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CheW and CheY are single-domain proteins from a signal transduction pathway that transmits information
from transmembrane receptors to flagellar motors in bacterial chemotaxis. In various bacterial and archaeal
species, the cheW and cheY genes are usually encoded within homologous chemotaxis operons. We examined
evolutionary changes in these two proteins from distantly related proteobacterial species, Escherichia coli and
Azospirillum brasilense. We analyzed the functions of divergent CheW and CheY proteins from A. brasilense by
heterologous expression in E. coli wild-type and mutant strains. Both proteins were able to specifically inhibit
chemotaxis of a wild-type E. coli strain; however, only CheW from A. brasilense was able to restore signal
transduction in a corresponding mutant of E. coli. Detailed protein sequence analysis of CheW and CheY
homologs from the two species revealed substantial differences in the types of amino acid substitutions in the
two proteins. Multiple, but conservative, substitutions were found in CheW homologs. No severe mismatches
were found between the CheW homologs in positions that are known to be structurally or functionally
important. Substitutions in CheY homologs were found to be less conservative and occurred in positions that
are critical for interactions with other components of the signal transduction pathway. Our findings suggest
that proteins from the same cellular pathway encoded by genes from the same operon have different evolu-

tionary constraints on their structures that reflect differences in their functions.

In Escherichia coli, the signal transduction pathway for che-
motaxis consists of specialized membrane receptors, termed
chemotaxis transducers; a CheA-CheY two-component sys-
tem, which transmits the signal from transducers to flagellar
motors; and a docking protein, CheW, which couples the CheA
histidine kinase to transducers (for recent reviews, see refer-
ences 7, 8, and 11). In addition, two proteins, the CheB meth-
ylesterase and the CheR methyltransferase, comprise an adap-
tation pathway for chemotaxis. Interaction of CheA with
chemotaxis transducers changes the rate of kinase phosphor-
ylation (4). The phosphoryl group on CheA can be transferred
to CheY or CheB (18). In a phosphorylated form, CheY binds
to the flagellar switch protein FliM and causes a change in the
direction of flagellar rotation from counterclockwise to clock-
wise (43).

Homologous pathways (transducers, CheA, CheW, CheY,
CheB, and CheR) govern chemotaxis in all motile bacterial
and archaeal species (46). Series of mutational, biochemical,
and structural studies have addressed the importance of pro-
tein-protein interactions within the signal transduction cas-
cade; for many of these, however, the exact mechanisms re-
main unclear. Identification of functional residues in
interacting proteins is of critical importance for understanding
mechanisms of signal transduction. Comparison of evolution-
arily distant homologs may be very useful for this purpose.
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Proteins are robust to site mutations, and during evolution they
may accumulate significant numbers of substitutions with little
or no change in structure or function (39). Thus, a distant
homolog can be viewed as a result of evolutionarily derived
mutagenesis carefully selected for maintaining the function
within a particular cellular context. If a component of a signal
transduction pathway can be replaced by a homologous ele-
ment in a distantly related species, that would imply that func-
tionally important residues were preserved during evolution.
Therefore, heterologous expression of a “foreign” signal trans-
duction element in E. coli may be a useful tool in searching for
functional residues in interacting proteins. Like any other ap-
proach, it has its limitations. For example, as in laboratory
mutagenesis, evolutionary mutations can be compensated for
by second-site suppressors acting on the interacting partner. In
such a case, heterologous expression of a distant homolog
would not result in restoration of function.

Here, we demonstrate that two single-domain proteins from
the chemotaxis signal transduction pathway are substantially
different with respect to selective pressure on their properties.
We used the docking protein CheW and the chemotaxis re-
sponse regulator CheY from an a-proteobacterium, Azospiril-
lum brasilense, to complement corresponding mutants of E.
coli. Both A. brasilense proteins are significantly divergent from
their E. coli counterparts, but they have essentially the same
functions (16). Surprisingly, the more diverged CheW protein
allowed the chemotactic signal to occur in the corresponding
E. coli mutant, whereas we found no such evidence for CheY.
Detailed pairwise comparison of protein sequences revealed
different patterns and types of amino acid substitutions in
CheW and CheY. The results provide new insights into the
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TABLE 1. Strains and plasmids used in this study

Strain or Genotype, phenotype, Reference or
plasmid or description source
Strains
A. brasilense  Wild-type strain ATCC 29145
Sp7
E. coli
DH5« General cloning strain Gibco BRL
RP437 Wild-type chemotaxis strain J. S. Parkinson
RP1616 AcheZ; tumbly J. S. Parkinson
RP4606 AcheW; smooth swimming J. S. Parkinson
RP5232 AcheY; smooth swimming J. S. Parkinson
RP2768 cheY201; smooth swimming J. S. Parkinson
Plasmids
pFAJ451 pLAFR1 derivative containing 16
25 kb of A. brasilense DNA,
including the chemotaxis
operon
pTrc99A Expression vector; Ptac-based Amersham
promoter; Ap*
pProExHTa  Expression vector; Prac-based Gibco BRL
promoter; 6-His N-terminal tag
to the expressed protein; Ap"
plZ101 cheW gene from A. brasilense This work
cloned as an Ncol/HindIII
DNA fragment in pTrc99A
plZ103 cheY gene from A. brasilense This work
cloned as a BamHI/Xhol DNA
fragment in pProEXHTa
pIZ103D52N  Derivative of pIZ103, carrying This work
a mutant cheY gene which
encodes the mutated protein
CheYD52N
plZ109 cheY from A. brasilense cloned This work

as an EcoRI/HindIIl DNA
fragment in pTrc99A

mechanism of signal transduction and the molecular evolution
of the signal transduction pathway.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are listed in Table 1. E. coli strains were grown aerobically at 30°C in
Luria-Bertani (LB) medium containing thiamine (1 mM) and supplemented with
ampicillin (100 p.g ml~") for plasmid selection.

Plasmid construction. All standard cloning steps were carried out as described
by Sambrook et al. (30). Plasmid DNA was isolated from E. coli by using the
Qiagen spin column kit. DNA was isolated from agarose gels by using the
Qiaquick gel extraction kit (Qiagen). Enzymes were used according to the man-
ufacturers’ directions (New England Biolabs, Roche Applied Science, and Strat-
agene). The cheW gene was amplified from cosmid pFAJ451 (16) with primer
cheW-For (GGGCCATGGCTAGCAACGCCAAGCTGCCCGCC), which in-
cludes an Ncol site (underlined), and primer cheW-Rev (GGGAAGCTTTCA
GGCCGCTTCCATCGTGGT), which includes a HindIII site (underlined). The
PCR fragment (557 bp) corresponding to the amplified cheW gene was gel
purified and digested with Ncol and HindIII followed by ligation into the
pTrc99A vector digested with the same enzymes, generating pIZ101. The cheY
gene was amplified from the pFAJ451 cosmid by using CheY-For (GGAATTC
AAAGTTTGTCTGGTCGTCGA), which includes an EcoRI site (underlined),
and CheY-Rev (CCCAAGCTTTCACAGCAGCCCGACCTGCTC), which in-
cludes a HindIII site (underlined) and was cloned into the pTrc99A vector
digested with EcoRI and HindIII to generate pIZ109. In addition, the cheY gene
was amplified from the pFAJ451 cosmid and cloned into the pProEXHta vector
by using the following primers: cheYBam-For (GGGGGATCCGAAAGTTTG
TTTGGTCGTCGA), which includes a BamHI site (underlined), and cheYXho-
Rev (GGGCTCGAGTCACAGCAGCCCGACCTGCTC), which includes an
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Xhol site (underlined). The plasmid generated was called pIZ103. All PCR
amplifications were performed using the Expand High Fidelity System (Roche
Applied Science) under the conditions recommended by the manufacturer. Con-
structs were transformed into E. coli competent cells by standard heat shock
procedures (30). All constructs were confirmed by automated DNA sequencing.

Mutagenesis. Mutations were generated by Pfu polymerase PCR by using the
Quick-Change Site-Directed Mutagenesis kit (Stratagene) according to the man-
ufacturer’s recommendations. The putative phosphorylation site of the CheY
protein from A. brasilense (D52, corresponding to D57 in the E. coli protein) was
identified by alignment with CheY from E. coli. The following primers, replacing
the GAC triplet encoding D52 in the CheY protein from A. brasilense with the
AAC triplet (underlined) encoding asparagine, were used: cheYD52N-For (CG
CCATCCTGCTGAACTGGAACATGCCG) and cheYD52N-Rev (CGGGCA
TGTTCCAGTTCAGCAGGATGGCG). Thermocycling was carried out in a
Perkin-Elmer Thermocycler. Site-specific mutations were verified by DNA se-
quencing using ABI Prism dye terminator cycle sequencing.

Detection of protein expression. Proteins were expressed from the pTrc99A
vector in order to allow expression of the native proteins. Induction of the
proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis after Coomassie brilliant blue staining. The wild-type and mutant cheY
genes were also expressed in the pProExHta vector from an isopropylthiogalac-
toside (IPTG)-inducible tac promoter. In this expression vector, proteins are
expressed with an in-frame six-histidine N-terminal tag. INDIA HisProbe-HRP
(Pierce Chemicals), a nickel-activated derivative of horseradish peroxidase
(HRP), was used to directly detect the blotted recombinant polyhistidine-tagged
CheY fusion proteins. The HRP was detected by using the SuperSignal West
Pico chemiluminescent substrate (Pierce Chemicals) as recommended by the
manufacturer. Recombinant proteins were induced according to the manufac-
turer’s directions by using varying amounts of IPTG (Gibco BRL).

Behavioral assays. To analyze E. coli behavior, spatial (swarm plates) and
temporal gradient assays were used essentially as previously described (2). Be-
cause of the smooth-swimming bias of the cheY and cheW E. coli mutants,
temporal responses to the addition of the repellent leucine at 10 mM were
measured. Upon adaptation, cells resume their smooth-swimming bias.

Protein sequence analysis. Pairwise comparisons of protein sequences were
performed using the BLAST 2 Sequences program with default parameters (38).
Sequence similarity plots were produced from pairwise alignments based on the
PAM250 (10) and BLOSUMG62 (17) scoring matrices. Multiple alignments were
constructed using the CLUSTAL X program (40). Secondary-structure predic-
tions were carried out using the JPRED?2 server (9) and the PHD program (29).

RESULTS

CheW protein from A. brasilense restores the chemotactic
signal to the E. coli cheW mutant. A AchelW mutant of E. coli
is incapable of chemotaxis. It has a smooth-swimming pheno-
type, which remains constant upon addition of any chemoef-
fector (27). Expression of the CheW protein from a plasmid
restores chemotaxis to a AcheW strain (21, 31). Elevated levels
of CheW inhibit chemotaxis; therefore, its expression should
be tightly controlled (5, 21, 31). We used the pTrc99a vector
(1) to enable IPTG-inducible expression of the A. brasilense
cheW gene in both the cheW null mutant (RP4606) and wild-
type (RP437) E. coli. We first tested the effect of the heterol-
ogous expression in a swarm plate assay. The A. brasilense
protein restored the swarming ability of the mutant and, as
expected, inhibited chemotaxis in the wild type (Fig. 1A). Re-
duction of the swarm size of the wild type correlated with
induction levels and was statistically significant (Fig. 1B),
whereas there was no effect on the cell growth rate under these
conditions. Restoration of swarming in the mutant was clearly
observed, but only under specific conditions of induction (50 to
100 uM IPTG and 22°C). Restoration of swarming per se does
not necessarily mean restoration of the chemotactic response.
For example, the increased motility on swarm plates may be
due to so-called “pseudotaxis” (44). Several observations indi-
cated that the restoration of swarming in the complemented
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FIG. 1. Heterologous expression of the A. brasilense CheW protein
in E. coli. (A) Swarm plate assay. Conditions were LB medium, 100
uM IPTG, 22°C, and 12 h of incubation. Strains, clockwise from top
left, are RP437/pTrc99a, RP437/pIZ101, RP4606/pIZ101, and RP4606/
pTrc99a. (B) Inhibition of chemotaxis of wild-type cells by A. brasilense
CheW. Relative sizes of swarms are shown. Conditions were LB
medium, 500 pM IPTG, 30°C, and 12 h of incubation. (C) Temporal
gradient assay. Cells were induced with 100 wM IPTG. Times for
adaptation to 10 mM leucine are shown.
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mutant was the result of true chemotaxis and not pseudotaxis:
(i) swarms always had sharp edges (chemotaxis rings), (ii) cells
taken from the edge of the swarm had a smooth-swimming
bias, whereas in pseudotaxis the ability to swarm is propor-
tional to the percentage of tumbling cells (44), and (iii) cells
taken directly from the swarm exhibited chemotaxis in the
temporal gradient assay (see below).

In order to conclusively establish that the A. brasilense
CheW protein can restore the chemotaxis signal from trans-
ducers to the flagellar motor in the cheW mutant, we carried
out a quantitative temporal gradient assay, where changes in
behavior of free-swimming cells in response to a chemoeffector
are recorded. E. coli mutant cells complemented with the A.
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brasilense cheW gene still exhibited a smooth-swimming bias,
which made it difficult to measure chemotaxis to attractants.
However, in response to the repellent leucine, which is de-
tected by the Tsr transducer, the cells had a 1-min tumbling
response, typical of the wild type (Fig. 1C). Furthermore, when
the attractant serine (1 mM) was added to cells that had been
exposed to leucine for 15 s and therefore had a 100% tumbling
bias, the cells immediately displayed a 100% smooth-swimming
bias. Similar responses were observed upon addition of other
repellents and attractants (data not shown). These results
clearly establish that the CheW protein from A. brasilense is
able to interact with transducers and the CheA protein of the
E. coli chemotaxis machinery and to transduce the chemotactic
signal, as was suggested for the E. coli protein (13).

CheY protein from A. brasilense interacts with the chemo-
taxis machinery of E. coli but does not restore chemotaxis to
the cheY mutant. As in the experiments described above, wild-
type E. coli (RP437) and the cheY null mutant (RP5232) were
transformed with plasmids expressing the cheY gene from A.
brasilense under the control of the inducible 7rc promoter.
Because the mutation in strain RP5232 is polar on the down-
stream cheZ gene (J. S. Parkinson, personal communication),
experiments were also carried out in parallel with another cheY
mutant (RP2768). Expression of the CheY protein from A.
brasilense inhibited chemotaxis in wild-type E. coli in both
swarm plate (Fig. 2A) and temporal gradient (data not shown)
assays. The inhibitory effect was best observed at high (0.5 to 1
mM) IPTG concentrations, which still did not affect cell
growth. No inhibition was observed without IPTG, suggesting
that the effect was due to the expressed heterologous protein.

The CheY protein from A. brasilense did not complement
the defect in either of the cheY mutants of E. coli when tested
under a wide range of experimental conditions in either swarm
plate or temporal gradient assays (Fig. 2A). There was also no
effect on the swimming bias of the cheY mutants. In order to
verify expression of the recombinant protein, the cheY gene
from A. brasilense was cloned into the pProEx expression vec-
tor, which carries a six-His tag. Expression of the CheY protein
was monitored with the INDIA His probe, as described in
Materials and Methods. The CheY protein was expressed in all
strains tested, and its expression levels correlated with the
IPTG concentrations (Fig. 2B). All heterologous expression
experiments were then repeated with the His-tagged protein
and yielded the same results as with the untagged protein: no
restoration of chemotaxis in the cheY mutant and statistically
significant inhibition of chemotaxis in wild-type cells (Fig. 2C
and D). We therefore interpreted the lack of complementation
as resulting from an insufficient match between the A.
brasilense CheY protein and the E. coli chemotactic machinery.
However, the inhibition of wild-type chemotaxis suggested that
the CheY protein from A. brasilense interacted with the E. coli
chemotaxis proteins. The A. brasilense CheY contains a con-
served phosphoacceptor site (Asp52, corresponding to Asp57
in the E. coli homolog) (16). In order to test the hypothesis that
the A. brasilense CheY inhibits chemotaxis in wild-type E. coli
by competing for a phosphate with its homolog, we replaced
the aspartate residue at position 52 with asparagine in the cheY
gene from A. brasilense cloned into the pProEx vector. The
plasmid was then transformed into the wild-type E. coli strain.
Expression levels of the wild-type and mutant CheY proteins
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FIG. 2. Heterologous expression of the A. brasilense CheY protein in E. coli. (A) Swarm plate assay. Conditions were LB medium, 500 pM
IPTG, 30°C, and 12 h of incubation. Strains, clockwise from top left, are RP437/pProEx, RP437/pIZ103, RP5232/pIZ103, and RP5232/pProEx.
(B) Expression of A. brasilense CheY in E. coli. Relative sizes of swarms are shown. (C) Western blot analysis of A. brasilense CheY expression
in E. coli RP5232. IPTG concentrations: 0 wM (lane 1), 250 pM (lane 2), and 1 mM (lane 3). (D) Temporal gradient assay. Cells were induced

with 500 uM IPTG. Times for adaptation to 10 mM leucine are shown.

were similar. In contrast to the wild-type protein, the mutant
CheY protein had no effect on chemotaxis of wild-type E. coli
cells at different expression levels in both spatial and temporal
gradient assays (Fig. 2C and D). These results clearly indicate
that CheY of A. brasilense, when expressed in E. coli, does
interact with its chemotaxis machinery. This serves as a positive
control for negative results for complementation of the E. coli
cheY mutant and strengthens our conclusion that the apparent
lack of complementation is due to the insufficient match be-
tween the A. brasilense and E. coli proteins. The results can be
interpreted further as suggesting that CheA of E. coli can
phosphorylate CheY of A. brasilense in vivo. However, the
relatively poor inhibition of wild-type chemotaxis also suggests
that the interaction between CheA and CheY in the heterol-
ogous system is weak.

Heterologous expression studies with multiple CheY ho-
mologs from Rhodobacter sphaeroides demonstrated that while
these proteins do not restore chemotaxis to the E. coli cheY
mutant, they complement cheZ mutants, probably by compet-
ing for phosphate with the E. coli CheY protein (33). We
expressed CheY from A. brasilense in the cheZ null mutant
strain RP1616 from both the pIZ109 and pIZ103 plasmids.
Expression of the A. brasilense CheY protein was confirmed by
using the INDIA-His probe and by Coomassie blue staining.
CheY from A. brasilense did not complement the defect in

RP1616 over a wide range of IPTG inductions that did not
affect cell growth (data not shown).

Protein sequence comparisons of CheW and CheY ho-
mologs. Pairwise alignment of CheW protein sequences from
E. coli and A. brasilense revealed 26% identity and 52% simi-
larity based on default parameters of the BLAST 2 Sequences
program (38). The same analysis revealed 34% identity and
53% similarity between the CheY proteins. Thus, the A.
brasilense CheY protein shows a significantly higher degree of
identity with its E. coli homolog than does CheW, whereas
levels of similarity appear to be the same in both cases. We
further evaluated the alignments with an emphasis on the types
of amino acid substitutions between homologous proteins. The
alignments were translated into plots (Fig. 3), where a score
was assigned to each residue position based on the amino acid
substitution matrix, such as PAM150 (10) or BLOSUMG62 (17).

Comparison of the two plots reveals differences between
types of amino acid substitutions in CheW and CheY ho-
mologs. The diapason of score variation is wider for CheY
homologs. Scores of 8 or higher are assigned to five positions
in the CheY alignment (none in the CheW alignment), and
scores of —6 or lower are assigned to six positions in the CheY
alignment (none in the CheW alignment). “Severe” mis-
matches (scores of —3 or lower) are found only in 12 positions
in the CheW alignment (7%), whereas in the CheY alignment
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FIG. 3. Plots of sequence similarity between E. coli and A. brasilense proteins. Positions in the sequence alignment are shown along the x axis;
residue numbers given are for E. coli sequences. Scores based on the PAM150 amino acid substitution matrix (10) are shown along the y axis;
positive scores are given for matches and negative scores are given for mismatches according to chemical groups of amino acids. Dashed line marks
the —2 cutoff. (A) CheW proteins. Positions of functionally important residues identified in mutational and biochemical studies are shown in color,
as follows: red, null mutations (5); green, mutations that affect CheA and chemoreceptor binding in vitro (6); blue, chemoreceptor-suppressible
mutations (21). The secondary structure of CheW shown above the plot is based on the reported structure of the Thermotoga maritima protein (15)
and predicted two-dimensional structures for E. coli and A. brasilense proteins. (B) CheY proteins. Positions of functionally important residues
identified in mutational, biochemical, and structural studies are shown in color, as follows: red, active-site residues; green, residues proposed to
interact with FliM (19, 23), CheZ (23, 45), or CheA (24, 42). The secondary structure of CheY shown above the plot is based on the reported
structure of the E. coli protein (41). The A. brasilense protein contains a 4-amino-acid deletion corresponding to residues 120 to 123 of the E. coli

homolog. a-Helices and B-strands are indicated.

they are found in 17 positions (13%). Mismatches that score
—2 or higher are often found in the same group of amino acids,
which is important for structural considerations. For example,
Asp and Val are both small amino acids, Ala and Leu are both

hydrophobic, and so forth. Therefore, from the structural point
of view, CheW homologs appear to be more conserved (up to
93% similar) than CheY homologs. Furthermore, there is no
single insertion or deletion throughout the entire alignment of
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TABLE 2. Functionally important amino acid residues in the
E. coli CheW protein compared to aligned sites in the
A. brasilense homolog

Amino acid residue in: Phenotype or function”

Residue

no. E. coli A. brasilense Loss of CheA Tar
. ’ function binding binding

33 Ile Val
36 Val Val X X
38 Glu Asp X X
39 Ile Val X
41 Gly Gly X X
45 Val Ile X
46 Thr Thr X
51 Thr Ala X
56 Lys Ala“ X
57 Gly Gly X X
62 Arg Arg X
63 Gly Gly X X
65 Ile Ile X
86 Thr Gly X X
87 Val Met X
88 Val Ser X X
99 Gly Ser X X
105 Val Val X X
108 Val Val X X
128 Gly Gly
133 Gly Gly X X
156 Met Met X
158 Leu Ala X

¢ E. coli numbering.
? Data are from references 5, 6, and 21.
¢ Severe substitution, shown in boldface.

CheW proteins, whereas the alignment of CheY proteins con-
tains two insertions or deletions. Finally, an identical second-
ary structure was predicted for the two CheW homologs. In
contrast, a striking deviation was observed between the known
structure of the E. coli CheY protein and the predicted sec-
ondary structure of its homolog from A. brasilense. A 4-amino-
acid deletion in the C-terminal portion of the A. brasilense
protein (corresponding to residues 120 to 123 of the E. coli
homolog) is likely to result in the disruption of a-helix 5 (Fig. 3).

In order to further interpret the results of heterologous
expression studies and to obtain additional information about
conservation of particular amino acid residues in CheW and
CheY sequences, we mapped known structurally and function-
ally important residues of E. coli proteins onto the alignments
shown in Fig. 3. These data are shown in a more detailed
format in Tables 2 and 3.

DISCUSSION

Conservation of functionally important residues in CheW
homologs. Several mutational and biochemical studies identi-
fied a number of residues on the E. coli CheW protein that are
critical for its structure and function. Previously reported in-
variant (absolutely conserved in all homologs) CheW residues
are Gly57, Arg62, Gly62, Gly99, and Gly128 (E. coli number-
ing) (15). We compared a larger set (102 proteins) of CheW
homologs from microbial genomes available from more recent
versions of major public databases (March 2002) and found
that none of the residues is in fact invariant; however, Gly57
and Arg62 are conserved in 95% of sequences, Gly62 is con-
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TABLE 3. Functionally important amino acid residues in the E. coli
CheY protein compared to aligned sites in the A. brasilense homolog

Amino acid

ST Function”
Residue residue in:
ot i A brasil Active ~ CheA  CheZ  FliM
s con A Drasiense e binding  binding  binding
12 Asp Asp X X
13 Asp Asp X
14 Phe Ser® X
16 Thr Val X
17 Met Val X
19 Arg Lys X
20 Ile Val X
23 Asn Lys X
27 Glu Glu X
57 Asp Asp X X X
59 Asn Asn X X
85 Met Phe X X
86 Val Cys X X
87 Thr Thr X X X
89 Glu Glu X X
90 Ala Asn X
91 Lys Asp X
92 Lys Leu X X
94 Asn His X
95 Ile Ile X
96 Ile GIn X
98 Ala Ala X
99 Ala Leu X X
100 Gln Ser X
104 Ser Asn X X
106 Tyr Tyr X X X X
107 Val Ile X X
108 Val Met X X
109 Lys Lys X X X
111 Phe Phe X X
112 Thr Asn X X
116 Leu Ile X
119 Lys Lys X
121 Asn Absent X
122 Lys Absent X
126 Lys Gln X X

¢ E. coli numbering.
> Data are from references 19, 23, 24, 34, 35, 41, and 45.
¢ Severe substitutions are shown in boldface.

served in 90% of sequences, and Gly99 and Gly128 are con-
served in 85% of sequences (data not shown). Except for one
(G99S), all of these residues are identical in the E. coli and A.
brasilense homologs (Fig. 3A). Recent genetic and biochemical
evidence confirmed that Arg62 is an absolutely irreplaceable
residue but suggested a role other than interaction with a
chemoreceptor or CheA (5). In the same study, Gly57 was
shown to be a critical residue, mutation of which leads to a
loss-of-function phenotype due to the inability of the mutant
protein to interact with the CheA protein. Boukhvalova et al.
(5) also identified Val36 as another critical site, mutation of
which eliminates CheW binding to a chemoreceptor in vitro
and chemotaxis in vivo. Two other residues, Gly41 and Gly133,
were identified as “weak titrators” that decrease CheW binding
affinities but are tolerated by in vivo signaling systems. Inter-
estingly, not only Val36 but also Gly41 and Gly133 are strictly
conserved in the A. brasilense protein (Table 2), confirming
their important role for interactions within signaling com-
plexes.
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Using the yeast two-hybrid system, Boukhvalova et al. iden-
tified seven residues in CheW of E. coli mutation of which
specifically disrupts the interaction with CheA but not with a
chemoreceptor, and four residues mutation of which disrupts
CheW binding to a chemoreceptor but not to CheA (6). Three
out of seven “CheA-specific” residues are identical in the A.
brasilense protein: Thr46, Ile65, and Met156. Three others can
be considered “mild” substitutions: V451, T51A, and L158A.
Interestingly, the T51A substitution in the A. brasilense protein
is exactly the same as the substitution in the E. coli protein,
which led only to a small decrease in CheA binding and did not
affect chemotaxis in vivo. The K56l substitution in the E. coli
protein significantly inhibited CheA binding but allowed in
vivo chemotaxis. In the A. brasilense protein, Lys56 is replaced
by alanine, which can be interpreted as a less severe mutation
than that of Lys to Ile and also allowed in vivo complementa-
tion. None of the four residues implicated in the specific in-
teraction with a chemoreceptor are identical in the A. brasil-
ense protein, but all four substitutions are very conservative:
133V, E38D, 139V, and V87M. The E38D substitution in the
A. brasilense protein is identical to the mutation in the E. coli
protein that resulted in severe inhibition of chemoreceptor
binding in vitro (6). Again, however, our complementation
studies are in full agreement with those of Boukhvalova et al.,
where the E38D mutation did not inhibit in vivo chemotaxis (6).

Earlier genetic evidence (21) implicated eight residues in E.
coli CheW in interactions with the chemoreceptor in the sig-
naling complex (Fig. 3A). Two of these, Glu38 and Arg62,
were also identified in the biochemical studies (5, 6) and have
been addressed above. Of the other six residues, three are
identical (Gly63, Vall05, and Vall08) in the A. brasilense ho-
molog and another three are conservatively changed (T86G,
V88S, and G99S).

Conservation of functionally important residues in CheY
homologs. All active-site residues (19, 41), including the phos-
phoacceptor site Asp57 and Asn59, which is nonconserved but
functionally important in E. coli (35), are identical in the E. coli
and A. brasilense Che'Y homologs (Table 3).

The CheY protein controls the direction of flagellar rotation
by binding to its target, the FliM protein of the flagellar motor.
Residues that might be important for FliM binding were first
identified by mutagenesis (34) and nuclear magnetic resonance
(NMR) (23) studies. More recently, some of the CheY resi-
dues directly involved in FliM binding were determined by
solving the structure of activated CheY bound to the N-termi-
nal helix of FliM (19). Eight residues of E. coli CheY are
critical for FliM binding. Three of these residues (Ile95,
Tyr106, and Lys119) are identical in the E. coli and A.
brasilense proteins. Another three are relatively mild substitu-
tions: A90ON, A99L, and V108M. However, the important res-
idue Lys92, which forms a hydrogen bond with Ser4 of FliM via
its NH group, is replaced with a leucine residue in the A.
brasilense protein. Furthermore, Lys122, which forms a salt
bridge with Asp12 of the FliM protein, is missing from the A4.
brasilense protein (deletion in the «-5 helix). Other residues
implicated in FliM binding by the NMR studies (23) include
Met85, Val86, and Asnl21, for all of which there are severe
mismatches in the A. brasilense protein (Table 3).

A subset of residues important for CheY binding to the
CheA kinase was determined by solving the crystal structure of
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CheY with the phosphoacceptor-binding (P2) domain of CheA
(14, 24, 42). Seven such residues were identified, and only two
of them, Tyr106 (an active-site residue) and Lys119, are iden-
tical in the E. coli and A. brasilense proteins. Four substitutions
in the A. brasilense protein are K92L, Q100S, S104N, and
K126Q. Lys122, which has been suggested to form a hydrogen
bond with Alal69 of CheA (24), is missing from the A.
brasilense protein (deletion in the «-5 helix). It should be
stressed that these are only some of the residues involved in
CheA binding. It is likely that CheY also contains contact sites
for the P1 domain of CheA.

Residues that might be important for CheZ binding were
first identified by NMR studies (23) and more recently from
the cocrystal structure of CheZ with CheY (45). Twenty-four
residues that might participate in CheZ binding were identi-
fied, and five of them are replaced in the A. brasilense protein
with residues that can be classified as severe mismatches (Ta-
ble 3). One of these mismatches (F14S) is in the position
directly implicated in interaction with the side chain of GIn147
of CheZ (45).

Evolutionary and functional considerations. In this study,
we investigated evolutionary changes that occurred in two sin-
gle-domain proteins of the same signal transduction pathway in
two distantly related microorganisms. Based on the absolute
rates of 16S rRNA divergence (26), we estimated that A.
brasilense and E. coli shared a common ancestor approximately
1 billion years ago. Moreover, no orthologous relationship
between the chemotaxis operons in these species is obvious,
and the A. brasilense chemotaxis operon was likely a subject of
lateral-transfer events (16). As a result, the protein sequences
of CheW and CheY in the two species are significantly diver-
gent. In both species the chelV and cheY genes are located in
homologous chemotaxis operons; therefore, in a given species
the two genes were subjected to similar mutagenic forces
throughout the evolutionary process. However, the results
demonstrate that the evolutionary changes that occurred in
CheW homologs are quite different from those that occurred
in CheY homologs.

Numerous, but very moderate, amino acid substitutions
were allowed in CheW proteins. As a result, CheW homologs
from the two distantly related organisms have identical pre-
dicted structures. Identical or very similar residues are main-
tained in most critical positions that were experimentally
shown to be important for interaction with CheA and chemo-
receptors. Only in 1 out of 23 such positions can a substitution
in the A. brasilense protein be classified as a severe mismatch
(Table 2). The unique ability of the CheW protein to maintain
chemotaxis in vivo even when site mutations significantly di-
minish its interaction with CheA and chemoreceptors (5) prob-
ably reflects the importance of maintaining an overall structure
rather than various specific sites. This type of evolutionary
change likely reflects the functional constraints. CheW func-
tions to couple the signaling state of chemotaxis transducers to
the CheA kinase (4) and is involved in the formation of trans-
ducer-kinase complexes (13), but it does not have any catalytic
activity on its own.

Very different changes occurred in CheY homologs. The
CheY protein is a smaller molecule than CheW, but its func-
tional role appears to be significantly more complex. In E. coli,
it binds to at least three different partners, namely, CheA,
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FliM, and the CheZ phosphatase, and it undergoes CheA-
dependent phosphorylation and CheZ-dependent dephos-
phorylation. The overall number of amino acid substitutions in
E. coli and A. brasilense CheY homologs is comparable to that
in CheW homologs. However, there is a clear difference in the
pattern of amino acid substitution. More positions are strictly
conserved in CheY than in CheW homologs (35 versus 24%),
and at the same time more severe changes have occurred in
CheY than in CheW homologs (13 versus 7%). The CheY
protein has known enzymatic activities (phosphorylation and
dephosphorylation) and an active site to carry them out,
whereas CheW does not. In CheY, strict conservation is ob-
served in the active-site residues and residues that are critical
for protein folding (25). However, many residues that have
been implicated in interaction with the CheA, CheZ, and FliM
proteins are not conserved in the A. brasilense CheY (Table 3).

We interpret our heterologous expression studies as suggest-
ing that the A. brasilense protein can weakly interact with and
be phosphorylated by E. coli CheA. The CheA protein of A.
brasilense lacks the P2 domain, which serves as the high-affinity
binding site for CheY in the E. coli protein. However, the weak
interaction and phosphorylation of the A. brasilense CheY by
E. coli CheA is in agreement with the experimental data show-
ing that CheA lacking the P2 domain still binds and phosphor-
ylates CheY, although less efficiently (37). CheZ protein is
found exclusively in the branch of B/y-proteobacteria (I. B.
Zhulin, unpublished data); therefore, it is not surprising that
sites for interaction with CheZ are not conserved in the 4.
brasilense CheY protein. Relaxation of the FliM binding sites
and the apparent inability of the A. brasilense CheY protein to
interact with the E. coli FliM suggest that the FliM protein in
A. brasilense might be significantly divergent from that in E.
coli. It appears that the CheY protein tolerates dramatic sub-
stitutions in the individual sites that are coincident with the
presence or absence of interacting partner proteins and do-
mains (Table 3) or reflect potentially significant changes in the
interacting surfaces of a partner protein.

Taken together, the results of our analysis fully support the
notion that structural and functional constraints on specific
positions within a protein sequence are extremely important
factors in molecular evolution (22, 28). Quantification of evo-
lutionary constraints on particular amino acid positions has
been recently proposed as a new tool for detection of func-
tionally important regions in proteins (36). Recent analysis of
evolutionary changes in interacting proteins in eukaryotes
demonstrated that such proteins have similar functional con-
straints and thus have coevolved (12). Our results suggest that
despite the facts that CheW and CheY are components of the
same signal transduction pathway and the corresponding genes
are always located together on microbial DNA, the apparent
evolutionary constraints on them are different, likely because
they perform different functions within the pathway and do not
interact with each other.

It appears that the input elements of the chemotaxis signal-
ing pathway are more conserved than the output elements. All
known chemoreceptors from distantly related species of pro-
karyotes share a highly conserved domain (20, 46). As sug-
gested in this study, the docking protein CheW is also highly
conserved, although at a different stringency level. Finally, the
CheW-like domain of the CheA histidine kinase, which is pro-
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posed to interact with the CheW protein (3), is the most con-
served domain of this protein, whereas the output portion of
CheA (CheY-interacting domains) are significantly less con-
served (G. Alexandre, K. Wuichet, and 1. B. Zhulin, unpub-
lished data). Our results also suggest that the CheY protein
might be highly variable with respect to critical sites in its
C-terminal region involved in CheA, FliM, and CheZ interac-
tions. The flexibility of the output elements of the chemotaxis
signaling pathway may reflect different mechanisms for signal
termination, such as phosphatase versus a “phosphate sink,”
and differences in the structure and function of bacterial flagel-
lar motors (32).
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