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bstract
The pili of the stalked bacterium Caulobacter crescentys are assembled at a
specific time in the life cycle at one pole of the cell and are composed of the
monomer protein, ptlin. A previous study demonstrated that the onset of pilin
synthesis occurs well before 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
unassembled pilin and its fate during pilus assembly and cell division. Populations
of synchronously growing celle 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 demonstrated that
label density increased during the period of pilin synthesis and declined during the
period of pilus assembly and maintenance. The pilin pool was not unequally
sodroqatod at division, for example, to the daughter cell that is elaborating pili.
Mutarts which have simultaneously lost the ability to produce flagella, pili and
other polar organelles, possibly due to alterations in the specialized region of
polar organelle sssembly, were also examined by the immunocytochemistry
technique., Jhere was no significant difference in the pilin pool size relative to the
wild type,)&dicating that pilin synthesis continues in the absence of a functioning
sssembly site. This pattern of synthesis and assembly for the pilus is significantly
different from that of the polar flagellum which is produced at the same time and
location on the cell surface. These findings are discussed 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.

Introduction

During its life cycle the bacterium Caylobacter crescentys produces several
surface structures at a specific location on the cell surface (1,2). 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
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cell wall of this gram-negative bacterium. In addition, these structures 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 distinctive
opportunity to study molecular details of gene requlation, 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
(3). Whether there is a basal structure containing additional components is
unknown. The flagellum is more complex, containing, in addition to two filament
proteins (4), a protein that polymerizes to form a hook (5,6) and numerous
proteins that comprise the motor apparatus at the base of the flagellum (7). The
adhesive holdfast is a polysaccharide (J. Smit, unpublished studies), which
presumably requires the presence of several enzymes and activated substrates at
the localized region of expression.

One approach in studying these structures is to address the complexity of temporal
and spatial control of their coordinated assembly. That is, are the mechanisms of

regulated synthesis and assembly similar for each of the polar organelles or is the
cell capable of focussing diverse processes simultaneously 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 production of the flagellum. Differences in the
production of the two organelles were noted (8). 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 synthests {8 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
(S,9).

The objective of this study was to determine the cellular location of the pilin pool.
Because pilin is a small (8000 m.w. ) and hydrophobic molecule (3), problems with
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non-specific 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 CB1S (ATCC 19083) was used for all experiments. Cells
were grown in a peptone—yeast extract medium (PYE) (10) or 8 glucose and saits
minimal medium (HMG)(11) at 30°C. Synchronous populations of swarmer cells
were prepared by the Ludox colloidal silica density gradient technique (12).

Mutants of C, crescentus that simultaneously lose the ability to produce flagella,
pili and the receptors for bacteriophage which attach at the developmentsl pole,
have been described (13-15). Such mutants in strain CB1S are produced by selecting
cells that are resistant to bacteriophage eCbK, by plating bacteris in the presence
of excessive numbers of bacteriophage. Most resistant strains no longer bind the
bacteciophage and also lose the other polar organelles, except for the stalk. Such
oCbK-resistant strains were then examined for motility and sensitivity to 8
pilus-specific bacteriophage (eCbS) (16). The mutants were also examined by
negative stain electron microscopy for the presence of pili and flagells. Several
nommotile mutants which produced no flagells or pili and were resistant to both
bacteriophage were examined by the immunocytochemistry methods discussed
below.

Preparation of Immunological Labeling Reagents

Antiserum to highly purified pilin protein was prepared in a rabbit in similar fashion
to that reported previously (8). Sera was partially fractionated by ammonium
sulfate precipitation of immunoglobulins (17). For most experiments antibody to
pilin was further purified by passage through 8 column of DE-52 (Whatman)
(DEAE-cellulose) at low lonic strength (17), which purified the IgG fraction of the
antisera, and affinity chromatography. An affinity column was prepared by
standard methods (18), coupling purified pilin to CNBr-activated Sepharose 4B
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beads (Pharmacia). Ammonium sulfate fractionated anti-pilin antisera was applied
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 150mM NaCl. Collected fractions were -
monitored spectrophotometrically at 280 nm and pH was neutralized by addition of
calibrated amounts of 2N Tris base. Antibody preparations were concentrated by
dry dialysis against Ficoll 400 (Pharmacia) followed by dialysis against PBS.

Preparation of rabbit antibodies to the periodic surface array layer of C.
crescentus CB135 and to whole cells was previously described (19, 20). The 196
fraction of antisera was prepared by ammonium sulfate precipitation and DE-52
chromatography. Control IgG was prepared from non-immune rabbit sera.

Protein A-colloidal gold conjugates were prepared by standard methods (21), using
5-6 nm diameter particles produced by phosphorus reduction of chloroauric acid.
To prepare a colloidal gold/anti-pilin antibody conjugate, 12 mi of colloidal gold
particles, prepared by phosphorus reduction of the same volume of 0.0125%
chloroauric acid was mixed with 0.3 mg of ammonium sulfate-fractionated anti-pilin
antisera. After 3 min, 0.6 ml of 1X polyethylene glycol, average molecular weight
20,000 (PEG-20M), was added . The preparation was centrifuged at 100,000xg for
73 min. The pellet was suspended with 350 ul of 50 mM Tris-HCI pH 7.5, 150 mM

NaCl, 0.5 mg/m] PEG-20M and 3 mM NeN3. This preparation was centrifuged at

15,000xg for 3 min to remove aggregates of colloidal gold particles.

lmmunocytochemistry and Electron Microscopy Procedures

Labe!l of the poler pllf
Cells were grown in HMG medium to an optical density (660nm) of 0.35 and chilled

on ice. 250 ul of cells were mixed with 75 ul of anti-pilin/colloidal gold conjugate
and incubated 20 min on ice. To separate unbound conjugate from the cells, the
mixture was appliedto a 0.7 cm X 26 cm column of Sepharose 28-Cl (Pharmacia),
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 dialysis against dry Sephadex 6200
(Pharmacia) beads. This method was developed to avoid centrifugation, which
efficiently shears the gold particle-covered ptli from the cells. The preparation
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was viewed by electron microscopy as unstained whole mounts (Fig 2),

2.0 141 m ing /e /il hemi.
For fixation and embedding of unsynchronized cells, PYE medlUm was used for
growth. HMG 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% formaldehyde (freshly prepared from paraformaldehyde),

0. IN sodium cacodylate buffer (pH 7.5), 5 mM CaCl, and 5 mM MgCl; for 1-1/2 hr on

ice. The preparations were centrifuged and the cell pellets suspended with an equal
volume of 2.5% agarose (Seakem ME, FMC Co.) dissolved in 0.1 M sodium cacodylate

(pH 7.5), S 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
assists visualizing the cell material after embedding. Dehydration was
accomplished 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 S02 resin (1:1) for 45
min, and Araldite resin for 4 hr. After transfer of cell material to molds, the
resin was polymerized by treatment at 62°C for 24 hr.

PLostembedding Label of Thin Sections

Uitrathin 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 (3M Co.)
(30 cm tape/S50 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 10X hydrogen peroxide for 15 min and were rinsed by
application of 20-40 m1 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/m1), D,L~lysine (1 mg/m!) 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 ug/ml. The IgG fractions of
anti-whole cell and anti-surface array antibody were combined and used at a
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concentration of 40 ug/mi each, as was control IgG. Grids were incubated 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
1 172 hr 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 (22).

The colloidal gold l1abeling of thin—sectioned cells at each selected time during the
course of growth of 2 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 longnitudinal cross sections of cells were
preferred, since more accurate quantitation 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 and the outline of each cell selected for quantitation was traced twice
on ths 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
non—specific 1abel. 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 (Numonics, model 1250). More than 40
umz 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 approximately
60,000 colloidal gold particles were scored.

For plotting, the values calculated for each time point (as particles/umz) were
multiplied by a factor corresponding to the increase in mass of the synchronous
culture, assuming a mass doubling time of 125 min. Thus the plotted data is
representative of the pilin pool of an entire synchronous culture and is comparable
to a previous immunoassay method, which also determined pilin synthesis rates for
8 synchronous culture. Data were plotted with no further adjustment or after




normalization against the values obtained with the anti-whole cell/surface array
antibody l1abel, based on the assumption that the 1atter label may be an internal
standard of uniform, non-cyclic synthesis of cell components.

RESULTS
- ing La f Thin
" ) 2ed Coll Populali
Treatment of thin sections 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 appreciable 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 presumed to be poly-B-OH-butyrate
(PHB), a storage polymer (10). Caulobacter does not exhibit a single compact
region of nucleoid material. Instead, several regions are usually seen in thin
soction analysis; these regions were not appreciably l1abeled. All cells were
labeled, although qualitatively there was some variability in label density. There
was no indication of a gradient of 1abeling density within a cell, either from one end
to the other or from the cell center toward the periphery.
hY
in contrast to the anti-pilin results, use of antibodies directed to the whole cell
resulted in 1abel that was frequently associated with the cell membranes and
nucleoid regions, in addition to the cytoplasm. Like the results with anti-pilin, PHB
inclusions were not 1abeled. The density of label using anti-whole cell and surface
array antibody was not significantly greater than that recorded for anti-pilin. This
may mean that the label seen represents 8 minor fraction of cell components whose
antigenic determinants remained intact after the fixation/embedding process (see
below).

Treatment of thin sections with non-immune 1gG resulted in very low levels of labe)
within cells (Fig 4). Correction for non-specific background label usually resulted
in 8 negative value; although all values were low (ranging from 10-30
partlcles/umz), apparently there is a slightly greater attraction for resin than for
cell material.




AS an additional negative control, an unrelated cell material, Trypanosoma brucel,
a protozoan parasite, was fixed and embedded in similar fashion to the Caulobacter
preparstions. An attempt to 1abel sections with anti-pilin antibody resulted in no
label above background (data not shown). '

Three independent eCbK-resistant mutants which produced no pili or flagelia were
8iso examined by the thin section l1abeling methods. All were positively labeled with
pilin—specific antibody and the level of 1abeling was indistinguishable from
non—mutant cells (Fig 5).

Aron /] Population
A distinct periodicity of 1abel density was noted using the anti-pilin antibody (Table

1 and Fig 6). The lowest level of 1abel density occured 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 occured. 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 {rom this time point did not reveal two populations of cells distinguishable by
label density. It is inferred then that there was no preferential distribution of pilin
amongst the progeny during division.

The 1abeling pattern of the combined anti-whole cell/anti-surface array antibodies
was not completely uniform during the cell cycle (Table 1). Although the 30, 60 and
90 min time points demonstrated similar label values, the 0 min time point was
somewhat above average, while the 125 min time point was below average. The
reason for this variastion 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 process. Thus the value of this l1abel as an internal

measure of non—cyclic synthesis of cell components is suspect. For this reason the
anti-pilin 1abeling data was plotted with and without normatlization with this internal
standard.

An ideal negative control for these studies would be the 1abel of a Caulobacter
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mutant producing no pilin. Such a mutant is not available, which places additional
emphasis on the monospecificity of the affinity purified antipilin 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
antibody binding to one protein led to the coprecipitation of the others (8). Western
blot analysis of both the affinity purified antipilin antibody and non-immune [gG used
here (data not shown) leads to a faint 1abel 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,
current immunoassay methods cannot provide an alternate measure of monospecific
binding to pilin. However, because of the high purity of the pilin protein (3) used to
raise antibody and to affinity purify it, additional binding activities are expected to
be, if not absent, a minor factor in the thin section labeling studies. Moreover all
potential contaminating activities are directed to proteins that are not
developmentally regulated or who temporal regulation is completely different from
that of pilin (8). In both cases the effect would be to degrade the pattern of 1abeling
seen in the current analysis, but not alter the conclusions.
A Y

DISCUSSION
Previous studies demonstrated that pilin is not made during the swarmer cell stage
of the cell cycle (8), the stage at which the pili are present on the cell surface.
Synthesis begins during the swarmer to stalked cell transition which occurs 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 (16), a pool of
unassembled pilin was predicted.

Pilin is a protefn with a high percentage (70%) of hydrophobic amino acids (3) 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 prior to assembly was perhaps unexpected. Yet the
resuits obtained by examining synchronous populations of cells with the
post-embedding 1abel method were in good agreement with the previous
immunoassay method. It is concluded then that the cytoplasm is the location of the

10

Or )% W) Ay &K 0 AL
AT AR ML

100, 1
A




pitus subunit protein pool.

The postembedding labeling for pilin showed that at the 30 min time point in 8
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 division to lengthen the fragile pili or replace lost ones. As expected then,
the pilin pool of the 0 min swarmer cells 1s 1arger 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 s pilus is segregated to
the swarmer cell rather than the monomer protein needed to produce it.

In contrast to the segregration of the capacity to assemble a pilus, the synthesis of
piliﬁ appears to segregate at division in the opposite direction. Swarmer cells do
not synthesize pilin and presumably the stalked cell progeny of a division
immediately initiate another round of pilin synthesis. This segregation might be due
to the separation of transcriptionally active and inactive pilin genes, although
whether regulation of pilin synthesis is in fact at the level of transcription has not
yet been resolved. DNA replication in Caulobacter is coordinated with morphological
develcpment (12), where a single round of chromosome replication occurs each
generation and the progeny of a division each receive a copy. The physical
properties and associated proteins of each chromosome are significantly different
and it has been postulated that the differences may be a reflection of distinctive
transcriptional as well as replication activities (23).

The observation that the pilin pool develops in mutants that do not assemble polar
organelles (including pili) suggests that synthesis and assembly of pilin are not
coordinated processes to the extent that failure to assemble a pilus does not inhibit
continued pllin 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
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morphogenesis—defective mutants, i.e. those produced by selecting for resistance
to polar bacteriophage (15).

The development of a monomer pool for a membrane protein or organelle that is
stored within the cell prior to assembly has not been frequently reported for
bacteria. Interestingly, most available information involves bacterial pili or
fimbriae. There appears to be significant variety in the biogenesis of pili among
various bacteria and types of pili produced. InE. coli, strains which express anF
pilus accumulate the monomer protein for this organelle in the inner membrane
prior to assembly (24). Pseudomonas aeruginosa, like Caulobacter, produces polar
pili and a monomer pool of pilin accumulates. In contrast to Caulobacter, the
location for this ptlin pool 18 in the outer and inner membranes of the organism
(25). With the K99 fimbriae of enterotoxigenic 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 periplasm, where they
accumulate prior to the appropriate stimulus for assembly (26). To the best of our
knowledge, the present study with Caulobacter pilin {s the only known instance
where the cytoplasm of the cell is the storage location for unassembled pilin.

hY
The present study does not address in what form the pilin exists in the cytoplasm or
how it is recruited to the developmental 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
protel'n goes through conformational changes during transport across the cell wall.
Alternatively, the monomer may be specifically associated with another cell
component which stabilizes pilin while in the ¢ytoplasm. 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 in the life cycle is unknown. But
because of the separation in synthesis and assembly of pilin, both temporally and
spatially, this interaction may be more fundamental in accomplishing the regulated
production of pili than temporal control of pilin synthesis.

The distinctive cell development or differentiation processes that characterize
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Caulobacter all occur tn a spattally restricted area of the cell wall, termed the
polar region. It has been hypothesized by several groups (19, 27) that this region
exists as a distinctive entity, both functionally and biochemically, which is
produced and later activated at predictable 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
comparisons improve our understanding of the functional complexity 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
(5,9). Although the flagellins do not appear to be transported across the cell wall
cotranslationally (28, 29), they are probably synthesized very near the pole,
establishing a transient monomer pool. In addition, a functional polar region is
reduired for flagellin synthesis. These characteristics are in direct contrast to the
findirgs with pilin.

The polar region of the cell wall also serves as the site for the production of the
adhesive holdfast, which is a polysaccharide (J. Smit, unpublished results) and for
the distinctive growth of the membranes to produce the tubular stalk (19, 30). It is
becoming apparent that this region of the cell is functionally complex, with many
different types of biogenesis activities focussed on this area in order to accomplish
the distinctive life cycle of this bacterium.
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F IGURE LEGENDS

Figure 1. Life cycle of Caulobacter crescentys. At left, the swarmer cell exhibits
a single flagellum, several polar pili and an adhesive holdfast. During 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 holdfast appear simultaneously. Following division the stalked cell
directly begins the production of another swarmer cell, while the swarmer cell
progeny must first develop into a stalked cell. The bar under the time line indicates
when pilin is produced during the cell cycle, as determined by an
immunoprecipitation assay (8). Thus, much or all of a cycle of pilin synthesis
occurs before the organelle is assembled at the polar region.

Figure 2. A swarmer cell is shown labeled with anti-pilin antibody coupled to
colloidal gold particles. Note the unlabeled polar flagellum. Bar indicates 0.2um.

Figure 3. Postembedding label of C. crescentus CB1S 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 1abe) associated with
the inger and outer membranes or the stalk. Bar indicates 0.2um.

Figure 4. Postembedding 1abel using non-immune rabbit 1g6. This example is
typical of the low backgound obtained with non-specific antibody. Bar indicates
0.2um.

Figure 5. Postembedding label of a C. crescentuys CB1S mutant, K2-6, selected as
resistant to bacteriophage oCbK. 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 organelies, including pill and
flagella. This cell is 1abeled with anti-pilin antibody, indicating that a reservoir of
pilin is still produced in the absence of pilus assembly. Bar indicates 0.2um.

Figure 6. Plotting the results of the quantitative analysis of anti~pilin/ protein
A-colloidal gold postembedding 1abel of a synchronously growing population of C.
srescentus. As discussed in the text, the values calcuiated for each time point (as
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partlclos/umz, see Table 1) were multiplied by a factor 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 1abel resuits were plotted
with (open circles) and without (closed circles) normalization to the resuits
obtained using whole cell antibody.

Table 1. Results of quantitative postembedding labeling of a synchronously
growing population of C. crescentus. As discussed in the text, the data has been
corrected for non-specific background label. Data for non—immune 1gG 1abel was
also determined at each time point, but was always zero or slightly negative and is
not shown here. The values in parentheses indicate the 95% confidence interval
determined by standard statistical methods.

16




REFERENCES

1. Shapiro, L. (1985) Generation of polarity during Caulobacter differentiation.
Ann. Rev. Cell Biol. 1, 173-207,

2. Poindexter, J.S. (1981) The Caulobacters: Ubiquitous unusual bactertia.
i Microbiol. Rev. 45, 123-179.

3. Smit, J. M. Hermodson and N. Agabian (1981) Caylobacter crescentys pilin:
Purification, chemical characterization and the NH,~terminal amino acid sequence

of a structural protein regulated during development. J. Biol. Chem. 236,
3092-3097.

4. Lagenaur, C. and N. Agabian (1977) Caulobacter flagellins. J. Bacteriol. 132,
) 731-733.

S. Lagenaur, C. and N. Agabian (1978) Cauylobacter flagellar organelle: Synthesis,
compartmentation and assembly. J. Bacteriol. 133, 1062-1069.

'

6. Lagenaur, C., M. DeMartini and N. Agabian. (1978) Isolation and

B characterization of Caulobacter ¢crescentus flagellar hooks. J. Bacteriol. 136,
" 795-798.

7. Jolinson, R.C., M.P. Walsh, B. Ely and L. Shapiro (1979) Flagellar hook and
basal complex of Caylobacter crescentys. J. Bacteriol. 138, 984-989.

- 8. Smit, J. and N. Agabian (1982a) Caylobacter crescentys pilic Analysis of
" production during development. Devel. Biol. 89, 237-247.

9. Osley, M.A., M. Sheffery and A. Newton (1977) Regulation of flagellin synthesis
in the cell cycle of Caylobacter: Dependence on DNA replication. Cell 12, 393-400.

10. Poindexter, J.S. (1964) Blological properties and classification of the
Caulobacter group. Bacteriol. Rev. 28, 231-293.

17




11. Shapiro, L., N. Agabian—Keshishian, A. Hirsch and 0.M. Rosen (1972) Effect of
didutryladenosine 3',5'-cyclic monophosphate on growth and differentiation in

Caulobacter creascentus. Proc. Natl. Acad. Sci. U.S.A. 69, 1225-1229.

12. Evinger, M. and N. Agabian (1977) Envelope-associated nucleoid from
Caulobacter crescentus stalked and swarmer cells. J. Bacteriol. 132, 294-301.

13. Kurn, N., S. Ammer and L. Shapiro (1974) A plefotropic mutation affecting

expression of polar development events in Caylobacter crescentys. Proc. Natl.
Acad. Sci. U.S.A. 71, 3157-3161.

14. Fukuda, A. K. Miyakawa, |. Hidetoshi and Y. Okada (1976) Regulation of polar

structures in Caylobacter crescentus: Pleiotropic mutations affect the coordinate
morphogenesis of flagella, pili and phage receptors. Molec. gen. Genet. 149,
167-173.

1S. Fukuds, A. , M. Asada, S. Koyasu, H. Yoshida, K. Yaginuma and Y. Okada
(198:) Regulstion of polar morphogenesis in Caylobacter crescentus. J. P- * -iol.
143, 359-572.

16. Schmidt, J.M. (1966) Observations on the sbsorption of Caylobacter
bacteriophages containing ribonucleic acid. J. Gen. Microbiol. 43, 347-353.

17. Heide, K. and H.G. Schwick (1978) Self fractionation of immunoglobulin, /7
D.M. Weir, (ed.), Handbook of experimental immunology, vol. 1. Blackwell,
Oxford.

18. Axen, R., J. Porath and S. Ernback (1967) Chemical coupling of peptides and
proteins to polysaccharides by means of cyanogen halides. Nature 214, 1302-1304.

19. Smit, J. and N. Agabian (1982b) Cell surface patterning and morphogenesis:
Blogenesis of a periodic surface array during Caylobacter development. J. Cell
Biol. 93, 41-49.




20. Smit, J. and N. Agabian (1984) Cloning of the major protein of the Caulobacter
crescentys periodic surface layer: Detection and characterization of the cloned
peptide by protein expression assays. J. Bacteriol. 16Q, 1137-1143.

21. Smit, J. and W.J. Todd (1986) “Colloidal gold labels for immunocytochemical
analysis of microbes®, Chapter 17 /n Ultrastructure Techniques for
Microorganisms. H. Aldrich and W.J. Todd, editors, Plenum Press, pp. 469-516.

22. Reynolds, E.S. (1963) The use of lead citrate at high pH as an electron-opaque
stain in electron microscopy. J. Cell Biol. 17, 208-218.

23. Evinger, M, and N. Agabian (1979) Caylobacter crescentus nucleoid: Analysis of
sedimentation behavior and protein composition during the cell cycle. Proc. Natl.
Acad. Sci. U.S.A. 76, 175-178.

24. Moore, D., B.A. Sowa and K. Ippen~Ihler (1981) Location of an F-pilin poo!l in
the inner membrane. J. Bacteriol. 146, 251-259.

A )
25. Watts, T.H., E.A. Worobec and W. Paranchych (1982) identification of pilin
pools in the membranes of Pseudomonas aeryqinosa. J. Bacteriol. 152, 687-691.

26. Roosendaal, B., P.M.P. Van Bergen en Henegouwen and F.K. De Graaf (1986)
Subcellular localization of K99 fimbrial subunits and effect of temperature on
subunit synthesis and assembly. J. Bacterfol. 165, 1029-1032.

27. Huguenel, E. and A. Newton (1982) Localization of surface structures during

procaryotic differentiation: Role of cell division in Caulobacter crescentus.
Differentiation 21, 71-78.

28. Huguenel, E. and A. Newton (1984a) Isolation of flagellated membrane vesicles

from Caulobacter crescentus cells: Evidence for functional differentiation of polar
membrane domains. Proc. Natl. Acad. Sci. U.S.A. 81, 3409-3413,

19




29. Huguenel, E. and A. Newton (1984b) Evidence that subcellular flagellin pools in
Caulobacter crescentys are precursors in flagellum assembly. J. Bacteriol. 157,
727-732.

30. Schmidt, J.M. and R.Y. Stanier (1966) The development of cellular stalks in
bacteria. J. Cell Biol. 28, 423-436.




| l
AL L
7 "

i
p
o Time Point Whole Cell Antibody
.‘f.:. in Synchrony um< Particles Plum2 um Particles P/um2
" scored (P) scored (P)

0 min 6.85 5605 819 (£34) 8.57 6394 746 (:20)
35"“ 30 min 6.81 3202 470 (220) 9.25 5935 642 (:15)
i 60 min 9.47 7241 764 (£17) 9.65 6565 680 (:14)
212 90 min 858 6762 788 (£21) 8.42 5816 691 (£19)
~

| 125 min 9.66 5607 580(:12) 10.58 6010 568 (:10)
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