183AS52), or TB1(pCH183A21) (data not

shown), supporting the general location of the scrY gene.

Since the exact boundaries of the scrY gene were not known,

the nucleotide sequence of a 1 ,850-bp region upstream of and

including the 5' end of the scrA gene was determined. The
complete nucleotide sequence of this region is presented in
Fig. 1. A single open reading frame was found beginning at
base 151 and extending to base 1665. The open reading frame
specified as protein containing 505 amino acids having a
molecular weight of 55,408. However, the deduced gene
product was smaller than the 68-kDa (16) and 58-kDa (35)
proteins made by maxicells and minicells, respectively. To
establish that the open reading frame identified corre-
sponded to the previously assigned scrClscrY gene, the
68-kDa protein was extracted from TB1(pCH186) and trans-
ferred to a polyvinylidene difluoride membrane for amino-
terminal sequence analysis. The resulting sequence, Gln-
Thr-Asp-Ile-Ser-Thr-X-X-Ala-X-Leu, was identical to the
deduced amino acid sequence beginning at base 217 (Fig. 1,
underlined residues). Since two Met residues were present,
upstream and in frame, at positions -14 and -22, translation
could be initiated at either of these two sites. From compar-
isons with other procaryotic signal sequences, the ScrY
protein is most likely made with a 22-amino-acid leader
sequence. A 14-amino-acid leader sequence would lack the
positively charged amino terminus thought to be required for
interaction of the elongating nascent peptide during protein
translocation with the negatively charged inner surface of
the cytoplasmic membrane (13). Procaryotic leader se-
quences generally range from 18 to 26 amino acids, with
some as long as 31 residues (13). It is unlikely that the open
reading frame began further upstream than at the start codon
specifying the Met residue at position -22, since there was
a termination codon (bases 94 to 96) in frame to the two
putative initiation codons (bases 151 to 153 and 175 to 177).
A transcription initiation site was identified by primer

extension experiments. Two synthetic primers, correspond-
ing to nucleotides 164 to 183 and 223 to 242, hybridized to
RNA isolated from TB1(pCH186). Identical results were
obtained with both of these primers; however, only the
experiment with the latter primer is shown (Fig. 2). The 5'
end of the reverse transcript mapped at the C at base 93 (Fig.
1), 58 bases upstream from the first Met in the open reading
frame. No hybridization was obtained with RNA from the
deletion mutant TB1(pCH183A52). The -10 and -35 pro-
moter regions were inferred from their predicted locations,
since there was not good agreement to E. coli consensus
promoter sequences (17) or to promoter sequences deposited
in GenBank. A putative Shine-Dalgarno sequence (GGA)
may be present 11 bases upstream from the first Met (residue
-22) in the open reading frame. A 15-base direct repeat was
found at positions 36 to 50 and 94 to 108 in the noncoding
region (underlined bases in Fig. 1). An inverted repeat was
found within each direct repeat, and two additional short
inverted repeats were present at positions 53 to 72 and 109 to
122 (dashed arrows in Fig. 1). The significance of the direct
repeat and inverted repeats is not known at present. Al-
though these short inverted repeats at the 5' end of the
mRNA did not appear to form stable secondary structures, a
relatively stable hairpin-loop structure (AG, -20.8 kcal;
calculated as in reference 38) may be formed at the 3' end of
the molecule (bases 1655 to 1714 in Fig. 1).
There appeared to be an increased use of rare codons

except for those used for Phe and Pro. One codon each for
Leu (UUA), Val (GUA), and Pro (CCU) were not used.
Although these three codons end in A or U, this did not
appear to be the result of a distinct preference for G and C
over A and T, since the G+C content of the scrY gene was
49%. In addition, the two codons for Cys (UGU and UGC)
were not used. Codon usage for translation of the scrA gene

J. BACTERIOL.



E. COLI SUCROSE PORIN GENE scrY 453

-20 -10 -1 10 20 30
ScrC MYRKSTLAMLIALLTSAASAHAQTDISTIEARLNALEKRLQEAENRAQTAEN

11 :11: :1 : :1
LamB MMITLRKLPLAVAVAAGVMSAQAMA---------------------

-20 -10 -1

40 50 60 70 80
ScrC RAGAAEKKVQQLTAQQQKNQNSTQEVAQRTARLEKKADDKSGFEFHGYARSGVIM

LamB----------------------------------- VDFHGYARSGIGW
10

90 100 110 120 130 140
ScrC NDSGASTKSGAYITPAGETGGAIGRLGNQADTYVEMNLEHKQTLDNGATTRFKVM
LamB TGSGGEQQC--FQTTGAQ---SKYRLGNECETYAELKLGQEVWKEGDKSFYFDTN

20 30 40 50 60

150 160 170 180 190
ScrC VADGQTSYNDWTASTSDLNVRQAFVELGNLPTFAGPFKGSTLWAGKRF-DRDNFD

11:: 111:1::::: 1:1 1: 11 :: :11111 1:
LamB VAYSVAQQNDWEATDPAF--REANVQGKNLIEW---LPGSTIWAGKRFYQRHDVH

70 80 90 100 110

200 210 220 230
ScrC I----HW-IDSDWFLAGTGGGIYDVKWNDGLRSN---FSLYGRN--FGDIDDS

: :1 1:: : 1:::: 1:::: :: :1: 1I:1 ::::
LamB MIDFYYWDISGPGAGLENIDVGFGKLSLAATRSSEAGGSSSFASNNIYDYTNET

120 130 140 150 160

240 250 260 270 280
ScrC SNSVQNYILTMNHF--AGPLQMMVSGLRAKDNDERKDSNGNLAKG--DAANTGV

:1:11: :: :1:1:: 1: II: :1:: :1: :1 :1::
LamB ANDVFDVRLAQMEINPGGTLELGVDYGRANLRDNYRLVDGASKDGWLFTAEHTQ

170 180 190 200 210 220

290 300 310 320 330 340
ScrC HALLGLHN-DSFYGLRDGSSKTALLYGHGLGAEVKGIGSDGALRPGADTWRIAS

:1 1 ::: I : :1:: I:I: :: :: : ::: ::: II :
LamB SVLKGFNKFVVQYATDSMTSQGKGL-SQGSGVAFDNEKFAYNINNNGHMLRILD

230 240 250 260 270

350 360 370 380 390
ScrC YGTTPLSENWSVAPAMLAQRSKDRYADGDSYQWATFNLRLIQAINQNFALAYEG

LamB HGAISMGDNWDMMYVGMYQDIN--WDNDNGTKWWTVGIRPMYKWTPIMSTVMEI
280 290 300 310 320

400 410 420 430 440 450
ScrC SYQYMDLKPEGYNDRQAVNGSFYKLTFAPTFKVGSIGDFFSRPEIRFYTSWMDW

:1: :: :::I :::I 11:1:1: :::I ::::111:11 :::: :1
LamB GYDNVESQRTGDKNNQ------YKITLAQQWQAG--DSIWSRPAIRVFATYAKW

330 340 350 360 370

460 470 480
ScrC SKKLNNYAS---------------DDALGSDGFNSGGEWSFGVQMETWF

LamB DEKWGYDYTGNADNNANFGKAVPADFNGGSFGRGDSDEWTFGAQMEIWW
380 390 400 410 421

FIG. 3. Aligned amino acid sequences of ScrY (ScrC) and LamB. Identical matches are connected by vertical lines, and conserved
residues are connected by dots. Gaps introduced in each sequence to improve the fit are shown by dashed lines.

from pUR400 was also biased towards rare codons (11). The Research Foundation (NBRF) protein data bank revealed
use of rare codons for the translation of at least two genes in 23% sequence identity between the ScrY protein and LamB,
the scr regulon is consistent with that of genes within the an outer membrane maltose porin and bacteriophage lambda
plasmid-encoded raf operon of E. coli (2). receptor from E. coli K-12 (19, 23). The computer-aligned

Sequence similarities. A search of the National Biomedical sequences of the two proteins are shown in Fig. 3. The ScrY
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Sequence Number

FIG. 4. Hydropathy plot of ScrY. The method used was that of
Kyte and Doolittle (21), with a window size of nine amino acids.
Hydrophilic values are negative.

and LamB proteins contain leader sequences of 22 and 25
amino acids, respectively. Eight of these amino acids were

perfect matches, while five additional amino acids showed
conservative exchanges. Four regions, corresponding to
amino acids 75 to 91, 110 to 126, 179 to 195, and 459 to 483
in the ScrY sequence (Fig. 3), exhibited strong identity.
These regions did not correspond to the starch and phage
lambda-binding domains of the LamB protein (6) and may
therefore represent more common sequences related to the
general structure of sugar-specific porins.

Figure 4 shows the hydropathy profile of the ScrY protein.
Weakly hydrophobic regions alternated with moderate to
strong hydrophilic domains. Similarities in structure to the
LamB protein were also found (data not shown). The ScrY
protein appears to be more hydrophilic than typical mem-

brane proteins. For example, the polarity index (5) of the
ScrY protein is 47.9. This value is closer to the polarities of
soluble proteins and membrane proteins that can be solubi-
lized in aqueous media. Ionic detergents were required to
solubilize the ScrY protein (16). The reduced hydrophobicity
of the ScrY protein may account for its anomalous migration
on SDS gels due to the decreased binding of SDS.

Function of the ScrY gene product. Deletions at the 5' end
of the 5.7-kb SalI fragment in pCH183 that extended to each
of the PstI sites within the scrY gene correlated with a

significant reduction in sucrose uptake but did not affect the
phosphorylation activity associated with enzyme IIScr (16).
However, approximately 500 bp of DNA immediately up-
stream from the scrY gene was also deleted from those
plasmids, and this may have influenced sucrose transport.
Therefore, a frameshift mutation was made in pJD2000 by
taking advantage of the unique KpnI site. The mutation in
TB1(pCH2) altered the amino acids at positions 208 to 211 in
the wild-type protein from Thr-Gly-Gly-Gly to Trp-Trp-Tyr-
Leu and introduced a termination codon (bases 850 to 852)
resulting in a truncated gene product (molecular weight,
25,610 before processing). The mutant exhibited a 24-fold
reduction in sucrose uptake measured 60 s after the addition
of radiolabeled sucrose when uptake was induced by grow-

ing the cells in 0.1% sucrose (Fig. 5). The in vitro sucrose

phosphorylation activity of the mutant was not affected
compared with that of TB1(pCH186). Membrane prepara-
tions from TB1(pCH2) and TB1(pCH186) produced 7.6 and
7.3 pmol of sucrose phosphate per min per mg of membrane
protein, respectively. These results demonstrated that the
decrease in sucrose uptake in TB1(pCH2) was not due to

D 3

LU)
r 2
U

10 20 30 40 50 60

Time after addition of sucrose (s)

FIG. 5. Effect of a frameshift mutation in the scrY gene on the
uptake of ["4C]sucrose. E. coli TB1, TB1(pCH186), and TB1(pCH2)
were grown in minimal medium containing 0.1, 0.2, 0.4, or 0.6%
sucrose to induce expression of scrY. The cells were washed
extensively to remove sucrose and adjusted to an A490 of 1.2 (0.5 mg
of cell protein per ml) in phosphate buffer. [14C]sucrose (10 .Ci [540
mCi/mmol]), was added to 1 ml of each cell suspension. Uptake was
determined at 20 nM sucrose as described in Materials and Methods.
Symbols: 0, TB1(pCH186), 0.1% sucrose; 0, TB1(pCH186), 0.2%
sucrose; x, TB1(PCH186), 0.4% sucrose; *, TB1(pCH2), 0.1%
sucrose; O, TB1(pCH2), 0.2% sucrose; *, TB1(pCH2), 0.4% su-
crose. Uptake values for E. coli TB1, TB1(pCH186), and TB1
(pCH2) induced in 0.6% sucrose are not shown. These values were
the same or lower than those shown for TB1(pCH2) grown in 0.4%
sucrose (*).

a polar effect on scrA gene expression. Growth of TB1
(pCH186) in increasing concentrations of sucrose, ranging
from 0.1 to 0.6%, resulted in increased repression of sucrose
transport (Fig. 5). This decrease in sucrose transport ap-
peared to be correlated with decreasing amounts of the ScrY
protein, as measured on SDS-polyacrylamide gels (data not
shown).

Several attempts to segregate the ScrY uptake activity
from that of enzyme 11Scr by subcloning the scrY gene in
pUC18 and in the low-copy-number plasmid pSC101 were
unsuccessful. Although an scrY probe (1.1-kb SphI frag-
ment) hybridized to mRNA from TB1(pCH186A470), neither
the gene product nor sucrose uptake could be detected. The
scrY gene was successfully subcloned and expressed, with-
out the leader sequence, in pEM-vrfl, where it was tran-
scribed from a temperature-sensitive lambda promoter. The
ScrY protein constituted 39% of the total cell protein in this
clone, as determined by scanning densitometry. However,
the gene product was rapidly lost during efforts to isolate the
protein from cell fractions. The addition of protease inhibi-
tors failed to significantly reduce the loss of the protein.
These results precluded efforts to measure sucrose uptake in
clones containing the segregated gene and appear to reflect
the instability of the ScrY protein in the absence of enzyme
11Scr and sucrose hydrolase.

Since the ScrY protein facilitated the transport of sucrose,
was located in the outer membrane, and showed identity to
LamB, it was tested for porin activity. Outer membrane was
prepared from TB1(pCH186) by isopycnic sucrose gradient
centrifugation, and the proteins were analyzed by SDS-
polyacrylamide gel electrophoresis. The ScrY protein repre-
sented 11% of the total protein contained in this fraction.
The porin activity of this outer membrane fraction was
determined by the liposome swelling method. Comparisons
of the relative diffusion rates of various sugars in liposomes
made with outer membranes from TB1, TB1(pUC18), and
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TABLE 2. Diffusion rates of various sugars in liposomes
containing the ScrY protein

d(1/OD400)Idt Relative rate of
(min-') permeation (%)

Sugar Outer membranea Outer membrane
Proteinb Protein

TB1 TB1 (ScrY) TB1 TB1 (ScrY)(pCH186) (pCH186)

DL-Arabinose 1.16 0.73 1.18 1,055 109 122
D-Glucose 0.71 0.61 1.12 645 91 117
D-Fructose 1.08 1.00 0.63 982 149 66
Sucrose 0.11 0.67 0.96 100 100 100
Lactose 0.22 0.22 <0.01 200 33 -c
Maltose 0.27 0.22 <0.01 245 33
Raffinose 0.26 0.13 <0.01 236 19
Melezitose <0.01 <0.01 0.18 19
Maltoheptaose <0.01 0.18 <0.01 27

a Liposomes contained 75 jig of outer membrane protein.
b Liposomes contained 10 ,ug of partially purified ScrY protein. OmpC plus

OmpF and ScrY represented 4% and 61%, respectively, of the total protein in
this sample.

c -, Below limit of detection.

TB1(pCH186) suggested that the presence of the ScrY
protein markedly enhanced the rate of diffusion of sucrose
(Table 2). Since the outer membrane fractions from TB1 and
TB1(pCH186) contained the general diffusion pore proteins
OmpC and OmpF, the disaccharides lactose and maltose and
the trisaccharide raffinose were able to slowly diffuse
through liposomes containing these proteins. It has been
reported that small amounts of sucrose can traverse the
outer membrane of E. coli through OmpC and OmpF, as
evidenced by liposome swelling experiments (27).
The ScrY protein was then isolated from outer membrane

by detergent extractions and gel filtration chromatography.
We were not able to selectively solubilize the ScrY protein
as in the case of LamB (23). The final ScrY protein prepa-
ration was relatively free of the major porins OmpC and
OmpF; these proteins represented only 4% of total protein
(Fig. 6, lane B). Membrane fractions containing considerably
higher levels of the major porin proteins did not increase the
permeability of the liposomes for sucrose relative to other
disaccharides (Table 2 and Fig. 6, lane A). Several higher-
molecular-weight polypeptides also appeared as contami-
nants in the ScrY protein preparation. Several of these
polypeptides behaved anomalously during the protein sepa-
rations, and studies are in progress to determine whether
they represent homologous or heterologous aggregates con-
taining the ScrY protein. These polypeptides were not
labeled in maxicells containing pCH186 (16). The addition of
this ScrY protein preparation to liposomes significantly
increased the rate of diffusion of sucrose relative to the
diffusion rates of the other disaccharides (Table 2). The
diffusion rate of sucrose approached the diffusion rates of
lower-molecular-weight sugars, such as arabinose and sev-
eral hexoses. The results demonstrated that the ScrY protein
imparted a structural specificity to the diffusion pores cre-
ated in the liposomes. Thus, ScrY in the sucrose operon may
function similarly to the LamB protein in the maltose regu-
lon (19).

Origin of the scrY gene. We have previously shown that a
probe containing the 5.7-kb Sall fragment from pCH186
hybridized to chromosomal DNA from K. pneumoniae (16).
A 1.1-kb SphI fragment from pCH183, confined to the 5' end
of the scrY gene, hybridized to K. pneumoniae DNA di-

A B
97)0

68)1- -- -SCRC

-OMPC/F

FIG. 6. Isolation of the ScrY (ScrC) protein for liposome swell-
ing experiments. Details of the isolation scheme are provided in
Materials and Methods. Protein samples were solubilized at 100°C
for 10 min and examined by SDS-polyacrylamide gel electrophore-
sis. Lane A, Sarkosyl-insoluble membrane protein; lane B, ScrY-
enriched fraction eluted from the Sepharose 6B column. Samples A
and B contained 18 and 15 ,ug of protein, respectively. Gels were
stained with Coomassie blue. Molecular size standards are indicated
in kilodaltons. Positions of ScrY (ScrC) and OmpC plus OmpF
proteins are shown by SCRC and OMPCIF, respectively.

gested separately with EcoRI, Sall, and BamHI (data not
shown). The probe hybridized to a single restriction frag-
ment in each digest. These data indicate that a related gene
may reside in K. pneumoniae. Similarities between sucrose
metabolism in K. pneumoniae and that directed by the
Salmonella plasmid have led others to propose that the
sucrose plasmid genes may have originated from the Kleb-
siella chromosome (35, 36). Recently, Wehmeiers et al. (39)
used lacZ fusions to map a sucrose gene cluster on the
Klebsiella chromosome. Although studies (37, 39) provided
evidence, based on biochemical analyses, that an invertase,
enzyme IIScr, and an ATP-dependent fructokinase was
present in the Klebsiella sucrose gene cluster, no data were
presented to suggest the presence of a sucrose porin.
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