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ABSTRACT  Mpyxococcus xanthus exhibits multicellular
development. The ‘frizzy’’ (frz) mutants are unable to com-
plete the developmental pathway. Instead of forming fruiting
bodies, these mutants form tangled filaments of cells. We have
previously shown that four of the frz gene products are
homologous to enteric chemotaxis proteins and have proposed
that the frz genes constitute a signal-transduction pathway that
controls the frequency at which cells reverse their gliding
direction. We show here that frzE encodes a protein with a
calculated molecular mass of 83 kDa. FrzE is homologous to
both CheA and CheY of Salmonella typhimurium, which are
members of a family of ‘‘two-component response regulators.’’
It is thought that the modulator components autophosphorylate
and transfer a phosphate group to their cognate effector
components. FrzE contains an unusual (alanine plus proline)-
rich region that might constitute a flexible hinge facilitating
phosphate transfer between functional domains. We suggest
that FrzE is a second messenger that relays information
between the signaling protein FrzCD and the gliding motor.

Myxococcus xanthus is a gliding, Gram-negative soil bacte-
rium that exhibits a complex life cycle involving extensive
cell—cell interactions (1, 2). Cell contacts are repeatedly
broken and reestablished as cells glide, reverse direction, and
are reoriented from moving on irregular surfaces. Myxobac-
teria exhibit directional motility by biasing the time interval
between reversals. Vegetative cells move in ‘hunting packs’’
and secrete hydrolytic enzymes that degrade organic sub-
stances. Starvation triggers the developmental program of
these organisms. Development is characterized by both the
morphogenesis of a multicellular structure, the fruiting body,
and the differentiation of rod-shaped cells into spherical,
environmentally resistant and metabolically quiescent myxo-
spores. During fruiting body morphogenesis, =100,000 cells
aggregate to a focal center and form a mound of cells in which
differentiation occurs.

Mutants defective in fruiting body formation have been
useful in defining events along the developmental pathway
(3). The “‘frizzy”’ (frz) mutants are unable to aggregate
properly during mound formation but instead form tangled
filaments (4). The six frz genes are clustered on a 7.5-
kilobase-pair (kbp) segment of the chromosome and are
designated frzA—frzG (5, 6). Individual frz cells show aberrant
motility behavior (6, 7). When plated at low-cell density
wild-type cells reverse their gliding direction approximately
every 7-8 min; frzA, -B, -C, -E, and -F cells rarely reverse
direction—approximately every 1-2 hr; frzD and frzG cells
reverse more frequently than wild type—every 1-2 min and
4-5 min, respectively. Tn5-lac insertions in the frz genes
permitted an analysis of their expression during development
(8). Transcription is developmentally regulated and shows
peak levels of expression during mound formation. Recent
DNA sequence analysis revealed that many of the frz gene
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products are homologous to known bacterial enteric chemo-
taxis proteins (6, 9). The frzA, frzCD, frzG, and frzF gene
products are homologous to CheW, the methyl-accepting
chemotaxis proteins (MCPs), CheB and CheR, respectively.

The enteric chemotaxis proteins constitute a pathway that
senses chemoeffector concentrations outside the cell and
transduces that information to the flagella (for reviews, see
refs. 10-12). The MCPs are transmembrane proteins that
detect chemoeffectors in the periplasm. Their cytoplasmic
signaling domains initiate an intracellular second-messenger
cascade that modulates swimming behavior. CheW couples
MCP output to the cytoplasmic signaling components CheA
and CheY (13, 14). CheA autophosphorylates and transfers
its phosphate to CheY (15). It is thought that phospho-CheY
interacts directly with components of the flagellar basal body
to generate a tumble (16). Sensory adaptation is mediated by
the reversible methylation and demethylation of specific
glutamate residues of the MCPs. CheR and CheB are the
MCP-specific methyltransferase and methylesterase, respec-
tively. The methylesterase activity of CheB is modulated by
CheA-mediated phosphorylation (17). We recently showed
that FrzCD is methylated in vivo and that this methylation
depends on frzF (6).

The sequence similarities to chemotaxis proteins combined
with the biochemical and behavioral analyses of frz mutantst
prompted us to hypothesize that the frz genes are compo-
nents of a sensory transduction pathway necessary for the
proper aggregation of cells during fruiting body morphogen-
esis. The chemotaxis signal-transduction pathway controls
the swimming behavior of individual cells in response to
chemoeffectors. We propose that the frz gene products
control the gliding behavior of individual cells in response to
aggregation and/or feeding signals.

It is surprising that organisms that move by such different
mechanisms (swimming with flagella versus gliding without
flagella) use a similar signal-transduction pathway to control
motility. How similar are the Che and Frz signaling path-
ways? Does FrzCD interact directly with the gliding motor or
does it also, like the MCPs, use a second-messenger system?
If so, what is the nature of this system? In this paper we
address some of these questions. We demonstrate that FrzE
is homologous to both CheA and CheY and discuss the
implications of these findings.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. M. xanthus DZF1
(18) was the fruiting-proficient strain used in this study. M.
xanthus growth and developmental conditions were as de-
scribed (6). Escherichia coli strain DG98 was used for all
subcloning and sequencing.

Abbreviations: MCP, methyl-accepting chemotaxis protein; Ep,
Escherichia coli dihydrolipoamide acetyltransferase component of
?yruvate dehydrogenase.

The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M35192).
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DNA Sequencing. The DNA corresponding to the frzE
complementation group was subcloned from pBB12 (5) and
sequenced on both strands as described (6).

RESULTS

Nucleotide Sequence of frzE. The frzE gene product is
necessary for proper cellular aggregation during develop-
ment. We have shown by complementation analysis (5) and
by maxicell experiments (19) that frzE is the largest gene in
the frizzy region. This gene can encode a protein with a
molecular mass of 80-100 kDa. In this paper we have
extended those initial studies of frzE through DNA sequence
analysis. The 2.7-kbp region from Sac I to St I (Fig. 1),
which contains frzE, was subcloned and sequenced on both
strands. An open reading frame of the appropriate size was
identified. This reading frame exhibits the characteristic
nucleotide bias (20) of high G+C organisms, such as M.
xanthus [68.5% G+C (21)]. frzE shows 76%, 45%, and 93%
G+C at positions one, two, and three, respectively. An ATG
translational start codon at nucleotide 64 of Fig. 2 was
identified based on an appropriately spaced ribosome-
binding site (GTACG) and on the homology data presented
below. From this predicted start site, frzE encodes a 777-
amino acid protein with a calculated molecular mass of 83,095
Da. Hydopathicity data (not shown) suggest that FrzE is a
soluble protein.

There are only 33 noncoding nucleotides between the stop
codon of frzCD and the start codon of frzE and 42 nucleotides
between the stop codon of frzE and the initiation codon of the
JfrzG gene. The compact spacing between frzCD, frzE, and
JfrzG supports the hypothesis that these frz genes are tran-
scribed as part of a polycistronic message (8).

Homology of FrzE to Both CheA and CheY. Computer
searches of protein sequence data bases showed that FrzE
was homologous to two enteric chemotaxis proteins: CheA
and CheY. Fig. 3 compares the predicted FrzE amino acid
sequence to that of Salmonella typhimurium CheA (22). In
addition to the boxed amino acid identities shown in this
alignment there are also numerous conservative substitu-
tions. There is a short conserved stretch of 10 amino acids
between residues 46 and S5 as well as a large conserved
central region of 360 amino acids that extends from residue
294 to 653 and shows 33% amino acid identity to CheA.

Immediately next to the C terminus of the Che A homology
region is a final domain of 124 amino acids extending from
residues 654 to 777 that shows 31% amino acid identity to S.
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typhimurium CheY (23) (Fig. 4). This homology spans the
entire CheY protein.

FrzE Contains an Unusual (Alanine Plus Proline)-Rich Do-
main. FrzE contains a 68-amino acid region from residue 130
to 197 that is 38% alanine and 34% proline. Similar (alanine
plus proline)-rich regions are also seen in peptides of the
pyruvate dehydrogenase multienzyme complex of E. coli
(24). A comparison of the FrzE (alanine plus proline)-rich
region to three of the (alanine plus proline)-rich stretches
found in the E. coli dihydrolipoamide acetyltransferase (E;;)
component of pyruvate dehydrogenase is shown in Fig. S.
Although all four of these regions are =75% (alanine plus
proline), there are some significant differences. The FrzE
(alanine plus proline)-rich region is much longer and contains
a higher percentage of proline (34%) than the E,, segments
(12-17% proline). Each of the E,, proline residues is directly
preceded by an alanine residue, whereas many of the FrzE
prolines are not preceded by alanine. There is also a higher
percentage of charged residues (10-20%) in the E;, segments
than in FrzE (3%). Inspection of the FrzE sequence shows no
striking repeating patterns. However, an Ala-Pro-Xaa-Xaa-
Ala-Pro motif is occasionally seen in FrzE and E,, (under-
lined in Fig. §5).

DISCUSSION

In this paper we show that FrzE is homologous to both CheA
and CheY, which are members of the ‘‘two-component
regulatory”’ pathways (25). These two-component regulators
of bacterial processes generally respond to changing envi-
ronmental stimuli and are often members of more extensive
signal-transduction pathways. CheA belongs to a large family
of homologous proteins that receive input from the environ-
ment. Biochemical experiments involving several members
of this family [CheA (15), NtrB (26), and EnvZ (27)] have
demonstrated a common mechanism of action. These pro-
teins are histidine protein kinases that first autophosphory-
late on a histidine residue and then function as phosphotrans-
ferases (25). Their substrates are members of another family
of homologous proteins (the response regulators) represented
by CheY (15), NtrC (26), and OmpR (27). Phosphorylation of
these regulator proteins on an aspartate residue (28) modifies
their activity.

Genetic analysis of a large number of cheA alleles indicated
that CheA is composed of three functional domains (29). It
was proposed that the N-terminal domain of CheA interacts
with CheY to mediate phosphotransfer. A central domain is
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Fi1G. 1. Physical organization of the M. xanthus frz genes. ? Sites of TnS insertion. Restriction sites: X, Xho I; S, Sac I; P, Pst 1; Pv, Pvu

II; M, Miu I; B, Bgl I1; St, Stu I; Sa, Sal 1.
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frzCD . M D T E A
GAGCTCATCAAGCGGTTCAAGGCCGACTAGCGCTTCCTGGAAGGGG! GTACGCCGGCC ATG GAC ACC GAG GCT
30 40
I ¢ L G VvV L D L E K E T A D Q A A E D V A
ATT CAG CTG GGG GTA TTG GAC CTG GAG AAG GAG ACC GCG GAC CAG GCC GCG GAG GAC GTC GCG
70 80
@ L A H A A E D V L R A E R E G K R A T E
CAG CTG GCG CAC GCC GCC GAG GAC GTC CTG CGC GCA GAG CGC GAG GGC AAG ACG GCC ACC GAG
110 120
L S G A N T G N P A S E E M V R M L A E V
CTG TCC GGC GCC AAC ACG GGC AAC CCG GCC AGC GAG GAG ATG GTC CGC ATG CTC GCG GAA GTC
150 160
P P P A P V A A P V V T P A A V A A P P A
CCG COG CCG GCC CCT GTC GCC GCG CCC GTG GTG ACA CCG GCA GCC GTC GCC GCG CCG CCC GCG
190 200
A H A A A A A P H P A A A H G R D E E A P
GCG CAC GCC GCC GCA GCC GCG CCT CAC CCG GCT GCC GCG CAT GGC CGT GAC GAG GAG GCC CCG
230 240
D A L 6 L L A G D L L V E S A R G R L R S
GAC GCG TTG GGG TTG CTC GCG GGC GAC CTG CTG GTG GAG AGC GCC CGC GGC CGG CTG CGC AGC
270 280
L A E E I D I S N E V R E Q L D R V E S D
CTG GCG GAA GAG ATC GAC ATC TCG AAC GAG GTG CGT GAG CAG TTG GAC CGC GTG GAG AGC GAC
310 320 Qn230
N T L H 6 N L A K M A D H V A E A R L V P
AAC ACG CTG CAC GGC AAC CTG GCG AAG ATG GCG GAC CAC GTG GCC GAG GCC cGG dre GTG ccG
350 360
6 XK E vV D L VvV I E N A D I G V D R S M L G
GGC AAG GAA GTG GAC CTG GTC ATC GAG AAC GCC GAC ATC GGC GTG GAC CGG TCC ATG CTG GGC
390 400
s P D T R Q@ © L G K P L N G R I R I R V R
TCC CCG GAC ACG CGC CAG CAG TTG GGC AAG CCG CTC AAC GGC CGC ATC CGC ATC CGC GTG CGC
430 440
E R L R @ A A I S K R L I N A V Q A A a L
GAG CGG CTG CGT CAG GCG GCC ATC TCC AAG CGC CTC ATC AAC GCG GTG CAG GCC GCC GCG CTG
470 480
v s E L § 6 R G V G M D V V K R K V E T L
GTC AGC GAG CTG TCT GGC CGT GGC GTG GGC ATG GAC GTG GTG AAG CGC AAG GTG GAG ACG CTG
510 520
L P Q s L A L M K v L L v R L G D D v Y G
CTG CCG CAG TCG CTG GCG TTG ATG AAG GTG CTG CTG GTG CGC CTG GGG GAC GAC GTC TAC GGC
550 560
1 F 6 T L A V R H R G K P T A L V A L G P
ATC TTC GGC ACG CTG GCC GTG CGG CAC CGT GGC AAG CCC ACG GCG CTG GTG GCG CTG GGG CCG
590 600
H G E D H A A L v v D G F v D E R E v A v
CAC GGC GAG GAC CAC GCG GCG CTG GTG GTG GAC GGC TTC GTG GAC GAG CGC GAA GTG GCC GTG
630 640
L E b G R I A v L L H v P D I M A E v R R
CTG GAG GAC GGG CGC ATC GCC GTG CTG CTC CAT GTC CCG GAC ATC ATG GCG GAG GTG CGA CGG
670 680
p p s P I A R A T E G A L V K A L G H s V
GAC GAC TCG CCC ATT GCC CGC GCT ACG GAA GGG GCG CTG GTG AAG GCG CTG GGG CAC TCG GTG
710 720
L I L T D v Q M P K L D G F S L A R R L K
CTC ATC CTC ACG GAC GTG CAG ATG CCC AAG CTG GAC GGG TTC TCG CTG GCG CGG CGG CTC AAG
750 760
E D K R R G L D A G A D A Y L v K G E L G
GAG GAC AAG CGG CGC GGG TTG GAT GCC GGC GCG GAC GCG TAC CTC GTC AAG GGC GAG CTG GGC
frz6

CGGTAGTCGCAGGAATGGCGTTTCGGGTGCTCATGGTGGGCAA

TGCGTGCGCTCGCGGCCCGGGGCCT
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10 20

L K K s L L K K F Q E v T A D R L Q K

CTC AAG AAA TCC CTC CTG AAG AAG TTC CAG GAG GTC ACC GCC GAC CGC CTC CAG AAG 135
50 G228

R E L H T M K G E A R M L G L A A I G

CGC GAG CTG CAC ACG ATG AAG GGC GAG GCC CGC ATG TTG G CTG GCC GCC ATC GGG 255
90 100

vV A T D VvV L L R A ¢ D V L S D L N E D

GTG GCC ACC GAC GTC CTG CTC AGG GCG TGC GAC GTC CTC TCC GAT CTC AAC GAA GAC 375
130 140

s 6 ¢ T P P A I A G A R P V A P P P A

TCC GGA CAG ACG CCG CCC GCC ATC GCT GGC GCA CGG CCC GTG GGG CCG CCT CCT GCA 495
170 0228 180

P v Q A P v A P P P T Q A P v A E P G

CCG GTG CAG GCT CCG GTG GCT CCG CCC CCG ACG CAG GCC CCC GTG GCC GAG CCG GGG 615
210 220

s A A K s A v A D R s I R v N v E v L

AGC GCC GCG AAG TCC GCG GTG GCC GAC CGG AGC ATC CGC GTC AAC GTG GAG GTG CTC 735
250 260

s E T E A L F E R F S R L 6 D R F L R

TCG GAG ACG GAG GCG TTG TTC GAG CGC TTC AGC CGC CTG GGG GAC CGC TTC CTC CGG 855
290 300

L H M L R D D A F R F V R R N D D G I

CTC CAC ATG CTG CGC GAC GAC GCG TTC CGC TTC GTG CGC CGC AAC GAC GAC GGC ATC 975
330 340

L S T v F D A F P R A v R E M S R T Q

CTG TCC ACC GTG TTC GAC GCC TTC CCG CGC GCC GTT CGC GAG ATG TCG CGC ACG CAG 1095
270 380

D v R D A L v H L L R N S v D H G v E

GAC GTG CGA GAC GCG CTG GTG CAC CTG CTG CGC AAC TCG GTG GAC CAC GGC GTG GAG 1215
410 420

v D G D M L H I E v E D D G R G I D P

GTG GAC GGC GAC ATG CTC CAC ATC GAG GTG GAG GAC GAC GGC CGC GGC ATC GAC CCG 1335
450 460

s E R E A I E L I F R P G F s T R D Q

TCG GAG CGC GAG GCC ATC GAG CTC ATC TTC CGC CCC GGC TTC TCC ACC CGC GAC CAG 1455
490 500

6 6 s v e v s s R I G R G S T I T L R

GGC GGC TCG GTG GGC GTG AGC AGC CGA ATC GGC CGT GGC TCC ACC ATC ACC CTG CGC 1575
530 540

M P A A D v E A v M R v K P D D R L E

ATG CCC GCC GCG GAC GTG GAA GCC GTC ATG CGC GTC AAG CCG GAT GAC CGG CTG GAG 1695
570 580

L L G L N G G N R F D K P P A v \Z v R

CTG TTG GGC CTC AAC GGC GGC AAT CGC TTC GAC AAG CCA CCC GCG GTG GTG GTG CGT 1815
610 620

K P C G G E F L K A A P F I A G T A A

AAG CCT TGC GGC GGC GAG TTC CTC AAG GCC GCG CCC TTC ATC GCC GGC ACC GCG GCG 1935
650 660

M A R P v T Q A P A A K R L R v L L v

ATG GCC CGC CCC GTC ACC CAG GCC CCC GCC GCC AAG CGC CTC CGG GTG CTG CTG GTG 2055
690 700

E E A Q D G E E A Y v K v Q N N T Y D

GAG GAA GCC CAG GAC GGC GAA GAG GCC TAC GTG AAG GTG CAG AAC AAC ACC TAC GAC 2175
730 740

S T P A \4 A R I P v I I L s s L A s P

TCG ACG CCC GCG GTG GCT CGC ATT CCG GTC ATC ATC CTG TCG TCG CTC GCC TCG CCC 2295
770

v E v L A Q A I D R L T *

GTG GAG GTT CTC GCG CAG GCC ATC GAC CGG CTG ACC TGA GGAGCCAGGCTTGGGCGGTGGCG 2420

2493

FiG. 2. Nucleotide sequence and predicted amino acid sequence of frzE. The left end of each Tn5 insertion is identified by Q. Stop codon
for frzCD and start codon of frzG are identified by * above the coding region.

thought to be involved with autophosphorylation and possi-
bly multimerization. The C terminus controls phosphoryla-
tion in response to interactions with the MCPs and/or CheW.

The crystal structure of CheY was recently determined (30).
CheY has a doubly wound five-stranded a/B structure. Phos-
phorylation occurs in a highly conserved acidic pocket at
Asp-57 (28). Also conserved in the response-regulator protein
family are multiple short stretches of hydrophobic residues
thought important in maintaining secondary and tertiary struc-

tures. Phosphorylation is thought to cause a conformational
change in CheY that allows it to interact directly with the
switch mechanism of the flagellar basal body (16).

Except for a short stretch of amino acids that corresponds
to the putative histidine phosphorylation site, there are no
regions of sequence similarity between FrzE and CheA in the
N-terminal 300 residues of FrzE. The central region of FrzE
is conserved with much of the central and all of the C-terminal
domains of CheA. The remaining 124 amino acid residues at
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FrzE ADQAAE D VA[R]E L[H]T M[K GlE[a]r M.57....0 DG I NT|L]lH G[N]L AXx MAa D H[V]A E A[R]L V[Pl s TN F] 330
CheA DAEQLNAIF|R[aA|H|S I|k Glcla|Gc T.56....1 TsMGO|LloR|NJARDL QE s|viMs I|rlMMlPIME YV E] 350
FrzE DA[FP RA[VRIEMSR T Q[GKE[VID[Z]vIENAD I 6 V[D|R[SIML 6 D v R[D]a[T]v[E T L[R N s]v[D B Glv 384
chea SRIFPRLIVRIDLAGKL|GKQV|E|L]TLVGSsTEL|p|k|s|L I ERI 1|p|p|L|T|s L{v|r N s|Llp B G[T 404
FrzE S[P|p T[R]o @ PLN[GIRIRIRVRVD[GIDPMLH[TEV|IE[DD GIR[GIIDP[ERILRQARJI[SIKRL I N 438
cher M|P|E K|R|L E NvvleINLILsAEHQIGIcNIC|TEV|TDDGlalGlL NRIER|IL AK sloe M 456
Frz£ [(AVJQAAALSER AIELIFRPGFSTRDQVSELSGRGVGMDVVKR VETLG Gvs 492
CheA AVINENMTDD VGMLIFAPGFSTAEQVTDVSGRGVGMDVVKR IQEM EIQ 509
FrzE [SIR I[G]R[G]S[T I|IT L RE Pl S[T AL MKV L L[VR|LGD D[Vt GM[P]JAAD[VEAVMRVKPDPRLEIF 546
cher [s|k olglslelTiT IlRILjLPL Tz A1 L DGMS|VRIVAGEVIF I LlPlL NAlVMESLQPREE HPLA 563
FrzE [G|T L A[V]R B KPTA[LV|A[L]cPLLGLN[GIGNRFDRPPA[VVIVREGEDHA [ALV[VDIGFV 598
Cher |G|G E RV|L E EYLP|LV[E|LfwKVFDVD|GAKTEATOQGI|VV|[ILOSAGRRYALLIVvDloLT 617
FrzE D E R E[V]a ‘PCGGEFLKA'EFIAGTAALE RI[aAlviLH[VlPDIMAEV[RIRMARPV 653
Chea GQHOQVIV[VKINLESNYR|K gIlsaari1|ilc SVIAILIVD|V/[SALOGLN|RIEQRMA I 671

FiG. 3.

Sequence alignment of M. xanthus FrzE to S. typhimurium CheA. Regions of amino acid identity are boxed. Numbering starts at

the N terminus of each protein. The conserved histidine phosphorylation site is indicated by an arrow.

the C terminus of FrzE constitute a domain homologous to
the entire CheY protein. All residues that are highly con-
served in this family are maintained in FrzE. These data allow
us to speculate that FrzE is a multidomain/multifunctional
protein that functions as a second messenger linking FrzCD
to the gliding motor. The conservation of functional domains
between FrzE and CheA suggests common mechanisms of
action. FrzE might interact with FrzA and/or FrzCD at its
homologous input domain to receive a stimulus. Genetic data
actually supports this finding (7). For example, frzD mutants
are dominant to the wild-type allele and result in hyperre-
-versal of cell movement. However, frzD frzE double mutants
show the nonreversing Frz phenotype. This shows that frzD
[which encodes a truncated FrzCD polypeptide (6)] depends
on FrzE for its function. FrzE most likely autophosphory-
lates and subsequently transfers its phosphate to its C-
terminal domain. Preliminary experiments indicate that FrzE
is phosphorylated on an aspartate residue (data not shown).
In analogy to phospho-CheY, phospho-FrzE might interact
directly with the switch mechanism of the gliding motor and
cause the organism to reverse direction.

The domain thought responsible for the interactions be-
tween CheA and CheY is not conserved between FrzE and
CheA. How might the histidine kinase domain transfer phos-
phate to the response regulator domain of FrzE? The (alanine
plus proline)-rich segment in the N-terminal region of FrzE
might provide a clue to one possible mechanism of intramo-
lecular phosphotransfer. The (alanine plus proline)-rich re-
gions of pyruvate dehydrogenase were originally identified
because of their striking TH NMR spectra (24), which indi-
cated that these domains are exposed to solvent and are
conformationally flexible. In the pyruvate dehydrogenase
multienzyme complex, substrates are shuttled between phys-
ically separate active sites with swinging lipoyl arms (31). It
has been proposed that the flexible (alanine plus proline)-rich
region of the dihydrolipoamide acetyltransferase subunits
facilitate this movement (24). A similar mechanism might be
employed by FrzE. Its (alanine plus proline)-rich domain
might constitute an interdomain hinge to allow phosphotrans-
fer between spatially separate domains.

In summary, FrzE is unusual because it contains both
components of the two-component regulatory proteins on

FrzE P AKRLRVELVDDS}IA ATEGA S[VEE| 687
Chey M|A|D|IKE LIK F|L|JVIVDD|F S TM RIVRN FNNVEE 35
FrzE QEE Y VK|V NNTYDLILTVQ PIK LD G|F S|LJAR 722
chey |A|EID GlvDA|L NK|LIQA GG F G FI|I S|DjWNMP|NMP G|LE|LJLK 70
FrzE RLKSTP VARIP IILSSL PIElDKRRGLD]AGAlDA 757
CheY TIRADS MSALP LMVTAE KIE[NITIAAAQAGA|SG 105
FrzE YLGELGVEVLAQAIDRLT 777
Chey [ylv -PFTAATLEEKLNKIFEKLGM 129

FiG. 4. Sequence alignment of M. xanthus FrzE to S. typhimurium CheY. Regions of amino acid identity are boxed. Numbering starts at
the N terminus of each protein.
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* * 1 *

*

*

Proc. Natl. Acad. Sci. USA 87 (1990)

* * * *

FrzE PPAIAGARPVAPPPAPPPAPVAAPVVTPAAVAAPPAPVOAPVAPPPTQAPVAEPGAHAAAAAPHPAAA

* * *

E2p-1 AADAAPAQAEEKKEAAPAAAPAAAAA

* * * X

E2p-2 AGAAAPAAKQEAAPAAAPAPAAG

* * * K * *

E2p-3 AAPAAAPAKQEAAAPAPAAKAEAPAAAPAAKAEGK

F1G.5. Comparison of the (alanine plus proline)-rich segments from M. xanthus FrzE and the E. coli pyruvate dehydrogenase multienzyme
complex. Proline residues directly preceded by an alanine are noted by *; Ala-Pro-Xaa-Xaa-Ala-Pro motifs are underlined.

one polypeptide. A similar motif is observed for the VirA
protein of Bordetella pertussis, which functions as a tran-
scriptional activator of virulence traits (32). We do not know
whether there is any significance to this combined motif. The
data presented in this paper add support to the hypothesis
that the frz genes constitute a sensory transduction pathway
that controls the frequency at which cells reverse their gliding
direction. Immunologic blot analyses show that FrzE is
present in both vegetative and developmental cells (unpub-
lished work). We propose that FrzE is a second messenger
that relays information between the signaling protein FrzCD
and the gliding motor. Further investigation of FrzE may
provide insight into the gliding apparatus.

We thank Mark McBride, Kathleen O’Connor, Kathy Trudeau,
and Robin Weinberg for helpful discussions. We also thank the
Animal Support Facility at the University of California at Berkeley
for assistance with animal procedures. This research was supported
by Public Health Service Grant GM 20509 from the National Insti-
tutes of Health and Grant DMB-8820799 from the National Science
Foundation. W.R.M. was the recipient of National Research Service
Award Traineeship GM 07232-12.

1. Rosenberg, E. (1984) Myxobacteria: Development and Cell
Interactions (Springer, New York).

2. Zusman, D, R. (1984) Q. Rev. Biol. 59, 119-138.
3. Morrison, C. E. & Zusman, D. R. (1979) J. Bacteriol. 140,
1036-1042.
4. Zusman, D. R. (1982) J. Bacteriol. 150, 1430-1437.
5. Blackhart, B. D. & Zusman, D. R. (1985) Mol. Gen. Genet.
198, 243-254.
6. McCleary, W. R., McBride, M. J. & Zusman, D. R. (1990) J.
Bacteriol., in press.
7. Blackhart, B. D. & Zusman, D. R. (1985) Proc. Natl. Acad.
Sci. USA 82, 8767-8770.
8. Weinberg, R. A. & Zusman, D. R. (1989) J. Bacteriol. 1711,
6174-6186.
9. McBride, M. J., Weinberg, R. A. & Zusman, D. R. (1989)
Proc. Natl. Acad. Sci. USA 86, 424-428.
10. Koshland, D. E., Jr. (1981) Annu. Rev. Biochem. 50, 765-782.
11. Macnab, R. M. (1987) in Escherichia coli and Salmonella

typhimurium: Cellular and Molecular Biology, eds. Neidhart,

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

F. C., Ingraham, J. L., Low, K. B., Magasanik, B., Schaech-
ter, M. & Umbarger, H. E. (Am. Soc. Microbiol., Washington,
DC), pp. 732-759.

Stewart, R. C. & Dahlquist, F. W. (1987) Chem. Rev. 87,
997-1025.

Liu, J. & Parkinson, J. S. (1989) Proc. Natl. Acad. Sci. USA 86,
8703-8707.

Sanders, D. A., Mendez, B. & Koshland, D. E., Jr. (1989) J.
Bacteriol. 171, 6271-6278.

Hess, J. F., Oosawa, K., Matsumura, P. & Simon, M. 1. (1987)
Proc. Natl. Acad. Sci. USA 84, 7609-7613.

Bourret, R. B., Hess, J. F. & Simon, M. 1. (1990) Proc. Natl.
Acad. Sci. USA 87, 41-45.

Lupas, A. & Stock, J. (1989) J. Biol. Chem. 264, 17337-17342.
Dworkin, M. (1962) J. Bacteriol. 84, 250-257.

Blackhart, B. D. & Zusman, D. R. (1986) J. Bacteriol. 166,
673-678.

Bibb, M. J., Findlay, P. R. & Johnson, M. W. (1984) Gene 30,
157-166.

Mesbah, M., Premachandran, U. & Whitman, W. B. (1989) Int.
J. Syst. Bacteriol. 39, 150-167.

Stock, A., Chen, T., Welsh, D. & Stock, J. (1988) Proc. Natl.
Acad. Sci. USA 85, 1403-1407.

Stock, A., Koshland, D. E., Jr., & Stock, J. (1985) Proc. Natl.
Acad. Sci. USA 82, 7989-7993.

Radford, S. E., Laue, E. D., Perham, R. N., Martin, S. R. &
Appella, E. (1989) J. Biol. Chem. 264, 767-775.

Stock, J. B., Ninfa, J. J. & Stock, A. M. (1989) Microbiol. Rev.
53, 450-490.

Keener, J. & Kustu, S. (1988) Proc. Natl. Acad. Sci. USA 8§,
4976-4980.

Forst, S., Delgado, J. & Inouye, M. (1989) Proc. Natl. Acad.
Sci. USA 86, 6052-6056.

Sanders, S. A., Gillece-Castro, B. L., Stock, A. M., Burlin-
game, A. L. & Koshland, D. E., Jr. (1989) J. Biol. Chem. 264,
21770-21778.

Oosawa, K., Hess, J. F. & Simon, M. 1. (1988) Cell 53, 89-96.
Stock, A. M., Mottonen, J. M., Stock, J. B. & Schutt, C. E.
(1989) Nature (London) 337, 745-749.

Miles, J. S., Guest, J. R., Radford, S. E. & Perham, R. N.
(1988) J. Mol. Biol. 202, 97-106.

Stibitz, S., Aaronson, W., Monack, D. & Falkow, S. (1989)
Nature (London) 338, 266-269.



