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Abstract. The pili of the stalked bacterium Caulobac-
ter crescentus are assembled at a specific time in the
life cycle at one pole of the cell and are composed of
the monomer protein, pilin. A previous study demon-
strated that the onset of pilin synthesis occurs well be-
fore pili appear on the surface, suggesting that pilin
accumulates within the cell. In the present study, an
electron microscope immunocytochemistry assay was
used to determine the subcellular location of this un-
assembled pilin and its fate during pilus assembly and
cell division. Populations of synchronously growing
cells were embedded in epoxy resin at selected times
during the cell cycle. Ultrathin sections were treated
with pilin-specific antibody, followed by protein A
coupled to colloidal gold. It was determined that the
cellular location for unassembled pilin was the cell
cytoplasm. All cell membranes and regions of nuclear
material were poorly labeled. Quantitation demon-
strated that label density increased during the period

of pilin synthesis and declined during the period of pi-
lus assembly and maintenance. The pilin pool was not
unequally segregated at division; e.g., to the daughter
cell that is elaborating pili. Mutants which have simul-
taneously lost the ability to produce flagella, pili, and
other polar organelles, possibly due to alterations in
the specialized region of polar organelle assembly,
were also examined by the immunocytochemistry tech-
nique. There was no significant difference in the pilin
pool size relative to the wild type, indicating that pilin
synthesis continues in the absence of a functioning as-
sembly site. This pattern of synthesis and assembly for
the pilus is significantly different from that of the po-
lar flagellum which is produced at the same time and
location on the cell surface. These findings are dis-
cussed in relation to the hypothesized organization
center at the cell pole which may have a major role in
directing the assembly of all the polar structures.

centus produces several surface structures at a spe-

cific location on the cell surface (18, 23). Among
the structures produced are a single flagellum, several pili,
an adhesive substance (termed a holdfast), and a stalk,
fashioned from the membranes that constitute the cell wall
of this gram-negative bacterium. In addition, these struc-
tures are expressed at a specific time during the life cycle;
the flagellum, pili, and holdfast appear simultaneously at the
cell pole while the stalk is elaborated at the same position
later in the cell cycle. Thus this bacterium provides a distinc-
tive opportunity to study molecular details of gene regula-
tion, morphogenesis, and the mechanisms of directing the
assembly of structures to specific sites in a cell.

The differentially expressed structures are quite different
from one another. The pilus filament is a relatively simple
structure, composed of a single protein, pilin (29). Whether
there is a basal structure containing additional components
is unknown. The flagellum is more complex, containing, in
addition to two filament proteins (12), a protein that polymer-
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izes to form a hook (13, 14) and numerous proteins that com-
prise the motor apparatus at the base of the flagellum (10).
The adhesive holdfast is a polysaccharide (Smit, J., unpub-
lished studies), which presumably requires the presence of
several enzymes and activated substrates at the localized re-
gion of expression.

One approach in studying these structures is to address the
complexity of temporal and spatial control of their coordi-
nated assembly; i.e., are the mechanisms of regulated syn-
thesis and assembly similar for each of the polar organelles
or is the cell capable of focusing diverse processes simul-
taneously at one site in the cell?

Analysis of pilus production was begun in a previous study
in part to compare findings with what is known about pro-
duction of the flagellum. Differences in the production of
the two organelles were noted (25). The most significant
difference was that synthesis of pilin begins much earlier in
the cell cycle than the time of appearance of the assembled
filament on the surface (Fig. 1). It may be that a cycle of pilin
synthesis is complete before pilus assembly begins. Thus, a
pool of pilin likely develops in the cell. This contrasts with
the time of flagellin and flagellar hook protein synthesis,
which occurs just before these proteins are assembled (6, 16).
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The objective of this study was to determine the cellular
location of the pilin pool. Because pilin is a small (mol
wt 8,000) and hydrophobic molecule (29), problems with
nonspecific adherence were anticipated in using standard
methods to fractionate cell membranes and the cytoplasm in
preparation for immunoassay. Consequently, an electron
microscope immunocytochemical approach was developed
which allowed direct examination of internal regions of the
cell.

Materials and Methods

Bacterial Strains and Growth Conditions

Caulobacter crescentus CB15 (ATCC 19089) was used for all experiments.
Cells were grown in a peptone-yeast extract medium (17) or a glucose and
salts minimal medium (24) at 30°C. Synchronous populations of swarmer
cells were prepared by the Ludox colloidal silica density gradient technique
2).

Mutants of C. crescentus that simultaneously lose the ability to produce
flagella, pili, and the receptors for bacteriophage which attach at the de-
velopmental pole, have been described (4, 5, 1I). Such mutants in strain
CBI5 are produced by selecting cells that are resistant to bacteriophage
@CbK, by plating bacteria in the presence of excessive numbers of bacterio-
phage. Most resistant strains no longer bind the bacteriophage and aiso lose
the other polar organelles, except for the stalk. Such gCbK-resistant strains
were then examined for motility and sensitivity to a pilus-specific bacterio-
phage (¢Cb5) (21). The mutants were also examined by negative-stain elec-
tron microscopy for the presence of pili and flagella. Several nonmotile
mutants, which produced no flagella or pili and were resistant to both
bacteriophage, were examined by the immunocytochemistry methods dis-
cussed below.

Preparation of Immunological Labeling Reagents

Antiserum to highly purified pilin protein was prepared in a rabbit in similar
fashion to that reported previously (25). Sera was partially fractionated by
ammonium sulfate precipitation of Igs (6). For most experiments, antibody
to pilin was further purified by passage through a column of DE-52 (What-
man Inc., Clifton, NJ) (DEAE-cellulose) at low jonic strength (6), which
purified the IgG fraction of the antisera, and affinity chromatography. An
affinity column was prepared by standard methods (1), coupling purified pi-
lin to CNBr-activated Sepharose 4B beads (Pharmacia Fine Chemicals, Pis-
cataway, NJ). Ammonium sulfate-fractionated anti-pilin antisera was ap-
plied to the column in 10 mM potassium phosphate (pH 7.2) and 150 mM
NaCl (PBS). Bound antibody was eluted with 0.6 M acetic acid in 150 mM
NaCl. Collected fractions were monitored spectrophotometrically at 280

The Journal of Cell Biology, Volume 105, 1987

Figure 1. Life cycle of Caulobacter crescentus. At
left, the swarmer cell exhibits a single flagellum,
several polar pili, and an adhesive holdfast. Dur-
ing subsequent cell differentiation the flagellum
and pili are lost and a stalk develops. A new polar
region develops at the pole opposite the stalk and
just before division a flagellum, pili, and the hold-
fast appear simultaneously. After division, the
stalked cell directly begins the production of an-
other swarmer cell, while the swarmer cell prog-
eny must first develop into a stalked cell. The bar
under the time line indicates when pilin is pro-
duced during the cell cycle, as determined by an
immunoprecipitation assay (25). Thus, much or
all of a cycle of pilin synthesis occurs before the
organelle is assembled at the polar region.

nm and pH was neutralized by addition of calibrated amounts of 2 N Tris
base. Antibody preparations were concentrated by dry dialysis against
Ficoll 400 (Pharmacia Fine Chemicals) followed by dialysis against PBS.

Preparation of rabbit antibodies to the periodic surface array layer of
C. crescentus CB15 and to whole cells was previously described (26, 27).
The IgG fraction of antisera was prepared by ammonium sulfate precipita-
tion and DE-52 chromatography. Control IgG was prepared from nonim-
mune rabbit sera.

Protein A-colloidal gold conjugates were prepared by standard methods
(28), using 5-6-nm diameter particles produced by phosphorus reduction
of chloroauric acid. To prepare a colloidal gold/anti-pilin antibody con-
jugate, 12 ml of colloidal gold particles, prepared by phosphorus reduction
of the same volume of 0.0125% chloroauric acid was mixed with 0.5 mg of
ammonium sulfate-fractionated anti-pilin antisera. After 3 min, 0.6 ml of
1% PEG, average mol wt 20,000 (PEG-20 M), was added. The preparation
was centrifuged at 100,000 g for 75 min. The pellet was suspended with 350
ul of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mg/ml PEG-20 M, and
3 mM NaNs. This preparation was centrifuged at 15,000 g for 3 min to re-
move aggregates of colloidal gold particles.

Immunocytochemistry
and Electron Microscopy Procedures

Label of the Polar Pili. Cells were grown in glucose and salts minimal
medium to an optical density (660 nm) of 0.35 and chilled on ice. 250 ul
of cells were mixed with 75 pl of anti-pilin/colloidal gold conjugate and in-
cubated 20 min on ice. To separate unbound conjugate from the cells, the
mixture was applied to a 0.7 X 26 cm column of Sepharose 2B-C1 (Pharma-
cia Fine Chemicals), with water as eluant. Fractions were monitored by
light microscopy for the presence of cells and visually for the red color of
the unbound colloidal gold particles. The cell peak was concentrated by di-
alysis against dry Sephadex G200 (Pharmacia Fine Chemicals) beads. This
method was developed to avoid centrifugation, which efficiently shears the
gold particle-covered pili from the cells. The preparation was viewed by
electron microscopy as unstained whole mounts (Fig. 2).

Fixation and Embedding for Immunocytochemistry. For fixation and
embedding of unsynchronized cells, peptone-yeast extract medium was used
for growth. Glucose and salts minimal medium was used for growth of cells
from which synchronous populations were obtained by the Ludox density
gradient method. For fixation and embedding of synchronous populations,
portions of the culture were removed at 0, 30, 60, 90, and 125 min. In all
cases, cells were pelleted by centrifugation and suspended in cold 3% form-
aldehyde (freshly prepared from paraformaldehyde), 0.1 N sodium cacodyl-
ate buffer (pH 7.5), 5 mM CaCl,, and 5 mM MgCl, for 1.5 on ice. The
preparations were centrifuged and the cell pellets suspended with an equal
volume of 2.5% agarose (Seakem ME, FMC Corp., Rockland, ME) dis-
solved in 0.1 M sodium cacodylate (pH 7.5), 5 mM CaCl,, and 5 mM
MgCl, (fixation buffer), held at 45°C. After cooling, the solidified cell
pellets were cut into pieces and rinsed twice with fixation buffer, to which
a small amount of basic fuchsin was added. The dye stains the agarose and
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Figure 2. A swarmer cell is shown labeled with anti-pilin antibody coupled to colloidal gold particles. Note the unlabeled polar flagellum.

Bar, 0.2 pm.

assists visualizing the cell material after embedding. Dehydration was ac-
complished with a graded series of ethanol concentrations in water. The cell
material was then transferred sequentially to ethanol/propylene oxide (1:1)
for 10 min, propylene oxide for 10 min, propylene oxide/Araldite 502 resin
(1:1) for 45 min, and Araldite resin for 4 h. After transfer of cell material
to molds, the resin was polymerized by treatment at 62°C for 24 h.

Postembedding Label of Thin Sections. Ultrathin sections were cut and
mounted on 300 mesh nickel grids that were made adhesive by dipping in
a solution of benzene and Scotch transparent tape (Minnesota Mining and
Manufacturing Co., St. Paul, MN) (30 cm tape/50 ml benzene), followed
by blotting off excess fluid. Most subsequent treatments were accomplished
by floating the grids on droplets of reagents. The sections were treated with
10% hydrogen peroxide for 15 min and were rinsed by application of 20-40
ml of water to the grid (held by forceps) from a squirt bottle (“squirt wash”).
After blotting the excess water, the grids were treated with PBS containing
ovalbumin (10 mg/ml), p,L-lysine (1 mg/ml), and gelatin (1 mg/ml) (OLG),
for 5 min. Grids were then transferred to droplets of antibody diluted in
OLG. Affinity-purified anti-pilin was used at 10 pg/ml. The IgG fractions
of anti-whole cell and anti-surface array antibody were combined and used
at a concentration of 40 pug/ml each, as was control IgG. Grids were in-
cubated overnight at 4°C followed by a squirt wash with 3.0 N NaCl and
10 mM potassium phosphate (pH 7.0) (high salt buffer). Grids were floated
on the same buffer for an additional 10 min, followed by a PBS squirt wash,
and treatment with OLG for 5 min. Grids were transferred to protein A-
colloidal gold conjugate, diluted 1:8 in OLG, and incubated 1.5 h at room
temperature. A squirt wash with high salt buffer and then water followed.
The sections were then stained with 2.5% uranyl acetate and Reynold’s lead
citrate (19).

The colloidal gold labeling of thin-sectioned cells at each selected time
during the course of growth of a synchronous population was quantitated.
Micrographs were taken with a minimum amount of subject selection to
minimize bias, with the following exceptions: there was a bias toward
regions of thin sections with as low a background label as possible and lon-
gitudinal cross sections of cells were preferred, since more accurate quanti-
tation was possible with larger cell areas. A replica grating grid was used
for magnification calibration. Prints were produced from the micrographs
at a calibrated magnification. An acetate overlay was made for each print
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and the outline of each cell selected for quantitation was traced twice on
the overlay. One of the tracings was used to provide a record of the colloidal
gold particles scored within the selected cell. The other tracing was overlaid
in a nearby region of bare resin on the print and a count was made of the
background nonspecific label. This value was subtracted from the cell count
value. The cross-sectional area of the selected cell was determined using the
area calculation mode of an electronic coordinate digitizer (model No.
1250; Numonics Corp., Lansdale, PA). More than 40 pm? of exposed cell
material was scored for both the anti-pilin label and the label with combined
whole cell and surface layer antibodies. A total of ~60,000 colloidal gold
particles was scored.

For plotting, the values calculated for each time point (as particles/pm?)
were multiplied by a factor corresponding to the increase in mass of the syn-
chronous culture, assuming a mass doubling time of 125 min. Thus, the
plotted data is representative of the pilin pool of an entire synchronous cul-
ture and is comparable to a previous immunoassay method, which also de-
termined pilin synthesis rates for a synchronous culture. Data were plotted
with no further adjustment or after normalization against the values ob-
tained with the anti-whole cell/anti-surface array antibody label, based on
the assumption that the latter label may be an internal standard of uniform,
noncyclic synthesis of cell components.

Results

Postembedding Label of Thin Section

Unsynchronized Cell Populations. Treatment of thin sec-
tions with anti-pilin antibody and protein A-colloidal gold
resulted in a characteristic labeling pattern. Only regions
containing cytoplasm were labeled (Fig. 3). There was no ap-
preciable labeling of the inner or outer membrane, or
mesosomal membranes within the cell. The cellular stalk
was not labeled, nor were clear inclusions which are pre-
sumed to be poly-B-OH-butyrate, a storage polymer (17).
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Figure 3. Postembedding label of C. crescentus CBIS with affinity-purified anti-pilin antibody and protein A-colloidal gold particles. The
cytoplasm of this stalked cell appears uniformly labeled and there is little or no label associated with the inner and outer membranes or

the stalk. Bar, 0.2 um.

Caulobacter does not exhibit a single compact region of
nucleoid material. Instead, several regions are usually seen
in thin section analysis; these regions were not appreciably
labeled. All cells were labeled, although qualitatively there
was some variability in label density. There was no indica-
tion of a gradient of labeling density within a cell, either
from one end to the other or from the cell center toward the
periphery.

In contrast to the anti-pilin results, use of antibodies
directed to the whole cell resulted in label that was frequently
associated with the cell membranes and nucleoid regions, in
addition to the cytoplasm. Like the results with anti-pilin,
poly-B-OH-butyrate inclusions were not labeled. The den-
sity of label using anti-whole cell/anti-surface array anti-
body was not significantly greater than that recorded for
anti-pilin. This may mean that the label seen represents a mi-

Figure 4. Postembedding label using nonimmune rabbit IgG. This example is typical of the low background obtained with nonspecific anti-
body. Bar, 0.2 pm.
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Figure 5. Postembedding label of a C. crescentus CB15 mutant, K2-6, selected as resistant to bacteriophage ¢CbK. As discussed in the
text, the receptor for this bacteriophage is located in the polar region and resistant mutants of this type are also defective in the production
of other polar organelles, including pili and flagella. This cell is labeled with anti-pilin antibody, indicating that a reservoir of pilin is

still produced in the absence of pilus assembly. Bar, 0.2 pm.

nor fraction of cell components whose antigenic deter-
minants remained intact after the fixation/embedding pro-
cess (see below).

Treatment of thin sections with nonimmune IgG resulted
in very low levels of label within cells (Fig. 4). Correction
for nonspecific background label usually resulted in a nega-
tive value; although all values were low (ranging from 10 to
30 particles/pum?), apparently there is a slightly greater at-
traction for resin than for cell material.

As an additional negative control, an unrelated cell mate-
rial, Trypanosoma brucei, a protozoan parasite, was fixed
and embedded in similar fashion to the Caulobacter prepara-
tions. An attempt to label sections with anti-pilin antibody
resulted in no label above background (data not shown).

Three independent ¢CbK-resistant mutants which produced
no pili or flagella were also examined by the thin section
labeling methods. All were positively labeled with pilin-spe-
cific antibody and the level of labeling was indistinguishable
from nonmutant cells (Fig. 5).

Synchronous Cell Populations. A distinct periodicity of
label density was noted using the anti-pilin antibody (Table
I and Fig. 6). The lowest level of label density occurred in
the 30-min sample. Another drop in labeling density, relative
to previous time points, was noted in the 125-min sample. In
the 125-min time point, stalked and swarmer cells are in
equal numbers since division has just occurred. These two
cell types cannot be reliably distinguished in thin sections
since most often, important morphological details, such as
stalks, are not in the section plane. However, analysis of the
quantitation data from this time point did not reveal two
populations of cells distinguishable by label density. It is in-
ferred then that there was no preferential distribution of pilin
amongst the progeny during division.

The labeling pattern of the combined anti-whole cell/
anti-surface array antibodies was not completely uniform
during the cell cycle (Table I). Although the 30-, 60-, and
90-min time points demonstrated similar label values, the
0-min time point was somewhat above average, while the

Table I. Quantitation of Colloidal Gold Postembedding Labeling

Pilin antibody

Whole cell antibody

Time point um? Particles um? Particles
in synchrony scored ®) P/um? scored P P/um?

0 min 6.85 5,605 819 (+ 34) 8.57 6,394 746 (+ 20)
30 min 6.81 3,202 470 (£ 20) 9.25 5,935 642 (1 15)
60 min 9.47 7,241 764 (£ 17) 9.65 6,565 680 (£ 14)
90 min 8.58 6,762 788 (1 21) 8.42 5,816 691 (£ 19)

125 min 9.66 5,607 580 (£ 12) 10.58 6,010 568 (+ 10)

Results of quantitative postembedding labeling of a synchronously growing population of C. crescentus. As discussed in the text, the data has been corrected for
nonspecific background label. Data for nonimmune IgG label was also determined at each time point, but was always zero or slightly negative and is not shown
here. The values in parentheses indicate 95% confidence interval determined by standard statistical methods.

Smit Caulobacter Pili
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125-min time point was below average. The reason for this
variation is not known, but may be related to the fact that it
is not known which or how many of the cell components have
retained antigenicity during the fixation and embedding pro-
cess. Thus, the value of this label as an internal measure of
noncyclic synthesis of cell components is suspect. For this
reason, the anti-pilin labeling data was plotted with and
without normalization with this internal standard.

An ideal negative control for these studies would be the
label of a Caulobacter mutant producing no pilin. Such a mu-
tant is not available, which places additional emphasis on the
monospecificity of the affinity-purified anti-pilin antibody.
A previous immunoprecipitation assay with pilin antibody
resulted in the coprecipitation of several other proteins which
were developmentally regulated and thought to be physically
associated with pilin at the developmental pole, such that an-
tibody binding to one protein led to the coprecipitation of the
others (25). Western blot analysis of both the affinity-purified
anti-pilin antibody and nonimmune IgG used here (data not
shown) leads to a faint label of numerous other cell proteins.
This is a common problem experienced with the Western
blot assay, such that the method often cannot be used to
definitively assess monospecificity of an antibody. Thus, cur-
rent immunoassay methods cannot provide an alternate mea-
sure of monospecific binding to pilin. However, because of
the high purity of the pilin protein (29) used to raise antibody
and to affinity purify it, additional binding activities are ex-
pected to be, if not absent, a minor factor in the thin section
labeling studies. Moreover, all potential contaminating ac-
tivities are directed to proteins that are not developmentally
regulated or whose temporal regulation is completely differ-
ent from that of pilin (25). In both cases the effect would be
to degrade the pattern of labeling seen in the current analysis,
but not alter the conclusions.
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tor corresponding to the increase in mass of the
synchronous culture and so represent the pilin pool
of an entire synchronous culture. Additionally, the
, anti~pilin label results were plotted with (0) and

;-

without (@) normalization to the results obtained
using whole cell antibody.

Discussion

Previous studies demonstrated that pilin is not made during
the swarmer cell stage of the cell cycle (25), the stage at
which the pili are present on the cell surface. Synthesis be-
gins during the swarmer-to-stalked cell transition which oc-
curs at 30-40 min for cells that divide in 120-125 min, and
declines before division. Because pili do not appear on the
cell until just before division (21), a pool of unassembled pi-
lin was predicted.

Pilin is a protein with a high percentage (70%) of hydro-
phobic amino acids (29) and is assembled into a pilus at one
discrete location on the cell surface. Thus, the finding that
unassembled pilin accumulates in the cytoplasm and was not
at all associated with any of the cell membranes before as-
sembly was perhaps unexpected. Yet the results obtained by
examining synchronous populations of cells with the post-
embedding label method were in good agreement with the
previous immunoassay method. It is concluded then that the
cytoplasm is the location of the pilus subunit protein pool.

The postembedding labeling for pilin showed that at the
30-min time point in a synchronous population, the apparent
pool of unassembled pilin was at a minimum. The quantity
of pilin increased after that time and then declined at the time
of division. This is consistent with the expectation that the
pilin pool is drawn upon for pilus assembly beginning just
before division. Pilus assembly probably continues after di-
vision to lengthen the fragile pili or replace lost ones. As ex-
pected then, the pilin pool of the 0-min swarmer cells is
larger than at the 30-min point in the cell cycle.

There was no indication that a concentration gradient
forms within the cell or that at division there is a preferential
accumulation of pilin in the swarmer cell progeny. It might
be concluded that at division the capacity to assemble a pilus
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is segregated to the swarmer cell rather than the monomer
protein needed to produce it.

In contrast to the segregation of the capacity to assemble
a pilus, the synthesis of pilin appears to segregate at division
in the opposite direction. Swarmer cells do not synthesize pi-
lin and presumably the stalked cell progeny of a division im-
mediately initiates another round of pilin synthesis. This
segregation might be due to the separation of transcription-
ally active and inactive pilin genes, although whether regula-
tion of pilin synthesis is in fact at the level of transcription
has not yet been resolved. DNA replication in Caulobacter
is coordinated with morphological development (2), where
a single round of chromosome replication occurs each gener-
ation and the progeny of a division each receive a copy. The
physical properties and associated proteins of each chromo-
some are significantly different and it has been postulated
that the differences may be a reflection of distinctive tran-
scriptional as well as replication activities (3).

The observation that the pilin pool develops in mutants
that do not assemble polar organelles (including pili) sug-
gests that synthesis and assembly of pilin are not coordinated
processes to the extent that failure to assemble a pilus does
not inhibit continued pilin synthesis. This is not the case for
the flagellar proteins. Synthesis of flagellins and the hook
protein does not occur in the same type of polar morphogen-
esis—defective mutants; i.e., those produced by selecting for
resistance to polar bacteriophage (4).

The development of a monomer pool for a membrane pro-
tein or organelle that is stored within the cell before assembly
has not been frequently reported for bacteria. Interesting-
ly, most available information involves bacterial pili or
fimbriae. There appears to be significant variety in the bio-
genesis of pili among various bacteria and types of pili pro-
duced. In Escherichia coli, strains which express an F pilus
accumulate the monomer protein for this organelle in the in-
ner membrane before assembly (15). Pseudomonas aerugi-
nosa, like Caulobacter, produces polar pili and a monomer
pool of pilin accumulates. In contrast to Caulobacter, the lo-
cation for this pilin pool is in the outer and inner membranes
of the organism (30). With the K99 fimbriae of enterotoxi-
genic E. coli, synthesis and assembly of the fimbriae are
separately regulated processes. The fimbriae subunits are
produced in the inner membrane and transported to the peri-
plasm, where they accumulate before the appropriate stimu-
lus for assembly (20). To the best of our knowledge, the pres-
ent study with Caulobacter pilin is the only known instance
where the cytoplasm of the cell is the storage location for un-
assembled pilin.

The present study does not address in what form the pilin
exists in the cytoplasm or how it is recruited to the develop-
mental pole at the time of pilus assembly. Caulobacter pilin
is hydrophobic, a factor which seems inappropriate in the
aqueous environment of the cytoplasm. It is possible that the
protein is able to fold in such a fashion that hydrophobic
residues are not presented on the surface and that the protein
goes through conformational changes during transport across
the cell wall. Alternatively, the monomer may be specifically
associated with another cell component which stabilizes pi-
lin while in the cytoplasm. What information is present in
the monomer and the polar region which enables recruitment
of pilin to the pole and assembly of a pilus at a defined time
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in the life cycle is unknown. But because of the separation
in synthesis and assembly of pilin, both temporally and spa-
tially, this interaction may be more fundamental in accom-
plishing the regulated production of pili than temporal con-
trol of pilin synthesis.

The distinctive cell development or differentiation pro-
cesses that characterize Caulobacter all occur in a spatially
restricted area of the cell wall, termed the polar region. It
has been hypothesized by several groups (7, 26) that this re-
gion exists as a distinctive entity, both functionally and bio-
chemically, which is produced and later activated at predict-
able times during the cell cycle. The mutants discussed above
that are unable to express most polar organelles may have
defects in the functioning of this region. The segregation of
the capacity to assemble a pilus to the swarmer cell may well
be because only the swarmer cell progeny has an active polar
region. One reason for studying the mechanism of pilus
production in Caulobacter is to compare findings with those
obtained for the polar flagellum, since both structures are
elaborated at the same time at the polar region. Such com-
parisons improve our understanding of the functional com-
plexity of the polar region and its interaction with regulated
genes and gene products. We have learned that the flagellum
and pilus are produced and assembled in very different ways.
The flagellins and the hook protein are made at the same time
their assembly occurs (13, 16). Although the flagellins do not
appear to be transported across the cell wall cotranslationally
(8, 9), they are probably synthesized very near the pole, es-
tablishing a transient monomer pool. In addition, a func-
tional polar region is required for flagellin synthesis. These
characteristics are in direct contrast to the findings with
pilin.

The polar region of the cell wall also serves as the site for
the production of the adhesive holdfast, which is a polysac-
charide (Smit, J., unpublished results) and for the distinctive
growth of the membranes to produce the tubular stalk (22,
26). It is becoming apparent that this region of the cell is
functionally complex, with many different types of biogene-
sis activities focused on this area to accomplish the distinc-
tive life cycle of this bacterium.
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