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The bgl operon of Escherichia coli is regu- 
lated by a novel two-component regulatory sys- 
tem which consists of a sensory protein, BglF, 
present in the cytoplasmic membrane and a 
regulatory protein, BglG, present in the cyto- 
plasm. The sensor is a phosphotransferase sys- 
tem (PTS) transport protein which controls the 
activity of the regulatory protein according to 
substrate availability. The regulator is an RNA 
binding protein which controls operon expres- 
sion by transcriptional antitermination. In the 
absence of substrate, BglF phosphorylates BglG 
thus inactivating it. In the presence of sub- 
strate, BglF removes the phosphate from BglG 
thus allowing it to function as an antitermina- 
tor. In this review we focus on the interactions 
between the sensor and regulator of the bgl 
system and discuss other systems that are regu- 
lated in a similar way. 

ELEMENTS INVOLVED IN REGULATING bgl 
OPERON EXPRESSION 

The bgl operon of E. coli K-12 contains genes 
involved in the uptake and catabolism of aro- 
matic P-glucosides. In E. coli K-12 the operon is 
cryptic [l]. However, in certain wild type E. coli 
strains, operon expression is inducible by P-glu- 
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cosides 121. A variety of mutations, including 
insertions upstream of the bgl promoter, acti- 
vate the operon in E. coli K-12 [3-51. Once 
activated by mutation, operon expression be- 
comes inducible, transcription occurring from a 
unique, CAP-cAMP-dependent promoter 161. The 
basis for crypticity of the operon in E. coli K-12 
is not fully understood though it seems to be 
related in part to  sequences upstream of the 
promoter 141. Since the operon is completely 
intact and potentially functional in E. coli K-12, 
it seems likely that operon expression must oc- 
cur in wild type cells, perhaps through the ac- 
tion of an unidentified inducer or under specific 
growth conditions. Alternatively, it is possible 
that the organism can switch between the non- 
activated (cryptic) and activated states by revers- 
ible DNA rearrangements 131. 

The structure of the bgl operon is shown in 
Figure 1. Three essential genes, bglG, bglF, and 
bglB, were identified by genetic analysis [71 and 
their presence confirmed by DNA sequence anal- 
ysis 181. A key feature of the operon, central to 
its regulation, is the presence of rho-indepen- 
dent terminator coding sequences flanking the 
first gene, bglG (see below) [8,91. The BglF pro- 
tein was shown to be a member of the PTS 
family of transport proteins, sharing significant 
homology with the IIGIc and I I P  PTS proteins 
involved in glucose transport in E. coli and with 
other PTS family members as well [8,10,11]. 
These proteins function by coupling phosphory- 
lation of the substrate with its transport. The 
BglB protein was shown to be essential for hydro- 
lysis of the phosphorylated P-glucoside yielding 
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Fig. 1 .  Schematic representation of the bgl operon. 

glucose-6-phosphate. BglF and BglB are neces- 
sary and sufficient for p-glucoside uptake and 
hydrolysis; however, production of these pro- 
teins requires BglG, which functions as a posi- 
tive regulator of operon expression [91. 

Genetic and biochemical analysis of the acti- 
vated bgl operon in E. coli uncovered a novel 
form of regulation. First it was noted that substi- 
tution of the lac promoter for the bgl promoter 
had no effect on operon regulation; i.e., the 
operon was still inducible by P-glucosides [91. 
The properties of a series of bgl-lacZ fusions 
with endpoints at different sites within the op- 
eron indicated that one major site of regulation 
was in or near the first rho-independent termina- 
tor downstream of the promoter [91. Mutations 
reducing the efficiency of this terminator led to 
constitutive expression of a bglG-lacZ fusion, as 
did deletion of the complete terminator. Thus 
the terminator itself is involved in regulating 
operon expression. Further analysis indicated 
that expression of a bgl-lacZ fusion containing 
the first terminator region was absolutely depen- 
dent on the presence of BglG, thus defining 
BglG as a positive regulator of bgl operon expres- 
sion. BglG-dependent expression of the bgl-lacZ 
fusion was constitutive in the absence of BglF 
but required inducer when BglF was present [91. 
Thus, in addition to being involved in p-gluco- 
side transport, BglF is a negative regulator of 
operon expression. Two classes of bgl mutants, 
with mutations in BglF and BglG, respectively, 
were identified which gave rise to constitutive 
expression of the bgl-lacZ fusion 171. All but one 
of the mutations (79 total) were located in the 
bglF gene leading to loss of BglF function. The 
single exception was a mutation in bglG, result- 
ing in a BglG protein with altered function. This 
mutation, bglG33, and another, bglG4 [l], were 
insensitive to  the negative effect of BglF. The 
bglG33 and bglG4 mutations, which occur at 
different sites in BglG (Diaz-Torres and Wright, 

unpublished observations), most likely define 
sites that allow interaction between BglG and 
BglF (see below). Based on these results it was 
concluded that BglF is a negative regulator of 
operon expression which exerts its effect through 
a direct interaction with BglG [7]. 

POSITIVE REGULATION 
Transcriptional Antitermination via Protein-RNA 

interaction 

From the evidence indicated above it was clear 
that BglG regulated operon expression by acting 
as a transcriptional antiterminator. Subse- 
quently it was demonstrated that the protein 
functions by binding to the bgl leader RNA just 
upstream of the first terminator [la]. The mini- 
mal binding site in the leader RNA was esti- 
mated to be 32 nucleotides long. This sequence 
actually extends into the leading stem of the 
terminator hairpin, thus binding of the protein 
to its target would physically block formation of 
the terminator leading to antitermination. The 
32 nucleotide target sequence has the potential 
to form a stem-loop structure with two bulged 
regions (Fig. 2). Recent experiments have con- 
firmed the presence of such a structure (Diaz- 
Torres and Wright, unpublished observations). 
Thus there are two alternative secondary struc- 
tures in the bgl leader region, one in the BglG 
binding site, the other in the terminator. Bind- 
ing of BglG to its target would thus preclude 
formation of the terminator. We have obtained 
evidence that BglG binds to an almost identical 
target sequence in the second terminator which 
lies in the intercistronic region between the 
bglG and bglF genes. Thus the same mechanism 
must be used for readthrough at this site as 
well. Such a system is reminiscent of attenua- 
tion control in the leader region of the trp op- 
eron, where the position of a regulatory ribo- 
some determines RNA secondary structure 
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Fig. 2. RNA targets for antiterminator proteins. Shown are the RNA binding sites for BglG, SacY, and SacT. The 
structure on the left shows both BglG binding sites; the GI site i s  present upstream of the bglG gene, whereas the C2 
site is downstream of the bglC gene. For those positions where differences are observed, the G2 sequence is 
indicated in parentheses. The SacY and SacT sites, on the right, differ at only two positions. The asterisks on the BglG 
structure indicate residues that are conserved in all four structures. The structure on the left has been confirmed by 
nuclease analysis, but that on the right i s  theoretical. 

which in turn determines the fate of the tran- 
scription complex 1131. It is not yet known how 
BglG binds to its RNA target nor is anything 
known about its binding affinity. In this regard 
it is interesting that overproduction of a trun- 
cated form of bgl leader RNA, lacking the com- 
plete terminator, strongly inhibited BglG antiter- 
mination in vivo. Under these in vivo conditions, 
BglG appeared to be able to bind tightly to  its 
target sequence despite the fact that the latter 
was not in its normal mRNA context. 

NEGATIVE REGULATION 
Regulation of Transcription Antitermination by 

Reversible Protein Phosphorylation 

Transcription from the bgl promoter is consti- 
tutive, but in the absence of p-glucosides in the 
growth medium most transcripts terminate at 
the first rho-independent terminator which is 
located upstream of the first gene in the operon 
[91. Thus, under these conditions, BglG is not 
functioning as a transcriptional antiterminator. 
The presence of P-glucosides outside the cell is 
the signal for induction of expression by tran- 
scription antitermination. The protein that 

senses this signal and controls the activity of 
BglG as an antiterminator is BglF. This protein, 
an integral membrane protein, as deduced from 
its amino-acid sequence [8,101, interacts with 
the 0-glucosides in the medium since it func- 
tions in their uptake and phosphorylation. BglF 
was shown to be related by function [141 and by 
amino-acid homology [ l l ]  to a group of trans- 
port proteins that are components of the phos- 
phoenolpyruvate (PEP)-dependent PTS of E. 
c d i .  The phosphate is transferred from PEP to 
BglF, also termed enzyme IIbg', via phosphory- 
lated protein intermediates, and then to the 
sugar [151. By analogy with other PEP-depen- 
dent phosphotransferases, BglF seems to con- 
tain two sites involved in phosphate transfer; 
one acting as an acceptor of phosphate from 
HPr, the heat-stable phosphoryl carrier of the 
PTS, the other acting to transfer the phosphate 
group to the sugar [16]. Site-directed mutagene- 
sis, carried out to elucidate which residues are 
involved in these two phosphorylation events, 
identified a histidine as essential for the first 
event and both a cysteine and a second histidine 
as essential to the second [17,181. Other resi- 
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dues, examined by this analysis, were shown to 
affect the kinetics of these events. 

The way BglF carries out its other function, 
i.e., transfer of the signal to the transcriptional 
antiterminator, BglG, also involves transient 
phosphorylation events [15]. In the absence of 
p-glucosides, BglF phosphorylates BglG, thus 
blocking its action as a transcriptional antitermi- 
nator. Upon addition of inducer, BglF dephos- 
phorylates BglG, allowing it to  function as a 
positive regulator of gene expression. This mech- 
anism was suggested originally based on in vitro 
studies of BglG phosphorylation by BglF, and on 
the properties of BglG mutant proteins, which 
allow constitutive expression of the operon and 
which show inability or decreased ability to be 
phosphorylated by BglF in vitro [15]. Later, it 
was demonstrated that both the phosphorylated 
and non-phosphorylated forms of BglG existed 
in vivo [17,19]. The activity of BglF as both BglG 
kinase and phosphatase was reinforced by dem- 
onstrating that the degree of phosphorylation of 
BglG in the cell is proportional to the level of 
BglF produced, and that rapid dephosphoryla- 
tion can occur upon addition of p-glucosides to  
the growth medium [191. 

It has been established that the flow of phos- 
phate from HPr through BglF to substrate oc- 
curs by transfer to histidine 547, then either to 
histidine 306 or to cysteine 24, and finally to 
substrate [17,18]. In the absence of substrate, 
phosphate is transferred from histidine 547 to 
BglG. An unexpected finding was that a muta- 
tion at histidine 547 failed to  block BglG phos- 
phorylation. BglG phosphorylation in this case 
was found to be due to enzyme IIIglC. Thus a 
second PTS protein can regulate BglG activity. 
It is likely that this interaction is important 
from a metabolic point of view when more than 
one carbon source is available to the cell. As 
expected, a mutation at histidine 306 of BglF 
made the bgl operon uninducible because it 
blocks the flow of phosphate to substrate, result- 
ing in permanent phosphorylation of BglG. 

Accumulating evidence obtained from studies 
on other sensory transduction systems (e.g., che- 
motaxis, nitrogen utilization, porin expression) 
suggests that transient protein phosphorylation 
is central to  the mechanism of many informa- 
tion processing systems in bacteria [20,211. A 
combination of genetic and biochemical ap- 
proaches has shown that stimulus-response cou- 
pling involves two families of signal transduc- 
tion proteins. One component of each regulatory 

pair is involved in sensing the stimulus and 
functions as a histidine-kinase that activates the 
second component, which acts as a response 
regulator, by phosphorylating it on an aspartate 
residue. Some regulators are DNA binding pro- 
teins which upon phosphorylation, in response 
to environmental information, can activate gene 
expression [2 1, and references therein]. Se- 
quence motifs were detected in these proteins 
that may act as independent transmitter or re- 
ceiver modules in mediating protein-protein com- 
munication, since they retain their functional 
identities in many protein hosts. Signal propaga- 
tion is assumed to be a natural consequence of 
the recognition and association of these matched 
modules, accompanied by a conformational 
change in one or both of the interacting ele- 
ments due to phosphorylation. Many pairs of 
proteins involved in various sensory processes, 
for which phosphorylation has not yet been dem- 
onstrated, are classified as members of these 
two families based on the fact that they contain 
sequences resembling the transmitter-receiver 
modules [21,221. The p-glucoside utilization sys- 
tem, although a two-component regulatory sys- 
tem induced by an external stimulus, shares no 
homology with the proteins of the other group of 
two-component systems. The fact that the ki- 
nase BglF, by phosphorylating BglG, blocks its 
action as a positive regulator is in marked con- 
trast to the way the other pairs of proteins are 
regulated. BglF is phosphorylated on a histi- 
dine, as are the sensors from the other group, 
but it phosphorylates a histidine residue on BglG 
rather than an aspartate residue, as is the case 
for the other response regulators (Amster- 
Choder and Wright, unpublished data). Thus, 
the system involved in bgl regulation defines a 
new group of two-component regulators. Other 
candidates for this group are discussed under 
the Related Systems section. 

The basis for recognition of the positive regu- 
lator BglG by its kinase BglF is not completely 
understood yet. Studies with a series of hybrids 
containing various portions of BglG and comple- 
mentary portions of SacY (see Related Systems), 
a similar antiterminator from Bacillus subtilis, 
suggest that regions of BglG, apart from the 
phosphorylation site, are required for phosphor- 
ylation by BglF (Amster-Choder, Bascom, and 
Wright, unpublished data). SacY can substitute 
efficiently for BglG in bgl operon expression in 
E. coli. However, it is not negatively regulated 
by BglF indicating that it lacks determinants 
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required for BglF recognition. Whether this por- 
tion of BglG contains a site for kinase recogni- 
tion that is separate from the phosphorylation 
site, or is required for proper folding and presen- 
tation of the protein to  its kinase, remains to  be 
determined. 

Modulation of Dimerization of BglC by 
Reversible Phosphorylation 

How does transient phosphorylation of BglG 
modulate its activity as a transcriptional antiter- 
minator? Three pieces of evidence obtained re- 
cently indicate that BglG exists in two configura- 
tions in vivo, an active non-phosphorylated form, 
which is a dimer, and a phosphorylated inactive 
form, which is a monomer [231. First, a fusion 
protein, which contains a portion of BglG but 
lacks antitermination activity, exerted a domi- 
nant negative effect on wild type BglG in vivo. 
This suggested that an oligomeric form of BglG 
might function in antitermination. Second, de- 
termination of molecular weights on native gels 
showed that BglG exists as a dimer while phos- 
phorylated BglG is a monomer. Third, the chi- 
mera formed by replacing the dimerization do- 
main of h repressor with BglG behaved like 
intact A repressor in its ability to  repress X gene 
expression, evidence that it dimerizes in vivo. 
The efficiency of repression by the h-BglG hy- 
brid, which reflects the efficiency of its dimeriza- 
tion, was found to depend on the level of BglF 
and on p-glucoside availability. It is generally 
assumed that phosphorylation leads to  changes 
in the conformation or configuration of proteins 
that affect their activity, but the nature of such 
changes has never been shown directly before. 
The bgl system is the first example of phosphor- 
ylation and dephosphorylation modulating a con- 
figurational change, in this case a change in the 
oligomeric state of BglG, which controls the 
activity of this protein. 

Modulation of dimerization has been reported 
to  be involved in transcription regulation by 
many DNA binding proteins. BglG is the first 
RNA binding protein reported to regulate tran- 
scription depending on its dimeric state. One 
question was whether the failure of monomeric 
phosphorylated BglG to antiterminate transcrip- 
tion is due to its inability to bind RNA. By 
directly assaying the ability of the monomers 
and dimers to bind RNA, it was possible to  
determine that while dimeric BglG binds to its 
RNA target, monomeric phosphorylated BglG 
does not [23]. 

A MODEL FOR bgl REGULATION 

A model for bgl regulation consistent with the 
reported observations is shown in Figure 3. Ex- 
pression of the operon is positively and nega- 
tively regulated by two of its gene products, 
BglG and BglF, respectively. BglG is a sequence- 
specific RNA binding protein whose ability to  
inhibit termination of the operon transcription 
is modulated by BglF, a membrane bound kinase- 
phosphatase protein that senses the presence of 
P-glucosides [7,12,15,19]. According t o  our 
model, the ability of BglG to bind and antitermi- 
nate depends on dimer formation, a process that 
is controlled by phosphorylation [231. In the 
absence of signal (p-glucosides), BglF transfers 
phosphate to BglG, interfering with its dimeriza- 
tion, preventing it from binding RNA and thus 
blocking its action as an antiterminator. A termi- 
nator structure is formed on the RNA which 
leads to  dissociation of the RNA polymerase 
from the transcript. Addition of p-glucosides 
stimulates dephosphorylation of BglG by BglF; 
non-phosphorylated BglG can dimerize and bind 
its RNA target, thus preventing the formation 
of the terminator and enabling RNA polymerase 
to  transcribe through the operon. 

The secondary structure formed by the target 
RNA (Fig. 2) is an important feature in the 
model. The free energy calculated for this struc- 
ture, whose existence was confirmed by enzy- 
matic probing of RNA and analysis of compensa- 
tory mutations as described above, suggests that 
it is not very stable. It is suggested that BglG 
stabilizes this structure by binding to it. This 
type of protein-RNA recognition explains why 
mutations in the RNA target recognized by BglG 
exhibit a drastic effect, completely eliminating 
binding, since they result in production of RNA 
species with different secondary structures that 
are not recognized by BglG (Diaz-Torres and 
Wright, unpublished data). The two RNA tar- 
gets, which partially overlap the two termina- 
tors flanking the bglG gene, have exactly the 
same predicted secondary structure. They differ 
from each other at four positions, two within the 
predicted loop and the other two are replace- 
ment of one Watson-Crick base pair by another 
within the stem (Fig. 2). 

The reason why BglG needs to dimerize in 
order to act as an antiterminator is not under- 
stood. Many dimeric proteins that regulate tran- 
scription bind to symmetric sequences on DNA, 
i.e., sequences that contain two binding sites, 
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Fig. 3. Model ofbgloperon regulation: (A) uninduced; (B) induced. 

each binding a monomer. The RNA sequence to  
which BglG binds contains only one binding site. 
Thus the need for BglG dimers to  bring about 
antitermination might reflect a concomitant in- 
teraction with RNA and RNA polymerase or 
other cellular proteins. Contacts between vari- 
ous transcription factors and the p- and a-sub- 
units of RNA polymerase have been shown to be 
crucial for regulation of gene expression in many 
cases [24]. Since BglG is acting in such close 
proximity to  the transcription complex, it is 
quite possible that it actually contacts it directly 
or does so indirectly by interacting with one of 
the host Nus proteins which are known to be 
required for various termination and antitermi- 
nation events [25]. The need for dimers might 
alternatively reflect a type of interaction be- 
tween BglG and the RNA transcript in a way 
that differs from dimer-DNA interaction. 

RELATED SYSTEMS 

Genes involved in sucrose utilization in B. 
subtilis, namely sacB and sacPA, appear to be 

regulated by mechanisms that are similar to  
that which controls bgl operon expression in E. 
coli. They are each preceded by rho-independent 
terminator sites that block transcription in the 
absence of sucrose which acts as inducer [26- 
281. These sites contain sequences that are very 
similar to  those in the bgl operon (Fig. 2). Expres- 
sion of sacB and sacPA is controlled by proteins 
encoded by the sacXY [291 operon and the sacT 
gene [281, respectively. SacY and SacT are homol- 
ogous to one another [281 (48% identity) and to 
BglG (35% identity), while SacX is a PTS mem- 
brane protein [301. Genetic evidence indicates 
that SacY and SacT act as transcriptional anti- 
terminators at  these sites. SacX regulates the 
activity of SacY presumably by phosphorylation 
and dephosphorylation, thus it is the B. subtilis 
analogue of BglF. As expected, sacX- mutants 
are constitutive for sacB expression [29]. Inter- 
estingly, they are also constitutive for sacPA 
expression, indicating cross-talk between the two 
systems. SacT activity is also regulated. How- 
ever, in this case, its regulatory protein has yet 
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to be identified. A SacT mutant has been iso- 
lated which expresses the sacPA and sacB genes 
constitutively indicating again that there is cross- 
talk between the two systems [311. In cells with 
PTS defects, SacY acts in a fully constitutive 
way, turning on the sac genes [301. This is the 
phenotype expected if SacY is negatively regu- 
lated by phosphorylation. Surprisingly, in the 
same mutant background SacT is non-func- 
tional. Thus, SacT apparently requires an intact 
PTS for its activity E301. A possibility suggested 
to explain SacT behavior is that it may possess a 
second site that is either phosphorylated or 
which binds a ligand thus becoming activated. 
As stated in the previous section, we have re- 
cently found that SacY can function efficiently 
in E. colt to  allow bgl operon expression, but it is 
not subject to regulation by BglF. Thus, these 
proteins combine independent regulatory speci- 
ficity with a common RNA binding specificity. 
The analysis of hybrids constructed between the 
various positive regulatory genes should allow 
identification of regions that are recognized by 
their individual PTS counterparts. 

The phytopathogenic bacterium Erwinta chry- 
santhemi contains a group of three genes, orga- 
nized as an operon (arb), which mediate p-gluco- 
side metabolism a n d  which a r e  highly 
homologous to the genes of the bgl operon [32]. 
The ArbG protein which regulates expression of 
the other two genes, arbF and arbB, is 61% 
identical to BglG. While it almost certainly acts 
as an antiterminator in E. chrysanthemi it does 
not substitute for BglG in E. colt. Whether it 
fails to bind the RNA target sequences in the bgl 
operon or is non-functional for some other rea- 
son is not known. 

SIMILARITIES TO EUKARYOTIC SYSTEMS 

Although the bgl and sac systems do not re- 
semble other known bacterial regulatory sys- 
tems, they do resemble eukaryotic regulatory 
systems in various ways. One example is phos- 
phorylation of the c-Myb protein by casein ki- 
nase I1 at  a site near the Myb DNA binding 
domain [33]. This phosphorylation negatively 
regulates the function of c-Myb as a transcrip- 
tional activator by preventing specific binding of 
this protein to DNA. Another example is the Tat 
protein of HIV which functions as a transactiva- 
tor of HIV genome expression by binding to the 
RNA encoded by the TAR sequence element, 
thus increasing transcriptional initiation and 

stabilizing elongation [341. There are a variety 
of other known cases where phosphorylation 
either stimulates or inhibits the ability of tran- 
scription factors to bind to DNA. 

CONCLUDING REMARKS 

Two-component regulatory systems like those 
discussed in this review are likely to be wide- 
spread among bacteria. Given the present state 
of knowledge of the bgl and sac systems, it 
should now be possible to determine precisely 
how the sensor (PTS protein) and regulator 
protein interact and also how PTS proteins like 
enzyme IIIg’“ interact with the regulatory pro- 
teins. Understanding the rules for recognition 
between the various pairs of proteins should 
allow a clearer understanding of how such regu- 
latory systems are linked to global regulation in 
the cell. 
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