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FIG. 6. Orientation of amino acid side chains involved in SpoOF-Spo0B interaction. The four-helix bundle of Spo0B is shown in green, and the
SpoOF regions are shown in red. The SpoOB residues arising from helices of the second protein are marked with a prime.

SpoOF-Spo0B complex and by alanine-scanning mutagenesis
studies.

Three groups of response regulator residues defined by their
degree of evolutionary conservation make up the interaction
surface. The aforementioned catalytic residues, including the
phosphorylated aspartate D54, two additional acidic residues,
D10 and D11, a threonine, T82, and a lysine, K104, are present
in virtually all regulatory domains (Fig. 3). Both variable and
conserved residues are found in the amino acids making up the
five loops connecting the B-strands to a-helices (L1 to LS [Fig.
3]) involved in interaction (Fig. 8). Those residues of SpoOF
making hydrophobic interaction with the a1- and a2’-helices of
the SpoOB phosphotransfer domain, and probably the same
helices of this domain of sensor kinase A, are very highly
conserved within the OmpR family response regulators. These
residues include residues 12, 15, 18, 56, 83, 84, 104, 105, and
106; residues 12, 104, and 105 also make hydrogen bond inter-
actions with the al-helix. Residue 84, which makes contact

with the a2’-helix, is highly conserved within families. We
propose that these residues play the role of anchoring the
response regulator to the al- and a2’-helices to ensure that the
two proteins fit together in the correct orientation, bringing the
phosphorylated histidine of the sensor kinase in accurate jux-
taposition and distance to the catalytic aspartate of the re-
sponse regulator. Since these “anchor” residues interact with
the al-helix of the sensor kinase just C terminal to the histi-
dine, the familial conservation of al-helix residues previously
observed is now explainable (4).

The anchor residues may have little, if any, role in deter-
mining specificity of interaction within the same family. How-
ever, they undoubtedly play a role in discrimination between
families. Residues in loop 2 contact the C-terminal domain of
Spo0B and may or may not be involved in recognition with
sensor kinases. The folding of the ATP domain of sensor
kinases is similar to that of the C-terminal domain of Spo0B,
but the relative orientation of the ATP-binding domains with
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FIG. 7. Comparison of SpoOF residues in three Bacillus species. Sequences from three Bacillus species, B.subtilis (Bsu), B. anthracis (Ban), and
B. halodurans (Bha), are shown. The positions of the B-strands and a-helices are indicated. Asterisks indicate residues that are identical in all three
proteins, and colons indicate functional conservation of residues. Periods indicate residues of the same chemical class, e.g. charged, hydrophobic,

etc. Residues that interact with Spo0OB (vertical lines) and those that interact with a1-helix or a2'-helix are indicated. Results from alanine-scanning

studies (13) are shown as residues affecting the rate of reaction (A) or equilibrium (O) between SpoOF and Spo0OB when changed to alanine.

the four-helix bundles in sensor kinases is not known. Hence,
it is difficult to predict if the interactions seen with the C-
terminal domain of SpoOB will be preserved in sensor kinases.
Among the residues making contact with the al- and a2’-
helices are those with high variability from response regulator
to response regulator that are the likely determinants of rec-
ognition specificity. These “recognition” residues may include
residues 14, 21, 85, 87, 107, and 108. There appears to be a
random assortment of residue types at these positions, and
they differ in charge, size, and hydrophobicity, or hydrophilic-
ity. We propose it is the combination of these residues across

the interaction surface that erects a barrier to productive in-
teraction of the anchor residues with nonpartner sensor ki-
nases.

The surfaces of these two interacting proteins are best de-
scribed as mosaics with a fixed pattern of anchor and recogni-
tion residues (Fig. 9). Anchor residues determine how the two
proteins will fit together, and recognition residues either allow
the fit or prevent the two proteins from fitting together by
introducing charge and size constraints at several points within
the surface. The greater the incompatibilities in recognition
residues between the wrong partners of two-component sys-
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FIG. 8. Conserved and variable residues at the interaction surface of response regulators of the OmpR family. The surface is composed of side
chains from the loops (L1 to L5) and a1-helix. Conserved residues (mustard) variable residues (green) are indicated. The numbers indicate amino

acid positions of SpoOF.
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FIG. 9. Residues on the interaction surface of OmpR family response regulators. Catalytic residues are colored red. Conserved (anchor)
residues are colored blue, and variable (recognition) residues are colored green. The positions of the a1- and a2’-helices of Spo0B are indicated

by the magenta Ca trace. The residues and numbers are those of SpoOF.

tems, the less chance that signals will go astray. A similar
pattern of anchor and recognition residues may be found in all
the families of two-component systems.

CONCLUSIONS

The surface of interaction of a response regulator with the
phosphoryl donor surface of the phosphotransfer domain of a
sensor kinase is a mosaic of amino acid residues arranged in a
pattern. The mosaic pattern is very similar in all members of a
related family of response regulators. Three types of residues
make up the pattern: essentially invariant catalytic residues,
anchor residues, and recognition residues. Anchor residues
make the interactions required to bind the proteins together in
the correct orientation for catalysis. They are highly similar in
all members of the family. Recognition residues also make
contact with the sensor kinase surface but are extremely vari-
able in individual members of the same family. By virtue of
differences in size, charge, and hydrophobicity or hydrophilic-
ity, recognition residues prevent heterologous interaction be-
tween nonmated pairs of sensor kinases and response regula-
tors, ensuring fidelity in signal propagation.

Residues making up the surface of interaction between sen-
sor kinases and response regulators do not change in true

orthologues in related bacterial species. It would not be sur-
prising if this conservation were true for all associating proteins
and domains within a protein that are required to make pro-
ductive interaction.
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