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VirG, PhoB, and OmpR are positive regulators of the virulence, phosphate, and osmolarity regulons, respectively. Their target genes are attended 
with one or more significant blocks of similar 6-bp sequences in their regulatory regions. The distance between the block(s) and transcriptional 
start site varies with the target genes, but the blocks are located in a similar manner phase-specific to the promoter sequences. On the basis of 

these facts, we offer a novel model of transcriptional activation common to these regulators. 

Transcriptional activation; Two-component regulatory system; Cis-acting element; Phased sequence; DNA-binding protein 

1. INTRODUCTION 

In bacteria, a large number of transcriptions respond 
to specific stimuli, and in some cases, several genes are 
controlled by a single regulatory system and constitute 
a regulon. Recently, it has been revealed that regulatory 
systems for several different regulons have common 
features. These systems, called the two-component 
regulatory systems, consist of environmental sensors 
and transcriptional regulators (for review, see [I]). 
Their members are the Escherichia coli phoR-phoB ac- 
tivating the genes for phosphate transport and assimila- 
tion (pho and pst) in response to phosphate limitation, 
the E. coli envZ-ompR regulating the porin genes 
(ompC and ompF) in response to osmolarity changes, 
the virA-virG of Agrobacterium pRi and pTi activating 
the virulence genes (vir) in response to plant phenolic 
compounds, the ntrB-ntrC (gkd-gfnG) of enteric 
bacteria activating the nitrogen assimilation genes (nif 
and gf’n) in response to nitrogen limitation, and so on. 
The sensors and the regulators respectively contain con- 
served domains. Especially, the amino acid sequences 
of three positive regulators, VirG, PhoB, and OmpR, 
are highly conserved along their entire regions [2-51. 

Therefore, these three proteins appear to have common 
molecular mechanisms for the interactions not only 
with the sensor proteins but also with the DNA signals. 
In this report, we review briefly the sequence structures 
of the regulatory regions of respective target genes, 
argue their similarities, and present a model of 
transcriptional activation common to the three positive 
regulators. 

2. SEQUENCE STRUCTURES IN THE 
UPSTREAM REGIONS OF vir, pho, AND omp 
GENES 
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Abbreviations: bp, base-pair(s); DMS, dimethyl sulfate; OmpR, pro- 
tein coded for by ompR; PhoB, protein coded for by phoB; pRi, 
hairy-root-inducing plasmid; pTi, crown-gall-inducing plasmid; 
VirG, protein coded for by virG 

For the cis-acting element recognized by VirG, some candidates 
have been reported with pTi vir genes from the sequence analysis of 
the upstream regions [6,7]. Recently, we precisely determined the start 
point of mRNA for the pRiA4 vir genes, and found that a block of 
5 ’ TG(A/T)AA(C/T)3 ’ and its homologues frequently appear in the 
upstream regions (boxed in Fig. la) [8]. In the case of plural blocks ex- 
isting for one vir gene, they are phased with an interval of 11 bp. The 
block(s) are always located in a nearly opposite phase to the - 35 
region of promoters, though the distance between the block(s) and 
RNA start site varies with the vir genes. The most upstream block in 
each promoter region is preceded by an inverted block. These 
characteristic sequence structures are conserved in the upstream 
regions of pTiA6 vir genes [6,8]. Therefore, it is very likely that the 
phased blocks are the cis-acting element recognized by VirG. Indeed, 
the binding of purified VirG specifically inhibited the methylation by 
DMS at the G residues in the blocks (Fig.Za; our unpublished data). 
We call the sequence of 5 ‘TG(A/T)AA(C/T)3 ’ and its homologues 
the vir box, and argue below the presence of similar phased sequences 
(vir-box-like sequences) in the upstream regions of the genes regulated 
by PhoB or OmpR. 

The upstream sequences of phoB and pstS are shown in Fig. lb [9]. 
In the phosphate regulon genes, the sequence which is called the pho 
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vir vir box : TG!A4 

GTTTCAT~~~AACTGAGTCGACGT~~~TCAAACCCATTTACAAAGCCTACCGTGCGGCCTAAGCG 

a vir-box-like sequence : TtTCG 
-35 -10 

TCAATAACCTGAAGATATGTGCGACGAGC~~~AAT~~~AATCTGACGCATAAT 

~~~ vir-box-like sequence : TG~AAC 

-35 -10 
Fig. 1. Nucleotide sequences of the upstream regions of vir [8] (a), pho [9] (b), and omp [11,12] (c). The vir boxes and the vir-box-like sequences 
are boxed, and the - 35 and - 10 regions of the promoters are underlined. The inverted vir boxes for the vir genes, the pho boxes for the pho 

genes, and the lo-bp repeated sequences for the omp genes are overlined. 

box (5’CT(G/T)TCATA(A~)A(A/T)CTGTCA(C/~3’) has been 
pointed out to lie overlapping with the - 35 region of the promoter 
[lo]. The pho box is included in the actual binding region of PhoB 
determined by the DNase-I-footprinting experiment 191. By scrutiniz- 
ing the sequences within and surrounding the pho box, we found a vir- 
box-like sequence, generally similar to 5’T(G/T)TCA(C/T)3’, to 
repeat two times for phoB and five times for pstS at 1 l-bp intervals 
(boxed in Fig.lb). The - 35 regions of the promoters are located bet- 
ween two vir-box-like sequences, namely in an opposite phase to the 
vir-box-like sequences. 

Similarly, in the upstream region of ompC, one of the target genes 
of OmpR, we found another vir-box-like sequence, generally similar 
to 5 ‘ TG(A/T)AAC3 ’ (boxed in Fig. Ic). This is a subset of the 10-bp 
sequence, 5 ‘TGAAACATCT3 ’ , which is repeated in the OmpR- 
binding region determined by the DNase-I-f~tp~nti~ experiment 
[l 11. This vir-box-like sequence and its homologues are also present 
at similar ~sit~ons upstr~m from another target gene, ompF, 
though the 10-bp repeated sequences are not clear [I& Thesevir-box- 
like sequences, unlike those for the phosphate regulon genes, are 
upstream apart from the - 35 regions of promoters, and their inter- 
vals are 20 or 21 bp. However, it can also be said that the sequences 
are phased with a fO- or II-bp interval and that the -35 region is 
located in an opposite phase to them. The transcription of ompC is 
partially activated in an OmpR-dependent manner when net-integr~ 
multiples of 10 bp are inserted between the OmpR-binding sites and 
the - 35 region, but not when other numbers of base pairs are inserted 
[1X], indicating that the opposite phase of the vir-box-like sequences 
to the - 35 region is important for transcriptional activation. 

From these facts, it was concluded that similar 6-bp sequences (the 
vir boxes or the vir-box-like sequences) are present in the regulatory 
regions of the genes regulated by VirG, PhoB, or OmpR. In all the 
cases, the 6-bp sequences are phased with an interval nearly equal to 
the pitch of the DNA helix (IO.5 bp), and located in an opposite phase 
to the - 35 region of the promoter. 

2 

3. THE MODEL FOR THE INTERACTION 
AMONG THE POSITIVE REGULATOR, TARGET 
DNA, AND RNA POLYMERASE 

The nucleotide residues of which sensitivity to DMS 
is changed by the binding in vitro of VirG (our un- 
published data) and PhoB 191 are projected on hdix 
maps in Fig.2. Both the proteins protect the DNA 
molecule on the side including the major grooves of the 
relevant 6-bp sequences. Recently, OmpR has also been 
demonstrated by in vivo DMS footprinting to interact 
with the major grooves of the vir-box-like sequences 
[ 131. Therefore, they are thought to line up in tandem 
along the one side of the DNA helix. We call such ar- 
rangement ‘binding-cade’. The E. coli RNA poly- 
merase with a major sigma factor approaches the 
promoters from one side of the DNA helix so as to 
make a close contact at the major grooves of the - 35 
and - 10 regions [14]. The RNA polymerase of Agro- 
~~cte~~u~ probably behaves in the same manner, since 
the enzyme is composed of similar subunits to those of 
E. co& 1151. As shown in Fig.2, the regions thought to 
interact with the RNA polymerase are free from the 
contact of VirG and PhoB in the DNA-protein com- 
plexes. Thus, VirG or PhoB and the RNA polymerase 
could simultaneously bind to the promoter region 
without steric hindrance and face each other across the 
- 35 region. The expected complex is shown in Fig.3a. 
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Fig.2. Helix map (10.5 bp per turn) of DMS footprinting. The nucfeotide sequence is shown in alignment with each helii map. The residues changed 
in DMS sensitivity by VirG within the vi&Y upstream region (our unpublished data) (a) and by PhoB within the pstS upstream region [9] (b) are 
shown by open circles (protected residues) and filled circles (enhanced residues). The interacting regions of phage T3 A3 promoter with E. co/i 
RNA polymerase [14] (shaded with vertical lines) are superimposed on the helix maps. The vir box, inverted vir box, and vir-box-like sequence 

are boxed, and the - 35 and - 10 regions of the promoters are indicated above the sequences. RNA-start sites are indicated by asterisks. 
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Fig.3. The binding-cade model for the complex of the positive 
regulator (VirG, PhoB, or OmpR), the target DNA, and the RNA 
polymerase. (a) Several molecules of the positive regulator (indicated 
by ‘PR’) cooperatively bind to the consecutive major grooves along 
the one side of the DNA helix, and face the RNA polymerase across 
the - 35 region of the promoter. (b) Severaf molecules of the positive 
regulator cooperatively bind to the non-co~utive major grooves by 

the help of DNA bending. 

In some vir genes, however, the vir box is not present 
at the sites flanking the - 35 region. Even in such cases, 
VirG could bind to the sites by cooperative binding in a 
head-to-tail manner (Fig.3a), since the vir box is always 
located in an opposite phase to the - 35 region. In the 
case that the vir boxes are not continuously arrayed, 
DNA bending in the intervening region might help the 
cooperative binding (Fig.3b). Since the arrangements of 
the relevant 6-bp blocks for the amp genes are similar to 
that of vi4 (see Fig.l), OmpR presumably acts in a 
similar manner to that of VirG. In any case, we assume 
that several molecules of VirG, PhoB, or OmpR are ar- 
ranged along the side of the DNA helii nearly opposite 
to the side for RNA polymerase. We would like to call 
this binding model the ‘binding-cade model’. 

The most important assumption to be demonstrated 
is that VirG, PhoB, and OmpR interact with RNA 
polymerase at the - 35 region for transcriptional ac- 
tivation. At present, other possibilities cannot com- 
pletely be ruled out. However, if a common mechanism 
of transcriptional activation by these positive regulators 
is assumed, the model described above would be the 
most likely one. The binding-cade model is, at present, 
concerned only with the steric arrangement of the 
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positive regulator, the RNA polymerase, and the target 
DNA. The contents of molecular reactions involved 
should be elucidated experimentally. Recently, PhoR 
and EnvZ proteins have been found to phosphorylate 
PhoB and OmpR, respectively [16,17], but its relation- 
ship to the transcriptional activation mechanism is not 
clear. We believe that the binding-cade model is a 
helpful working model to study elementary molecular 
reactions for transcriptional activation. 
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