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The phytopathogenic bacterium Erwinia chrysanthemi, unlike other members of the family Enterobac-

teriaceae, is able to metabolize the B-glucosides, arbutin, and salicin. A previous genetic analysis of the E.
chrysanthemi arb genes, which mediate B-glucoside metabolism, suggested that they were homologous to the
Escherichia coli K-12 bgl genes. We have now determined the nucleotide sequence of a 5,065-bp DNA fragment
containing three genes, arbG, arbF, and arbB. Deletion analysis, expression in minicell systems, and
comparison with sequences of other proteins suggest that arbF and arbB encode a B-glucoside-specific
phosphotransferase system-dependent permease and a phospho-B-glucosidase, respectively. The ArbF amino
acid sequence shares 55%. identity with that of the E. coli BgIF permease and contains most residues thought
to be important for a phosphotransferase. One change, however, was noted, since BglF Arg-625, presumably
involved in phosphoryl transfer, was replaced by a Cys residue in ArbF. An analysis of the ArbB sequence led
to the definition of a protein family which contained enzymes classified as phospho-B-glucosidases, phospho-
B-galactosidases, B-glucosidases, and B-galactosidases and originating from gram-positive and gram-negative
bacteria, archebacteria, and mammals, including humans. An analysis of this family allowed us (i) to speculate
on the ways that these enzymes evolved, (ii) to identify a glutamate residue likely to be a key amino acid in the
catalytic activity of each protein, and (iii) to predict that domain II of the human lactate-phlorizin hydrolase,
which is involved in lactose intolerance, is catalytically nonactive. A comparison between the untranslated
regions of the E. chrysanthemi arb cluster and the E. coli bgl operon revealed the conservation of two regions
which, in the latter, are known to terminate transcription under noninducing conditions and be the target of the
BglG transcriptional antiterminator under inducing conditions. ArbG was found to share a high level of
similarity with the BglG antiterminator as well as with Bacillus subtilis SacT and SacY antiterminators,
suggesting that ArbG functions as an antiterminator in regulating the expression of the E. chrysanthemi arb genes.

Members of the family Enterobacteriaceae differ in their
capacity to ferment the natural B-glucosides, i.e., cellobiose,
arbutin, and salicin, as carbon sources. For instance, Er-
winia chrysanthemi, a phytopathogenic bacterium (7), is
capable of fermenting all three, while Escherichia coli K-12
strains ferment none (4, 44, 45). However, E. coli K-12
possesses a battery of silent genes which, upon mutagenesis,
can be activated and enable the use of these sugars (15, 24,
33, 34, 36, 37, 44). Hence, a comparative analysis of the E.
coli and E. chrysanthemi systems might provide an oppor-
tunity for describing evolutionary constraints exerted upon
cryptic and expressed genes.

Our previous analysis revealed the existence of at least
two unrelated B-glucoside assimilatory pathways in E. chry-
santhemi (4, 16). One, referred to as the clb pathway,
enables the bacterium to use cellobiose, arbutin, and salicin,
while another, referred to as the arb pathway, allows growth
on arbutin and salicin only. It is unknown whether the clb
genes resemble the E. coli cryptic cel genes, which also
control a cellobiose assimilatory pathway (34). Results from
a genetic analysis of the E. chrysanthemi arb system led us
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to propose that it is homologous to the E. coli cryptic bgl
operon (16).

E. coli bgl operon expression is regulated by antitermina-
tion (1, 2, 20, 26, 27, 46). Three genes, bglG, bglF, and bgIB,
which encode an antiterminator, a B-glucoside-specific phos-
photransferase system-dependent permease, and a phospho-
B-glucosidase, respectively, are present (48). The bgIG gene
is bracketed by two terminator structures which are essential
to the regulation of bgl expression. In the absence of
exogenous B-glucoside, most of the transcripts terminate at
the promoter-proximal terminator (¢,), the distal one (¢,)
aborting those transcripts that continued through the former.
Under these conditions, the BglG protein is phosphorylated
by the BgIF permease and, as such, is not active. In the
presence of B-glucosides, the BglF permease phosphorylates
the sugar and dephosphorylates BglG, which then acts at
the ¢, and ¢, sites, antagonizing the termination process (1,
2).

Previous genetic characterization of the E. chrysanthemi
arb system suggested that (i) it contained three genes, arbG,
arbF, and arbB, all transcribed in the same direction, and (ii)
the arbF and arbB genes were equivalent to the E. coli bglF
and bgIB genes, i.e., they coded, in a substrate-inducible
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manner, for a PTS-dependent permease and a phospho-B-
glucosidase, respectively. In this paper, we pursue the
characterization of the Arb system at the nucleotide and
amino acid sequence levels and compare this system with
the E. coli cryptic bgl operon.

MATERIALS AND METHODS

Bacteria and plasmids. The E. coli K-12 derivative strains
were as follows: LCB320 (C600 thr leu rpsL; from our
collection); TG1 [A(lac-pro) supE thi hsdR hsdMI/F' lacl
lacZAM15 proAB); AE 10 (AlacX74 thi bgIRIIl tsx
tna::Tnl0; from A. Wright); AE 304-3 (same as AE 10 but
bgIB; from A. Wright); and AR 1062 (thr leu thi ara azi fhuA
lacY tsx minA rpsL gal mtl xyl hsdR; from our collection).
The plasmids used were as follows: pEM31 (ColE1 Ap"
arbG™ arbF™* arbB*) was the parental plasmid (see Fig. 1);
Bluescript phagemid pKS+ (Ap"; Stratagene) was used to
subclone the Pstl,-Sall restriction fragment from pEM31,
giving rise to the pBS11 (Ap® arbF* arbB™) and pBS23 (Ap"
arbF* arbB™) plasmids; plasmid pBSACI (arbF* Ap") was
derived from pBS11 by deletion of the Clal,-Clal, restriction
fragment; pBS10.3 (Ap") was a pBS11 deletion derivative
obtained during the generation of exonuclease III-mediated
deletions; and pBST3 and pBST7 plasmids were pKS+ and
pKS— derivatives, respectively, carrying the BamHI,-Pvull
restriction fragment from pEM31 (see Fig. 1).

Media and chemicals. All conditions used for growing,
scoring, and selecting bacteria were as already described
(16).

DNA techniques. Plasmid DNA preparation, electrophore-
sis, and DNA fragment isolation were performed by stan-
dard procedures (3, 28). Enzymatic treatments of DNA
molecules were carried out as recommended by the manu-
facturers. Bacterial transformation was performed as de-
scribed by Chung and Miller (8).

Expression in minicell systems and electrophoretic analysis
of plasmid-encoded proteins. The plasmids of interest were
introduced into the minicells producing E. coli AR 1062.
Minicells were purified by the method of Meagher (30).
Strain AR 1062 carrying the analyzed plasmid was grown in
minimal medium containing glycerol (0.2%), Casamino Ac-
ids (0.2%), and ampicillin (50 pg/ml) at 37°C overnight.
Minicells were separated by centrifugation (4°C, 5,000 rpm,
5 min), subsequently pelleted by a second centrifugation
(4°C, 10,000 rpm, 20 min), and finally resuspended in 1 ml of
M9 medium (31). This minicell suspension was loaded on a
continuous (0 to 23%) glycerol gradient and centrifuged (4°C,
4,500 rpm, 30 min); the minicells forming a dense band
midway in the tube were removed, centrifuged, and resus-
pended in M9 medium as described above. These steps were
done as many times as required to obtain pure minicells, as
detected by microscopic observation. Minicells were con-
centrated to 100 ul and either used for labelling or stored in
M9 medium with glycerol (50%) at —80°C. For labelling, 50
wl of the minicell suspension was complemented with 4 pl of
vitamin B, (0.5 mg/ml), 4 pl of methionine assay medium,
which contains all amino acids but methionine, and glycerol
(0.2%). The suspension was incubated at 37°C for 20 min,
supplemented with 5 pl of *>S-methionine (1 nCi/ml), and
incubated for an additional 30 min at 37°C. After centrifuga-
tion and two washings with M9 medium, the pellets were
suspended in loading buffer (Tris-HCI, 100 mM, pH 8.8;
EDTA, 2.5 mM; sucrose, 0.5 M; bromophenol blue, 0.005%;
sodium dodecyl sulfate [SDS], 18%; dithiothreitol, 0.3 M;
B-mercaptoethanol, 5%), heated to 95°C for 10 min, returned
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to ice, and stored at —20°C. Proteins were subsequently
separated by SDS-polyacrylamide gel electrophoresis with a
12% polyacrylamide gradient gel (Pharmacia PhastSystem).
Protein bands were visualized by autoradiography with
Kodak XAR-5 film.

Cloning and nested deletions. Nested deletions were made
in the Bluescript phagemid derivatives carrying DNA to be
sequenced, namely, pBS11, pBS23, pBST7, and pBST3.
Overlapping deletions were generated with exonuclease III
(10 U/ug of DNA, 26°C), which was allowed to act for
various periods of time. Treatment with exonuclease VII
(1.2 U/ug of DNA, 45 min, 37°C) was performed to remove
the protruding ends. Finally, the DNA fragment extremities
were treated with the Klenow enzyme (2 U/ug of DNA) and
ligated with T4 DNA ligase, and the resulting plasmids were
introduced into E. coli TG1l. The sizes of the recovered
plasmids were analyzed by electrophoresis on agarose gels
(1%).

Determination of the nucleotide sequence. DN A sequencing
was carried out by the dideoxy chain termination method of
Sanger et al. (42) with Sequenase (Genofit or USB) and
[a->*S]dATP. The reaction products were separated at 65°C
on a gradient gel (0.2 to 0.4 mm) made with 4% polyacryl-
amide, 7 M urea, and Tris-borate buffer. Gels were autora-
diographed by exposure to Kodak XAR-S film. The location
of Mu-lacZ insertions was determined by direct sequencing
of the pBH324 and pBH363 plasmids (16) with an oligonu-
cleotide (5'-TTTTTCGTGCGCCGCTT-3') derived from the
S extremity of phage Mu.

Nucleotide sequence accession number. The GenBank nu-
cleotide sequence accession number for the E. chrysanthemi
arb genes is M81772.

RESULTS AND DISCUSSION

Cloning and characterization of the arb genes. Insertion
mutagenesis of the pEM31 plasmid had suggested that the
arb genes were located between the Pvull and Clal, restric-
tion sites, with transcription reading from left to right (Fig.
1). The slightly larger Pstl,-Sall restriction fragment was
inserted at the Smal restriction site of the pKS+ plasmid,
and the resulting plasmids were used to transform E. coli
LCB320. The transformants yielded three colony types on
MacConkey plates containing arbutin and ampicillin: white
colonies most likely carrying the recircularized vector; dark
red colonies carrying a plasmid, referred to as pBS11, in
which the arb genes were inserted in the same orientation as
the lac promoter present on the vector; and pink colonies
containing a plasmid, referred to as pBS23, in which the arb
genes were inserted in the opposite orientation. Nested
deletions were made from the 3’ end of the inserts carried by
the pBS11 and pBS23 plasmids. The various pBS11 deletion
derivatives were analyzed for the phenotype that they con-
ferred to E. coli TG1 (Fig. 1). All deletions ending around the
Clal, restriction site conferred an Arb* Sal™ phenotype.
Thus, these plasmids carry a functional permease gene
which allows the uptake of B-glucosides but lack the phos-
pho-B-glucosidase gene. Phosphoarbutin is hydrolyzed in
these cells by the product of the E. coli bglA gene (16, 43).
All deletions extending upstream of the Clal, restriction site
conferred an Arb™ Sal™ phenotype.

The proteins encoded by two pBS11 deletion derivatives,
pBS11ACI and pBS10.3, were analyzed in an E. coli minicell
system (Fig. 2). Compared with the Bluescript phagemid, the
pBS11 plasmid was found to encode two additional proteins
with approximate masses of 52 and 67 kDa. Elimination of
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FIG. 1. Restriction map of the insert carried by the pEM31 plasmid and derivatives. On the right are shown the phenotypes conferred by
the plasmids to a wild-type strain of E. coli K-12. The names, order, and direction of transcription of the arb genes were determined in a
previous analysis (16). The pBS10.3 plasmid was obtained during the generation of nested deletions, while the pBS11ACI plasmid resulted
from Clal,-Clal, deletion. The vectors are not represented. B, C, E, K, P, Pv, and S stand for BamH]I, Clal, EcoRl, Kpnl, Pstl, Pvull, and

Sall, respectively.

the DNA region downstream of the Clal, restriction site,
e.g., in plasmid pBS11ACI, apparently led to the loss of the
gene encoding the 52-kDa protein, while larger deletions led
to the disappearance of the 67-kDa protein (Fig. 2). Taken
together with the phenotypic characterization mentioned
above, these data suggested that the proteins of 67 and 52
kDa are the permease and the phospho-B-glucosidase, re-
spectively.

Sequence analysis of the arb genes. As more precisely

1 2 3 4 5
T
194
s 467

FIG. 2. Identification of two proteins encoded by the pBS11
plasmid and its deletion derivatives in an E. coli minicell system.
Plasmids carried by strain AR 1062 and directing the synthesis of the
35S-labelled proteins analyzed were as follows: lane 1, Bluescript;
lane 2, pBS11; lane 3, pBS11ACI; and lane 4, pBS10.3. Lane §
contains size markers (in kilodaltons). Details about plasmid con-
structions are given in the legend to Fig. 1.

described below, previous results from mini-Mu-mediated
mutagenesis experiments led to inaccurate localization of the
upstream limit of the first arb gene. Therefore, the determi-
nation of the complete nucleotide sequence required the
construction of a second pair of plasmids: the BamHI;-Pvull
restriction fragment was subcloned into both pKS+ and
pKS— phagemids, giving rise to pBST7 and pBST3, respec-
tively (Fig. 1). Hence, the 5,065-bp nucleotide sequence
given in Fig. 3 starts at the BamHI, site and ends 435 bp
downstream of the Kpnl site (Fig. 1). Three large open
reading frames (ORF), presumably corresponding to the
three genes previously referred to as arbG, arbF, and arbB,
were identified. The first ORF starts at the ATG at position
201, is preceded by a motif (AGGGGT) resembling the
Shine-Dalgarno (SD) sequence located 6 bp upstream, and
ends at bp 1049, thus containing 283 codons, corresponding
to a protein with an M, of 31,130. For the second ORF, there
are three potential ATG initiator codons at positions 1161,
1269, and 1347. Only the last is preceded at a distance of 5 bp
by a sequence, AGGATGT, resembling the consensus SD
sequence. Therefore, we assume that the ATG at position
1347 is the correct initiator codon. A subsequent sequence
comparison with other permeases yielded results consistent
with such a hypothesis (see below). There is a stop codon at
position 3239. This ORF is 631 codons long and could
encode a protein with an M, of 69,410. For the third ORF,
there are two possible ATG initiator codons at positions 3272
and 3275, but there is a single consensus SD sequence,
AGGAGAT, upstream at distances of 4 and 7 bp, respec-
tively. This ORF ends at position 4669, contains 465 (or 466)
codons, and could encode a protein with an M, of 53,000.
The beginning of a fourth ORF, starting with the ATG at
position 4805, was identified. It is preceded by an SD-like
sequence, GGAACGT, located at a distance of 4 bp. We
collected evidence neither for the presence of a protein that
could correspond to this ORF nor for a role of this region in
the functioning of the Arb system. However, we should
mention that some Lac* fusions whose preliminary mapping
was compatible with an insertion in this ORF were obtained.
The beginning of a similar apparently ‘‘dispensable’” ORF
was also identified in the E. coli bgl operon (48). Since the
N-terminal sequences of both ORF share some sequence
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. . =35 . . _-10 . . . . .
GATCCGGTCACGTTTCCGTCACCGGGAGHITGAGH  TGCGTGTGCCOGTORAIAAGTIAGCGTC TACAGATTGTGCCCGGCCAGCGACATIC TTGTGC TGT
. . . . . . . . sp .

M XK I A K I L N N NV VTV MNDTEUQ QUNUNTEQVVYVMNGRTGTLG?Z KT KR

. . . . . . . . . .

GGCCGGGGGATACCGTGAACGCCGCATTGATCGAAAAAATTTTCTCTC TGCGCAGCAGCGAGC TGACCGCCCGCCTGAGCGATGTGCTGGAGCGCATCCC
P G DTV NAALTITEIKTITZP S STL RS S ELTA ARILSDVLTETRTIT?P

. . . . . . PstI, . . .
GCTGGAGGTAGTGACCACCGCCGATCGGATCATCGCGCTGGCGAAAGAAAAGC TGOGCGGGAACCTGCAGAACAGCCTCTATATTTCATTGACCGACCAT
L B V V TTADUZRTITIALAIKTEIEKTLGS GIU NTLUGQINS STLYTISULTUDH

. . . . . PstI, . . . . .

TGCCACTTTGCCATCGAACGCCACCGGCAAGGGGTGGATATCCGCAACGGGCTGCAGTGGGAGGTCAAGCGGCTGTATCAAAAAGAGTTCGCCATCGGGC
C HF A I ERHRUOQGVDTIRUENGILA OQWETVYVI KRILYOQIKTETFPA ATIGHL

- . . . - . . . . .

TGGATGCGCTGGACATTATTCACCGGCGGCTGGGGGTGCGGTTGCCOGAGGATGAAGCGGGTTTTATTGCGTTGCATC TGGTGAATGCCCAACTGGACAG
D ALDTITIHRRILGV VR RILUZPUEDTEAGT PFTIALU HLVNAQLTDS

. . . . B . Pvull. . . .
CCATATGCCGGAAGTGATGCGTATTACCCGCGTGATGCAGGAAATTC TGAATATCGTCAAATACCAGCTGAATC TTGACTATAACGAACAGGCATTCAGT
H M P EV MRITRVYVMNKOQETILHUNIVI KTYZ QLNTLUDTYUDNTZEQATFS

. . . - . . . . . .

TATCACCGGTTTGTGACTCATCTGAAGTTTTTTGCACAGCGATTATTGGGGCGTACGCCGGTATTCAGCGAAGATGAATCGCTGCACGATGTGGTGAAAG
Y H R P VT HLXKVPUPAQRTLTLGRTZPVU?PFSEDZESTLU EHEDTVVIKHE

. . . . . . . . . .

AAAAATATACGCTGGCGTATCACTGCGCTGAAAAAATTCAGGATCACATTATGCTGCATTACGATTATACCCTGACCAAGGAAGAATTAATGTTTCTGGC
K Y TLAYH HCA AT RIKTIO QDU HTIMMLUBEBEYDTYTULTIZ KT ETZETLM TPFPFTLA

. . . . . . . . . .

TATTCATATCGAGCGGGTGCGGTCGGAATTACAGGAGCAGACGGCGGAATAAATTTCGGGTGTGGAAAACCGAAGTTTGCGTGGTATCACAAAATAACAG
I H I E RV RS ELOQERIOQTA AT ER*

. -35 . -10 . . . . . .
ATTACCTGGGTGACAGGCTTGTCAGAATAAATCGCAC TGHEAATT I TAGAGCAACAAATATGGATTGCGACTGTATATCCC TCAGCGGGAAATACAGGE

. . . . . . =35 . . -10 .
AAAACCTGAACCGTTTTTTGCGAGEC TTGCGECGCGATGAGACGGTICAGGTTTTTTTIGTCTGAANA

. . . SD_. . . \4 . . .
CTCAGCGGTTTTCTCCGGGCATGGGCTGAGCATTAAGGATGTAGTAATGAATTACGAAACATTAGCCAGTGAAATAAGAGATGGCGTAGGCGGTCAGGAA
M N Y ETLASETIURUDGVGGOQE

\/ . . . . . . . . .
AATATTATTAGCGTGATACATTGCGCCACGCGCCTGCGGTTTAAACTCAGGGACAATACCAACGCCAATGCCGATGCGCTGAAAAATAATCCGGGCATTA
N I I 8 V I B C A TRULRUPIKTLURDNTNANADA ALIKDNDNTPGTII

. . . . . . . . . .
TCATGGTGGTGGAAAGTGGCGGCCAGTTTCAGGTGGTGGTGGGAAATCAGGTCGCCGATGTTTATCAGGCGC TGCTTTC TCTTGACGGCATGGCGCGCTT

M V V E 8 G G Q F Q V V V G NQVADVY Y QALTLSTILUDGME EARTEF

TAGCGATTCGGCCGCGCCGGAAGAAGAGAAAAAGAATAGCCTGTTTTCCGGCTTTATCGACATCATCTCCAGCATATTTACGCCATTTGTCGGTGTGATG
8§ D 8 AAPETETEIKI KNS STULTYFYSGVPIDTITISSTIUPTZPUPVGVNM

FIG. 3. Nucleotide sequence of the E. chrysanthemi arb genes and the flanking regions and the deduced amino acid sequences of the
ArbG, ArbF, and ArbB proteins and of the beginning of an unknown ORF. Amino acids deduced from the nucleotide sequence are specified
by one-letter representation, and each amino acid is presented under the first nucleotide of the corresponding codon. The nucleotide sequence
was determined on both strands. Putative o’°-recognized promoter regions are boxed. Putative ribosome binding sites are indicated (SD).
Candidates for rho-independent terminator structures are shown by inverted arrows. The positions of Mu-lacZ fusion 324 and 363 insertions
in the arbF gene are shown by filled and open triangles, respectively (16).

similarity (data not shown), new investigations are required dependent EIl permeases and identified several typical mo-
to evaluate the role, if any, of these genes. tifs, such as two phosphorylation sites, each containing a

Comparison of the ArbF amino acid sequence with those of  histidyl residue, the presence of an amphipathic helical
other EIl permeases. Saier et al. (39, 40) compared PTS- segment located at the N terminus of the protein, and the
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presence of charged residues at the C terminus. Below is
given an analysis of the ArbF amino acid sequence with
these criteria. (i) The two potential phosphorylation sites
were identified at residues 309 and 553 (Fig. 4); both con-
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«BamBIy . . . . . . . . .
PGGCGCTAGGCGTCGCCACCCATGTGATATCGGAAAGCAGCGGCACCTATAAATTGCTGTTCGCCGCCAGCG

A ATGILI KGTPULALGVATH HVTISESSGTZYZXKXTLTZLTFARASD

ACGCGCTGTTCTATTTC TTCCCCATTGTGCTGGGC TATACGGCCGGCAAGAAGTTTGGCGGCAACCCATTTACCACGCTGGTGATTGGCGCCACGCTGGT
AL PYPPFPPIVLGYTAGE KT EKTPGGNPUPTTLVTIGATTLYV

GCATCCGAGCATGATCGCCGCTTTCAACGCCATGCAGGCGCCGGATCACTCAACGCTGCATTTTCTGGGTATTCCAATTACTTTTATCAATTACAGCTCC
H P 8 M I AAF N A MOQAPUDH EHSTTLZ EBPFLGTIZPTITTP?TIHNYSS

. . . . . . . . . .
TCGGTCATTCCGATICTGTTTGCCAGTTGGGTATCCTGCAAAC TCGCTGGCTGCACGCCAATATCCGCAATTTCTTCACGCCGC
8 VI PILPASWYV SCXKTLTEIZKZPTLUNR RTWLELIEANRTIRIENKTPFZPTZPL

. . . . . . . . .

TGCTGTGTATTGTTATTAGCGTTCCGTTGACCTTTC TGCTGATTGGGCCGAGCGC TACCTGGC TGAGCCAGATGCTGGCGGGCGGATACCAGTGGC
L ¢CI VISVUPLTZPULLTIGEPSATU WILSOQMILAGGSGYOQWLY

BCORI . . . . . . . . .
CGGGTTGAATTCATTGCTGGCTGGCGCCGTGATGGGCGCGTTGTGGCAGGTATGC TTTTCGGGTTGCACTGGGGCTTTIGTGCCGCTGATGCTGAAT
G LN SLLAGA AV MNGALTWO QVCVIPGLU HWGT PFVU?PLMLHTEN

AATTTCAGTGTGATCGGACACGATACACTGCTGCCGCTGC TG TGCCGGCGGTGC TGCGGGCAGGCCGGCGCCACGCTGGGCGTGCTGTTGCGTACCCAGG
N P 8V I GGHEDTTLTLZPULLVZPAVLGOQAGATLSGVLELLRTZ QD

ACCTGAAGCGCAAGGGGATTGCCGGGTCGGCGTTTTCCGCGGCGATTTTCGGGATTACCGAGCCAGCGGTATACGGCGTGACGCTGCCGCTGCGTCGTCC
L KR KGIAG S AP SAATIUPGTITETPA AV YGVTLZPTULRTIRBRYPEP

CTTTATCTTCGGCTGTATCGGCGGGGCGCTGGGCGCGGCCGTGATGGGATATGCTCATACCACCATGTA CAGCATTTTCTCCTTT
P I P GCI GGALGAAV HGYAHTTMYS ST FGTPFUPSTITFSTF

. . . - . . . . .

ACCCAGGTGATTCCGCCGACCGGCGTGGACAGCAGCGTTTGGGCGGCGGTGATCGGCACGC TG TTGGCCTTIGCGTTTGCTGCGTTGACCAGTTGGTCGT
T Q VIPPTGVDS SV WAAVYVIGTILIULAPAFPAMALTSUWSF

. . . . . . . . . .

TTGGCGTGCCGAAAGATGAAACGCAACCGGCAGCGGCGGATAGTCCGGCGGTACTGGCGGAAACACAGGCTAACGCTGGCGCTGTTCGTGATGAGACGTT
G VP KDETUO QP AAADSUPAVLAETO QANARMGAVRDTETHL

. . . . . . . . . .
GTTCAGTCCGCTGGCCGGTGAGGTACTGCTGC TGGAGCAGGTGGCCGATCGTACCTTTGCCAGCGGCGTGATGGGCAAAGGGATCGCCATTCGACCTACG
P S PLAGEVILLTLTEOQVADTR RTUPASGV MNGI KTGTIATIRTPT

. . . . . . . . . .

CAGGGGCGGCTGTACGCGCCGGTAGACGGCACCGTGGCGTCGCTGTTTAAAACCCATCATGCCATTGGCCTGGCATCGCGAGGCGGAGCGGAGGTGCTGA
Q G R L YAPVDGTJVASTLZPI XKTHUHATIGLA ASRGG GATEVTLTI

. . . . . . . . . .

TACACGTCGGCATCGACACCGTCCGGCTGGATGGCCGTTATTTTACCCCGCACGTGCGTGTCGGCGATGTGGTGCGCCAGGGCGACCTGCTGCTGGAATT
HE VG I DTV RUILDGRYPTZ?PHBVRVYVYGDVVROQGDULTLTLTETF

. . . . . . . . . .

TGATGGCCCGGCCATTGAGGCGGCAGGCTATGACCTCACCACGCCGATTGTGATTACCAACAGCGAAGACTATCGCGGGGTTGAACCCGTCGCCAGCGGC
D GPAIZERAAGYDILTTTZPTIUVITNSEDTYHZRGVETZPVASSG

. . . . . . SD . . . .
AAGGTGGACGCCAATGCGCCGCTGACGCAACTGGTGTGCTGAATGATTATTGAACAGAAAAAAGGAGATGAATGATGAGCAACCCTTTCCCGGCGCATTT
XK V D A NAPULTUGOQLVC * 631 M S N P F P A BHRTPF

. . . . . . . . . .

TTTATGGGGCGGCGCGATTGCCGCCAATCAGGTGGAAGGCGCCTATC TGACCGATGGTAAAGGACTTTCCACGTCGGATTTACAGCCTCAGGGCATCTTC
L WG GAIAANGOQVESGA AYTLTUDGIKGT LS ST SDULOQPOQGTITF

FIG. 3—Continued.

769

tained histidyl residues presumably involved in phosphory-
lation. The phosphorylation site closer to the C terminus
(amino acid 553) was found to be highly similar to that in
BglF, including the presence of a positively charged amino
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3401 GGCGAAATTGTGACGCGCCAGCCGGGCGACAGCGGCATCAAAGATGTGGCGATTGATTTTTATCACCGTTACCCGCAGGACATCGCGCTGTTTGCGGAAA
43 G B I V T R Q P G D 8 G I K DV A IDUPY HRYUPOQDTIATLUPATEHJHM

. . Clar; . . . . . . B .
3501 TGGGGTTTACCTGCCTGCGCATATCGATAGCCTGGACGCGCATTTTCCCGCAGGGGGACGAGGCAGAACCGAACGAAGCGGGGCTGGCGTTTTACGATCG
77 G FTCULURTISIAWT RTIUPFPFPOQGUDTEA ADAEUPNKTEAGTLA ATPFPYDR

3601 GCTGTTTGATGAGCTGGCAAAGTACGGTATTCAGCCATTAGTGACGTTGTCACACTATGAAATGCCGTATGGACTGGTGGAAAAACACGGCGGCTGGGGC
110 L FP DELAKYGTIOQPULVTLSHYZ EMPYGLVZEIRKHBGGUWG

. o . . . . . . . .

3701 AACCGCTTGACTATTGATTGTTTTGAGCGCTACGCCCGCACGGTGTTTGCGCGCTATCGCCACAAGGTTAAGCGTTGGCTGACGTTCAACGAGATCAATA
143 N R L T I D C F E R Y ARTVUPARY YR RUEKYI KR RUWILTUPFNTETINM

3801 TGTCGCTGCATGCGCCCTTTACCGGCGTCGGGCTGCCGCCGGACAGCGATAAGGCGGCGATTTATCAGGCGATCCATCATCAACTGGTCGCCAGCGCCAG
177 S L H AP P TGV GLUPUPD S DUILAATIIZ KA QATIH BRI EQTLVYVASAR

. . . . . . . . . .

3901 AGCGGTAAAAGCCTGTCACGACATGATTCCGGACGCGCAAATCGGCAACATGCTGTTGGGGGCGATGCTCTACCCGCTGACCAGCAAGCCGGAAGATGTA
210 AV KA C HDMTIUZPUDA AQTIGNMTLTULGAMMTLT Y?®P?PULTSZX KU PTETDUV

. . . . . . . . . .

4001 ATGGAAAGCCTGCATCAGAACCGGGAATGGCTGTTCTTCGGCGATGTGCAGGTGCGCGGCGCGTATCCGGGGTATATGCACCGGTATTTCCGGGAGCAGG
243 M E 8 L HQ NREWULUPUPFGDVQVRGAYPGYMHRYU PREBDQOQG

. . . . . . . . . .

4101 GTATTACGCTGAATATTACGGCGCAGGATAAGCAGGACCTGAAAGCCACCGTTGATTTTATTTCCTTCAGC TATTACATGACCGGTTGCGTCACGACCGA
277 I TLNITAOQDI XK GQDULI KA ATVDUFPTISVPF S Y Y MTSGOCVTTD

. . . . . . . . . .

4201 TGAAGCGCAACTCGAAAAAACGCGCGGCAATATTTTGAATATGGTGCCGAACCCGTATCTGGAAAGCTCTGAATGGGGATGGCAGATTGATCCGCTGGGG
310 E A QL EBEKT RGNTITLNMMYVZPNZPYTLTESSEWGWOQTIDZPTLSG

4301 CTGCGTTATTTGCTGAATTTCCTGTACGACCGTTACCAAAAGCCGTTGTTTATTGTCGAGAACGGTCTGGGTGCGAAAGATAAGATTGAAGAGAATGGCG
343 L R Y L L N PL Y DRYOQXKUPLUVFTIVENSGTLSGA AMAWMIKDI KTITEENGTD?D

4401  ACATTTATGACGATTATCGTATCCGCTACCTGAATGATCATCTGGTGCAGGTCGGCGAAGCTATCGACGACGGCGTTGAGGTGCTGGGATATACCTGCTG
377 I Y DDYRTIRYTULNDU HTLVOQVGEA ATIDUDGVETVTELGYTT CHW

4501 GGGACCGATTGACTTGGTCAGCGCCTCGAAGGCGGAAATGTCCAAACGTTATGGCTTTATTTATGTCGATCGTGATGATGCCGGTCATGGCTCGCTGGAG
410 G P I DLV S A S KAEMSI KRYGV PFPTIVYVDRUDUDAGHGS STLE

. . KpnI; . . . . . . .

4601 CGGAGACGTAAAAAGAGTTTTTACTGGTACCAATCCGTTATTGCCAGTCACGGAAAAACGCTGACGCGATAATAAATATATCTGAAATCAACCTGCGGAT
443 R R R K K 8 F Y W Y Q 8 VI ASUHGI KTTULTR *

. . . . . . . . . .

4701 wmcecmecm&m&cgmmwmmmmmmc&mmmmmcmww

4801  GAAGATGAAAATAAAGAATAGCTATCTGGTGATAGCCAGCCTGCTTTATCCCATATCATTTATTTCCACTGCGGCGTCATTAACCGTTGAACAACGGTTG
M K I XK NS YLV IASTULTLYU®PPTZ1IISs8VFTISTAASTELTVEUGQRIL

. . . . . . . . . .

4901  GCGGCGTTGGAAAATGATTTACAGGAAACCAAACAGGAGTTGCAGCGTTATAAAGAACAGGAGAAGAAAAACAAAGCTATTACCCTTGTCAGGGTAAATT
A ALEDNDTULUGOETI K QETLU QRYIKEQEIKI KNI KA ATITTLVRUVYVNS

. . . . . .

5001 CCGCCGCCGACGCGGATAATAAAAGTAATGCCTTCAACGTCGCGAAAACCGCTACGCCGATCGCG
A A DADNIKSNAMFPFNVAKTA ATUPTIA

FIG. 3—Continued.

acid 7 residues after the histidyl residue, a feature unique feature among the EII enzymes analyzed to date, and a
among the EII enzymes. The other phosphorylation site, at phenylalanyl residue at position 312, as has also been found
amino acid 309, was found to be less conserved and to have, in the E. coli EII Mtl and B. subtilis SacP permeases (11, 13).
in particular, a cysteinyl residue at position 303, a unique (ii) Axial projection of a potential a-helical conformation of
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Arbr MNYETLASEIRDGVGGQENIISVIHCATRLRFKLRDNTNANADALKNNPGIIMVVESGGQFQVVVGN 67
22c0%c 232002320 2042323232232282332302%0008020032,0232323222282323332828232323,32
BglFr MTELARKIVAGVGGADNIVSLMHCATRLRFKLKDESKAQAEVLKKTPGIIMVVESGGQFQVVIGN 65
-
Arbr QVADVYQALLSLDGMARFSDSAAPEEEKKNSLFSGFIDIISSIFTPFVGVMAATGILKGFLALGVAT 134
e3333¢ 3¢ 2c03.e oo o388 cceloelor 3o 032.3333.43.23323232333383433230.0
Bglr HVADVFLAVNSVAGLDE-KAQQAPENDDKGNLLNRFVYVISGIFTPLIGLMAATGILKGMLALALTF 131
Arbr HVISESSGTYKLLFAASDALFYFFPIVLGYTAGKKFGGNPFTTLVIGATLVHPSMIAAFNAMQAPDH 201
e oo 3332 o32.333338.833323.383233323.3233233232.40232323443332 ceel30e 3 o3
BglF QWTTEQSGTYLILFSASDALFWFFPIILGYTAGKRFGGNPFTAMVIGGALVHPLILTAFENGQKADA 198
-
Arbr STLHFLGIPITFINYSSSVIPILFASWVSCKLEKPLNRWLHANIRNFFTPLLCIVISVPLTFLLIGP 268
0203383323028 .4223232832828288c%c080ce 330033 32300034233233328323000 o3.33323.132
BglF LGLDFLGIPVTLLNYSSSVIPIIFSAWLCSILERRLNAWLPSAIKNFFTPLLCLMVITPVTFLLVGP 265
ArbF SATWLSQMLAGGYQWLYGLNSLLAGAVMGALWQ LMLNNFSVIGHDTLLPLLVPA 335
e3%e%c008.33 333 e o3232323832.432% leso22322333.3233% L222.4343.8330023232.22
BglF LSTWISELIAAGYLWLYQAVPAFAGAVMGGFWQ: LCINNFTVLGYDTMIPLLMPA 332
*
Arbr VLGOAGATLGVLLRTQDLKRKGIAGSAFSAAIFGITEPAVYGVTLPLRRPFIFGCIGGALGAAVMGY 402
eeele3343232e2 oef o3 o3333 eee323323232323233323.32 o 323.0023280332333.0022
Bglr IMAQVGAALGVFLCERDAQKKVVAGSAALTSLFGITEPAVYGVNLPRKYPFVIACISGALGATIIGY 339
Arbr AHTTMYSFGFPSIFSFTQVIPPTGVDSSVWAAVIGTLLAF--AFAALTSWSFGVPKDETQPAAADSP 467
203002323223 423323303 303234232302 423323423330c02 $3¢0 o 2 el ecoeee Sece
BglF AQTKVYSFGLPSIFTFMQTIPSTGIDFTVWASVIGGVIAIGCAFVGTVMLHF ITAKRQPAQGAPQEK 466
Arbr AVLAETQANAGAVRDETLFSPLAGEVLLLEQVADRTFASGVMGKGIAIRPTQGRLYAPVDGTVASLF 534
. o Zececloee $23ce88ce 3 o333 332333..332332323 2. 3 o 3343 o3333
BglF TPEVITPPEQGGI~==--CSPMTGEIVPLIHVADTTFASGLLGKGIAILPSVGEVRSPVAGRIASLF 528
ArbF KTHHAIGLAS! IHVGIDTVRL DGRYFTPEVRVGDVVRQGDLLLEFDGPAIEAAGYDLTTPI 601
3 3333603 oft.3.323233332323.233.0300323.32328 2. 32 2..233 333. 33.3333%.
BglF ATLHAIGIESD ILIHVGI! LGmSABWVGDRVNTGDRLISFDIPAIREAGYDLTTPV 595
* *
Arbr VITNSEDYRGVEPVASGKVDANAPLTQLVC 631
e8e33030c ¢33 2 ceececlest .o
BglFr LISNSDDFTDVLPHGTAQISAGEPLLSIIR 625

*

771

FIG. 4. Pairwise alignment of the deduced amino acid sequences of the E. chrysanthemi ArbF protein and the E. coli K-12 BglF
B-glucoside permease. Colons indicate identical residues; dots indicate conservative changes. The two potential phosphorylation sites, as
proposed by Saier et al. (39, 40), are boxed (see the text). Amino acids Cys-24, His-183, His-306, His-547, Asp-551, and Arg-625, shown to
be important for BglF activity, are marked with asterisks below the sequences (47).

the first 14 residues revealed a picture closely related to that
reported for various sucrose EII enzymes (39). In particular,
one side of the helix contained only charged hydrophilic
residues, while the other contained only hydrophobic ones,
giving rise to a typical amphipathic a-helical segment of 14
residues terminated by a pair of glycyl residues (data not
shown). It was proposed that such short N-terminal amphi-
pathic sequences are embedded in the membrane and assist
in the correct targeting of the permeases (39; see below). (iii)
The C terminus of ArbF did not exhibit the signature
proposed by Saier et al. (39, 40), i.e., one hydrophobic
residue followed by a histidyl or an arginyl, since a cysteinyl
residue occurred instead (see below).

A site-directed mutagenesis study of BglF underlined the
importance of His-547, Cys-24, His-306, His-183, Asp-501,
and Arg-625 residues (47). All were found to be conserved in
ArbF, except for Arg-625, which was replaced by a Cys
residue (Fig. 4). This result was somewhat unexpected since,
in BglF, Arg-625 was proposed to function together with
His-547 and Asp-551. No Arg, His, or Lys residues which
could be candidates for playing the role of Arg-625 in BglF
occurred at the C-terminal end of ArbF. Since there is a
single base difference between the Arg-625 codon (CGC) in
BgIF and the Cys codon (CGA) in ArbF, the nucleotide
sequence of this region was determined twice, starting from
two different plasmids in each case, on both strands, but no
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) (a), B-glucosidases from an

B-glycohydrolases: B-galactosidase from S. solfataricus (23

FIG. 5. Multiple sequence alignment of
Agrobacterium sp. (51) (b) and C. saccharoly

(5) (e), and Staphylococcus aureus (6) (f)

(29) domains II (i),

B-galactosidases from Lactobacillus casei (35) (d), Streptococcus lactis

ticum (25) (c), phospho-
, phospho-B-glucosidases fro

ork) (h), and human LPH
ns is only partial and does

m E. coli (48) (g) and E. chrysanthemi (this w
tted because its similarity to the other domai

III (j), and IV (k). Human LPH domain I was omi

galactosidase sequences were

lfataricus MT-4 B-

y, the rat LPH and recently published S. sol

not included, since they exhibit a very high level of homolo
(10, 29). The alignment was produced with the Clustal

matrix similarities were used (12

not encompass the active-site region (29). Similarl
are boxed. Symbols: @

ricus enzyme, respectively
is (21). Various amino acid

lfata
y hydrophobic cluster analysi

gy with those of human LPH and the other S. so

program (19) and verified b

least 6 of the 11 sequences

ent. Residues conserved in at

, 38); all gave essentially the same type of alignm,

, active-site Gl

grobacterium enzyme (52); O, invariant Asp, Glu, or

a black bar are those that were used to construct the tree in Fig. 6.

u residue found to act as a nucleophile in the A

His residues. The areas marked with

B-glyco-

program or hydropho-
cted, we found a high

. chrysanthemi ArbB and E.

sequence was used to scan a data bank specific for

and mammals, including humans. The ArbB amino acid
hydrolases (18) by use of the Clustal

. Whether Cys can, in this context,
i.e., function together with the His-547

substitute for Arg,
residue in phosphate transfer, remains to be determined.

ambiguity was ever found

bic cluster analysis (19, 21). As expe
level of identity between the E

.
ia,

heabacter

ia, arc

Comparison of the ArbB amino acid sequence with those of
B-glycohydrolases from eubacter:

various



774 EL HASSOUNI ET AL.

coli BgIB proteins, amounting to approximately 70%. As
already pointed out by others, both of these gram-negative
bacterial phospho-B-glucosidases were found to share a high
level of identity with phospho-B-galactosidases originating
from gram-positive bacteria, such as Streptococcus, Staph-
ylococcus, and Lactobacillus spp. (35). We identified six
additional homologous sequences: B-glucosidases from a
gram-negative Agrobacterium sp. and from the extreme
thermophile Caldocellum saccharolyticum, two B-galactosi-
dases from the archeabacterium Sulfolobus solfataricus, and
lactate-phlorizin hydrolases (LPH) from rats and humans
(Fig. 5). Hence, this family includes four types of enzymes,
as defined by the International Union of Biochemistry clas-
sification: phospho-B-glucosidase (EC 3.2.1.86), phospho-§-
galactosidase (EC 3.2.1.85), B-glucosidase (EC 3.2.1.21),
and B-galactosidase (EC 3.2.1.23). The alignment of the
sequences revealed that (i) the N- and C-terminal regions are
better conserved than the middle regions, (ii) optimal align-
ment of the archeabacterium enzyme requires the introduc-
tion of long gaps into the other sequences, and (iii) 27 amino
acids are found to be invariant (Fig. 5). On the basis of a
pairwise comparison of the largest regions common to all
sequences, we suggest an unrooted evolution tree (Fig. 6).
The most related sequences were those of proteins occurring
in taxonomically related bacteria. However, the enzymes
could also be separated into phospho-B-glycosidases and
B-glycosidases, i.e., depending on the presence or absence
of a phosphoryl group at the C-6 position of the substrate.
This result suggested that this position might have acted as a
functional constraint in the evolution of the enzymes ana-
lyzed. The human LPH molecule might provide us with an
example of evolution from one type of B-glycosidase to
another. LPH bears two catalytic activities: B-galactosidase
(domain III) and B-glucosidase (domain IV) (29) (Fig. 5). If
one assumes that both domains arose by genetic duplication,
structural differences between them should reflect, above
all, the constraints imposed by the substrates.

A most interesting outcome from building protein families
is the ability to predict functionally important residues.

Human domain II (1)

Caldocellum (c)

Sulfolobus (a)

J. BACTERIOL.

B-Glycosidases act by a general acid catalysis mechanism in
which two acidic residues participate in a single or double
displacement reaction, resulting in the inversion or retention
of the configuration, respectively, at the anomeric carbon
(50). It was recently shown that, in the Agrobacterium
enzyme, the Glu-358 residue is directly involved in the
glycosidic bond cleavage by acting as a nucleophile (52).
This residue is invariant in 10 of the 11 members of the
family. LPH domain II is the exception (Fig. 5). This result
is of special interest since (i) LPH, like the Agrobacterium
enzyme, catalyzes the glycosidic bond cleavage with the
retention of the configuration at C-1 of the product (49), and
(ii) LPH domain II is removed from pro-LPH by proteolytic
processing in vivo (29). Therefore, we predict that domain
III Glu-1273 and Glu-1749 of human LPH are directly
involved in catalysis and that LPH domain II is a noncata-
lytic polypeptide. Because general acid catalysis also re-
quires the participation of a proton donor residue, other
appropriate invariant residues (Glu, Asp, and His) were
sought and are proposed as potential candidates for site-
directed mutagenesis studies (Fig. 5). While this work was in
progress, the sequences of two B-glucosidases from B.
polymyxa were reported by Gonzales-Candelas et al. (17)
along with a similar sequence analysis. These authors con-
cluded that there were two types of B-glucosidases, the B.
polymyxa enzymes being part of the family also containing
B-galactosidases, phospho-B-galactosidases, and phospho-f-
glucosidases, as we have concluded. However, their analy-
sis did not include the archeabacterial and human enzymes
in the proposed family and did not take advantage of the
knowledge about the Agrobacterium enzyme to predict a
catalytic glutamate in all members of the family.
Comparison of the ArbG amino acid sequence with those of
E. coli and B. subtilis transcriptional antiterminators. The E.
coli BglG protein functions as a transcriptional antitermina-
tor and exhibits RNA binding capacity (20). The E. chrysan-
themi ArbG protein exhibits 61% identity with BglG (Fig. 7).
The B. subtilis SacT and SacY proteins presumably function
as antiterminators as well (9, 13). Alignment of the ArbG

(J) Human domain III

(k) Human domain IV

(h) Ervinia

(g8) E. colt
(e) Streptococcus
(f) Staphylococcus

(d) Lactobacillus

(b) Agrobacterium

FIG. 6. Distance tree calculated from a pairwise comparison of B-glycohydrolases from various origins. The tree was constructed from
pairwise comparison scores of the largest conserved domains shown in Fig. 5. Other trees were constructed with the entire sequences and
were found to be similar in topology as well as relative branch length (data not shown). The tree was constructed by submitting the edited
sequences to the multiple sequence alignment program of Lipman et al. (22), with the matrix of Dayhoff (12); the use of the matrix of Rissler
et al. (38) did not produce a very different alignment. Thus, for each pair of sequences, the program computed the sum of the alignment costs,
and these values were used to build a tree with the neighbor-joining method of Saitou and Nei (41).
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ArbG MK--IAKILNNNVVTVMDEQNNEQVVMGRGLGFKKRPGDTVNAALIEKIFSLRSSELTAR
BglG MNMQITKILNNNVVVVIDDQQREKVVMGRGIGFQKRAGERINSSGIEKEYALSSHELNGR
SacT MK--IYKVLNNNAA-LIKEDDQEKIVMGPGIAFQKKKNDLIPMNKVEKIFVVRDENE--K
SacY MK=--IKRILNHNAI-VVKDQNEEKILLGAGIAFNKKKNDIVDPSKIEKTFIRKDTPDYKQ
L R L e R LA TR S P .
ArbG LSDVLERIPLEVVTTADRIIALAKEKLGGNIQNSLYISL' 'AIERHRQGVDIRNGL
BglG LSELLSHIPLEVMATCDRIISLAQERLG-KIQDSIYISL FAIKRFQQNVLLPNPL
SacT FKQILQTLPEEHIEIAEDIISYAEGELAAPLSDHIH! FAIERIQNGLLVQNKL
SacY PEEILETLPEDHIQISBQIISHAEKELNIKINERIHV FAIERISNGNVIKNPL
S S R AT T P *hk & .
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BglG LWDIQRLYPKEFQLGEEALTIIDKRLGVQLPKDEVGFIAMHLVSAQMS~GNMEDVAGVTQ
SacT LHEIKALYKKEYEIGLWAIGHVKETLGVSLPEDEAGYIALHIHTAKMDAESMYSALKHTT
SacY LNEIKVLYPKEFQIGLWARALIKDKIGIHIPDDEIGNIMIHTARNNAGDHTQTLDITT
o o Rk Rk ok Kk | Rk, Kk kx h hk Kk, Kk, .
ArbG VMQEILNIVKYQLNLDYNEQAFSYHRFVTHLKFFAQRLLGRTPVFSEDESLHDVVKEKYT
BglG LMREMLQLIKFQFSLNYQEESLSYQRLVTHLKFLSWRILEHASINDSDESLQQAVKQNYP
SacT MIKEMIEKIKQYFNRKVDENSISYQRLVTHLRYAVSRLESNEALHRMDEEMLYFIQKKYS
SacY HIRDIIEIIEIQISINIVEUI'ISYERLVTHLRFAIQHIKAGESIYELDAZHIDIIKEKFK
......... ee o K kR R RkkR, ce o *... cenes
ArbG LAYHCAEKIQDHIMLHYDYTLTKEELMFLATHIERVRSELQEQTAE
BglG QAWQCAERIAIFIGIQYQRKISPAEIMFLAINIERVRKE ===~~~ H
SacT FAYQCALELAEFLKNEYQLHLPESEAGYITLHVQRL--~~--QDLSE
SacY DAFLCALSIGTFVICKEYGFEFPBKELCYIAMHIQRF---YQRSVAR

*, kh

e * Liee.. o

FIG. 7. Comparison of the amino acid sequences of the E. chrysanthemi ArbG protein with those of the E. coli K-12 BglG and B. subtilis
SacT and SacY antiterminators. An asterisk below the aligned sequences indicates a residue identical in four sequences, while a dot indicates
a conservative change. Aspartate and histidine residues shown to be important for BglG and SacT functions are boxed. The Clustal program

(19) was used to produce the alignment shown.

amino acid sequence with those of the E. coli and B. subtilis
proteins (Fig. 7) revealed the presence of 58 identical resi-
dues among the four proteins. Among them were the Asp-
His residues located at position 100 and shown to be
important for the activity of BglG and SacT (9, 13) (Fig. 7).
This result strongly supports the idea that the ArbG protein
is an antiterminator, while it renders the observation that
ArbG could not substitute for BglG more puzzling (16).
Location of lacZ fusion insertion points. The determination
of the arbG nucleotide sequence challenged some conclu-
sions derived from our previous analysis. In particular, it
had been concluded that the upstream limit of arbG was near
the Pvull restriction site, since Mu insertions upstream of
this site did not interfere with the ability to use arbutin, while
downstream insertions led to a negative phenotype (16). It
was therefore disturbing to find that the Pvull restriction site
lies within the central part of the arbG nucleotide sequence
(Fig. 3). This result prompted a reinvestigation of the loca-
tion of some lacZ fusions studied in our previous work (16).
Sequencing of the insertion points of two arb-lacZ fusions,

"Box A"

STBl-ard f GGGTTGCTACTGCCAT
Ti-bgl s GGATTGTTACTGCATT
BSbgl-IR 3 GGATTGTTACTGATAA
BSsacR sacB : GGTTTGTTACTGATAA
BSsacRfsacP s GGATTGTGACTGGTAA
T2 by f GGATTGTTACCGCACT
STB2-arb + 1) GGATTGCGACTGTATA

2) GGATTGCGACTGTATA

324 and 363, revealed that the Mu element was inserted
within the N-proximal region of arbF after the 9th and 21st
codons, respectively (Fig. 3). Hence, none of the fusions
previously used mapped within the arbG gene, and the
conclusion that arbG expression was not substrate inducible
must be considered erroneous. Such a reassessment neces-
sitates additional comment, since the expression of fusion
344 located in arbF was induced threefold by the substrates,
while the expression of fusion 363, now shown to be in arbF
as well, was found to be noninducible (16). The basis for this
result might reside in the fact that fusion 363 lies in the region
of the permease that is integrated in the membrane, while
inducible fusion 344 is within the cytoplasmic tail (see
above).

Search for transcriptional signals. We sought to 1dent1fy
sequences related to the promoters recognized by the o
containing RNA polymerase. Three putative promoters were
found and are referred to as PO, lying upstream of the arbG
gene at bp 30, and P1 and P2, located within the arbG-arbF
intercistronic region at bp 1119 and 1263, respectively (Fig.

"Box B"
TG GCAGGCAAAACCAGATGTTC
[« GCAGGCAAAACCTGACATAA
A GCAGGCAAAACCTAAATTGC
A GCAGGCAAGACCTAAAATGT
A GCAGGCAAGACCTAAAATTT
AA GCGGGCAAAACCTGAAAAAA
TCCCTCA GCGGGAAATACAGGCAAAAC
TCCCTCAGCGGGAAAT ACAGGCAAAACCTGAACCGT

FIG. 8. Alignment of BoxA and BoxB terminator motifs found in the E. chrysanthemi arb, E. coli bgl, and B. subtilis bgl, sacB, and sacP
genes. Part of BoxB is thought to be engaged in forming the RNA hairpin structure terminating transcription (see the text). Two possibilities
are given for STB2 BoxB to reach the best alignment with other BoxB’s. Identical nucleotides in all seven motifs are shown in boldface type.
The STB1-arb and STB2-arb motifs lie upstream and downstream of the E. chrysanthemi arbG gene, respectively; the T1-bgl and the T2-bgl
motifs lie upstream and downstream of the E. coli bglG gene, respectively (48); the BSbgl-IR, BSsacR/sacB, and BSsacR/sacP motifs lie
upstream of the B. subtilis bgl endoglucanase gene (32), the sacB levansucrase gene (9), and the sacPA sucrose metabolic operon (13),

respectively.
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3). None exhibited perfect matching to the —35 and —10
consensus sequences.

A search for potential stem-loop structures that could be
involved in transcription termination was conducted. Two
were located flanking the arbG gene; each was followed by a
run of T residues, as expected for rho-independent termina-
tors (Fig. 3). The free energy of formation, if the stem-loop
structures were folded in RNA, would be —21.7 kcal/mol
(ca. 90.8 kJ/mol) and —30 kcal/mol (ca. 125.5 kJ/mol) for the
upstream (STB1) and downstream (STB2) structures, re-
spectively. Furthermore, the STB1 and STB2 structures,
along with each immediate upstream region, were found to
share a high level of identity. In addition, both exhibited
motifs, called BoxA and BoxB, which were earlier identified
in the regions involved in the antitermination regulatory
circuit of the E. coli bgl and B. subtilis sacT and sacB genes
9, 13, 20, 27, 46, 48). Alignment of the E. chrysanthemi arb
STB1-containing region was straightforward: this region
exhibited a sequence highly related to the BoxA and BoxB
motifs, with the exception of the 3’ end of BoxB, which was
demonstrated not to be essential for antiterminator recogni-
tion in E. coli (20). In contrast, good alignment of the E.
chrysanthemi arb STB2-containing region seemed more dif-
ficult to achieve, since part of BoxB seemed to have been
duplicated. Hence, the distance between BoxA and BoxB
could be either 8 or 17 nucleotides (Fig. 8). It might be
interesting to note that the 17-bp spacing region could be
folded in a small hairpin, bringing together BoxA and BoxB
such that they would now be at a distance similar to that
described in the E. coli and B. subtilis systems (data not
shown). In addition, a third potential rho-independent ter-
minator structure was found downstream of the arbB gene
(Fig. 3).

Conclusion. The determination of the E. chrysanthemi arb
gene nucleotide sequence allowed the identification of three
genes, arbG, arbF, and arbB. Phenotypic analysis of dele-
tion derivatives and sequence comparison studies showed
that the ArbF and ArbB proteins constitute a PTS-dependent
EIl permease and a phospho-B-glucosidase, respectively.
The function of ArbG was solely inferred from a sequence
comparison study, and ArbG was proposed to be an antiter-
minator. Both the genetic order and the sequences of the
encoded products demonstrated that the expressed E. chry-
santhemi Arb system is structurally equivalent to the E. coli
cryptic bgl operon.

Two differences between the Arb and Bgl systems were
noted; both involved the nontranslated regions. First, with
the exception of the terminator-containing regions, no simi-
larity was found between the regions lying upstream of the
arbG gene and the bgl promoter. This finding precluded any
attempt to identify discrete sites or determinants which
could be responsible for the cryptic nature of the bgl
promoter. This finding was surprising, since work by Diaz-
Torres and Wright showed that a sequence highly similar to
the bgl promoter occurs in the chromosomes of other
members of the family Enterobacteriaceae (14). The second
difference concerned the intercistronic region lying between
the antiterminator and the permease genes which, in the Arb
system, is unusually long, i.e., 300 bp versus 130 bp in bgl/
(48). The existence of this 300-bp intercistronic region points
to a question yet to be solved in the arb system: are all three
genes organized as an operon? Actually, preliminary evi-
dence suggests that both the arbF and the arbB genes can be
expressed independently from arbG. Furthermore, in our
previous work, we showed that the expression of arbF was

J. BACTERIOL.

3-fold inducible while the expression of arbB was increased
15-fold in the presence of B-glucosides (16).

The comparison of the arb and bgl gene nucleotide se-
quences failed to provide a clear-cut explanation of why the
E. coli system is cryptic and the E. chrysanthemi is ex-
pressed. A possible answer is that the Arb system contains
additional (or more efficient internal) promoters which are
not controlled by the antitermination mechanism. Knowl-
edge of the structural features of the arb genes has now
provided the groundwork for investigating these questions.
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