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RNA polymerase preparations isolated from vegetatively growing Bacillus subtilis cells contain the core
subunits 8, B’, and a, together with multiple o factors and other core-associated polypeptides such as 8§, w,,
and w;. We have developed an lmproved large-scale purification procedure that yields RNA polymerase
fractions enriched in both the ¢** and & proteins. These fractionis have been used to isolate o® protein for
biochiemical characterizatlon and for preparation of highly specific anti-o®® antisera. The amino acid
composition of puriﬁed o> protein and the amino acid sequences of tryptic peptlde fragments have been
determined. Anti-o>® antisera speciﬁcally inhibit transcription by the purified o*>-dependent RNA polymer-
ase, yet do not affect transcription by o*>-dependent RNA polymerase. Inmunochemical analysis confirms that
the o® protein copurifies with total RNA polymerase activity through the majority of the purification
procedure and allows the steps when o2 protein is lost to be identified and optimized. Immunochemical
techniques have also been used to monitor the structure and abundance of the o> protein in vivo. A single form
of antibody-reactive protein was detected by two-dimensional gel electrophoresis-isoelectric focusing. Its
abundance corresponds to a maximal content of 220 molecules of o>* per B. subtilis cell during late-

logarithmic-phase growth.

Vegetatively growing Bacillus subtilis cells contain multi-
ple forms of RNA polymerase (36). These forms are distin-
guished by interaction of the catalytically active core RNA
polymerase (BB’e,) with o factors, regulatory proteins that
determine the promoter specificity of the resulting ho-
loenzymes, as well as accessory proteins such as 3, ,, and
w,, whose functions are less well defined. However, the
relative . yield of these core-associated polypeptides varies
greatly with different purification. procedures. The major
fraction of RN A polymerase in vegetative cells is associated
with ¢*3, the ¢ subunit that controls the majority of cellular
transcription (36). At least six additional o factors have been
identified through biochemical and genetic analysis. These
include the o8 (sigD) (45), ¢ (sigB) (4, 11, 18), 02 (29), 0*°
(spoOH) (7), o® (spolIGB) (16, 31, 43), and spolIAC (46; P.
Stragier, FEBS Lett. 195:9-11, 1986) factors.

Mutations in the genes for three of these factors have been
found to impair sporulation (36, 43, 46). Disruption of the ¢’
and o genes, however, does not impair sporulation (11, 20,
25). Disruption of the gene encoding o® (sigD) prevents
flagellar synthesis in B. subtilis, suggesting that o*® may
control genes involved in flagellar morphogenesis and pos-
sibly chemotaxis (20).

The 0?2 factor is a low-abundance protein, and o2 holo-
enzyme represents no more than 1 to 2% of the RNA
polymerase isolated during typical purification procedures
(45; data not shown). This has made it difficult to obtain large
amourits of the protein for biochemical analysis. Interfering
activities in cell extracts also inade it necessary to carry out
initial purification steps without quantitative measurement of
a8 levels, leading to the possibility of substantial losses
during these steps. We have recently developed a sensitive
and specific in vitro assay for the 6*®* RNA polymerase that
is applicable even to cell extracts. With this assay, we have
developed a revised purification of the ¢®® holoenzyme and
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the ¢?® protein that has greatly facilitated study of the
structure and properties of this transcriptional factor.

MATERIALS AND METHODS

Bacterial strains and media. B. subnlzs W168 was used to
purify RNA polymerase. Cells were grown on rich media
and harvested as described previously (27).

Assays. We have used three different enzymatic assays for
the purification and study of the ¢®® RNA polymerase. The
first (assay 1) is a general measure of the total DNA-
dependent RNA polymerase act1v1ty (primarily o** holoen-
zyme). The second (assay 2) is a highly specific and quanti-
tative measure of the amount of active ¢®® holoenzyme in a
fraction. The third (assay 3) is a semiquantitative measure of
a8 activity in fractions lacking o*> holoenzyme. All of these
assays were performed with reaction mixtures (50 pl) con-
taining 40 mM Tris (pH 8.0); 10 mM MgCl,, 10 mM 2-
mercaptoethanol, and 400 pM nucleoside triphosphates.
Enzyme and template were added as indicated, and the
reaction mixtures were incubated at 37°C for either 6 or 10
min. One unit of enzyme activity was defined as the amount
of activity required to give a rate of incorporation of 1 nmol
of [a-*2P]CMP per h into acid-precipitable product.

(i) Assay 1. To measure the total RNA polymerase activity
in a given sample, incorporation of [a->?P]CMP into acid-
insoluble material was measured with purified $29 DNA as
template (100 p.g/ml) Transcription reaction mixtures were
incubated for 6 min at 37°C; the reactions were stopped by
addition of 200 wl of YEP (0.5 mg of yeast RNA per ml, 50
mM EDTA, 50 mM sodium PP;), and the product was
precipitated with 2 ml of 4% trichloro'acctic acid and col-
lected on GF/C filters (Whatman, Inc., Clifton, N.J.) as
described previously (8). Total acid-precipitable radioactiv-
ity was determined by lquId scintillation counting. Smce
DNA isolated from $29 is a poor template for the o?®
holoenzyme and contains strong o> promoters (12), this
assay is biased in favor of the predominant ¢** holoenzyme.
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(ii) Assay 2. To specifically measure the o®® holoenzyme
during early fractionation steps, we have developed a sensi-
tive S1 nuclease protection assay. In vitro transcription
reactions involve the use of a supercoiled plasmid template,
pJH102T (20 pg/ml). This template contains the strong
o*8-dependent promoter P,z ; (12) on a Hpall fragment
cloned into the polylinker Accl site of the plasmid pUCS8
(37). Transcription initiation within this B. subtilis insert is
dependent on the o?® holoenzyme, and transcription pro-
ceeds toward the BamHI site in the polylinker. Two strong
transcription terminators (E. coli rrnB T, and T,) have been
cloned as a 500-base-pair HindIlI fragment (from plasmid
pKKS5-1 [S]) upstream of this insert (in the polylinker HindIII
site) to protect this region from readthrough transcription
initiated at plasmid promoters (by the o** holoenzyme, for
example). The S1 hybridization probe is end labeled at the
BamHLI site in the pUCS8 polylinker; therefore, this assay is
insensitive to both endogenous cellular RNA and chromo-
somal DNA present in early steps of the fractionation.

To measure o2 RNA polymerase activity, a transcription
reaction mixture (50 pl) was incubated at 37°C for 6 min, the
reactions were stopped by addition of 50 .l of stop mix (1.5
M ammonium acetate, 40 mM EDTA, 50 pg of tRNA per
ml), and nucleic acids were isolated by two or three phenol-
SEVAG (1:1, vol/vol) extractions (SEVAG is chloroform-
isoamyl alcohol [24:1, vol/vol]). End-labeled single-stranded
DNA probe (10,000 to 50,000 cpm) was added, and the
recovered RNA was quantitated by S1-nuclease protection
and autoradiography as described previously (13).

(iii) Assay 3. To monitor the partitioning of holoenzyme
forms during heparin-agarose chromatography, parallel tran-
scription reactions were performed with plasmids pMG201
(20 pg/ml) and pBR322 (20 pg/ml) as templates. RNA was
labeled with [a->?P]CMP and quantitated as described for
assay 1. Plasmid pMG201 contains the strong o promoter
P, , cloned into pBR322 (12). The o** holoenzyme uses both
templates equally, whereas the ¢®® holoenzyme is nearly 10
times as active on the template containing the ¢°® promoter
(pPMG201).

Purification of B. subtilis RNA polymerase. (i) Protein
determinations. Protein determinations were performed by
using the Bio-Rad protein assay kit (BioRad Laboratories,
Richmond, Calif.) with bovine serum albumin as a standard.

(ii) Cell extract. B. subtilis W168 cells (500 to 600 g) were
homogenized in 2 liters of lysis buffer (S0 mM Tris [pH 8.0],
10 mM MgCl,, 2 mM EDTA, 0.1 mM dithiothreitol, 1 mM
2-mercaptoethanol, 233 mM NaCl, 10% [vol/vol] glycerol)
and lysed by two passages through a Manton-Gaulin homog-
enizer at approximately 10,000 Ib/in?. Phenylmethylsulfonyl
fluoride (100 mM in absolute ethanol) was added between
passages to a final concentration of 1 mM. Following lysis, 2
liters of TGMED (10 mM Tris [pH 8.0], 10% [vol/vol]
glycerol, 10 mM MgCl,, 0.1 mM EDTA, 0.1 mM
dithiothreitol)-0.2 M NaCl was added, and the lysate was
cleared by centrifugation at 10,000 X g for 45 min.

(iii) Polymin P fractionation. The 10,000 X g supernatant
fraction (ca. 3.5 liters) was mixed with a 10% polyethylene-
imine solution (Polymin P; BASF) to a final concentration of
0.5% over a period of 10 to 20 min. The solution was stirred
for 30 min at 4°C, and the precipitate was collected by
centrifugation for 15 min at 10,000 X g. The pellet was
washed by resuspension in 1.6 liters of TMED (10 mM Tris
[pH 8.0}, 10 mM MgCl,, 0.1 mM EDTA, 0.1 mM
dithiothreitol)-0.4 M ammonium chloride, and the centrifu-
gation was repeated. The supernatant fraction is the 0.4 M
wash. The pellet was suspended in 1.0 liter of TMED-1.0 M
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ammonium chloride, incubated for 5 min at 4°C, and centri-
fuged again. The supernatant fraction is the 1.0 M eluate.

(iv) Ammonium sulfate fractionation. The 1.0 M eluate was
precipitated by addition of solid ammonium sulfate (0.40
g/ml of eluate) while the pH was maintained at 7 to 8 by
addition of 5 N ammonium hydroxide. After the mixture had
been stirred at 4°C for 30 min, the precipitate was collected
by centrifugation at 16,000 x g for 1 to 2 h. The ammonium
sulfate pellet was suspended in a minimal volume (ca. 150
ml) of TGED (10 mM Tris [pH 8.0}, 10% [vol/vol] glycerol,
0.1 mM EDTA, 0.1 mM dithiothreitol)~0.05 M NaCl and
desalted by passage over a 600-ml P-6 desalting column (48
by 4 cm; Bio-Rad) previously equilibrated in the same buffer.

(v) DNA-cellulose chromatography. Protein-containing frac-
tions from the P-6 column were pooled and applied to a
500-ml DNA-cellulose column (40 by 4 cm) (1) equilibrated
in TGED-0.05 M NaCl. After the column had been washed
overnight with 1 liter of the same buffer, the polymerase was
eluted with a 1.5-liter gradient from 0.05 to 1.0 M NaCl in
TGED. MgCl, was added to a final concentration of 10 mM
to all fractions prior to assay. Fractions containing RNA
polymerase activity (assay 1) were pooled and precipitated
with ammonium sulfate (0.42 g/ml).

(vi) ASM sizing chromatography. The ammonium sulfate
pellet was suspended in a minimal volume (ca. 10 ml) of
TGMED-0.5 M NaCl. This material was chromatographed
on a 500-ml Bio-Gel A5M column (110 by 2.5 cm; Bio-Rad)
equilibrated in the same buffer at a flow rate of ca. 25 ml/h.
Active fractions (assay 1) were dialyzed into storage buffer
(TMED, 50% [vol/vol] glycerol, 100 mM NaCl) and stored at
-20°C.

(vii) Heparin-agarose chromatography. To prepare o2*-
containing RNA polymerase free from contaminating o**,
AS5M purified RNA polymerase was chromatographed on
heparin-agarose as described previously (45). The peak
eluting at low salt concentrations contained core RNA
polymerase and o® holoenzyme (heparin-agarose peak I).
The peak eluting at higher salt concentrations contained the
o> holoenzyme. These fractions were assayed by assay 3,
and the presence of ¢?® in heparin-agarose peak 1 was
confirmed by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis.

Purification and characterization of o2® protein. (i) Isolation
of 028, o8 protein was isolated from ASM- or heparin-
agarose-purified RNA polymerase by preparative gel elec-
trophoresis. RNA polymerase was electrophoresed on 1.5-
mm-thick 12.5% polyacrylamide gels, and protein bands
were visualized by staining with 0.05% Coomassie brilliant
blue-7.5% acetic acid-30% methanol and destaining with
45% methanol-7.5% acetic acid. After electrophoretic elu-
tion (23), the isolated protein was lyophilized and washed
two or three times with acetone-triethylamine-acetic acid
(90:5:5, vol/vol) as described previously (33). The acetone
pellet was dried under vacuum, suspended in 50 mM ammo-
nium bicarbonate, and stored at —20°C. The isolated protein
(gel-purified 0®) was analyzed by SDS-polyacrylamide gel
electrophoresis (12.5% acrylamide) followed by silver stain-
ing (38).

(ii) Amino acid composition analysis. The amino acid com-
position of gel-purified 0*® was determined by complete
hydrolysis of 2 pg of gel-purified o8 in 6 N HCI for 24 h at
110°C followed by high-pressure liquid chromatographic
analysis (Pico-Tag method; Waters Associates, Inc., Mil-
ford, Mass.) of the resulting amino acids after derivatization
with phenylisothiocyanate (3). For one sample (trial 2), the
protein was reduced and carboxymethylated prior to hydrol-
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ysis to recover any cysteine residues as carboxymethylcys-
teine (19).

(iii) Tryptic peptide sequencing. Gel-purified ¢ (20 pg)
was digested for 18 h at 37°C with 2 pg of L-1-tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-trypsin in 0.2 M
Tris (pH 8.25) containing 2 M urea and 0.1 mM CaCl,.
Tryptic fragments were purified by reverse-phase high-pres-
sure liquid chromatography on a C-18 column (VYDAC,
Hesperia, Calif.) with a linear gradient of 0 to 60% 1-
propanol in 0.1% trifluoroacetic acid, and the eluate was
monitored with a fluorescamine detector (41). The amino
acid sequence of selected fractions was determined by
microsequencing (21) on a Sequenator (no. 470A; Applied
Biosystems, Foster City, Calif.), and the phenylthiohydan-
toin-amino acids were identified by using a PTH Analyzer
(no. 120A; Applied Biosystems).

Immunological techniques. (i) Antibody production. Four
female BALB/c mice were immunized by subcutaneous
injection with 5 pg each of gel-purified 0?® emulsified in
Freund complete adjuvant. Mice were boosted at 2- to
3-week intervals with 2 to 3 pg of 0?® emulsified in Freund
incomplete adjuvant for a total of three to five times. Serum
samples were analyzed for anti-o®® antibodies by Western
immunoblot analysis against ASM- or heparin-agarose-pu-
rified RNA polymerase fractions. Rabbit antisera were pre-
pared by similar techniques, except that rabbits received
initial injections of 50 pg and were boosted with 10 pg of o®
at 1-month intervals.

(ii) Preparation of IgG fractions. To partially purify immu-
noglobulin G (IgG) from rabbit sera, proteins were precip-
itated with ammonium sulfate added to 50% saturation,
dialyzed against 30 mM sodium phosphate (pH 7.2), and
passed over a DE-52 column equilibrated in the same buffer
(30). The flowthrough fractions were collected, precipitated
with ammonium sulfate (50% saturation), and suspended in
80% of the original volume of 10 mM Tris (pH 8.0)-100 mM
NaCl.

(iii) Immunochemical analysis. Immunochemical analysis
was performed essentially as described previously (20).
Anti-o®® antisera were added at a dilution of 1:1,000 in 10
mM Tris (pH 8.0)-100 mM NaCl-1% (wt/vol) bovine serum
albumin (fraction V; Sigma Chemical Co., St. Louis, Mo.).
For experiments with mouse antisera, rabbit anti-mouse IgG
(final concentration, 1.6 pg/ml) was used as a secondary
antibody. Immunoblots were then incubated with horserad-
ish peroxidase-coupled goat anti-rabbit IgG and visualized
with 4-chloro-1-naphthol as substrate.

(iv) Two-dimensional immunoblots. Two-dimensional gel
electrophoresis was performed as described (40). Immuno-
blots of two-dimensional gels were performed as described
for one-dimensional immunoblots. The pH gradient was
measured after isoelectric focusing by using blank tube gels
sliced into 0.5-cm slices and equilibrated in boiled, deion-
ized, distilled water.

RESULTS

Purification of B. subtilis ¢>® RNA polymerase. The o2®
factor is a low-abundance protein in B. subtilis. Therefore,
we found it necessary to develop a purification procedure
that was both reproducible and applicable to large quantities
of bacterial cells. This revised procedure has provided
purified ¢2® RNA polymerase and ¢® factor in quantities
sufficient for biochemical characterization and antibody pro-
duction.

To monitor the 0®® holoenzyme during purification, we
used a transcriptional assay (assay 2) that is highly specific
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for the ¢ RNA polymerase and accurate even for cell
extracts. This assay monitors transcripts initiated at a cloned
o8 promoter on a supercoiled plasmid template. Because of
the sensitivity and specificity of the S1 nuclease protection
procedure (13), we can monitor ¢°® RNA polymerase at very
early stages of the fractionation. This has allowed modifica-
tions to be introduced into the purification procedure with- -
out compromising the recovery of ¢?® RNA polymerase
activity.

The purification procedure we have devised is a modifica-
tion of our earlier methods (27, 45). Specific modifications
include the use of ammonium chloride for elution of RNA
polymerase from polymin P, as suggested by Zillig et al. in
their original description of polyethyleneimine precipitation
(47); the omission of glycerol from the wash and elution
buffers during polymin P fractionation; and rapid desalting of
the ammonium sulfate pellet by column chromatography
prior to DNA-cellulose chromatography. These changes
promote efficient and reproducible concentration of the
proteins eluted from Polymin P by ammonium sulfate pre-
cipitation and improve recoveries of total RNA polymerase
activity.

This revised procedure typically yields 80 to 100 mg of
total RNA polymerase protein (A5SM fraction) from 500 g of
cell paste (Table 1): a yield of 40 to 50% of the total RNA
polymerase protein in the cell (9). This enzyme contains only
0.01 to 0.02 equivalent of o® protein. Although this proce-
dure was developed with a o®*-specific assay (assay 2), we
routinely use a less specific, but more convenient general
RNA polymerase assay (assay 1) to monitor activity during
purification. The results of these assays are summarized in
Table 1. A Coomassie blue-stained gel of fractions from a
typical preparation is shown in Fig. 1A, and the o8 protein
is indicated by the arrowhead.

The availability of anti-o2® sera (see below) has allowed us
to monitor directly the partitioning of both free o*® polypep-
tide and o® holoenzyme during these fractionation steps. An
immunoblot analysis of a gel identical to that shown in Fig.
1A is shown in Fig. 1B. The 28-kilodalton band indicated by
the arrow is the ¢?® protein (see below). This protein
cofractionates with the pooled RNA polymerase activity
through the majority of the steps in the purification. How-
ever, significant quantities of o®® protein appear to be lost
during Polymin P fractionation (Fig. 1B, lane 2).

Using quantitative immunoblots, we estimated the loss of
o8 protein during polymin P fractionation to be 25% of the
total o2 protein present in the low-speed supernatant frac-

TABLE 1. Purification of RNA polymerase from
B. subtilis W168¢

RNA
. Vol Amt (.)f polymerase
Fraction protein .
(ml) (mg/ml) activity
(U/mg)®
10,000 x g supernatant 3,820 10.5 57
Polymin P supernatant 3,800 6.9 ND¢
0.4 M wash 1,600 2.4 5.8
1.0 M eluate 1,040 6.0 56
P-6 pool 190 26.4 644
DNA-cellulose flowthrough - 306 15.6 5.4
DNA-cellulose pool 220 1.0 440
ASM pool 21 5.2 788

“ A total of 586 g (wet weight) of B. subtilis cells was used.

® Activities were determined by using assay 1 as described in Materials and
Methods.

¢ ND, Not determined.
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FIG. 1. Purification of B. subtilis W168 RNA polymerase. (A)
Coomassie blue-stained summary gel. Samples were electropho-
resed on an SDS-12.5% polyacrylamide gel. Lanes: M, heparin-
agarose peak I RNA polymerase; 1, 2 pl (21 pg) of 10,000 x g
supernatant fraction; 2, 2 pl (13.8 pg) of Polymin P supernatant
fraction; 3, 10 ul (24 ng) of 0.4 M wash; 4, 5 pul (30 pg) of 1.0 M
eluate; 5, 20 ul (30 pg) of ammonium sulfate supernatant; 6, 1 l
(26.4 pg) of P-6 pool; 7, 1.5 pl (23.4 pg) of DNA-cellulose flow-
through; 8, 20 ul (20 pg) of DNA-cellulose pool; 9, 20 pl (2.8 pg) of
ammonium sulfate supernatant; 10, 10 pl (52 ng) of dialyzed ASM
fraction. (B) Immunoblot of gel identical to that in panel A with
mouse anti-o?® antiserum. The arrowheads indicate the o%® band.

tion (data not shown). In contrast, more than 90% of the B,
B’, and o** subunits were precipitated by Polymin P. We
have not been able to modify the Polymin P step to avoid this
loss of o® protein, nor can we explain why this portion of
the 0?8 protein does not remain bound to core RNA poly-
merase. The levels of Polymin P that remain in the Polymin
P supernatant fraction inhibit all transcription assays and
preclude direct determination of whether this 622 protein is
active.

The ¢?® holoenzyme elutes near the ¢** holoenzyme from
both the DNA-cellulose and ASM columns. Figure 2A shows
column fractions from a DNA-cellulose column assayed by
silver staining, and proteins reactive with mouse anti-g28
antiserum are visualized in the immunoblot shown in Fig.
2B. With this mouse antiserum, some cross-reaction with the
o*? factor is observed. Although the ¢® holoenzyme eluted
slightly ahead of the o*> holoenzyme, all fractions containing

8 protein were included in the activity pool when ¢29
template DNA (assay 1) was used to monitor RNA polymer-
ase activity. Similarly, the ¢?® holoenzyme peak is coinci-
dent with the ¢** peak during ASM chromatography (data
not shown). These two holoenzyme forms are resolved
during heparin-agarose chromatography as previously de-
scribed (45).

Isolation and biochemical characterization of o® protein.
Initially, we sought to purify the o2 factor away from other
polymerase subunits by using phosphocellulose chromatog-
raphy (6, 17). However, unlike Escherichia coli ¢’ (6) and
B. subtilis o** and 3 proteins (17), ¢® is not released from
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core polymerase during chromatography on phosphocellu-
lose under a variety of conditions. Similar results have been
reported for o7 (17), ¢®® (16), and other bacterial o factors
(e.g., Pseudomonas, Micrococcus, Calulobacter, and Agro-
bacterium o factors [2, 28, 32, 35]). The o® protem can be
eluted from a phosphocellulose column by using buffers
containing 4 M urea, but the core subunits also dissociate
and a is released from the column along with ¢28. Since we
were unable to separate ¢?® from core polymerase under
nondenaturing conditions, we chose to use preparative gel
electrophoresis after denaturation of RNA polymerase with
SDS.

The o?® protein was recovered from preparative SDS-
polyacrylamide gels by electrophoretic elution (23). In a
typical preparation, 25 mg of heparin-agarose-purified en-
zyme yielded approximately 40 ug of pure o?® protein. A
silver-stained gel of the resulting o®® fraction is shown in Fig.
3. The upward smearing of the purified o8 factor during gel
electrophoresis is probably due to modification of the protein
during gel purification and electrophoretic elution, since it
occurs in ¢ fractions isolated from enzyme fractions with
no visible contaminants in this region of the gel (Fig. 3, lane
1). We estimate that the overall purification of o2® is about
800-fold with respect to total starting protein for this step.

Using this procedure, we have isolated over 400 pg of ¢*®
protein from nearly 3 kg of cell paste. To confirm the identity
of the isolated protein, a sample was renatured from 6 M
guanidine hydrochloride (15, 45) and assayed for its ability to
form ¢® holoenzyme when mixed with purified core RNA
polymerase (assay 2). The presence of o?8-specific tran-
scripts in the reconstituted reaction mixture demonstrates

A.
Mt2 3 46070 8101121814M4

e ;&iizia.L.'z.z__;......~ . <

B ———
r.--u-——-.._._—.-,__
~-5..h~-—~-—,v s -
“ﬁ*ﬂoa—.‘-—»mm
B.

M1 23 45 6 7 8 81011213 4 M

FIG. 2. DNA-cellulose chromatography of RNA polymerase.
(A) Silver-stained SDS-polyacrylamide gel electrophoresis analysis
of fractions from DNA-cellulose chromatography. The marker lanes
(M) contain heparm-agarose peak I RNA polymerase. (B) Immuno-
blot of gel identical to that in panel A with mouse anti-o*® antiserum.
The arrowheads indicate the o2® band.
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FIG. 3. Gel purification of o?®. Lanes: 1, 15 pg of heparin-
agarose peak I (starting material for o2 isolation); 2, Gel-purified o2
protein.

that o®® can be renatured following gel purification and
electrophoretic concentration (data not shown).

Purified o®® protein has been used to determine the amino
acid composition of ¢®® and to sequence a series of peptide
fragments derived from trypsin hydrolysis. The amino acid
composition of the purified protein agrees well with that
predicted from the gene sequence (Table 2). The larger
amount of glycine (G) detected in the gel-purified protein is
probably the result of the use of Tris-glycine buffers during
SDS-polyacrylamide gel electrophoresis (23). In addition,
the hydrolysis protocol used destroys tryptophan (W) resi-

TABLE 2. Amino acid composition of o2® protein

% in ¢*® protein

Amino acid(s) Predicted from

Trial 1 Trial 2 gene sequence

D+N 7.6 7.6 10.6
E+Q 11.2 12.8 14.2
C ND? 0 0

S 8.7 7.3 5.9
G 10.8 10.6 4.3
H 1.3 1.0 2.0
R 7.2 5.9 5.1
T 54 4.6 4.3
A 5.4 5.9 4.3
P 4.7 33 35
Y 3.6 33 2.8
A\ 6.7 6.6 6.3
M 1.3 2.6 4.3
1 5.4 6.6 6.3
L 10.8 11.2 13.0
F 34 4.0 2.4
K 6.7 6.6 9.1
w ND ND 1.6

“ ND, Not determined.
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TABLE 3. Amino acid sequence of tryptic peptide fragments
of purified o protein

Amino acid sequence

HPLC“
fraction no. Found Predicted from
gene sequence
20 ALFK ALFK
24,1° AIIDGLR GAIIDGLR
24,2° YMPLV(E)(Y)? YMPLVTY
28 MQSLNYEDQVL MQSLNYEDQVL
22 FDTGAPFR, ISVYLSK® FDTYASFR, ISVGLPK¢

4 HPLC, High-pressure liquid chromatography.

® Fraction 24 contained a mixture of two sequences, with one (24,1°) in a
greater amount; hence, each sequence could be read. Parentheses indicate
tentative identifications only.

< Mixture of two sequences with residues in equal amounts.

dues, so that these were not detected, and hydrolyzes
glutamine (Q) to glutamate (E) and asparagine (N) to aspartic
acid (D) (26).

The amino acid sequence of a series of tryptic peptide
fragments is shown in Table 3 and is compared with the
sequences predicted from the known gene sequence. All of
the sequenced tryptic peptides are predicted from the in-
ferred amino acid sequence of the ¢®® protein (20). One
discrepancy is the absence of a glycine in position 1 of the
tryptic peptide sequenced in fraction 24. The reason for this
discrepancy is not known. The sequence of tryptic peptide
28 has been used to predict an oligonucleotide probe specific
for the o?® structural gene (20).

Preparation of anti-o® antisera. Isolated o”® protein has
been used to produce polyclonal antisera in both mice and
rabbits. To demonstrate that the antisera are directed against
the ¢*® protein, we determined the effect of purified rabbit
IgG fractions on in vitro transcription reactions. The im-
mune IgG fraction, but not the preimmune fraction, specif-
ically inhibits o?®-directed in vitro transcription of the o3
promoter-containing plasmid, pJH102T (Fig. 4). Neither IgG
fraction inhibits transcription of the same template by the o*
holoenzyme (data not shown). The lack of effect with o*
RNA polymerase probably reflects the low level of anti-o**

300

200

100

pmoles CMP
incorporated

1 2 3 4
Micrograms IgG Fraction

FIG. 4. Inhibition of o?®-directed transcription by anti-a*® anti-
sera. RNA transcription reactions were performed as described for
assay 2, except that [a-32P]JCTP was included at 150 cpm/pmol and
RNA was quantitated by trichloroacetic acid precipitation as de-
scribed for assay 1. The indicated amounts of immune (@) or
preimmune (O) IgG fraction were added 5 min prior to initiation of
transcription by shifting the reaction mixtures to a 37°C water bath.
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FIG. 5. Quantitative immunoblot analysis of ¢ in W168 10,000
X g supernatant. Lanes 1 through 6 contain heparin-agarose peak I
enzyme (10, 5, 2, 0.5, 0.2, and 0.05 pg, respectively). This enzyme
fraction contains at least 0.12% o protein by weight as judged by
recovery following gel purification. Lanes 7 and 8 contain 39 and 9
ug, respectively, of total protein of 10,000 X g supernatant fraction
from an RNA polymerase purification similar to that shown in Fig.
1.

antibodies in our purified rabbit IgG fractions (Fig. 5, lanes 7
and 8).

Two-dimensional gel electrophoresis of purified a®® holo-
enzyme fractions and samples of the low-speed supernatant
fraction isolated from B. subtilis W168 cells has been used to
assess the integrity of the isolated o® factor (data not
shown). In repeated determinations (n = S5) with both the
low-speed supernatant fraction and the purified 0?® RNA
polymerase preparation (heparin-agarose peak I), o?® mi-
grates as a single immunoreactive spot with apparent M, of
28,000 and plI of 5.85 = 0.10. No other immunoreactive
proteins are detected in this size range, indicating that the
signal detected in one-dimensional immunoblots corre-
sponds only to the o® protein. In mixing experiments, the
o8 present in purified enzyme preparations superimposes on
that present in the initial low-speed supernatant fraction
(data not shown).

Quantitative immunoblot analysis has been used to esti-
mate the cellular abundance of o® in late-logarithmic-phase
B. subtilis W168 cells (Fig. 5). Since the amount of ¢*®
present in heparin-agarose-purified RNA polymerase frac-
tions is known from both densitometric scanning of Coomas-
sie blue-stained gels and recovery following gel purification,
this fraction has been used as a standard. The ¢*® polypep-
tide represents between S X 107° and 10 X 10~° (by weight)
of the soluble protein present in the intial low-speed super-
natant fraction extracted from B. subtilis. If the protein
content of an average B. subtilis cell is assumed to be
comparable to that of E. coli (39), this represents about 220
+ 50 molecules of ¢ protein per cell. This is about 10% of
the estimated level for o** and about 40% of that estimated
for ¢*7 (29).

DISCUSSION

Bacterial o factors act as positive regulators of transcrip-
tion by programming RNA polymerase to recognize specific
promoter sites. Alternative o factors represent one impor-
tant mechanism by which the expression of unlinked sets of
genes can be coordinated. Alternative o factors in E. coli
that allow transcription of heat shock (c*?)- and nitrogen
(o°%-regulated genes have been described (14, 22, 24). In B.
subtilis, multiple o factors are implicated in the expression of
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both vegetative-specific (6?8, a7, and ¢*?) and sporulation-
specific (0*°, ¢®°, and spolIAC) functions (36). To better
understand the role of the B. subtilis a®® factor, we devised
an improved, large-scale purification of the ¢® protein. This
has permitted the isolation, sequencing, and mutational
analysis of the o?® structural gene (20).

We have modified our previous procedure (45) for the
isolation of 0?® RNA polymerase to allow efficient and
reproducible purification of large quantities of o®-containing
enzyme. From 500 g of cell paste, we routinely obtain
approximately 100 mg of RNA polymerase, which yields 100
ng of 028 after gel purification. This represents a yield of 5 to
10% of the total o® protein present in the initial low-speed
supernatant fraction. This is significantly lower than the
overall yield of RNA polymerase (40 to 50%) and probably
reflects preferential loss of o”® during some steps. The
polymin P fractionation of the initial low-speed supernatant
fraction has been identified as one step in which significant
amounts of ¢® protein, but not of total RNA polymerase,
are lost.

The particular purification procedure can greatly influence
the transcriptional properties of the final holoenzyme prep-
aration. The current procedure gives relatively high yields of
both the o® and 8 proteins. We found that in an alternative
procedure involving initial fractionation on heparin-agarose
(9), o*® RNA polymerase eluted earlier than the o*> holoen-
zyme (assay 2). Since nonspecific RNA polymerase assays
would not detect ¢*®-containing enzyme in these crude
fractions, the final enzyme fractions are devoid of o®® RNA
polymerase activity. Similarly, RNA polymerase purified by
the methods of Duffy and Geiduschek (10) and Tjian and
Pero (42) fails to transcribe ¢*®-dependent promoter sites in
vitro (27). This underscores the need for an activity assay
applicable to early fractionation steps when purifying a
particular holoenzyme.

We have used two-dimensional immunoblots to determine
whether the isolated o?® protein is representative of that
present in cell lysates. The o® present in purified RNA
polymerase fractions comigrates on two-dimensional gels
with that present in the initial low-speed supernatant frac-
tion, suggesting that intact o2 is being recovered and that
there is no detectable processing of the o2® protein. Consist-
ent with this observation, the amino acid sequence of tryptic
peptide 28 is found to correspond to the amino terminus of
the predicted protein product of the o?® structural gene (20).
This suggests that there is no posttranslational proteolytic
processing of the amino terminus of o2® protein. In contrast,
the B. subtilis ¢® protein is synthesized as an inactive
precursor of M, 31,000 and is processed posttranslationally
to the active form (44).

The procedure we have developed has allowed the isola-
tion of sufficient quantities of ¢ for biochemical character-
ization and antiserum preparation. Chemical sequencing of
purified 0®® protein has allowed the cloning of the o*®
structural gene (20). This gene can now be used for the
overproduction of the ¢®® protein for further biochemical
characterization of this factor and the o®® RNA polymerase.
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