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Requirement of the Carboxyl Terminus of a Bacterial 
Chemoreceptor for Its Targeted Proteolysis 

M. R. K. Alley, Janine R. Maddock, Lucille Shapiro* 
The bacterium Caulobacter crescentus yields two different progeny at each cell division; 
a chemotactically competent swarmer cell and a sessile stalked cell. The chemotaxis 
proteins are synthesized in the predivisional cell and then partition only to the swarmer cell 
upon division. The chemoreceptors that were newly synthesized were located at the 
nascent swarmer pole of the predivisional cell, an indication that asymmetry was estab- 
lished prior to cell division. When the swarmer cell differentiated into a stalked cell, the 
chemoreceptor was specifically degraded by virtue of an amino acid sequence located at 
its carboxyl terminus. Thus, a temporally and spatially restricted proteolytic event was a 
component of this differentiation process. 

C e l l  divisions that yield two different prog- 
eny cells are fundamental to developmental 
programs in all organisms ( I ) .  In Caufobac- 
ter crescentus, the generation of two distinct 
cell types at each cell division is due, in 
part, to the asymmetric distribution of pro- 
teins in the cell before it has divided. The 
predivisional cell assembles a flagellum and 
several pili at one pole, which are then 
partitioned to the swarmer cell progeny. In 
addition to bearing a flagellum and polar 
pili, the swarmer cell is chemotactically 
competent. The chemoreceptor McpA, 

which is one of the family of MCPs (methyl 
accepting chemotaxis protein), is synthe- 
sized only in the predivisional cell (2). 
Thus, the swarmer cell inherits McpA from 
the predivisional cell (3). 

We now describe our studies of the 
spatial distribution of the newly synthe- 
sized chemoreceutor in the uredivisional 
cell and its subsequent fate throughout the 
cell cvcle. Assavs in vitro have shown that 
the methyl-accepting activity of the 
chemorece~tors. and the activities of the . , 

methyltransferase and methylesterase are 
lost during the transition of a swarmer cell 

Department of Developmental Biology, Beckman Cen- into a stacked cell (4). The McpA chemo- 
ter. Stanford Universitv School of Medicine. Stanford. receptor is positioned at the flagellated 
CA 94305. pole-of the skarmer cell (3), and we now 
*To whom correspondence should be addressed. show that it is degraded during the transi- 
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tion from the swarmer to the stalked cell. 
To investigate the role of proteolysis in 

the cellular distribution of the chemorecep- 
tors during the cell cycle, we synchronized 
cultures of C. crescentus and at intervals 
tested for the Dresence of the MCDA 
chemoreceptor by immunoblotting with an- 
tiserum to McpA (3). McpA was present in 
swarmer cells (Fig. I), but began to rapidly 
disappear 15 minutes after the start of the 
cell cycle, as swarmer cells differentiated 
into stalked cells. Later in the cell cycle 
McpA reappeared after its synthesis was 
initiated in the predivisional cell. The 
McpA chemoreceptor had a half-life of 
more than 90 minutes when measured by 
pulse-chase labeling experiments with 
[35Slmethionine (5); however, the receptor 
was rapidly degraded when swarmer cells 
differentiated into stalked cells (Fig. 1). 
These data suggest that proteolysis of McpA 
was associated with the transition from 
swarmer to stalk cells. This ~roteolvsis co- 
incides with specific morphological events, 
such as the loss of the single polar flagellum 
and polar pili. 

We used immunoelectron microscopy to 
determine the spatial distribution of McpA 
throughout the cell cycle (Fig. 2). The 
McpA chemoreceptor tagged with the M2 
epitope (6) was located at one pole of the 
swarmer cell (Fig. 2A1). McpA was then 
lost as the swarmer cell pole developed into 
the stalked cell pole (Fig. 2A2), and McpA 
reappeared at the nascent swarmer pole of 
the predivisional cell after the initiation of 
its synthesis (Fig. 2A3). The newly synthe- 
sized McpA chemoreceptor was thus target- 

Fig. 1. Cell cycle degradation of the McpA 
chemoreceptor. Caulobacter crescentus NA1000 
was grown in M2G minimal medium (1 7) at 32°C 
to an A, of 1 .O and centrifuged at 1 1,300gfor 15 
minutes at 4°C. The sedimented pellet was sus- 
pended in ice-cold M2 salts, and the swarrner 
cells were isolated by Ludox density centrifuga- 
tion (18). The swarmer cells were allowed to 
proceed through the cell cycle. At the times 
indicated, samples (20 pl) were removed (19), 
added to an equal volume of buffer 1125 mM 
tris-HCI, pH 7.0, 4 percent (wk) SDS, 1.46 M 
2-mercaptoethanol, 20 percent (vk) glycerol], 
and the diluted samples were frozen at -20°C. As 
needed, the frozen samples were boiled for 5 
minutes and then subjected to electrophoresis on 
an SDS-10 percent polyaclylamide gel (20). The 
separated proteins were transferred to nlrocellu- 
lose (21) and were processed (2) with antiserum 
to McpA (3). Time is shown in minutes with a 
generation time of 180 minutes. 

ed to the flagellated pole of the predivi- 
sional cell where it remained in the 
swarmer cell progeny. The cellular disnibu- 
tion of the epitope-tagged McpA behaved 
identically to the wild-type McpA chemo- 
receptor as shown below. 

We constructed a series of McpA COOH- 
terminal deletions (7) in order to identify the 
region necessary for McpA degradation during 
the transition from swarmer cells to stalked 

cells (Fig. 3). Both the epitope-tagged McpA 
(pRCM22) and the wild-type protein encd- 
ed by the plasmid pRCH9 were degraded in a 
manner similar to the chromosomally encd- 
ed McpA (Fig. 4). The degradation of the 
COOH-terminal epitope-tagged McpA, 
pRCM22, implied that a free COOH-termi- 
nus was not required. When a large COOH- 
terminal deletion ofmcpA, pRCM223 (Fig. 3, 
top), was tested, it was not degraded during 

Flg. 2. Cell cycle localiza- A 
tion of the McpA chemore- ,-'-'------' - -"'" 3 
ceptor. (A) lmmunoelectron B 
microscopic localization (3) , 
of a full-length epitope- 
tagged McpA derivative, 
pRCM22 in the strain 
SC1130N (22), with antise- 
rum to McpA and goat anti- 
serum to rabbit immuno- 
globulin G conjugated with 
10 nM colloidal gold parti- 
cles. (Panel 1) McpA-M2 lo- 
calization in a swarmer cell; 
(panel 2) a representative 
stalk cell at 45 minutes from 
the start of the cell cycle; 
(panel 3) a typical predivi- 
sional cell at 150 minutes 
from the start of the cell cy- -- 

cle. Arrows indicate the 
flagellated pole of the mgellum ejected Z 
swarmer cell and the same ~ $ ~ ~ ~ ~ \ d  cell pole as the swarmer cell 
differentiates into a stalked 
cell and then a predivisional 
cell. (B) Wild-type C. cres- 
centus cell cycle showing 
the location throughout the 
cell cycle of the single polar 
flagellum, polar pili, and I 

McpA (dots). 

Fig. 3. Deletion constructs of "the 
m c ~ A  and a restriction  ma^ 1 
of &A and the COOH-tei- 

r 
i - - --= I- minal sequence of McpA. 

TM1, transmembrane do- 
main 1; TM2, transmem- - I - I - - - 
brane domain 2; K1 and R1, 8 3 z 8 3 

U) 

methylation domains; HCD, 
highly conserved domain. M~m- TM2 K1 HCD R1 

The COOH-terminal dele- // 
tions of mcpA (7) are shown 
underneath the COOH-ter- 
minal sequence of McpA / ,All cycle Polar with the exception of 

....-ARNW A E ~ - Q * p G D G W E E F  loG pRCM223, which is indicat- pRCM21 12- - ND 
ed by an arrow on the re- ~ ~ ~ 2 1 9  - + 
striction map. The black ~ ~ ~ ~ 2 1 1 3  - ND 
lines show the extent of pRCM212 - ND 
McpA that is present in PRCM2116 - ND 
each deletion. Cell cycle pRCM22 + + 
deg., the presence (+) or 
absence (-) of cell cycle degradation of the McpA deletions; Polar loc., polar localization; ND, not 
determined. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. 

SCIENCE VOL. 259 19 MARCH 1993 1755 



the cell cycle. However, in the sape cells the 
chromosomally encoded wild-type McpA pro- 
tein was degraded (Fig. 4). Therefore a por- 
tion of the McpA COOH-terminus was re- 
quired for its proteolysis. 

Further COOH-terminal deletions were 
constructed (Fig. 3), and cell cycle immu- 
noblots were performed with strains bear- 
ing these plasmid-borne COOH-terminal 
McpA deletions (Fig. 4). The smallest 
COOH-terminal deletion, lacking ahly 14 
amino acids, pRCM2116, was not degrad- 
ed during the transition from the swarmer 
to the stalked cell. The COOH-terminal 
region of McpA (Fig. 3) was not conserved 
in the Escherichia coli chemoreceptors Tsr 
(8) and Tar (9), except for the last four 
amino acids. The last four amino acids are 
identical in Tsr (10) and Tar, but are 
similar to those in McpA. The conserva- 
tion of the four COOH-terminal amino 
acids suggests that they may have a role in 
the structure or function of the chemore- 
ceptors; but these amino acids are not 
solely responsible for the cell cycle con- 
trolled proteolysis of McpA protein. 
When the E. coli chemoreceptor gene tsr is 
expressed in C. crescentus, it is not degrad- 
ed during the transition from the swarmer 
to the stalked cell (I I). Thus, the COOH- 

0. ~5S303045~O~5.190&5 minutes 

pRCH9 -" . - 
- - McpA . - McpA 

deletion 

Fig. 4. Cell cycle immunoblots of McpA COOH- 
terminal deletions. Cell cycle immunoblots were 
performed as described in the legend to Fig. 1. 
The plasmid pRCH9 encodes the entire mcpA 
operon. lmmunoblots of C, crescentus NA1000 
strains containing pRCH9 and pRCM223 (23) 
were performed with antiserum to McpA. Immu- 
noblots of all the other C. crescentus NA1000 
strains containing the plasmids pRCM22, 
pRCM2116, pRCM212, pRCM2113, and 
pRCM219 were performed with the monoclonal 
M2 antibody (IBI, Inc.). The immunoblots were 
incubated with M2 monoclonal antibody be- 
cause the strains contained the wild-type McpA 
as well as the McpA deletion derivatives, and 
the McpA deletions were not electrophoretically 
distinct from the wild-type protein. A schematic 
of the cell cycle is shown to indicate the cell 
types assayed at the times indicated. 

terminal sequence that is present in the 
Caulobacter McpA, but absent in the E. 
coli chemoreceptor Tsr, is required for 
proteolysis in stalked cells. 

Tsr is located at both poles in C. 
crescentus (12) and E. coli (13), even 
though it lacks the signal for cell cycle 
dependent proteolysis. This result does 
not support the model that proteolysis of 
randomly distributed chemoreceptors re- 
sults in polar localization. We used immu- 
noelectron microscopy to examine a strain 
bearing the plasmid pRCM2 19 (Fig. 3) to 
directly demonstrate that proteolysis of 
the chemoreceptor is not required for po- 
lar localization. This nondegraded dele- 
tion derivative of McpA localized to the 
swarmer cell pole (Fig. 5A1). However, it 
remained at the pole as the cell differentiat- 
ed into a stalked cell (Fig. 5A2). Upon 
renewed synthesis of McpA, gold particles 
were detected at both the nascent swarmer 

Fig. 5. Cell cycle localiza- 
tion of a nondegraded 
McpA derivative. Cell cycle , ' 
immunoelectron micrographs 
of the strain SC1130N bear- 
ing the plasmid pRCM219. 
The intracellular distribution 
of the nondegraded McpA 
deriative was detected us- 
in9 antibodies to McpA as 

pole and the old stalked pole of the predivi- 
sional cell (Fig. 543). 

We determined the number of gold 
particle clusters at the pole of swarmer 
cells, and followed the fate of these clus- 
ters at that pole as the cells proceeded 
through the cell cycle (Fig. 6). In the 
strain bearing the plasmid pRCM219, ap- 
proximately 50 percent of the swarmer cell 
sections had visible polar clusters and 
these clusters were observed at that pole 
throughout the cell cycle. In wild-type 
cells, or cells with a plasmid-borne mcpA 
gene, a significant number of clustered 
colloidal gold particles were observed only 
at the pole of swarmer cells, and were lost 
during the transition from swarmer to 
stalked cells. The presence of gold parti- 
cles at the stalked pole in strains bearing 
pRCM219 supports the argument that pro- 
teolysis is not a requirement for polar 
localization and that stalked poles are 

d&ribed in Fig. 2. (panel 1) 
Swarmer cell; (panel 2) A 
stalked cell 60 minutes from 
the start of the cell cycle; ;. 
(panel 3) A typical predivi- 
sional cell at 150 minutes. Ar- 
rows indicate clusters of gold 
particles at the same poles. 

Fig. 6. Localization of McpA at the flagellated 
pole of the swarmer cell and the subsequent 
stalked pole. Cells at the indicated times (min- 
utes) in the cell cycle were prepared for immu- 
noelectron microscopy as described in Fig. 2. 
The wild-type McpA (chromosomal copy) dis- 
tribution was determined in sections of a syn- 45' 60' 120' 150' 
chronizable wild-type strain, NA1000. Both McDAsource plasmids pRCM22, which encodes an epitope- 
tagged McpA, and pRCM219, which encodes 
a nondegraded McpA derivative, were in the Chromosome O 4 0 

strain SCl l30N. The distribution of McpAat the F s  73 2 1 

flaaellated w le  of the swarmer cell was fol- 53 51 52 

lowed thr~u'~hout the cell cycle as indicated by the arrows in the diagram of the cell cycle. Sections 
of swarmer cells that appeared to contain both poles were identified and the presence of McpA (2 
four gold particles tightly associated with the indicated polar region) was determined. Stalked poles 
of stalked cells were similarly identified and counted as were stalked poles of predivisional cells. In 
each strain more than 100 sections were examined, and the percentage of sections of each cell 
type with polar gold particles are shown. 
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comoetent for retention of McDA. Al- 
thoigh the presence of the M C ~ A '  chemo- 
receDtors at the stalked eole is due to lack 
of turnover, it may be that under normal 
circumstances the newly synthesized 
McpA is targeted to the stalked pole as 
well as to the flagellated pole, but is 
degraded at the stalked pole soon after 
synthesis. We know that in E. coli the 
chemoreceetors can be targeted to both 
cell poles *(13). Thus, proieolysis could 
play a role in the spatial distribution of 
McpA in C. crescentus by removing McpA 
from the stalked pole of the predivisional 
cell. Perhaps the presence of protease at 
the stalked cell pole prevents the deposi- 
tion of other proteins that are used for the 
assembly of the flagellum and pili. There is 
evidence for spatially restricted proteolysis 
in eukaryotic cells. Localized proteolysis 
has been shown to be involved in setting 
up restricted protein distribution in polar- 
ized epithelial cells, resulting in the re- 
moval of proteins from one membrane 
domain and not the other upon induction 
of polarization (1 4). 

The specific degradation of McpA could 
be mediated by a localized activity that 
modifies the protein, rendering the polypep- 
tide susceptible to degradation by a protease 
that is present in all cells. Alternatively, the 
protease could be present or specifically ac- 
tivated onlv in the stalked cell. A stalked 
cell-specific protease is likely to be cytoplas- 
mic or ~ossiblv associated with the inner 
membrane, bedause the COOH-terminus of 
the chemoreceptor is in the cytoplasm. 
There is evidence that the cytoplasmic Lon 
protease is involved in Myxococcus xanthus 
fruitine bodv formation (15). It has been " \ ,  

shown that the C. crescentus homologue of 
the Lon protease preferentially segregates to 
the stalked cell upon division of the predi- 
visional cell (1 6 ) .  The fact that Lon seere- 
gates to the 'stalked cell, and not to ;he 
swarmer cell, suggests that it might be in- 
volved in degradation of any McpA that 
ends up in the stalked cell portion of the 
predivisional cell. It is not yet known 
whether Lon recognizes McpA and whether 
Lon is specifically targeted to the stalk pole. 
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Microbial Competition: Escherichia coli Mutants 
That Take Over Stationary Phase Cultures 

Maria Mercedes Zambrano, Deborah A. Siegele,* Marta Almiron, 
Antonio Tormo,j-Roberto KolterS 

Many microorganisms, including Escherichia coli, can survive extended periods of star- 
vation. The properties of cells that survived prolonged incubation in stationary phase were 
studied by mixture of 10-day-old (aged) cultures with 1-day-old (young) cultures of the 
same strain of Escherichia coli Mutants from the aged cultures that could grow eventually 
took over the population, which resulted in the death of the cells from the young cultures. 
This phenotype was conferred by mutations in rpoS, which encodes a putative stationary 
phase-specific sigma factor. These rapid population shifts have implications for the studies 
of microbial evolution and ecology. 

Bacteria can remain viable under condi- 
tions of poor nutrient availability. Many 
microorganisms respond to starvation by 
forming dormant spores, which are gener- 
ally resistant to extreme environments ( I ) .  
Nonsporulating Gram-negative bacteria, 
among them Escherichia coli, remain meta- 
bolically active but also develop increased 
resistance to a variety of environmental 
stresses after exponential growth has 

stopped and cells enter stationary phase 
(2). In Gram-negative bacteria, the overall 
rate of protein synthesis decreases, but dis- 
tinct sets of proteins are induced upon entry 
into stationary phase (3, 4). Some of these 
proteins protect the cell against environ- 
mental challenges such as oxidative dam- 
age; others are necessary to maintain via- 
bilitv (5. 6 ) .  The molecular mechanism of , . ,  , 
this response involves the induction of at 
least one regulon, defined by the genes 
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whose expression depends on the putative 
stationary phase-specific sigma factor us, 
the product of the rpoS gene also known as 
katF (4, 7). In this report we show that 
mutations in rpoS can have profound effects 
on the ability of cells to compete and 
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