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A procedure for the purification of sex pili is described. Escherichia coli K-12
carrying Rldrdl9 was grown in nutrient broth and blended at the time of peak
sex pilus production. The cells were removed by centrifugation, and the super-
natant fraction was concentrated, dialyzed, and clarified in an ultrafiltration
system. After an additional blend and a clearing spin, the material was centri-
fuged in a CsCl gradient, and the fractions containing the sex pili were sub-
jected to isoelectric focusing. About 5 mg of intact pili of approximately 98%
purity were obtained by this method from about 100 g (wet weight) of cells.

The ability of a bacterial cell to act as a ge-
netic donor is often correlated with the pres-
ence of sex pili on the cell surface (16). Most
sex factors specify sex pili which belong to one
of two main classes, F-like or I-like (14), but
other classes have recently been observed (6).
F-like and I-like sex pili characteristically ad-
sorb F-type (e.g., MS2 and M13) and I-type
(e.g., Ifl) male-specific bacteriophages, respec-
tively (14). F-like R pili resemble F pili, al-
though some can be distinguished serologically
(11) and by density (la). The I-like pili, on the
other hand, are morphologically and sero-
logically quite distinct from F and F-like sex
pili.

Purification of F pili has often been at-
tempted but has been hindered because of
clumping of sex pili to the more numerous
common pili, and because some of the proce-
dures used resulted in alteration of the phage-
binding properties of sex pili, which interfered
with their assay, (4, 19). Brinton (personal
communication) has recently purified F pili by
selectively precipitating them as crystalline
aggregates in tris(hydroxymethyl)aminometh-
ane (Tris)-saline buffer at pH 8.5, and then re-
dissolving them in 30% (w/v) sucrose. These
preparations were further purified by cycles
of low-speed centrifugation and reprecipita-
tion.
This paper describes the isolation of intact

sex pili, in a form still capable of binding
phage, from Escherichia coli carrying a dere-
pressed F-like R factor. The method over-
comes the problem of additional filamentous
appendages on the cell surface.

MATERIALS AND METHODS

Strain UB1025 (E. coli K-12; lac leu Strr Fla-)
was used as the host for the R factor Rldrdl9, which
is derepressed (13) and which confers resistance to
ampicillin, chloramphenicol, kanamycin, streptomy-
cin, and sulphonamides. Male-specific bacteriophage
MS2 was titrated and propagated on strain UB1057
(E. coli K-12; HfrH, FPAr) by a modification of the
soft-agar plate method of Adams (1).

Ampholytes were obtained from LKB Produkter,
Bromma, Sweden. All other reagents were of analyt-
ical grade.

Abbreviations. Abbreviations used in this paper
are: EDTA, ethylenediaminetetraacetic acid; Fim-,
phenotypically nonfimbriate (lacking common pili);
Fla-, phenotypically nonflagellate; FPAr, resistant
to 3 mg of fluorophenylalanine per ml; SDS, sodium
dodecyl sulfate; Strr, resistant to 200 gg of strepto-
mycin per ml; and PFU, plaque-forming units.
Media. The media used were as follows (percent,

w/v): nutrient broth (nutrient broth [Difco], 1.6;
NaCl, 0.5), nutrient agar (nutrient broth plus agar
[Difcol, 1.3), and soft agar (nutrient broth plus agar
[Difco], 0.7). The pH of each was adjusted to 7.5.
IC broth consisted of (percent, w/v): K2HPO4,

0.7; KH2PO4, 0.3; CaCl2, 0.0147; sodium citrate,
0.05; NH4C1, 0.1; glucose, 0.5; and MgCl2 6H2O, 0.1,
pH 7.0. SIC broth was as for IC broth, but substi-
tuting (NH4)2S04 for NH4Cl, and MgSO4-7H2O for
MgCl2.6H2O. Buffer A consisted of Tris, 1.453;
MgCl2-6H2O, 0.2033; and 2-mercaptoethanol, 0.078
(v/v), pH 7.3. Buffer B consisted of Tris, 1.453;
NaCl, 0.5844; and EDTA, 0.3723, pH 7.3. SSC con-
sisted of NaCl, 0.877; and sodium citrate, 0.441, pH
7.0.
Assay for sex pili. The assay for sex pili was

modified from that of Ippen and Valentine (9). 35S-
labeled MS2 phage was prepared in a vigorously
aerated flask at 37 C, containing 1 liter of IC broth,
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40 ml of 40% (w/v) glucose, 20 ml of SIC broth, 30
mCi of carrier-free "S3-sulfate, and an inoculum of
MS2 obtained from a fresh plaque on UB1057 grown
on a soft agar plate. The phage was harvested by
lysing the cells with 50 ml of 0.1 M EDTA containing
1 mg of crystalline lysozyme per ml and 10 ml of
chloroform, and then was precipitated by adding 28
g of (NH4)2SO4 per 100 ml, at 4 C. The precipitate
was collected and suspended in 150 ml of buffer A
containing 500 gg of deoxyribonuclease, and was
centrifuged at 15,000 x g for 30 min, and the phage
in the clear supematant fraction from that spin was
sedimented at 100,000 x g for 15 hr. The pellet was
suspended in 50 ml of buffer B; CsCl was added to a
final concentration of 42.88% (w/w), and the solution
was centrifuged at 100,000 x g for 72 hr. Fractions
from this gradient were assayed for PFU on soft agar
plates, and the fractions containing the phage were
pooled and dialyzed against 100 volumes of SSC
with two changes in 48 hr and then were diluted 1:
10 in SSC to give about 50 ml of phage with a titer
of about 1011 PFU/ml and a specific activity of 10-'
counts per min per PFU.

This material was used in a modification of the
filtration assay (5) using 20 !lAiters of 35S-MS2 in a
mixture of 1 ml of SSC and up to 1 ml of the culture or
fraction to be assayed. The mixture was incubated at
4 C for 30 min to permit adsorption and then was
filtered by negative pressure through Gelman-
Hawksley triacetate metricel filters (type G.D., pore
size 0.45 Mm). The filters were washed with three 5-
ml portions of SSC and then dried at 80 C for 30
min. They were counted in a Packard Tri-Carb scin-
tillation spectrometer in butyl PBD/toluene
(4 g/liter). Fractions from CsCl gradients could be
assayed directly; fractions from the isoelectric fo-
cusing column were assayed after dialysis against
SSC.
Protein estimations. Protein estimations were

carried out by the method of Lowry et al. (12).
Diafiltration. Diafiltration (7) was performed in

an Amicon TC1D ultrafiltration module at 4 C by
using the XM-300 membranes which retain mole-
cules above 3 x 10' daltons.

Ultracentrifugation. Ultracentrifugation was per-
formed in a Superspeed 50-TC centrifuge (Measuring
and Scientific Equipment Ltd.) at a temperature
setting of 5 C.

Isoelectric focusing. Isoelectric focusing was car-
ried out by the method of Vesterberg and Svensson
(21), with very little modification. Material to be
investigated was dialyzed for 4 days against three
changes of 1% (w/v) glycine in "Elgastat" deionized
water, and then incorporated into the heavy (50%,
w/v, sucrose) solution in an LKB gradient mixer
(model 8121), which also contained 5% (w/v) ampho-
lyte in the pH range 3 to 8. The light solution was
Elgastat deionized water. The electrode solutions
contained concentrated H,SO4 and solid NaOH,
respectively, with the anode at the bottom of the
column (LKB model 8101). The column was filled
directly from the gradient mixer, and a voltage of
350 v was applied. After 24 hr the current had fallen
to about 3 ma, and the voltage was increased to 450

v for about 5 hr to tighten the bands. Fractions were
collected in an LKB Ultrorac by using a Watson-
Marlow peristaltic pump at a flow rate of 2 ml/min.
Samples (0.1 ml) of each fraction were added to 1 ml
of SSC at 4 C and allowed to equilibrate for 4 days
before filtration assay. The pH of the fractions was
read directly on an EIL 23A pH meter with a mi-
croelectrode. The whole operation was carried out at
4 C. The fractions from preparative runs were col-
lected after being passed through a continuous-flow
cell in a Unicam SP1800 recording spectrophotome-
ter at 280 nm.

Electron microscopy. Electron microscopy was
performed by a modification of the method of Lawn
(10). Samples were labeled with MS2 phage at 4 C,
Formalin was added to a final concentration of 0.2%
(v/v), and the mixture was centrifuged at 10,000 x g
for 30 min. The pellet was suspended in 2% (w/v)
ammonium acetate, and drops were placed on grids
and stained with 0.2% (w/v) uranyl acetate.

RESULTS
Choice of producer strain. Purification of

sex pili is greatly simplified if the host strain
produces no other filamentous appendages
such as flagella or common pili. We have
studied Fim- Fla- derivatives of both E. coli
K-12 and E. coli B/r as hosts for Rldrdl9, but
we have been unable to isolate clones which
produce R pili in sufficient quantity to allow
successful purification, even though these
strains produce many sex pili when carrying
an F factor. Subsequent experiments have,
therefore, been carried out with a nonflagellate
isolate (8) of a strain of E. coli K-12 which
produced numerous R pili as determined by
electron microscopy. Attempts to isolate a
nonfimbriate mutant from this Fla- variant
were unsuccessful, so the major technical diffi-
culty in the purification of R pili has been
their separation from common pili. The
method described here overcomes this problem
and can be used to study sex pili, both F and
F-like, formed by other strains.

Purification of sex pili: stage one, growth
of producer strain. A 24-hr shaken culture of
E. coli K-12 (Rldrdl9) grown in nutrient broth
at 38 C was diluted 1:100 into fresh pre-
warmed nutrient broth and incubated at 38 C
for 20 hr with high- aeration. The extent of pi-
liation was determined at intervals by electron
microscopy or radioactive MS2 phage assay.
After 20 hr the culture was cooled rapidly to 4
C and taken to stage two.

Figure 1 illustrates the production of sex pili
during the growth cycle of the host under the
conditions described above. The rapid loss of
piliation when the culture reaches early sta-
tionary phase has also been reported for F pili
(2, 19), and this was the reason for rapidly
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cooling the culture before harvesting the pili.
The height of the peak in Fig. 1, but not the
time of its occurrence, was proportional to the
amount of aeration. Under exceptional condi-
tions of high aeration, minimal foaming, and
freshly subcultured inocula, up to nine pili per
cell of average length ca. 10 Am were observed
in the electron microscope at the time of peak
production. Observations on the effect of the
temperature of incubation, which have re-
cently been confirmed for F pili in greater de-
tail (15), indicated that a temperature of 37 to
40 C was required for maximal piliation.
The piliation of the host was also studied

during growth in three other types of nutrient
broth and two types of minimal broth, all in
regular use in this department. Nutrient broth
(Difco) was outstanding under all conditions.
Stage two: blending. The chilled culture

obtained in stage one was blended by pumping
it, at a rate of 50 ml/min, through a contin-
uous-flow cell on an MSE homogenizer fitted
with 3-cm blades. The homogenizer was run at
2,000 rev/min and 4 C, and the volume of the
flow cell was 100 ml.

Electron microscopy of samples from the
continuous-flow cell revealed that a decrease
in the flow rate (thus increasing the duration
of blending) led to a progressively marked de-
crease in the length of both cell-attached and
free sex pili. Also, the degree of aggregation of
the longer pili increased with the time of
blending, and they were thus lost with the
pellet during the subsequent centrifugation
(stage three). An increase in the flow rate, on
the other hand, gave less efficient removal of
pili. Blade speed was directly proportional to

6 12 18 24

Time (hr)

FIG. 1. Production of R pili during the growth
cycle of host in vigorously aerated nutrient broth
(Difco) at 37 C. Samples were removed from the cul-
ture at intervals, and the dry weight of the cells, and
the total cell-bound and free phage-binding material
determined. Symbols: x, radioactive male-specific
phage assay; 0, log2 dry weight.

the efficiency of removal of pili, and was there-
fore set at the maximum compatible with
steady flow (ca. 2,000 rev/min).
Stage three: low-speed spin. Cells and cel-

lular debris were cleared from the chilled,
blended culture obtained in stage two in an
M.S.E. HS18 centrifuge by using the contin-
uous-action rotor at a speed of 15,000 rev/min.
The culture was gravity-fed at a rate of 3 liters/
hr, and the supernatant fluid was collected
into a vessel surrounded by ice.
Examination of centrifuged samples in the

electron microscope showed that maximal
clearing of cells and cellular debris, without
concomitant removal of the sex pili from the
supernatant fluid, was achieved at low speeds
for long periods. In small-scale runs, centrifu-
gation at 10,000 x g for 1 hr provided equiva-
lent conditions.
Stage four: ultrafiltration. The superna-

tant fraction from stage three was diafiltered
against five volumes of SSC buffer in an
Amicon TC1D ultrafiltration module and was
concentrated 100-fold. The apparatus was
maintained at 4 C. The concentrated material
was then reblended to break up pilus-cell
complexes and given an additional clearing
spin at 10,000 x g for 1 hr.

Studies on the supernatant fraction before
and after diafiltration and concentration
showed that almost all the sex pili were re-
covered by this method, with very little
breakage or aggregation. Cells were inevitably
concentrated by this process, however, and
became enmeshed in a tangle of pili. An addi-
tional blend and clearing spin resulted in a
4,000-fold higher yield compared to an un-
blended control.
Stage five: density gradient centrifuga-

tion. The concentrated, clarified material ob-
tained in stage four was centrifuged at 70,000
x g for 72 hr after addition of cesium chloride
to a final concentration of 32.05% (w/w). On
large-scale (20-liter) runs, an angle rotor (8 by
50) was employed for this purpose. Fractions
(ca. 1.2 ml) were collected, and samples (0.1 ml)
from each fraction were assayed for phage-
binding activity. The fractions containing the
sex pili were pooled, and this material was
used in stage six.

Figure 2 illustrates a typical sedimentation
profile in cesium chloride. The peak of phage-
binding activity at a density of 1.309 g/cm3
was shown to contain sex pili and common
pili, but no other structures, by electron mi-
croscopy (Fig. 3). The presence of both sex pili
and common pili in a single band in CsCl
could be explained in three ways. They could
have similar density and either be complexed
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together or unassociated, or they could have
different densities and be complexed in a fixed
ratio and thus have an intermediate density.
Control experiments on the R- variant of the
producer strain showed that common pili, in

E U;

8

FIG. 2. Equilibrium sedimentation profile of R
pili in CsCl. Symbols: x, radioactive male-specific
phage assay; , absorbance at 280 nm; 0, density
at 5 C. The solution was centrifuged at 5 C in an

angle rotor (8 by 50) at 70,000 x g for 72 hr. Frac-
tions were collected after the tube contents were

pumped through a continuous-flow cell in a Unicam
SP1800 recording spectrophotometer. A 0.1-ml por-

tion of each fraction was assayed for phage-binding
ability. The densities were calculated from measure-

ments of the refractive index of samples from the
fractions (17).

IF F-LIKE R PILI 817

the absence of sex pili, banded at a density of
1.309 g/cm3. Furthermore, the two types of
pilus were not complexed together since sex
pili prelabeled with radioactive MS2 phage
formed a homogeneous band in CsCl, whereas
common pili remained at the top of the gra-
dient (Fig. 4). Attempts to purify sex pili by
prelabeling followed by density gradient cen-
trifugation failed because the drastic methods
required to break up phage-pilus complexes
disrupted the pilus structure.
Stage six: isoelectric focusing. Isoelectric

focusing (see Materials and Methods) of the
peak from the CsCl gradient showed that it
had two main components: (i) a protein peak
(pl 3.50) which showed phage binding activity
after extensive dialysis against SSC; and (ii) a
protein peak (pI 5.75) which did not show
phage-binding activity after extensive dialysis
against SSC. The fractions containing the
material of pl 3.5 were pooled and dialyzed at
4 C against three changes of 100 volumes of
SSC over a period of 4 days, and this material
was stored at -20 C for use in further experi-
ments.
The technique (18) of isoelectric focusing

requires that the protein under test is present
in solution at low ionic strength (<0.5 mM). No
buffers can be used, and therefore problems of
protein denaturation can arise. The use of El-

w

FIG. 3. Electron micrograph of the material in the peak in Fig. 2. Samples were MS2-labeled and pre-

pared for the microscope by a modification of the method of Lawn (10), by using uranyl acetate as a negative
stain.

VOL. 111, 1972



BEARD, HOWE, AND RICHMOND

c
0 -L

10~~~~~~~~~~~~~~~~~~A

a 20
Fraction nwmar

FIG. 4. Equilibrium sedimentation profile in CsCl
of R pili prelabeled with 3S-MS2 phage. Symbols:
x, radioactive male-specific phage; 0, density at 5
C. A 20-ml amount of pilus material from stage four
was mixed with 0.1 ml of 35S-MS2 and incubated for
30 min at 37 C to permit adsorption. Formalin was

added to a final concentration of 1% (vlv), and CsCl
to a density of 1.42. The mixture was added to one

tube of an SW rotor. Controls of 36S-MS2 alone and
pilus material alone were placed in the other tubes.
The rotor was centrifuged as described in Fig. 2;
fractions were collected and, where the tubes con-

tained the phage, counted directly in 30% (v/v)
Triton X-100 in toluene containing 6 g of butyl PBD
per liter. The control tube containing pilus material
alone was phage assayed in the normal way, and
confirmed that unlabeled pili remained at the top of
the gradient. Electron microscopy of samples of each
fraction demonstrated the presence of common pili
at the top of the gradient, and confirmed the iden-
tity of the phage-binding material with sex pili. The
left-hand peak is free 35S-MS2, and the right-hand
peak is prelabeled sex pili which are free from
common pili.

gastat deionized water resulted in loss of
phage-binding ability of sex pili, in accord
with the observation (5) that binding requires
monovalent cations at about 0.1 M. Further-
more, electron microscopy showed that the
integrity of the pili was lost, and the protein
was present as a random bundle of fibers
which tended to precipitate. Redialysis of this
material against SSC restored about 30% of
original phage-binding ability, but the charac-
teristic structure was never regained. Proteins
can be protected in deionized water by mono-

amino monocarboxylic amino acids (22), and
a 1% (w/v) solution of glycine in Elgastat was
therefore tested as a dialysis medium for sex

pili. The phage-binding ability of the pili was

still lost, but the integrity of their structure
was not, and on redialysis against SSC they
regained almost all their ability to adsorb
phage and became indistinguishable in the
electron microscope from untreated pili. Di-

alysis of pili against 1% (w/v) glycine in SSC
showed that the glycine was not itself respon-

sible for inhibition of phage binding.
The two peaks on isolectric focusing were

obtained whether or not glycine was present,
the only difference being that focusing was a

little less sharp in the presence of glycine. Fur-
thermore, the pI values of the peaks were un-

changed in runs where the polarity of elec-
trodes was reversed, indicating that precipita-
tion effects were negligible.

Criteria of purity. 3H-labeled R- cultures
and "C-labeled R+ cultures (Fig. 5) were
mixed at the start of a preparative run. 3H and
14C labels were detectable together at all
stages in the procedure up to, and including,
the CsCl gradient. On isoelectric focusing (Fig.
5), no 3H was associated with the peak at pH
3.5, and no R+-specific label ("C) was de-
tected in the absence of 3H, except at pH 3.5.
Control runs in which only one of the two cul-
tures was labeled showed that there was no

artifact involved in the reduced efficiency of
counting in double-label experiments. Calcula-
tions of the yield from the peaks in the column
(in terms of both micrograms of protein and
count per minute) indicated that this proce-
dure allowed almost 100% recovery of protein,
and that any other sex-specific component
comprised less than 2% of the total pilus pro-
tein. Figure 6 illustrates the appearance of the
materials in the peak at pH 3.5. The total
yield of sex pili from this procedure was 3 to 6
mg of protein per 20-liter culture.

-f

Fraction number

FIG. 5. Isoelectric focusing of pilus material from
4C-labeled R+ and 3H-labeled R- cells. Symbols: x,
14C (R+) counts/min; O, 3H (R-) counts/min; 0, pH
at 4 C. One-liter cultures of the R+ and R- variants
were grown in nutrient broth (Difco) in the presence
of 0.1 mCi of 14C- and 3H-phenylalanine, respec-
tively. At the time of harvest, the cultures were

mixed, and sex pili were prepared as described in
Results. Fractions from the column were counted
directly as described in Fig. 4.
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FIG. 6. Electron micrograph of isoelectrically focused material at pH 3.5. Samples were prepared as
in Fig. 3.

DISCUSSION

The technique of isoelectric focusing de-
scribed here facilitates the separation of intact
sex pili from a mixture of macromolecules, as
judged by the male-specific phage assay and
electron microscopy. This is important because
subunits obtained after treatment with SDS
and 6 M urea are unrecognizable by these assay
procedures (unpublished observations). Isoelec-
tric focusing is also a sensitive indicator of
purity (20) and is the only well developed
method for the study of macromolecules.
Other methods are appropriate only for homo-
geneous diffusible molecules of low molecular
weight.

It is conceivable that the material in the
peak at pH 3.5 contains a contaminating non-
protein component which is either bound to
the pilus protein or which has a pl of 3.5. Pre-
liminary analysis of the material in the peak
indicates that this is unlikely. Similarly, the
peak at pH 3.5 could be a complex of pilus and
non-pilus proteins coded for by the R factor.
Polyacrylamide-gel electrophoresis in the pres-
ence of SDS indicates the presence of a single
protein, but elucidation of this point must
await further analysis. The electron micro-

graphs demonstrate that pilus proteins are
present in large quantities, but they do not
exclude the presence of other components.
The total yield of R pili from this procedure

(3-6 mg per 20-liter culture) represents a re-
covery of about 10 to 20% of the total amount
of pilus protein in an average culture at the
time of harvest (estimated from the density
and mean dimensions of the pili). The precipi-
tation procedure of Brinton (personal commu-
nication) allows a fourfold higher yield of F pili
(1 mg/liter) by use of a strain producing large
numbers of F pili/cell. Our studies indicate
that R factor-carrying cells rarely produce sex
pili in large numbers, and there is no evidence
at present that Rldrdl9-determined pili can
be precipitated by the method of Brinton. The
purification method described here is inde-
pendent of any particular chemical character-
istic and can therefore be used to study sex
pili specified by a number of R factors in a
variety of strains.

Early investigations on the nature of sex pili
have produced conflicting results. F pili have
been described (23) which have a buoyant den-
sity of 1.197 g/cm3 in CsCl and which are ex-
tremely sensitive to heat and lipid solvents.
Brinton (3) observed a buoyant density of
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1.257 g/cm3 for F pili and found that there is
no evidence for lipid in their structure, but
that they consist of protein subunits of molec-
ular weight 11,800, with two phosphate groups
and one D-glucose residue per molecule. The F
pili which we have studied (la) have a buoyant
density of 1.296 g/cm3, which renders a high
lipid content improbable. Conceivably,
Rldrdl9-determined sex pili may contain
lipid, carbohydrate or nucleic acid, although
their buoyant density again rules out a high
proportion of lipid. Preparation of large
batches of R pili for chemical and physical
analysis is in progress.

It has been proposed that sex pili are com-

posed of identical protein subunits assembled
in a helical manner to form a biotubule (4, 19),
which suggests that each subunit has sites con-
cerned with adsorption of deoxyribonucleic
acid- and ribonucleic acid-containing male-
specific phages, attachment to a recipient cell,
polymerization to other subunits (both prox-
imal and distal), and nucleic acid uptake and
transport. Purification of intact F and F-like R
pili is a prerequisite for the elucidation of
these properties, and for a detailed study of
the mechanisms of sex factor-mediated gene
transfer and male-specific phage infection.
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