JOURNAL oF BacTERIOLOGY, July 1977, p. 340-346
Copyright © 1977 American Society for Microbiology

Vol. 131, No. 1
Printed in U.S.A.

Caulobacter crescentus Pili: Structure and Stage-Specific

Expression

CARL LAGENAUR anp NINA AGABIAN*
Department of Biochemistry, University of Washington, Seattle, Washington 98195

Received for publication 7 April 1977

Pili are functionally expressed during the predivisional and swarmer stages of
the Caulobacter crescentus differentiation cycle. They appear on the developing
swarmer pole and at the same cellular location as flagella and the ¢CbK
receptor sites. Pili disappear when the swarmer cell differentiates into a stalked
cell; this occurs with the loss of flagella and the disappearance of phage receptor
sites. C. crescentus CB13Bla pili have been purified and characterized. Mono-
meric pilin is a protein with an apparent molecular weight of 8,500 that stains
weakly with periodic acid-Schiff reagent. The amino acid composition of purified
pilin reveals very low quantities of basic amino acids and a complete absence of
methionine. Pilin is synthesized throughout the C. crescentus differentiation
cycle. Neither free pili nor pilin monomers are detectable in the growth media,
suggesting that loss of piliation in the swarmer- to stalked-cell transition occurs

via pilus retraction.

Pili are thin surface filaments that have been
identified in a variety of unrelated bacterial
genera (10, 16, 18, 21, 35, 37), although physical
characterization of these structures is limited
to only a few species (3, 10, 11, 18). The function
of pili in many of these species is unknown.
Some pili appear to be involved in bacterial
conjugation (10, 11, 25); others may be involved
in pathogenicity (34), whereas still others may
facilitate bacterial survival under adverse con-
ditions (10). Pili from diverse bacterial genera
have further been shown to serve as receptors
for ribonucleic acid (RNA) phage (5, 13, 27) and
deoxyribonucleic acid phage (8, 21, 22).

Caulobacter pili were first identified by J.
Schmidt in species able to adsorb Caulobacter-
specific RNA phage (27). Pili were observed
almost exclusively at the flagellated pole of
swarmer cells, although pili were not observed
on every swarmer cell (27). Further evidence of
the stage-specific expression of piliation is de-
rived from an analysis of the adsorption of RNA
phage ¢»Cbb to synchronized Caulobacter cres-
centus (CB13B1a) populations (29). These stud-
ies have shown that RNA phage adsorb specifi-
cally to predivisional- and swarmer-stage cells
and not to stalked cells. Electron microscopy
has further confirmed the stage specificity of
piliation (unpublished data).

In this report we identify and characterize C.
crescentus pilin, the structural protein of pili.
We further demonstrate that the 8,500-molecu-
lar-weight pilin monomer is synthesized
throughout the Caulobacter differentiation cy-

cle. Aspects of the stage-specific expression of
pili in relation to this finding are discussed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. cres-
centus CB13Bla and a derivative, SW16-Pil 200,
were used. SW16 was a spontaneous mutant, origi-
nally selected as a nonmotile colony able to grow on
a confluent lysis plate of ¢CbK. Upon cloning, this
strain proved to be sensitive to $CbK and supersen-
sitive to the RNA phage ¢Cb5. Supersensitivity to
¢Cb5 was assessed by a fivefold increase in plating
efficiency and increased clarity of plaques. SW16 is
further characterized by a lack of both flagellin sub-
units (20) and is defective in stalk formation. Cells
were grown in modified (1) peptone-yeast extract
(26) for pili purification or in glucose minimal media
(31) for pulse-labeling studies. Liquid cultures were
incubated at 30°C on a rotary shaker.

Pili purification. Pili were routinely purified
from 8 liters of mid-exponential-phase cultures of
SW16 (absorbance at 600 nm, 0.5 to 0.7). Cultures
were rapidly cooled over ice and centrifuged at
16,000 x g for 10 min. All subsequent steps were
carried out at 4°C. Cell pellets were suspended in 800
ml of 10 mM tris(hydroxymethyl)aminomethane
(Tris)-hydrochloride, pH 8.2; 200-ml portions were
sheared for 45 s at top speed in a Waring blender.
Cell bodies were removed by centrifugation at 16,000
x g for 10 min. Pili were concentrated and purified
from this cell-free supernatant by 30 to 45% satu-
rated (NH,),SO, precipitation. The (NH,),SO, con-
centration was adjusted by dropwise addition of sat-
urated (NH,),SO, to the stirring cell-free superna-
tant. The precipitates were harvested by centrifuga-
tion at 23,000 x g for 15 min, resuspended in 10 mM
Tris-hydrochloride, pH 8.2, and dialyzed overnight
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against 2 liters of the same buffer. Material insolu-
ble after dialysis was removed by centrifugation at
16,000 x g for 10 min. The supernatant fluid (con-
taining pili) was then adjusted to 0.1 M MgCl, and
stored overnight at 4°C. The 0.1 M MgCl, precipitate
was harvested by centrifugation at 23,000 x g for 15
min and suspended in 1 ml of 10 mM Tris-hydrochlo-
ride, pH 8.2. Pilus preparations were adjusted to 34%
(wt/vol) CsCl (Harshaw Chemical Co.) and centri-
fuged at 75,000 x g for 50 h in a Beckman SW50.1
rotor at 5°C. Pili formed a visible band at p = 1.236
g/cm?®. Pili prepared from CB13B1a exhibited a pro-
tein profile identical to that of SW16 pili, but yields
of pili were poorer, and flagella were persistent con-
taminants in preparations from wild-type cells.

Electrophoresis. Pilus purity was routinely as-
sayed by sodium dodecyl sulfate (SDS)-polyacrylam-
ide discontinuous gel electrophoresis (PAGE) by the
general procedure of Laemmli (19) modified as pre-
viously described (36). High resolution of low-molec-
ular-weight proteins was obtained using an SDS-
urea-PAGE slab gel system (Castillo et al., J. Mol.
Biol., in press). These gels contained a 12 to 15%
gradient of acrylamide (acrylamide-bis, 40:2) and a
12 to 42% gradient of urea. SDS-urea-PAGE gra-
dients were poured in slabs 20 cm long and polymer-
ized at 4°C. Gels were stained with Coomassie bril-
liant blue as described previously (20) or with pe-
riodic acid-Schiff reagent by the Segrest and Jack-
son method (28).

Amino acid analysis. Purified pili (see Fig. 2 and
3D and E) were hydrolyzed in 6 N HC1 at 110°C for 24
h. Analysis was carried out with a Durrum D 500
amino acid analyzer with the technique of Spack-
man et al.(33).

RESULTS

Identification of pilin protein. Electron
microscopy was used to monitor purification of
intact pili since the structural protein of pili
(pilin) had not been identified. It was thus de-
termined that pili could be precipitated in the
presence of 50% saturated ammonium sulfate.
When this crude preparation was subjected to
CsCl equilibrium density gradient centrifuga-
tion, a visible band composed of pili (Fig. 1) was
observed at p = 1.236 g/cm?. Protein profiles of
these preliminary steps in the purification dis-
played by 15% SDS-PAGE in the Laemmli (19)
system revealed enrichment of a protein with
an apparent molecular weight of 8,500. Subse-
quently, 0.1 M MgCl, (12) was found to selec-
tively precipitate this protein and, likewise,
precipitate intact pili as determined by electron
microscopy. When MgCl, precipitation was
used prior to centrifugation in CsCl, homogene-
ous pilin could be prepared (Fig. 2). Details of
the routine pilus purification procedure based
on these findings are described above. When
shearing of the cells was omitted, pili could not
be recovered in supernatant fractions, suggest-
ing that these structures are not normally re-
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leased into the culture medium at the end of the
swarmer stage. Furthermore, cell-free culture
media, concentrated by lyophilization, contain
large amounts of released flagellin (20) but no
detectable pilin.

Physical characterization of pili. The buoy-
ant density of pili is 1.236 g/cm?, suggesting the
possibility that pili might contain carbohy-
drate. Periodic acid-Schiff staining of cylindri-
cal gels produced a faint positive reaction in the
pilus band region. The nature and extent of this
apparent carbohydrate modification are under
investigation. SDS-urea-PAGE (Castillo et al.,
J. Mol. Biol., in press) was employed to obtain
better resolution of proteins in the low-molecu-
lar-weight range of C. crescentus pilin. The
SDS-urea-PAGE profile of the final steps in
pilin purification, as described above, are
shown in Fig. 3; with this technique, crude pilus
preparations appear to be enriched for proteins
with apparent molecular weights of 7,500 and
8,500. CsCl equilibrium density gradient cen-
trifugation further enriches for the 8,500-molec-
ular-weight protein in the pilus band at p =
1.236 g/cm3. The relationship between these
proteins is currently under investigation.

The amino acid composition of CsCl-purified
pili composed of the 8,500-molecular-weight
polypeptide is shown in Table 1. Caulobacter
pili completely lack methionine and have very
low levels of basic amino acids. Glycine and
alanine account for one-third of the total amino
acid residues.

Synthesis of pilin in synchronous popula-
tions. C. crescentus CB13Bla contains rela-
tively few proteins in the molecular-weight
range of pilin; therefore, this protein can be
meaningfully assayed in whole-cell extracts by
the SDS-urea-PAGE system. To determine the
time of synthesis of pilin during the CB13Bla
differentiation cycle, cells grown in glucose
minimal medium were synchronized and pulse-
labeled with *C-amino acids at 10-min inter-
vals. Labeled whole-cell proteins were dis-
played by SDS-urea-PAGE. The patterns of la-
beled proteins, revealed by autoradiography
(Fig. 4), indicate that the 8,500-molecular-
weight pilin is synthesized throughout the
CB13Bla differentiation cycle. The 7,500-mo-
lecular-weight protein, which copurifies with
the pili prior to CsCl centrifugation, appears to
be preferentially labeled during the swarmer
stage (0 to 60 min); labeling of this 7,500-molec-
ular-weight protein is significantly reduced
during the stalked (60 to 120 min) and predivi-
sional (120 to 180 min) stages.

The labeling pattern of pilin is distinct from
that of another stage-specific, polar, structural
protein, flagellin. The 25,000-molecular-weight
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F1c. 1. Intact pili isolated by CsCl equilibrium density gradient centrifugation and stained with 2% uranyl
acetate, pH 4.2, as previously described (36). Bar indicates 0.2 um.

flagellin is synthesized only during the predivi-
sional and early swarmer stages and is rapidly
polymerized after synthesis (32). The high reso-
lution obtained with SDS-urea-PAGE reveals
numerous proteins that exhibit stage-specific
synthesis. Especially apparent in the autoradi-
ogram shown in Fig. 4 are those proteins below
a molecular weight of 13,000 whose synthesis is
limited to distinct periods during the first 40
min of the swarmer-cell stage.

DISCUSSION

Caulobacter pili are flexible, filamentous
protein structures found uniquely at the
swarmer-cell pole. C. crescentus pili are similar
to those of Pseudomonas aeruginosa PAO1, not
only in their polar location, but also in their
dimensions and appearance in the electron mi-

croscope (6): C. crescentus pili are about 4.0 nm
in diameter (27) and 1 to 4 um in length; they
do not appear to be hollow, and they increase in
number after cells are infected with noncon-
tractile-tailed DNA phage that adsorb at the
piliated-cell pole (20a). C. crescentus pilin (mo-
lecular weight, 8,500) is the smallest pilus
monomer characterized to date. Its amino acid
composition reveals an absence of methionine,
very low quantities of basic amino acids, and
large amounts of glycine and alanine. A simi-
lar absence of methionine has been demon-
strated in type I pili of Escherichia coli K-12
(10). The amino acid composition of both type I
and F pili of E. coli is also low in basic amino
acids and high in nonpolar amino acids (10, 11).
Type I pili of E. coli (10) and pili of Neisseria
gonorrhoeae (12), Corynebacterium renale (18),
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Fic. 2. SDS-PAGE of purified pili. (A) Pili puri-
fied through final CsCl equilibrium density gradient
step; (B) molecular weight standards from top to
bottom are 100,000, 80,000, 66,500, 41,000, 31,000,
13,600, and 6,000, respectively.

and C. crescentus are precipitable by 0.1 M
MgCl,.

The buoyant density of Caulobacter pili is
1.236 g/cm?® and purified preparations are

Fic. 3. SDS-urea-PAGE of final steps in pilus pu-
rification (see Materials and Methods). (A) and (F)
Molecular weight standards; (B) and (C) MgCly,
precipitated pili; (D) and (E) CsCl equilibrium den-
sity gradient-purified pili.

stained by periodic acid-Schiff reagent, indicat-
ing the presence of carbohydrate in these prep-
arations. This compares favorably with the
buoyant density of F pili of 1.257 g/cm3: F pili
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Fic. 4. Pilin synthesis in CB13Bla: SDS-urea-polyacrylamide gel autoradiogram of pulse-labeled C.
crescentus. Synchronous CB13Bla swarmer cells were obtained by the Ludox technique (15). Two-milliliter
portions (absorbance at 660 nm, 0.1) were pulsed for 5§ min with 5 uCi of *C-labeled amino acids (reconsti-
tuted protein hydrolysate; New England Nuclear) and chased for 2 min with 2 ml of 10% Casamino Acids.
Labeled cells were pelleted at 12,000 x g for 10 min and prepared for electrophoresis as previously described
(20).

contain a single glucose residue and two phos- to show any indication of phosphorylation of
phate residues per pilin monomer (11). Auto- C. crescentus pilin (unpublished data).

radiography of whole-cell extracts labeled with Studies of E. coli (24) and P. aeruginosa (7, 9)
3P and fractionated by SDS-urea-PAGE fails suggest that pili are dynamic structures that
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TABLE 1. Amino acid composition of pilin

Amt (residues/

Residues protein)
ASD it 4
Thr ..o e 10
175 P 6
Glu ..o 7
Pro ... 2
Gly i 12
Ala ... ... 13
Val .o 5
Met ... oiiii i 0
He ... 3
Leu .........oo i 6
b 1
Phe ... e 2
His ... ..o 1
Lys oo 2
Arg ..o 1

may be extended and retracted in a process
that, in part, appears to be energy dependent
(24). Direct evidence of extension and retrac-
tion is not available because pili cannot be mi-
croscopically resolved in living bacteria. Fur-
thermore, the systems in which pili have been
characterized do not exhibit cell cycle-depend-
ent regulation of piliation. Caulobacter pro-
vides a unique system for studying pilus bio-
genesis, since the external appearance and dis-
appearance of these organelles are develop-
mentally controlled (27, 30).

In the course of normal differentiation, the
piliated swarmer cell develops into a nonpi-
liated stalked cell; our studies indicate that this
does not occur by the shedding of pili into the
culture fluid, as is the case with Caulobacter
flagella (20, 32). To examine the level of regula-
tion of pilus biogenesis in Caulobacter, synchro-
nous populations of cells were pulse-labeled at
10-min intervals throughout the differentiation
cycle. The results of these studies (Fig. 4) indi-
cate that the pilin monomer is synthesized con-
tinuously by both stalked and swarmer cells;
thus, the stage-specific appearance of pili is not
achieved by regulating the synthesis of pilin.
Since stalked cells synthesize pilin, but do not
possess pili, pilin must either be stored in cellu-
lar reservoirs or rapidly and specifically de-
graded by the stalked cell. Beard and Connolly
(2) have identified pilin pools in the isolated
outer membrane of E. coli; similar studies in
this laboratory have demonstrated that a minor
protein with a molecular weight corresponding
to pilin may be found in purified outer mem-
branes from heterogeneous populations of
CB13B1a.

The function of pili in Caulobacter remains a
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topic of conjecture. At least two interesting pos-
sibilities exist that may be investigated as a
result of the identification and characterization
of the pilin structural protein: pili may function
to define a sexually differentiated cell form in
the Caulobacter life cycle, and/or it may facili-
tate bacterial survival under adverse condi-
tions, as proposed for the function of type I pili
in E. coli (10). ‘

Cell-mediated gene transfer has been demon-
strated in several Caulobacter strains; how-
ever, no direct evidence exists for the involve-
ment of pili in the gene transfer process. In all
reported cases of Caulobacter gene transfer (17,
23; N. Agabian-Keshishian, Ph.D. thesis, Al-
bert Einstein College of Medicine, New York,
1971, and C. Ruby, MS thesis, Indiana Univer-
sity, Bloomington, 1967), one of the parental
species is C. crescentus strain CB15, a piliated
strain (27). We have shown that the CB15 pili
are similar to CB13B1a pili in molecular weight
and are likewise synthesized throughout the
cell cycle. CB15 pili are also receptors for the
RNA bacteriophage ¢Cb5, which is able to in-
fect both CB15 and CB13Bla strains (4, 27).
Although some plasmid-coded pili of E. coli are
involved in conjugation (11), C. crescentus plas-
mids have not yet been found.

The cell types that participate in conjugation
in Caulobacter are also not known; however,
the presence of pili on swarmer cells may desig-
nate these cells as participants and, by analogy,
donors in the cell-mediated transfer of genetic
material. This represents an interesting di-
lemma regarding the mechanism(s) of gene
transfer in Caulobacter since deoxyribonucleic
acid replication does not occur in the swarmer
stage of the cell cycle (14).
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