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Fig. 1. A superposition stereo-
view of the three-dimensional
structure of the C-terminal DNA-
binding domain of OmpR
(OmpR-C: blue) and PhoB
(PhoB-C: gray). They contain an N-
terminal four-stranded p-sheet and
a C-terminal nr-helix bundle with a
(3-hairpin. A putative RNA-polymer-
ase contact loop and amino acid res-
idues that affect the activation abili-
ty for RNA-polymerase (36, 37, 39)
are indicated. The most notable
structural difference between these
two molecules is in the RNA-poly-
merase contact loop, and may reflect
the fact that they make contact with
different subunit of RNA-polymer-
ase. In OmpR, Glul93 makes a salt-
bridge with ArglSO of the N-termi-
nal four-stranded fi-sheet. Two hy-
drophobic residues Vall37 and Phel53 (OmpR), or Vall31 and Metl47 (PhoB) are exposed to surface These residues may be involved in the
interaction with the N-terminal receiver domain. [All of the three-dimensional structure presentations were generated by the program MOL-
SCRIPT (54) and RASTER3D (.55).] B
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Fig. 2. Sequence alignment of members of OmpR-family pro-
teins from Escherichia colL The residue number is that of the
OmpR The secondary structure as determined by the X-ray structure
analysis is presented [N-terminal receiver domain: CheY (26); C-ter-
minal DNA-binding domain: OmpR (30,31)]. Highly conserved hydro-
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phobic residues are highlighted. Most of them are responsible for
forming a hydrophobic core structure. Asp as a phospho-accepting
residue and Ser/Thr and Tyr, which play an important role in receiv-
ing phosphate (28), are indicated. Amino acids which play a role in
contact with CheA (44) are also mapped in.
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PhoB DNA-binding domain) has been determined (32).
PhoB-C has a tertiary structure similar to that of OmpR-C
except for the loop region. The largest difference between
the two molecules is observed in the a2-a3 loop, though
both the a2 and a3 helices maintain the same orientation
with respect to other part of the molecula The ct2-a3 loop of
OmpR-C contacts the N-terminal 0-sheet subdomain via a
salt-bridge. On the other hand, the loop of PhoB-C is
shorter than that of OmpR-C, and no interaction between
its N-terminal portion is observed (Kg. 1).

Correlation between OmpR-family protein struc-
tures and their functions

Structure of the OmpR-family of proteins. Conser-
vative variety. An inspection of the E. coli genome DNA
(34) revealed that E. coli has at least 15 proteins whose
amino acid sequences show extensive similarities to OmpR
in their C-terminal DNA-binding domains as well as in the
N-terminal receiver domains (OmpR-family of proteins). To
gain insight into the structure and function of these pro-
teins, we examined amino acid sequences of the family pro-
tein with reference to the three-dimensional structures of
the member proteins whose structures are available.

The amino acid sequence alignments of the C-terminal
domain of the OmpR-family of proteins are shown in Fig. 2
(these proteins exhibit 20 to 30% sequence homology to
OmpR). Investigation into the structures of OmpR-C and
PhoB-C shows that the internal hydrophobic core of these
molecules can be divided into two regions: one participates
in the interaction between the N-terminal four-stranded 13-
sheet and C-terminal a-helical subdomain, and the other
occurs in the interior of the a-helical subdomain (Fig. 3a).
Hydrophobic residues that are involved in the former
hydrophobic core, which maintains the spatial arrange-
ment of the N-terminal four-stranded (3-sheet with respect
to the a-helical subdomain, are well conserved among them
(Fig. 2). Some of the conserved hydrophobic residues at a3
and P6 also take part in these hydrophobic interactions
(Fig. 3a). Other conserved hydrophobic residues that locate
on the a-helical region form the latter hydrophobic core
(Figs. 2 and 3a). The three-dimensional arrangement of
these three helices is maintained by these hydrophobic
interactions. Other conserved residues of OmpR, Argl82 in
a2, Asp202 in a3, and Tyr230 in 06 and their correspond-
ing residues Argl76, Aspl96, and Tyr223 in PhoB are in-
volved in a hydrogen-bonding network connecting these
three structural units. In the tertiary structure of OmpR-C
and PhoB-C, the amino acids that maintain the three-di-
mensional arrangement of their secondary structural unit
are well conserved.

As shown in Fig. 2, amino acids that are responsible for
making the internal hydrophobic core in the OmpR-C and
PhoB-C are well conserved among the OmpR-family of pro-
teins. Most of the substitutions in the buried regions of the
OmpR-C and PhoB-C are conservative ones and are un-
likely to destroy the protein hydrophobic core. The sites at
which the largest differences occur map either to the sur-
face of the molecule or to the linker region. Among the fam-
ily of proteins, some of the amino acids that locate at the
site of conserved hydrophobic residues are occasionally sub-
stituted. For example, at the site of residue number 147 in
OmpR, amino acid substitution occurs with relatively high
frequencies (Fig. 2). The position is located at the edge of

the hydrophobic core region, and it is not likely that this
substitution causes serious conformational change. We
therefore conclude that all members of the family have a
similar three-dimensional structure with OmpR-C and
PhoB-C.

Though OmpR-C and PhoB-C exhibit similar tertiary
structures, a comparison of the two structures reveals some
significant differences as well. The most notable difference
between OmpR-C and PhoB-C occurs in the a2-a3 loop.
Biological data suggest that OmpR interacts with a-sub-
unit of RNA-polymerase (35) via this loop region (36, 37),
while PhoB interacts with the cr-subunit of RNA-poly-
merase (38). An inspection of the amino acid sequences in
this loop region suggests that there are some structural
varieties in this region among family-proteins. This differ-
ence may be responsible for the diversity of the means of
transcriptional activation among proteins of the OmpR-
family. The length of a3 helix, the putative DNA-binding
helix, also differs among these proteins. The a3 of OmpR
contains 12 amino acids, and that of PhoB contains 15. In
OmpR, three residues, Glul98, Argl99, and Ser200, which
correspond to Aspl92, Argl93, and Thrl94, which are
located at the N-terminal end portion of a3 in PhoB, are
involved in the former linker region. PhoB recognizes a spe-
cific DNA sequence called the phosphate box (39). In con-
trast, OmpR alters its recognition sequences on DNA
(ompF or ompC) depending on their phosphorylated level of
the N-terminal receiver domain. This large difference may
be derived from some differences in the DNA recognition
mechanism among OmpR-family proteins. Furthermore,
the structural difference in the a3-05 loop between OmpR-
C and PhoB-C is obvious. Mutation experiments show that
a residue in this loop region is necessary to interact with
DNA for OmpR (36), and another DNA-cleaving study also
shows that this region is included in DNA binding (40).
Structural differences in this region may also suggest dif-
ferent manners of interacting with DNA to recognize the
specific binding-sequence of OmpR-family proteins on the
DNA.

Although the tertiary structure of the N-terminal re-
ceiver domain of OmpR is not known, the three-dimen-
sional structures of several other regulator proteins have
already been determined (26-29, 41-43) (in amino acid se-
quence, these structures show 24—41% identity with
OmpR), and have all been found to be similar. Based on the
structures of the CheY (26) and N-terminal receiver do-
main of PhoB (PhoB-N) (27), the amino acid sequences of
the N-terminal receiver domain of OmpR-family proteins
were examined. As aligned in Fig. 2, many hydrophobic res-
idues are highly conserved among family proteins, and
structural investigation into the CheY and PhoB-N reveal-
ed that most of these residues form a hydrophobic core in
the interior of the molecule (Fig. 3b). Not only these hydro-
phobic amino acids, but also hydrophilic amino acids which
stabilize the structure by forming a hydrogen-bond net-
work, and such amino acids as Gly and Pro which affect the
secondary structure formation are well-conserved. Based
on these facts, it is likely that the N-terminal receiver do-
main of all OmpR-family proteins also has a tertiary struc-
ture similar to that of CheY and PhoB-N. Other conserved
hydrophobic residues that do not participate in the hydro-
phobic core (He96, Ala99, and AlalO3 in CheY) are exposed
to the exterior of the molecule. In the case of CheY, these
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residues interact with the CheA a kinase-domain of the
sensor protein (44), and this may be also the case with the
other receiver domain. These residues may thus take part
in interaction with the kinase-domain of the sensor protein.

The importance of the N-terminal four-stranded p-
sheet plane. When the N-terminal receiver domain re-
ceives the information from its sensor protein via by phos-
phorylatdon, the DNA-binding activity of the C-terminal
DNA-binding domain is altered. In the case of OmpR, the
DNA-binding ability of phosphorylated OmpR is increased
10- to 30-fold depending on the binding site (15). On the
other hand, the N-terminal receiver domain of DNA-bound
state OmpR is more easily phosphorylated than that of the
DNA-free state OmpR (45). Furthermore, single amino acid
substitution in the C-terminal DNA-binding domain of
OmpR (V203M) also affects the phosphorylation level of the
N-terminal receiver domain (46). These results suggest
there is a bi-directional signal transduction pathway be-
tween the N-terminal receiver domain and C-terminal
DNA-binding domain. These domains are linked by a
linker region containing about 10 amino acid residues. The
linker region of OmpR has twelve residues (125-136) (30),
and structural changes of this region between the phospho-

rylated state and non-phosphorylated state have been re-
ported (45, 47). This may indicate that the linker region
plays an important role in the domain-domain signal trans-
duction mechanism.

The three-dimensional structure of OmpR-C and PhoB-C
reveals that the OmpR-family proteins have a large P-sheet
plane in the N-terminal portion of their DNA-binding
domain. It may be worthwhile to note that although quite a
few transcription factors are known to have a similar a-
helical domain similar to that of OmpR-C (so called the
winged helix-turn-helix motif), such an N-terminal p-sheet
is not observed in other classes of two-component regulator
protein, such as NalL (48) and NtrC (49). Only OmpR-fam-
ily proteins have a four-stranded P-sheet as an integral
part of the domain. Thus, investigation into the features of
the N-terminal four-stranded (3-sheet of OmpR-C may pro-
vide some clue to the possible interaction between the
DNA-binding domain and the receiver domain.

The N-terminal four-stranded p-sheet plane of OmpR-C
and PhoB-C is located almost parallel to the a l helix axis
at the opposite side of the RNA-polymerase binding site
(Fig. 1). The p-sheet plane has contacts with the a l , the C-
terminus of ot3 and the C-terminal end of the DNA-binding

N-terminal fonr-slra

«i-heiirai domain

CheA contact site

Internal
h>t!ro|jfo«tik core

Fig. 3. a: A stereoview of the
hydrophobic core in the
OmpR-C molecule. The hydro-
phobic core is divided into two
clusters. One is formed between
the N-terminal four-stranded p-
sheet and a-helical subdomain,
and the other is formed in the a-
helix bundle. Hydrophobic resi-
dues in these cores maintain the
arrangement of secondary struc-
ture by hydrophobic interaction.
b: A stereoview of the hydro-
phobic core in the CheY mol-
ecule. As in the case of OmpR,
well conserved hydrophobic res-
idues maintain the arrange-
ment of secondary structure by
forming a hydrophobic core.
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domain. In the contact region the hydrophobic residues are
clustered. In the case of OmpR-C, the side chain of Argl50
in the N-terminal p-sheet is directed toward Glul93 in the
RNA-polymerase binding loop and makes a salt-bridge
(Fig. 1). The polar nature of the N-terminal four-stranded
P-sheet is also obvious. Most of the hydrophobic residues
with the exceptions of Vall37 and Phel53 in OmpR-C, and
Vall31 and Met 147 in PhoB-C face the C-terminal a-helical
domain. These two residues are exposed to the molecular
surface in this truncated molecule (Fig. 1), and might be
used to contact the N-terminal receiver domain in the
intact molecule. They are only partly conserved in the fam-
ily proteins, which suggests that the interactions between
the N- and C-domains do not all occur similarly within the
family. The sequential shortening of the C-terminal portion
of OmpR indicates that the DNA-binding domain of OmpR
lies between residues 123 to 239 of OmpR (117 residues)
(50), and further shortening of the C-terminal portion of
OmpR (e.g., the C-terminal 82 residues) results in lack of
binding ability to the omp gene (50). Thus, the N-terminal
four-stranded P-sheet is indispensable for the integrity of
the C-terminal DNA-binding domain. This region may also
take part in the communication between the N-terminal
receiver domain and C-terminal DNA-binding domain.

Correlation with mutation experiments. OmpR is a
member of a family of bacterial positive transcriptional reg-
ulators of which many mutants have been investigated (36,
37, 51-53). These mutants are classified into two groups:
mutants which are defective in DNA-binding ability (DNA-
binding mutants) and mutants which lack transcription
activating ability but retain DNA-binding ability (positive
control-like or PC-like mutants). Figure 4 shows their

mutation points and structural characteristics. Most of the
mutation points that affect the DNA-binding ability of
OmpR are located either on the molecular surface or in the
internal hydrophobic core. The former include residues
Ser200 and Val203 at a3, the putative DNA-recognition
helix (36, 51, 53). These residues may be directly involved
in the DNA-binding or sequence recognition. Thrl62 at the
loop between (i4 and a l is also exposed to the molecular
surface and affects DNA-binding. This residue is on the
same side of the molecule as the former two residues and
may also interact directly with DNA. The mutation sites in
the internal hydrophobic core, which cause lack of DNA-
binding, include residues Met211 and Val212. The side-
chains of these residues are directed toward the interior of
the molecule and form a hydrophobic core, which is impor-
tant for maintaining the intact structure of the DNA-bind-
ing domain by properly aligning the secondary structural
units. Substitutions of these residues may change the mole-
cular conformation, which in turn would affect the DNA-
binding ability of the molecule. The side-chain of Thr224 at
p5 interacts with the side-chain of Arg209 through the
hydrogen-bonding network. Substitution of residue Thr224
may cause a lack of DNA-binding ability of OmpR by
breaking the hydrogen-bond. The residue of Arg209 is
directed toward the molecular exterior and is likely to play
an important role for DNA-binding. Taking these facts
together, it is tempting to speculate that substitution in the
position of Thr224 may affect the orientation of the side-
chain of Arg209 (Fig. 5a), thereby affecting the DNA-bind-
ing ability of OmpR.

PC-like mutation points are rather localized on one side
of the molecule. Especially important is the localization in

Mutation sites which affect to
DNA-binding ability.

Secondary
structure
ofOmpR-C

RI50
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T 162"
K170"
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S200" :
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M21111

V212"
R220*
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G229"

T162 K17»

: form salt-bridge with El93
: residues at loop between pM and a l
: interaction with L147
hydrogen-bonding network with D202
exposed to the molecular surface
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: hydrophobic interaction with internal hydrophobic core
: hydrophobic interaction with internal hydrophobic core
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G191* : exposed to the molecular surface
E193* : form salt-bridge with R150
A196" : exposed to the molecular surface
E198" : interaction with T162, T164 and Q204

Fig. 4. Classification of OmpR mutants and their structural circumstances. Mutation points that affect the function of OmpR-C are
shown with their structural characteristics.
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the loop between a2 and a3 (36, 37) (Figs. 1 and 5b). Most
of the mutations which affect interaction with RNA-poly-
merase are mapped on this loop, which suggests that this
loop is an RNA-polymerase contact site. These residues
(Glul93, Alal96, and Glul98) are involved in either the
hydrophobic or the ionic interactions with neighboring resi-
dues (Figs. 4 and 5b). Substitutions at these points may
cause structural changes of the molecular surface, which in
turn would affect contacts with RNA-polymerase. The
rather large S-factors of the atoms in this loop suggests the
loop's flexible nature. The loop may change its conformation
by interacting with RNA-polymerase. Two other mutation

sites that cause lack of transcription activation ability
while retaining DNA-binding ability are Prol79 and
Serl81. Substitution at these points may also alter the
RNA-polymerase contact loop by eliminating the (J-sheet
type hydrogen bond with the a-helical domain.

Further perspectives
The three-dimensional structures of some of the domains

in the OmpR-family of proteins are now available. Careful
investigation into these structures and amino acid se-
quences of the family proteins suggests that the tertiary
structures of these proteins are moderately varied and cor-

a

Fig. 5. A stereo presentation of OmpR-C showing residues
which affect molecular functions (Red) and their direct
neighbors (Black). All figures are shown viewed from the same di-
rection as in Fig. 1. a: Residues which affect DNA-binding ability.
Substitutions at these points interfere with DNA-binding either di-

rectly or indirectly by changing the molecular conformation, b: Posi-
tive control-like mutation residues. All residues are located at one
side of the molecule. Most of these residues are located in the loop be-
tween a2 and a3.
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relate with their function from a structural point of view.
The present review pointed out that the tertiary structure
of OmpR-family proteins is very similar not only with re-
spect to the N-terminal receiver domain but also the C-ter-
minal DNA-binding domain. It may be important to note
that, although these proteins have highly similar struc-
tures, they receive signals from specific sensor proteins and
recognize their own specific binding sequences on DNA. Of
course, proteins of the OmpR-family have sufficient flexibil-
ity to exhibit their functional specificity while retaining
common tertiary structures through amino acid substitu-
tion and variable loop regions. The tertiary structure of
each domain suggests to us that each protein has several
functional mechanisms, but cannot adequately clarify the
whole mechanism of the two-component regulatory protein.
How is the signal transferred from a kinase-domain of a
sensor protein to an N-terminal receiver domain of a regu-
lator protein? How is the signal transduced from the re-
ceiver domain to a C-terminal DNA-binding domain? How
does the DNA-binding domain recognize the binding se-
quence on DNA? And what about inter-molecular interac-
tion during dimerization? To answer these questions, more
biological experiments will be needed, in addition to struc-
tural analyses of intact OmpR-family proteins. No whole
structure has yet been determined for any protein in this
family, although the structure of intact NatL, a regulator
protein belonging to another subfamily of the two-compo-
nent system in E. coli, has been reported (48). Further-
more, the tertiary structure of the DNA-bound form of
OmpR-family proteins has been required. Today the struc-
ture of not only regulator proteins, but also of some of sen-
sor proteins are also available (22-25). From integration of
these structures we can define the features of the two-com-
ponent signal transduction system at the "component"
level, but the most important question remains to be
answered. That is, how will these components work
together? Our goal is to understand this series of signal
transduction mechanisms as a "system."

REFERENCES

1. Parkinson, J.S. and Kofoid, E.C. (1992) Communication mod-
ules in bacterial signaling proteins. Aiuui. Rev. Genet. 26, 71—
112

2. Stock, J.B., Ninfa, A.J., and Stock, A.M. (1989) Protein phospho-
rylation and regulation of adaptive responses in bacteria.
Microbiol. Rev. 53, 450-̂ 190

3. Van Alphen, W. and Lugtenberg, B. (1977) Influence of osmolar-
ity of the growth medium on the outer membrane protein pat-
tern of Escherichia coli. J. Bacterial. 131, 623-630

4. Hall, M.N. and Silhavy, T.J. (1981) Genetic analysis of the
ompB locus in Escherichia coli. J. Mol. Biol. 151, 1-15

5. Mizuno, T. and Mizushima, S. (1987) Isolation and character-
ization of deletion mutants ompR and envZ, regulatory genes
for expression of outer membrane proteins OmpC and OmpE J.
Biochem, 101, 387-396

6. Jo, Y.L., Nara, E, Ichihara, S., Mizuno, T, and Mizushima, S.
(1986) Purification and characterization of the OmpR protein, a
positive regulator involved in osmoregulatory expression of
ompF and ompC genes in Escherichia coli. J. Biol. Chem. 261,
15252-15256

7. Norioka, S., Ramakrishnan, G., Dcenaka, K., and Inouye, M.
(1986) Interaction of a transcriptional activator OmpR, with
reciprocally osmoregulated genes, ompF and ompC, of Escheri-
chia coli. J. Biol. Chem. 261, 17113-17119

8. Harlocker, S.L., Bergstom, L., and Inouye, M. (1995) Tandem

binding of six OmpR proteins to the ompF upstream regulatory
sequence of Escherichia coli. J. Biol. Chem. 270, 26849-26856

9. Aiba, H., Mizuno, T., and Mizushima, S. (1989) Transfer phos-
phoryl groups between two regulatory proteins involved in oso-
moregulatory expression of the ompF and ompC gene in Eshiri-
chia coli. J. Bid. Chem. 264, 8563-8567

10. Aiba, H., Nakasai, E, Mizushima, S., and Mizuno, T (1989) Evi-
dence for the physiological importance of the phosphotransfer
between the two regulatory components, EnvZ and OmpR in
Eshirichia coli. J. Biol. Chem. 264, 14090-14094

11. Forst, S., Delgado, J., and Inouye, M. (1989) Phosphorylatdon of
OmpR by the osmosensor EnvZ modulates the expression of the
ompF and ompC genes of Eschirichia coli. Proc Nail. Acad. Sci.
USA 86, 6052-6056

12. Igo, M.M., Ninfa, A.J., and Shilhavy, T.J. (1989) A bacterial
environmental sensor that functions as a protein kinase and
stimulates transcriptional activation. Genes Dev. 3, 598-605

13. Aiba, H., Nakasai, E, Mizushima, S., and Misuno, T. (1989)
Phosphorylation of a bacterial activator protein, OmpR, by a
protein kinase, EnvZ, results in stimulation of its DNA-binding
ability. J. Biochem. 106, 5-7

14. Delgado, J., Forst, S., Harlocker, S., and Inouye, M. (1993) Iden-
tification of a phosphorylation site and functional analysis of
conserved aspartic acid residues of OmpR, a transcriptional ac-
tivator for ompF and ompC in Escherichia coh. Mol. Microbiol.
10,1037-1047

15. Head, C.G., Tardy, A., and Kenny, L.J. (1998) Relative binding
affinities of OmpR and OmpR-phospate at the ompF and ompC
regulatory sites. J. Mol. Biol. 281, 857-870

16. Mizuno, T. and Tanaka, I. (1997) Structure of the DNA-binding
domain of the OmpR family of response regulators. Mol. Micro-
biol. 24, 665-670

17. Chiang, G.G., Schaefer, M.R., and Grossman, A.R. (1992) Com-
plementation of a red-light-indifferent cyanobacterial mutant.
Proc Nail. Acad. Sci. USA 89, 9415-9419

18. Nagaya, M., Aiba, H., and Mizuno, T. (1994) The sphR product,
a two-component systems response regulator protein, regulates
phosphate assimilation in Synechoccus species PCC7942 by
binding to two sites upstream from the phoA promoter. J. Bac-
teriol. 176, 2210-2215

19. Rich, J.J., Kinscherf, T.G., Kitten, T, and Willis, D.K. (1994)
Genetic evidence that the gacA gene encodes the cognate re-
sponse regulator for the lemA sensor in Pseudomonas syringae.
J. Bacterial. 176, 7468-7475

20. Fabret, C, Feher, VA., and Hoch, J.A. (1999) Two-component
signal transduction in Bacdus subtilis: How one organism sees
its world. J. Bactenol. 181, 1975-1983

21. Chang, C. and Stewart, R.C. (1998) Regulation of diverse sig-
naling pathways in prokaryotes and eukaryotes. Plant Physiol.
117, 723-731

22. Tanaka, X, Saha, S.K., Tomomori, C, Ishida, R, Liu, D., Tong,
K.I., Park, H., Dutta, R., Qin, L., Swindells, M.B., Yamazaki, T,
Ono, A.M., Kainosho, M., Inouye, M., and Ikura, M. (1998)
NMR structure of the histidine kinase domain of the E. coli
osmosensor EnvZ. Nature 396, 88-92

23. Tomomori, C, Tanaka, X, Dutta, R, Park, H., Saha, S.K., Zhu,
Y., Ishima, R., Liu, D., Tong, K.I., Kurokawa, H., Qian, H., Ino-
uye, M., and Ikura, M. (1999) Solution structure of the homo-
dimeric core domain of Escherichia coli histidine kinase EnvZ.
Nat. Struct. Biol. 6, 729-734

24. Bilwes, A.M., Alex, LA., Crane, B.R., and Simon, M.I. (1999)
Structure of CheA, a signal-transducing histidine kinase. Cell
96,131-141

25. Miyatake, H., Mukai, M., Park, S.Y., Adachi, S., Tamura, K.,
Nakamura, H., Nakamura, K., Tsuchiya, X, Iizuka, T., and
Shiro, Y. (2000) Sensory mechanism of oxgen sensor FlxL from
Rhizobium meliloti: crystallographic, mutagenesis and reso-
nance raman spectroscophic studies. J. Mol. Biol. 301, 415—431

26. Volz, K. and Matsumura, P. (1991) Crystal structure of Escheri-
chia coli CheY refined at 1.7 angstrom resolution. J. Biol.
Chem. 266, 15511-15519

27. Sola, M., Gomis_Ruth, FX., Serrano, L., Gonzelez, A., and Coll,

Vol. 129, No. 3,2001

 at Pennsylvania State U
niversity on Septem

ber 15, 2016
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


350 H. Itou and I. Tanaka

M. (1999) Three-dimansional crystal structure of the transcrip-
tion factor PhoB receiver domain. J. Mol. Biol. 285, 675-687 41.

28. Birck, C, Mourey, L., Gouet, P., Fabry, B., Schumacher, J.,
Rousseau, P., and Samama, J.P. (1999) Conformational changes
induced by phosphorylation of the FixJ receiver domain. Struc- 42.
turn 7, 1505-1515

29. Kern, D., Volkman, B.F., Luginbuhl, P., Nohaile, M.J., Kustu, S.,
and Wemmer. D.E. (1999) Structure of a transiently phosphory- 43.
lated switch bacterial transduction. Nature 402, 894-898

30. Martinez_Hackert, E. and Stock, A.M. (1997) The DNA-binding
domain of OmpR : crystal structure of a winged helix transcrip- 44.
tion factor. Structure 5, 109-124

31. Kondo, H., Nakagawa, A-, Nishihira, J., Nishimura, Y., Mizuno,
T., and Tanaka, I. (1997) Eschirichia coli positive regulator 45.
OmpR has a large loop structure at the putative RNA poly-
merase interaction site. Nat. Struct. Biol. 4, 28-31

32. Okamura, H., Hanaoka, S., Nagadoi, A., Makino, K, and Nishi-
mura, Y. (2000) Structural comparison of the PhoB and OmpR 46.
DNA-binding/transactivation domains and the arrengement of
PhoB molecules on the phosphate box. J. Mol. Biol. 295, 1225-
1236 47.

33. Harrison, S.C. and Aggarwal, A.K. (1990) DNA recognition by
proteins with the helix-turn-helix motif Annu. Rev. Biochem.
59,933-969

34. Blattner, F.R., Plunkett, G.r., Bloch, C.A., Perna, N.T., Burland, 48.
V., Riley, M., Collado_Vides, J., Glasner, J.D., Rode, O.K., May-
hew, G.F., Gregor, J., Davis, N.W., Ku-kpatrick, H.A., Coeden,
MA, Rose, D.J., Mau, B., and Shao, Y. (1997) The complete
genome sequence of Escherichia coli K-12. Science 277, 1453- 49.
1474

35. Igarashi, K., Makino, K., Aiba, H., Aiba, H., Mizuno, T, Nakata,
T, and Diisyama, A. (1991) Functional map of the a subunit of 50.
Escherichia coli RNA polymerase: two modes of transcription
activation by positive factors. Proc Natl. Acad. Sci. USA 88,
8958-8962

36. Russo, F.D., Slauch, J.M., and Silhavy, T.J. (1993) Mutants that
affect separate functions of OmpR the phosphory lated regula- 51.
tor of porin transcription in Escherichia coli. J. Mol. Biol. 231,
261-273

37. Pratt, L A and Silhavy, T.J. (1994) OmpR mutants specifically
defective for transcriptional activation. J. Mol. Biol. 243, 579- 52.
594

38. Makino, K, Amemura, M., Kim, S.K., Nakata, A., and Shina-
gawa, H. (1993) Role of the <T70 subunit of RNA polymerase in 53.
transcriptional activation by activator protein PhoB in Escheri-
chia coli. Genes Deu. 7, 149-160

39. Makino, K., Amemura, M., Kawamoto, T, Kimura, S., Shina-
gawa, H., Nakata, A., and Suzuki, M. (1996) DNA binding of 54.
PhoB and its interaction with RNA polymerase J. Mol. Biol.
259,15-26

40. Harison_McMonagle, P., Denissova, N., Martinez_Hackert, E., 55.
Ebright, R.H., and Stock, A.M. (1998) Orientation of OmpR
monomers within an OmpR; DNAcomplex determined by DNA

affinity cleaving. J. Mol. Biol. 285, 555-566
Stock, A.M., Mottonen, J.M., Stock, J.B., and Schutt, C.E.
(1989) Three-dimensional structure of CheY, the response regu-
lator of bacterial chemotaxis. Nature 337, 745-749
Lewis, R.J., Brannigan, JA., Muchova, K, Barak, I., and Wil-
kinson, A.J. (1999) Phosphorylated aspartate in the structure of
a response regulator protein. J. Mol. Biol. 294, 9-15
Volkman, B.F., Nohaile, M.J., Amv, N.K., Kustu, S., and Wem-
mer, D.E. (1995) Three-dimensional solution structure of the N-
terminal reciver domain of NTRC. Biochemistry 34, 1413-1424
Welch, M., Chinardet, N., Mourey, L., Brick, C., and Samama,
J.P. (1998) Structure of the CheY-binding domain of histidine
kinase CheA in complex with CheY. Nat. Struct. Biol. 5, 25-29
Ames, S.K., Frankema, N., and Kenny, L.J. (1999) C-terminal
DNA binding sutimulates N-terminal phosphorylation of the
outer membrane protein regulator OmpR from Escherichia coli.
Proc Natl. Acad. Sci. USA 96, 11792-11797
Tran, V.K., Oropeza, R., and Kenny, L.J. (2000) A single amino
acid substitution in the C terminus of OmpR alters DNA recog-
nition and phosphorylation. J. Mol. Biol. 299, 1257-1270
Kenney, L.J., Bauer, M.D., and Shilhavy, T.J. (1995) Phosphory-
lation-dependent conformational changes in OmpR, an osmo-
regulatory DNA-binding protein of Escherichia coli. Proc Natl.
Acad. Sci. USA 92, 8855-8870

Baikalov, I., Schroder, I., Kaczor_Grzeskowaik, M., Grzesko-
waik, K., Gunsalus, R.P., and Dickerson, R.E. (1996) Structure
of the Escherichia coli respnrmp regulator NalL. Biochemistry
35,11053-11061
Pelton, J.G., Kustu, S., and Wemmer, D.E. (1999) Solution
structure of the DNA-binding domain of NtrC with three ala-
nine substitutions. J. Mol. Biol. 292, 1095-1110
Tsung, K, Brissette, R.E., and Inoyue, M. (1989) Identificaiton
of the DNA-binding domain of the OmpR protein required for
transcriptional activation of the ompF and ompC genes of
Escherichia coli by in vivo DNA foot printing. J. Biol. Chem.
264,10104-10109
Kato, N., Tsuzuki, M., Aiba, H., and Mizuno, T. (1995) Gene
actiovation by Escherichia coli positive regulator OmpR: a mu-
tational study of the DNA-binding domian of OmpR. Mol. Gen.
Genet. 248, 399-406
Tsuzuki, M., Aiba, H., and Mizuno, T. (1994) Gene activation by
the Escherihia coli positive regulator, OmpR mutant. J. Mol.
Biol. 2A2, 607-613
Aiba, H., Kato, N., Tsuzuki, M., and Mizuno, T. (1994) Mecha-
nism of gene activation by the Escherinia coli positive regula-
tor, OmpR; a mutant defective in transcription activation.
FEBS Lett. 351, 303-307
Kraulis, P.J. (1991) MOLSCRIPT : a program to produce both
detailed and schematic plots of protein structures. J. Appl.
Crystallogr. 24, 946-950
Merritt, E A and Bacon, DJ. (1997) Raster3D: Photorealistic
molecular graphics. Methods EnzymoL 277, 505-524

J. Biochem.

 at Pennsylvania State U
niversity on Septem

ber 15, 2016
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

