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DNA-dependent RNA polymerase from vegetative cells of the gram-negative,
fruiting bacterium Myxococcus xanthus was purified more than 300-fold by a
modified Burgess procedure (Lowe et al., Biochemistry 18:1344-1352, 1979),
using Polymin P precipitation, 40 to 65% saturated ammonium sulfate fractional
precipitation, double-stranded DNA cellulose chromatography, A5m gel filtration
chromatography, and single-stranded DNA agarose chromatography. The last
step separated the RNA polymerase into a core fraction and an enriched
holoenzyme fraction. The core enzyme showed a subunit structure similar to that
of the Escherichia coli polymerase, as follows: 1' and , (145,000 and 140,000 daltons,
respectively) and a (38,000 daltons). A comparison of the core enzyme and the
holoenzyme implicated two polypeptides as possible a subunits. These polypep-
tides were closely related, as indicated by peptide analysis. M. xanthus RNA
polymerase was capable of transcribing DNAs from E. coli phages T7, T4, and X,
Bacillus subtilis phage 4)29, and M. xanthus phages Mxl, Mx4, and Mx8.
Transcription of T7 and 4)29 DNAs was stimulated by KCl, whereas transcription
of Mxl, Mx4, and Mx8 DNAs was inhibited by KCI. Magnesium ion dependence,
rifampin and heparin sensitivities, and spermidine stimulation ofM. xanthus RNA
polymerase activity were similar to those found with E. coli RNA polymerase.
The pH optimum of M. xanthus RNA polymerase activity was more basic than
that of E. coli polymerase. M. xanthus RNA polymerase was capable of selective
transcription in vitro when DNAs from phages T7 Alit, 4)29, and Mxl were used.
The molecular weights of the resulting phage RNA transcripts made by M.
xanthus RNA polymerase (as determined by agarose-acrylamide slab gel electro-
phoresis) were the same as the molecular weights of the transcripts synthesized by
E. coli RNA polymerase. No discrete transcripts were detected as the in vitro
RNA products of M. xanthus phage Mx4 and Mx8 DNA transcription. Southern
blot hybridization analysis was used to confirm the identity of the T7 ADlll A1
transcript synthesized by M. xanthus RNA polymerase. Three transcripts (tran-
scripts A, B, and C; molecular weights, 2.55 x 106, 1.95 x 106, and 1.56 x 106,
respectively) were identified as in vitro RNA products of M. xanthus phage Mxl
DNA transcription when either E. coli or M. xanthus RNA polymerase was used.
A Southern blot hybridization analysis indicated that the E. coli RNA polymerase
and the M. xanthus RNA polymerase transcribe common SaiI restriction frag-
ments of Mxl DNA.

Myxococcus xanthus is a gram-negative, glid-
ing bacterium which grows in soil or on the bark
of living trees (24, 42). M. xanthus cells feed on
decaying organic matter or on other microorgan-
isms by excreting extracellular enzymes that are
capable of hydrolyzing a variety of macromol-
ecules. The myxobacteria generally move over
solid surfaces in large groups called swarms.
Presumably, a swarm provides the critical cell
mass needed by the myxobacteria to attack and
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digest other microorganisms or to degrade com-
plex organic matter (15). Under conditions of
starvation on a solid surface, a developmental
program is triggered. As indicated by studies of
mutants (31, 38), the developmental program of
M. xanthus appears to involve two pathways
that are parallel and to some extent independent,
namely, aggregation and sporulation. The aggre-
gation pathway directs the movement of cells
inward toward aggregation centers, where 105 to
106 cells form raised mounds. The sporulation
pathway controls the conversion of individual
rod-shaped cells (length, 4 to 8 p,m; diameter,
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0.5 ,um) to ovoid, environmentally resistant rest-
ing cells called myxospores. In M. xanthus, the
raised mounds of myxospores are termed fruit-
ing bodies.
The developmental program of M. xanthus is

associated with major changes in the pattern of
gene expression. At least 25% of the major
soluble proteins observed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophore-
sis show significant changes in their rates of
production; several significant changes also oc-
cur in the membrane proteins (20). Two major
development-specific proteins have been puri-
fied and studied in more detail. Protein S, the
most abundant developmental protein, first ap-
pears in the soluble fraction of cells, accounting
for as much as 15% of the total protein synthesis
(20, 22). At later times of development, this
protein self-assembles to form a spore surface
coat (21). The second protein, myxobacterial
hemagglutinin, is a lectin which accounts for
about 5% of the total developmental protein
synthesis (10, 11); this protein accumulates in
the periplasmic space and on the cell surface (at
the cell poles) at the time that the cells aggregate
(32, 33). In vitro transcription of the genes of
these proteins should provide some clues con-
cerning how gene expression is developmentally
regulated in M. xanthus.
To facilitate in vitro studies of transcriptional

control with DNA from M. xanthus, RNA poly-
merase was purified from vegetative cells of M.
xanthus by using a modified Burgess procedure
(4, 26). This procedure has been used to purify
RNA polymerases from a variety of bacterial
species (40). The optimal assay conditions and
sensitivities to various inhibitors and stimulators
were determined by using the DNA from a
deletion mutant (AD111) of coliphage T7. This
well-studied template (36, 40) was chosen be-
cause it contains a strong major promoter (A1)
and terminator which are recognized in vivo by
Escherichia coli RNA polymerase and in vitro
by a wide variety of bacterial RNA polymerases
(40).
The ability of purified M. xanthus RNA poly-

merase to transcribe phage templates selectively
in vitro was investigated. The selectivity of
transcription is the ability ofRNA polymerase to
recognize specific promoters and terminators to
form discrete transcripts (7). It is necessary to
demonstrate selectivity if meaningful conclu-
sions are to be drawn from in vitro transcription
experiments. We analyzed the transcription
products of the M. xanthus and E. coli RNA
polymerases on various phage templates by
agarose-acrylamide electrophoresis and by hy-
bridizing the RNA to DNA restriction frag-
ments, using the method of Southern (35). These
methods have provided good evidence for the

selective transcription of DNA templates in vi-
tro by the M. xanthus enzyme.

MATERIALS AND METHODS
Materials. Materials were obtained from the follow-

ing sources: unlabeled ribonucleoside triphosphates,
salmon testis DNA, polydeoxyadenylic acid-poly-
deoxythymidylic acid [poly(dA-dT)]-containing DNA,
lysozyme, rifampin, deoxycholate, heparin, and sper-
midine, from Sigma Chemical Co.; Bio-Gel A5m and
polyacrylamide gel reagents, from Bio-Rad Labora-
tories; agarose (Seakem ME), from Marine Colloids;
SDS, from BDH Chemicals, Ltd.; Tris and ammonium
sulfate (ultrapure), from SchwarzlMann; dithiothreitol
and phenylmethylsulfonyl fluoride (PMSF), from Cal-
biochem; [3H]UTP and [3H]CTP, from Amersham
Corp.; [a-32P]CTP, from ICN Pharmaceuticals; Poly-
min P and 2-mercaptoethanol, from Eastman Organic
Chemicals; Trasylol (aprotinin), from FBA Pharma-
ceuticals; and Staphylococcus aureus V8 protease,
from Miles Laboratories, Ltd. T7 AD111, Mx1, Mx4,
and Mx8 DNAs were prepared by phenol extraction of
cesium chloride-purified phage particles. T4+ DNA
was a gift from Michael Chamberlin. Proteinase K-
treated 4)29 DNA was a gift from Barry L. Davison.
Lambda DNA was provided by Daryl Faulds of our
laboratory. Sall and HpaI endonucleases were ob-
tained from New England Bio-Labs.

Bacterial and bacteriophage strains. RNA polymer-
ases were purified from M. xanthus strain DZF1(FB)
(34) and E. coli BG156 (obtained from Michael Cham-
berlin). The bacteriophage T7 deletion mutant AD111,
which lacks promoters A2 and A3 (14), was obtained
from Michael Chamberlin. The following three Myxo-
coccus phages were used: Mx8 (29) and Mxl (1, 2),
which were obtained from Dale Kaiser, and Mx4 (6,
16).

Bacteriophage DNAs. DNAs from coliphage T7
AD111 and M. xanthus phages Mx1, Mx4, and Mx8
were prepared by phenol extraction of CsCl-purified
phage particles. Redistilled phenol was saturated with
1.0 M Tris (pH 8.0) before use. T7 AD111 was grown
on E. coli B. The M. xanthus bacteriophages were
grown on strain DZ1 (43). The phage particles remain-
ing in the supernatant from a low-speed centrifugation
of chloroform-treated phage lysates were pelleted by
centrifugation at 27,000 rpm for 2 h. The resulting
phage pellets were suspended and subjected to CsCl
density gradient centrifugation (35,000 rpm, 20 h).
Table 1 summarizes the physical properties of these
templates.

Cells. Vegetative cells of M. xanthus DZF1(FB)
were grown to a density of 2 x 109 cells per ml (two-
thirds of stationary density) in CYE broth (6) at 30°C in
a New Brunswick fermentor with vigorous agitation
and aeration. The cells were quickly chilled with ice,
harvested with a Sharples continuous flow centrifuge,
and frozen at -70°C until they were used.

Buffers. Grinding buffer, TGED buffer (which con-
tained Tris, glycerol, EDTA, and dithiothreitol), and
storage buffer were prepared as described by Burgess
and Jendrisak (4), with the following modifications:
TGED and grinding buffers contained 10% (vol/vol)
glycerol, 1.0 mM EDTA, and 0.2 mM dithiothreitol;
grinding buffer contained 1.0 mM PMSF and Trasylol
(106 K.I.V. per liter); TGED used prior to the double-
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TABLE 1. Summary of the bacteriophage templates

Guanine-
Bacterio- DNA plus- Rfr
phage Host mol wt cytosine efer-phage ~~~(106) content ence(s)

(mol%)

T7 Alll E. coli 25 50 14
4)29 B. subtilis 12 34 12
Mxl M. xanthus 150 50 1, 2
Mx4 M. xanthus 39 70 6, 16
Mx8 M. xanthus 37 70 29

stranded DNA cellulose step contained 10 mM MgCl2
(TGEDM buffer) and 1.0 mM PMSF; and storage
buffer contained 0.3 mM dithiothreitol and 10 mM
MgCl2.

Protein determinatons. Protein concentrations were
determined by the method of Lowry et al. (27). Alter-
natively, concentrations of purified RNA polymerase
were determined spectrophotometrically by using ex-
tinction coefficients [E2lo(1%)] of 6.2 for the holoen-
zyme and 5.5 for the core enzyme (26); the values
determined by this method correlated well with the
values determined by the method of Lowry et al.
Corrections for light scattering were not made. If the
two methods differed significantly, the spectrophoto-
metric determination was used.
RNA polymerase assay. For quantitation of polymer-

ase activity, the standard assay mixture contained (in a
volume of 100 ,ul) 40 mM Tris (pH 8.3), 10 mM MgCl2,
0.2 mM EDTA (pH 8.0), 0.2 mM dithiothreitol, 0.4
mM unlabeled ribonucleoside triphosphates, 150 mM
KCI, 2 ,uCi of [3H]UTP or [3H]CTP, and 4.0 ,ug of
DNA. If necessary, RNA polymerase was diluted into
storage buffer immediately before use. All reactions
were carried out at 30°C for 5 min unless stated
otherwise; 3 ml of ice-cold 10%o (wt/vol) trichloroacetic
acid (TCA) containing 0.01 M sodium pyrophosphate
was added to stop the reaction. The RNA was precip-
itated for 20 min on ice and then collected on glass
fiber filters that had been presoaked in 5% (wt/vol)
TCA containing 0.01 M sodium pyrophosphate. The
filters were washed four times with 3 ml of 5% TCA-
0.01 M sodium pyrophosphate and twice with 95%
ethanol and then dried. The radioactivity was deter-
mined by liquid scintillation counting (counting effi-
ciency, 35%); 1 U of RNA polymerase activity corre-
sponded to incorporation of 1 nmol of CMP in 10 min
at 30°C. Incorporation of CMP was linear with respect
to time for 15 min under the conditions described
above. The specific activity was calculated from the
activity observed in 5 min. The proportion of enzyme
activity that was resistant to rifampin (as determined
by a prebinding protocol [28]) was determined under
standard conditions, except that the KCI concentra-
tion was 50 mM and DNA (T7 AD111) was used at a
concentration of 100 ,ug/ml. The enzyme (enzyme/
DNA ratio, 2) was prebound for 10 min, and the
reaction was started with ribonucleoside triphosphates
with and without 10 p.g of rifampin per ml and contin-
ued for 5 min. M. xanthus RNA polymerase prepara-
tions were always purified through the single-stranded
DNA agarose step of the purification procedure. The
E. coli RNA polymerase preparation utilized was
purified from E. coli BG156 by the method of Burgess

and Jendrisak (4), as modified by Lowe et al. (26). The
E. coli enzyme used for rifampin-resistant (rapid-start)
complex formation was provided by Michael Cham-
berlin. The standard assay with 40 mM Tris (pH 7.9),
T7 ADIl DNA, and 13H]UTP was used to monitor
activity during purification.

Cell lysis and Polymin P precipitatin. M. xanthus
vegetative cells (60-g batches) were lysed by the
EDTA-lysozyme-deoxycholate procedure (26). This
treatment was used on frozen cells since freezing and
thawing helped disrupt the cell wall structure. Since
Myxococcus contains proteases, 1.0 mM EDTA, 1.0
mM PMSF, and Trasylol were added to the buffer to
minimize proteolysis during cell lysis. In addition,
lysis was performed at 0°C in an ice water slurry to
minimize proteolysis further. Typically, spheroplast
formation and lysis took approximately 40 min.

After cell lysis, RNA polymerase and 10% of the
soluble protein were precipitated with 0.25% Polymin
P. The resulting Polymin P pellet was then washed
with 0.35 M NaCl, which removed 67% of the protein
but left more than 95% of the polymerase activity in
the pellet. The RNA polymerase was solubilized with
1.0 M NaCl. The solubilized polymerase was then
subjected to fractional 40 to 65% ammonium sulfate
precipitation. This step was found to be very impor-
tant; RNA polymerase yields were very low in its
absence. The 65% saturated ammonium sulfate slurry
was diluted twofold with 40 mM Tris (pH 7.9)-1.0 mM
EDTA-0.2 mM dithiothreitol-65% saturated ammoni-
um sulfate before centrifugation to lower the glycerol
concentration and allow tight pellet formation. Based
on specific activity, an apparent 58-fold purification
was achieved at this stage.

Double-stranded DNA ceUlulose chromatography and
Blo-Gel A5m gel fitration. RNA polymerase purified
through the Polymin P and ammonium sulfate steps
was chromatographed on double-stranded DNA cellu-
lose. Double-stranded DNA cellulose chromatography
was performed as described by Lowe et al. (26), with
the following modifications: salmon testis DNA (6 mg/
ml) was used instead of calf thymus DNA; a 30-ml
column was loaded at a rate of 50 ml/h and eluted at
the same flow rate with a 100-ml linear 0.15 to 0.75 M
NaCl gradient. The enzyme was eluted with a shallow
0.27 to 0.40 M NaCl gradient. Peak activity fractions
(fractions 68 to 85) and side fractions (fractions 60 to
67 and 86 to 95) were pooled separately; together,
these fractions represented 30%o of the activity loaded
onto the column. Chromatography on DNA cellulose
removed many contaminating proteins, but little nu-
cleid acid (ratio of absorbance at 280 nm [A280] to A260,
1.15). The specific activity of the RNA polymerase
was increased from 127 to 224 U/mg by this step of the
purification.
The pooled peak fractions eluted from double-

stranded DNA cellulose were concentrated by ammo-
nium sulfate precipitation (65% saturated) and applied
to a Bio-Gel A5m column, as described by Burgess
and Jendrisak (4), using a 40-ml column (ratio of height
to depth, 40) and a flow rate of 5 ml/h. The first peak
contained almost no protein and had a ratio of A280 to
A260 of 1.0. The main peak contained the RNA poly-
merase activity. The specific activity of the RNA
polymerase was doubled by Bio-Gel A5m gel filtra-
tion, but significant losses of protein and activity were
incurred. The nucleic acid content was reduced, as
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indicated by an increase in the ratio of A280 to A260
from 1.15 to 1.70.

Purification of core enzyme by using single-stranded
DNA agarose. Peak fractions (fractions 42 to 48) from
the Bio-Gel A5m column were diluted twofold to 0.25
M NaCl and then applied to a single-stranded DNA
agarose column. Single-stranded DNA agarose chro-
matography was performed as described by Lowe et
al. (26), using salmon testis DNA. A 2.5-ml column
was eluted with proportionately lower buffer volumes
and flow rates. Core enzyme and holoenzyme-en-
riched activities were eluted with 0.4 and 1.0 M NaCl,
respectively, as shown in Fig. 1. The core enzyme
fractions had some activity on poly(dA-dT) but very
little activity on T7 AD111 DNA. In contrast, the
holoenzyme-enriched fractions were quite active on
both T7 AD111 DNA and poly(dA-dT). The remaining
nucleic acids were removed, as shown by an increase
in the ratio of A280 to A260 to 1.86. Recovery was quite
high, and the specific activity of the RNA polymerase
was increased from 435 to 720 U/mg.

Polyacrylamide gel electrophoresis. [32P]RNA was
analyzed by electrophoresis in 1.75% acrylamide-
0.7% agarose slab gels (17), followed by autoradiogra-
phy. E. coli polymerase transcripts of Bacillus subtilis
phage 4)29 made in vitro were used as molecular
weight standards (12). For protein analysis, SDS-
polyacrylamide electrophoresis was performed in slab
gels (37) by using a discontinuous buffer system (25)
and an acrylamide-bisacrylamide ratio of 30:0.8. Sam-
ples were precipitated on ice in 10%o TCA for 1 h,
followed by a single wash in 1.0 ml of5% TCA and two
washes in 1.0 ml of 95% ethanol. Air-dried samples
were then suspended in solubilization-reduction buffer
by using a sonicating water bath and boiled for 30 s.
Samples were electrophoresed at a constant current
(25 mA) through 14 cm of a 9%o polyacrylamide sepa-
rating gel, followed by staining with Coomassie blue,
destaining, and drying.

0
0

Peptide analysis. To determine biochemical related-
ness, proteins were cut from dried gels and mixed with
S. aureus V8 protease, and peptides were analyzed on
a second polyacrylamide gel (15%), as described by
Cleveland et al. (9).

Effects of KCI concentration. Standard assays were
performed by using [3H]UTP with or without 150 mM
KCI added on a variety of DNA templates. DNA
preparations were dialyzed against 10 mM Tris (pH
8.3)-1 mM EDTA-10 mM KCl to minimize salt contri-
butions from the DNA preparations. Assays without
added KCI contained 5 mM NaCI due to the 0.1 M
NaCl present in storage buffer.
Optimal concentrations of MgCl2 and ribonucleoside

triphosphates. Standard RNA polymerase assays with
T7i D111 DNA and [3H]CTP were used to determine
MgCl2 and ribonucleoside triphosphate requirements.
For the MgCl2 requirement determinations, EDTA
was omitted from the assays. For determinations of
ribonucleoside triphosphate requirements, the concen-
trations of three of the ribonucleoside triphosphates
were held constant at 0.4 mM, and the concentration
of the ribonucleoside triphosphate being tested was
varied from 1 to 400 pLM. Each of the values in the CTP
experiment was corrected for the changing specific
activity of [3H]CMP incorporated.

Determination of pH optima. The pH of 100mM Tris
buffer that allowed maximal [3H]CMP incorporation
into T7 AD111 RNA was determined. Standard assays
were performed at pH 7.0 to 9.4.

Sensitivity of RNA polymerase to heparin or rifam-
pin. Standard assays with T7 AD111 DNA were used
to determine the sensitivities of E. coli and M. xanthus
polymerases to heparin. The sensitivity of M. xanthus
RNA polymerase to rifampin was determined by using
a modified assay procedure. Crude extracts of M.
xanthus prepared by sonication and low-speed centrif-
ugation were assayed by using reaction mixtures con-
taining ribonucleoside triphosphates at concentrations

clJ
0

2

._V
-a

Fraction number

FIG. 1. Chromatography of RNA polymerase on single-stranded DNA agarose. A 3.5-mg amount of M.
xanthus RNA polymerase from a Bio-Gel ASm column was chromatographed on a 2.5-ml column as described in
the text; 0.5-ml fractions were collected and assayed for A280 (a) and for activity on Ti ADi11 DNA (0) and poly
(dA-dT) (A).
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of 0.15 mM, 40 mM Tris (pH 7.9), and 40 ,ug of salmon
testis DNA per ml; 10 ILI of crude extract was used in
each 10O-pl assay mixture.

Agarse-acrylamide electrophoresis. [32P]RNA was
analyzed by electrophoresis in 1.75% acrylamide-
0.7% agarose slab gels (17), followed by autoradiogra-
phy. B. subtilis phage 429 RNA transcripts made in
vitro by E. coli RNA polymerase were used as molecu-
lar weight standards (12). [32P]RNA was removed
from an agarose-acrylamide gel by extraction with 10
mM Tris-1.0 mM EDTA. Gel slices were macerated
and centrifuged, and the resulting supernatant was
withdrawn and used for Southern blot hybridizations.
The extraction efficiency was approximately 50%o.
DNA restriction and agarose gel electrophoresis. Af-

ter overnight incubations under appropriate condi-
tions, DNA samples (2 ,ug/lane) cleaved by Sall and
HpaI restriction endonucleases were analyzed by hori-
zontal 0.8% agarose slab gel electrophoresis (30),
stained in ethidium bromide (1 p,g/ml), and photo-
graphed under UV light.
RNA synthesis. RNA for gel analysis and Southern

blot hybridizations was synthesized in an assay mix-
ture containing (in a volume of 100 ,ul) 100 mM Tris
(pH 7.9), 10 mM MgCl2, 0.2 mM EDTA (pH 8.0), 0.2
mM dithiothreitol, 0.4 mM unlabeled ribonucleoside
triphosphates, 150 mM KCI, [a-32P]CTP (250 to 500
cptn/pmol), 100 p,g of DNA per ml, and 1.6 mM
spermidine; the reaction was performed at 30°C. Hep-
arin (50 ,ug/ml) was added at 1.5 min to prevent re-
initiation. The reaction was quenched with 25 ,ul of
stop buffer (36). Samples (5 pl) were removed for
determinations of the amount of RNA synthesized
before gel analysis.

Southern blot hybridizations. Hybridizations of
[32P]RNA to restriction fragments of DNA bound to
nitrocellulose were performed as described by South-
ern (35), with the following modifications: nitrocellu-
lose filters with bound DNA fragments were prehybri-
dized in a solution containing 50% formamide, 50 mM
sodium phosphate (pH 6.5), 1% (wt/vol) glycine, 5x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.5 mg of sonicated denatured salmon testis
DNA per ml, and 0.5% SDS for 1 h at 42°C; hybridiza-
tions were performed in a solution containing 50%o
formamide, Sx SSC, 20 mM sodium phosphate (pH
6.5), 0.1 mg of sonicated, denatured salmon testis
DNA per ml, and 0.5% SDS for 24 h at 42°C; after
hybridization, filters were washed once in 2x SSC-
0.5% SDS (25°C), three times in Sx SSC-0.5% SDS-
509o formamide (42°C), and once in 2x SSC-0.5%
SDS-50%o formamide (42°C); and filters were then air
dried and subjected to autoradiography. RNA to be
hybridized was synthesized as described above for the
RNA gel analysis experiments, except that the reac-
tion was stopped by raising the concentration of
EDTA to 25 mM; the unincorporated ribonucleoside
triphosphates were removed by gel filtration, using a
sterile 10-ml Bio-Gel P30 column.

Elongation rate determinations. [32P]RNA was syn-
thesized by using either T7 &D111 or Mx4 DNA. At
different times samples were withdrawn, mixed with
stop buffer (36), and subjected to agarose-acrylamide
electrophoresis. The mobilities of the centers of mass
of the RNA spots were measured and average molecu-
lar weights were determined by using +29 transcripts

as standards (12). The RNA sizes were plotted against
time, and mean chain elongation rates were calculated.

RESULTS

RNA polymerase was purified from vegeta-
tive cells of M. xanthus as described above.
Figure 2 shows an SDS-polyacrylamide gel elec-
trophoresis analysis of protein fractions from
various stages of the purification. RNA poly-
merase containing subunit a is shown in Fig. 2,
lane F. This polymerase has a subunit structure
typical of RNA polymerases purified from other
gram-negative organisms (3). The subunit mo-
lecular weights were determined by using E. coli
RNA polymerase as the standard. Assuming
molecular weights of 150,000 and 145,000 for the
3' and 1B subunits of the E. coli enzyme, respec-
tively, and 70,000 and 36,500 for subunits a and

A B C D, i R . < s ..... ! . . 4," ..:; : = .... .. :.g , g.g . ... . . E F

-" '*w_fi fi . .: Sw;g .. . 4* iS! tF: ;l w I¢ r .,: ,.s. ff n
..

* ;: . . . .
..

:::

}: .:
.. *: .... ... :: :::

* : :::

..
:: ..

*. a

...

FIG. 2. SDS-polyacrylamide gel electrophoresis of
samples at different stages of purification. The follow-
ing samples were TCA precipitated and electropho-
resed as described in the text: lane A, low-speed
supernatant (50 p.g); lane B, 40 to 65% saturated
ammonium sulfate fraction (50 p.g); lane C, DNA
cellulose pooled peak fractions (30 p.g); lane D, Bio-
Gel AMm pooled peak fractions (25 p.g); lane E, single-
stranded DNA agarose 0.4 M NaCI eluate (20 p.g); lane
F, single-stranded DNA agarose 1.0 M NaCl eluate (15
gi.g):
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a, respectively (3, 4), the molecular weights of
the M. xanthus 3' and P subunits were estimated
to be 145,000 and 140,000, respectively, and the
molecular weight of the a subunit was estimated
to be 38,000. Two proteins, designated cr1 and
cIl, copurified with the holoenzyme activity.
These two proteins were very similar in appar-
ent molecular weight to the cr subunit of the E.
coli enzyme (3) and were the only two proteins
that consistently copurified with the holoen-
zyme activity as opposed to the core enzyme
activity. This result was corroborated in four
subsequent purifications of holoenzyme. The
molecular weights of crI and oII were estimated
to be 73,000 and 70,000, respectively, based on
the molecular weight of the E. coli cr factor
(70,000, as determined by sequence analysis
[5]). On SDS gels, E. coli a factor has an
apparent molecular weight of 86,000. If M. xan-
thus v factor differs significantly from E. coli or
factor, then its actual molecular weight may be
closer to 86,000, the value initially determined
for E. coli cr factor.
The aI and cr11 proteins were subjected to

peptide analysis (Fig. 3). The same two major
cleavage products were observed when either crl
or crI1 was cleaved by S. aureus V8 protease.
This indicates that these two polypeptides are
probably very closely related. A peptide analy-
sis of the 110,000-dalton protein migrating be-
tween 3Pi' and cr showed no relatedness to the cr
proteins (data not shown).

Yield, purity, and specific activity of M. xan-
thus RNA polymerase. Table 2 summarizes the
results of our purification of M. xanthus RNA
polymerase. An overall yield (based on specific
activity) of 7.9% was obtained; 1.65 mg of
purified RNA polymerase was obtained from 60
g of vegetative cells. Specific activity was moni-
tored during purification with T7 AD111 DNA,
which was not efficiently transcribed by the core
enzyme. Thus, the recovery of 1.5 mg of core
enzyme was not reflected in the overall yield. In
addition, the 15.3 mg of active enzyme obtained
as side fractions by DNA cellulose chromatogra-
phy was also not included in the estimation of
the final yield. Figure 2 illustrates the purity of
the enzyme at various stages of purification.
The specific activity of purified M. xanthus

RNA polymerase was 720 U/mg when it was
assayed on T7 AD111 DNA before dialysis
against storage buffer. The specific activity de-
clined during storage at -20°C and stabilized at
about one-half of its original value after 4
months of storage. Subsequent purifications
yielded RNA polymerase of approximately the
same specific activity as the enzyme reported
here. The M. xanthus RNA polymerase activity
was completely dependent on exogenous DNA.
The incorporation of UMP into RNA was pro-

A B C

Protease-::

FIG. 3. Peptide analysis of al and crl1. The method
of Cleveland et al. (9) was used to determine the
relatedness of the putative M. xanthus RNA polymer-
ase a subunits, as described in the text. The lanes
contained the rll protein band and protease (lane A),
the al protein band and protease (lane B), and prote-
ase alone (lane C).

portional to the amount of enzyme added over
the range from 0.135 to 13.5 ,g of added en-
zyme. This shows that the enzyme was stable to
dilution in storage buffer. If the enzyme was
diluted in TGEDM containing 0.1 M NaCl, ac-
tivity was lost at dilutions lower than 1:20 (0.68
p,g of added enzyme). Spermidine in a-32P-
containing reaction mixtures stimulated activity
1.5-fold when T7 AD111 or 4)29 DNA was tran-
scribed with either M. xanthus or E. coli RNA
polymerase.
M. xanthus RNA polymerase (specific activi-

ty, 550 U/mg; 15% active molecules) was capa-
ble of forming rapid-start complexes on both
Mxl DNA and T7 AD111 DNA. The proportion
of activity that formed rapid-start complexes
was 40o when T7 AD1 DNA was used and
30%o when Mxl DNA was used. The E. coli
RNA polymerase (specific activity, 2,000 U/mg;
37% active molecules) formed 90%o rapid-start
complexes when it was assayed on either tem-
plate.

Specific activity on various DNA templates and
salt effects. M. xanthus RNA polymerase was
assayed by using a variety of DNA templates,
with and without added KCI (Table 3). The
resulting activities were compared with the ac-
tivity of E. coli polymerase assayed under the
same conditions. The specific activity of M.
xanthus polymerase on T7 AD111 DNA was
lower than the value reported above (Table 2)
because some activity was lost during storage at
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TABLE 2. Purification of RNA polymerase from M. xanthusa
Protein Activity

Vol Ttl Yield Purifi- A28W/A260Fraction(s) (ml) Concn Total Spact activi-(%t) cation atio
(mg/ml) amt (mg) (U/mg) atyvi(U)fld

Low-speed supernatant 390 16.7 6,513 2.2 14,300 100 0.56
40 to 65% saturated ammonium 65 2.4 256 127 19,800 132 58 1.0

sulfate precipitate
Double-stranded DNA cellulose
Peak fractions (fractions 68- 17.5 0.8 14 224 3,240 21.6 102 1.15

85)
Side fractions (fractions 60- 18.0 0.85 15.3 180 2,760 18.4 81 1.13
67 and 86-95)

Bio-Gel AMm peak fractions 3.5 1.0 3.5 435 1,560 10.4 197 1.70
Single-stranded DNA agarose

0.4 M NaCl eluate 2.5 0.6 1.5 34 52 0.35 1.84
1.0 M NaCl eluate 1.8 0.9 1.65 720 1,188 7.9 327 1.86

a The starting material was 60 g (wet weight) of vegetative cells. RNA polymerase activity was assayed with
T7 ADlll DNA, as described in the text; 1 U of activity represented 1 nmol of [3H]UMP incorporated in 10 min
at 30°C. Protein concentrations were determined by the method of Lowry et al. (27). The 0.4 and 1.0 M eluates
from single-stranded DNA agarose chromatography were assayed before dialysis in storage buffer.

-20°C. The T7 AD111 template was the most
efficient template surveyed for both enzymes.
The addition of 150 mM KCl stimulated the E.
coli enzyme about 50%o of T7 AD111, T4, and B.
subtilis phage 4)29 DNAs. KCI also stimulated
M. xanthus RNA polymerase on these tem-
plates, but to a lesser degree. KCl inhibited E.
coli and M. xanthus RNA polymerase activities
on the DNAs from all three M. xanthus phages
(Mxl, Mx4, and Mx8). This inhibition was more
dramatic for E. coli polymerase, especially when
Mxl and Mx4 DNAs were used. The specific

TABLE 3. Specific activities of E. coli and M.
xanthus RNA polymerases on a variety of DNA

templatesa

E. coli RNA M. xanthus
polymerase sp RNA polymer-

act (U/mg) with: ase sp act (U/
Template mg) with:

No 150 No 150
KCI mmC KCI mM

KCI KCI KCI
T7 ADlll 850 1,400 390 445
*29 550 850 110 150
Mxl 295 95 170 105
Mx4 120 50 180 125
Mx8 110 70 185 120
X 165 140 120 120
T4 725 1,275 230 270
poly(dA-dT) 860 875 385 395

a Standard conditions were used to assay various
templates as described in the text. Each assay mixture
contained 5 Fag ofM. xanthus RNA polymerase or 3 ,ug
of E. coli RNA polymerase. In some assays 150 mM
KCI was added in addition to the 5 mM NaCl present
in the enzyme samples; 1 U of activity represented 1
nmol of [3H]UMP incorporated in 10 min at 30°C.

activities obtained when coliphage A and the
synthetic copolymer poly(dA-dT) were used as
templates were relatively insensitive to the con-
centration of KCl for both enzymes. M. xanthus
polymerase synthesized 4)29 RNA much less
efficiently than E. coli polymerase did. The only
templates that E. coli polymerase transcribed
less efficiently than M. xanthus polymerase
were Mx4 and Mx8 DNAs.
MgC12 and ribonucleoside triphosphate re-

quirements. The requirements for Mg2+ ions and
all four ribonucleoside triphosphates were deter-
mined by using T7 AD1 DNA and the standard
assay. MgCl2 had to be present at a concentra-
tion of at least 10 mM to obtain maximal activity
for both E. coli and M. xanthus RNA polymer-
ases. Both enzymes displayed 50% activity at an
MgCl2 concentration of 0.8 mM.
The concentration of each of the four ribonu-

cleoside triphosphates was varied independent-
ly; efficient transcription was dependent on each
of the ribonucleoside triphosphates. The con-
centrations which allowed 50o maximal activity
for each ribonucleoside triphosphate in the pres-
ence of the other three at concentrations of 0.4
mM were as follows: ATP, 0.027 mM; GTP,
0.016 mM; CTP, 0.027 mM; UTP 0.021 mM. A
small amount of synthesis in the absence of a
particular ribonucleoside triphosphate was ob-
served for each ribonucleoside triphosphate ex-
cept UTP. In each case a minimum concentra-
tion of approximately 0.1 mM was required to
obtain maximal activity.

Determination of optimal pH. Optimal pHs
were determined for E. coli and M. xanthus
RNA polymerases. The optimal pH for E. coli
RNA polymerase was 8.0, compared with 8.3 for
M. xanthus. Tris buffer was required at a mini-
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mum concentration of 25 mM for the standard
assay when T7 AD111 DNA was used. Tris was
present at pH 7.9 in these reaction mixtures in
order to conform with the conditions used by
other workers in experiments with E. coli poly-
merase; the same conditions were used for M.
xanthus RNA polymerase. M. xanthus RNA
polymerase activity was only 80% of the maxi-
mum value at pH 7.9. The standard assays used
to monitor activity during the RNA polymerase
purification procedure were performed at pH 7.9
because the true optimum was not known at that
time. E. coli RNA polymerase activity at pH 8.3
is only 80% of the maximum activity at pH 7.9.

Transcriptional inhibitors. The in vitro sensi-
tivities of M. xanthus and E. coli RNA polymer-
ases to the transcriptional inhibitors rifampin
and heparin were determined. The 50o level of
inhibition by rifampin was 17 ng/ml (20 ,uM) for
M. xanthus RNA polymerase. This was in good
agreement with the value obtained for E. coli
RNA polymerase when purified enzyme was
used (M. Temple, M.S. thesis, University of
California, Berkeley, 1976). Although the con-
centrations of heparin that inhibited the reaction
50% (E. coli, 3.4 ,ug/ml; M. xanthus, 1.7 ,ug/ml)
were similar, the E. coli enzyme responded to a
lower concentration than the M. xanthus RNA
polymerase and was not inhibited as effectively
at higher concentrations. Streptolydigin at a
concentration of 100 ,ug/ml completely inhibited
M. xanthus RNA polymerase in vitro.
Chain elongation rates. To study the ability of

M. xanthus RNA polymerase to transcribe vari-
ous phage DNA templates, it was necessary to
compare the chain elongation rates of the M.
xanthus and E. coli enzymes so that comparable
amounts of RNA product could be analyzed. E.
coli and M. xanthus RNA polymerases were
incubated with DNA extracted from coliphage
T7 AD111 or Myxococcus phage Mx4. At differ-
ent times, samples of the RNA synthesis reac-
tion mixtures were withdrawn, and the 32p-
labeled RNA products were analyzed by
agarose-acrylamide gel electrophoresis, as de-
scribed above. Heparin clearly blocked re-initia-
tion under these conditions, producing fairly
synchronous transcription. Omitting heparin sig-
nificantly increased the proportion of radioactiv-
ity that ran as low-molecular-weight RNA (data
not shown). The mobilities of the RNA bands
were measured for each time interval, and the
average molecular weights were determined by
using standards consisting of the in vitro tran-
scripts of B. subtilis phage 4)29. These in vitro
transcripts cover a size range from 300 to 5,000
nucleotides (12) and are linear with respect to
the logarithm of molecular weight. The sizes of
the RNA products as a function of time of
incubation are shown in Fig. 4. After a brief lag,
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FIG. 4. Elongation rates ofRNA polymerases from
E. coli and M. xanthus on phage T7 ADlll and Mx4
DNAs. E. coli RNA polymerase or M. xanthus RNA
polymerase was incubated with phage 17 AD111 DNA
or phage Mx4 DNA as described in the text. At
different times, 100-ILl samples were withdrawn from
reaction mixtures and subjected to gel electrophoresis
and autoradiography. The amount of RNA product
was determined from the total amount of [a-32P]CMP
(250 cpm/pmol) incorporated into 100-pl samples. The
mobilities (center of mass) of the RNA bands were
measured for each time interval, and the average
molecular weights were determined by using +29
standards. The sizes of the RNA products are plotted
as a function of the time of incubation. (A) T7 AD111
DNA used with E. coli RNA polymerase (0) or M.
xanthus RNA polymerase (0). (B) Mx4 DNA used
with E. coli RNA polymerase (0) or M. xanthus RNA
polymerase (0).

E. coli RNA polymerase synthesized RNA at a
rate of 19 nucleotides per s at 30°C with either 17
AD111 DNA (guanine-plus-cytosine content, 50
mol%) or Mx4 DNA (guanine-plus-cytosine con-
tent, 70 mol%). M. xanthus RNA polymerase
showed a lag of about 30 s and then synthesized
RNA at a rate of 13 nucleotides per s at 30°C,
again using either template. It should be noted
that these reactions were carried out under the
standard conditions used for the E. coli polymer-
ase. Under the conditions used, the M. xanthus
enzyme, which has a higher optimum pH, shows
only 80% of its maximal activity.

Transcription ofT7 AD111 DNA as analyzed by
RNA gels. The DNA of coliphage T7 is a well-
defined template for in vitro transcription stud-
ies. The in vitro transcription map of phage T7
when E. coli RNA polymerase was used is
shown in Fig. 5. The mutant T7 AD1II contains
an 1,100-base pair (bp) deletion that removes
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FIG. 5. In vitro transcription maps of E. coli phage T7 AD111 and B. subtilis phage +29 DNAs. The positions
of the T7 AD111 transcripts were taken from Stahl and Chamberlin (36). The positions of the HpaI restriction
fragments were taken from McDonnell et al. (30). The positions of the +29 transcripts were taken from Davison
et al. (13). The lower left corner of the figure shows an enlargement of the first 3% of the 4)29 genome.

promoters A2 and A3, leaving a template with a
single major promoter (Al) and three minor
promoters (designated C, E, and D) (14). Tran-
scripts initiated in vitro at promoters A1 and C
terminate at the 20% terminator, forming the
following two easily resolved transcripts: A
(2.25 megadaltons) and C (1.7 megadaltons).
Transcripts initiated at minor promoters E and D
terminate at the ends of the DNA, giving the
following two additional transcripts: E (1.2
megadaltons) and D (0.075 megadaltons). Al-
though these promoters are generally recognized
by a wide variety of bacterial RNA polymerases
(40), differences in promoter utilization do oc-
cur.
Figure 6 shows the in vitro transcripts synthe-

sized from T7 AD111 DNA by E. coli (20%
active molecules [Fig. 6, lane 1]) and M. xanthus
(10% active molecules [lane 2]) RNA polymer-
ases. The transcripts were synthesized under
free-initiation conditions at enzyme/DNA molar
ratios of >10. E. coli RNA polymerase synthe-
sized transcripts A1, C, E, and D. M. xanthus
RNA polymerase also synthesized RNAs with
mobilities similar to those of transcripts A1, C,
and E. Transcript D could be detected with E.
coli RNA polymerase but not with M. xanthus
RNA polymerase after long exposures of the gel.
However, we do not know whether small but
undetected amounts of transcript D may have
been synthesized since this transcript was diffi-
cult to detect even with the E. coli polymerase.
M. xanthus RNA polymerase appeared to recog-
nize promoter A1 more efficiently than promoter
C, which was read more efficiently than promot-
er E, establishing a gradient of promoter
strength (Al > C > E). This was also observed
in Fig. 6, lane 3.

Transcription of T7 AD1ll DNA and Southern
blot hybridization. Figure 6 also shows that a
large amount of 32P-labeled RNA migrated as
disperse high-molecular-weight material. Initial-
ly, it was thought that this material was "read-
through" RNA that failed to be terminated. To
characterize this RNA and the presumed T7
transcripts more carefully, hybridization of the
RNA to restriction fragments of the template
was undertaken.

Figure 7, lane 1, shows the HpaI restriction
digest of T7 ADl11 DNA. The deletion in T7
AD111 DNA reduced the size ofHpaI restriction
fragment F (Fig. 5) from 2,500 to 1,400 bp (30)
and the size of the A1 transcript from 7,133 to
6,030 nucleotides. Fragment F of T7 AD111
migrated just above fragment L. RNA polymer-
ase initiating transcription at the A1 promoter
has been shown to transcribe fragments F (1,400
bp), H (2,312 bp), and G (2,464 bp), in that order
(30). Therefore, we allowed the E. coli and M.
xanthus RNA polymerases to transcribe approx-
imately 3,000 bp of T7 AD111 DNA. The RNA
was then hybridized to Southern blots of the
HpaI fragments shown in Fig. 7, lane 1. Figure
7, lane 2, shows that fragments H and F were the
primary restriction fragments that hybridized
with labeled RNA. However, M. xanthus RNA
polymerase (Fig. 7, lane 3) also produced minor
amounts of RNA which hybridized with restric-
tion fragments A, B, C, D, I, and J. At higher
enzyme/DNA ratios, many restriction fragments
were labeled, and less than 50% of the labeled
RNA was bound to restriction fragments H and
F. This suggests that the disperse high-molecu-
lar-weight RNA in Fig. 6, lanes 2 and 3, might
not be readthrough RNA but, alternatively,
might represent nonselective transcription (i.e.,
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FIG. 6. Electrophoretic analysis of RNA tran-
scripts from T7 AD111 DNA synthesized by M. xan-
thus and E. coli RNA polymerases. The reaction
conditions, slab gel electrophoresis, and autoradiogra-
phy were as described in the text, except that KCI was
present at a concentration of 100 mM. Lane 1, Tran-
scripts made in 8 min by 2.3 ~Lg of E. coli RNA
polymerase (enzyme/DNA ratio, 11); lane 2, tran-
scripts made in 12 min by 2.7 ~tg of M. xanthus RNA
polymerase (enzyme/DNA ratio, 13); lane 3, tran-
scripts made in 15 min by 0.8 ~Lg of M. xanthus RNA
polymerase (enzyme/DNA ratio, 4). The amount of
TCA-precipitable radioactivity applied to each track
and the total amount of a-32P-labeled RNA were as
follows: lane 1, 30,000 cpm and 1.2 nmol, respectively;
lane 2, 25,000 cpm and 0.3 nmol, respectively; lane 3,
80,000 cpm and 0.28 nmol, respectively. The bracket
indicates the position of the disperse high-molecular-
weight RNA (see text).
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FIG. 7. Hybridization of RNA synthesized in vitro
by E. coli and M. xanthus RNA polymerses to Hpal
restriction fragments of T7 AD111 DNA. Hpal restric-
tion fragments of T7 AD111 DNA were separated on
agarose gels (lane 1) and then transferred to nitrocellu-
lose for hybridization analysis of the RNA, as follows:
lane 2, RNA synthesized for 3 min (-3,000 nucleo-
tides) with E. coli RNA polymerase (enzyme/DNA
ratio, 4); lane 3, RNA synthesized for 4.3 min (-3,000
nucleotides) with M. xanthus RNA polymerase (en-
zyme/DNA ratio, 4); lane 4, RNA eluted from the Al
transcript region of the gel shown in Fig. 4, lane 3; lane
5, RNA eluted from the disperse high-molecular-
weight region of Fig. 4, lane 3.

RNA which results from transcription of DNA
regions that are not included in the defined
program of selective transcription established by
using E. coli RNA polymerase). To investigate
this possibility further, the labeled RNAs from
Fig. 6, lane 3, corresponding to the A1 transcript
and the disperse high-molecular-weight RNA
(Fig. 6, lane 3, bracket) were extracted from the
gel and hybridized to Southern blots of the HpaI
restriction fragments shown in Fig. 7, lane 1.
Figure 7, lane 4, shows that the labeled RNA
corresponding to the A1 transcript hybridized to
fragments G, H, and F, as predicted. In addi-
tion, a small amount of labeled RNA hybridized
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FIG. 8. Electrophoretic analysis of RNA tran-
scripts synthesized from 4)29 DNA by M. xanthus and
E. coli RNA polymerases at varying concentrations of
KCI. The reaction mixtures contained 2 ,ug of E. coli
RNA polymerase or 5 ,ug of M. xanthus RNA poly-
merase. The reaction conditions, gel electrophoresis,
and autoradiography were as described in the text,
except that the reaction times were 14 min and 50 Fg of
heparin per ml was added at 10 min. Lanes A through
D contained RNA synthesized by using M. xanthus
RNA polymerase at the following concentrations of
KCl: lane A, no added KCI; lane B, 50 mM; lane C,
100 mM; lane D, 150 mM. Lane E contained RNA
synthesized by using E. coli RNA polymerase and 40
mM KCl. Equal amounts of TCA-precipitable radioac-
tivity were applied to each lane. The total amounts of
32P-labeled RNA (250 cpm/pmol) synthesized in the
reactions were as follows: lane A, 0.68 nmol; lane B,
0.68 nmol; lane C, 0.68 nmol; lane D, 0.84 nmol; lane
E, 1.6 nmol. The lower-molecular-weight transcripts

to several higher-molecular-weight fragments.
As Fig. 6 shows, this could result from trailing of
the disperse RNA into the Al region. Figure 7,
lane 5, shows that the labeled RNA correspond-
ing to the disperse high-molecular-weight mate-
rial did not appear to be A1 readthrough RNA.
Figure 5 predicts that RNA of this size (15,000
nucleotides) which includes the Al transcript
should hybridize primarily with fragments G, H,
F, C, and, possibly, D. Instead, the RNA hy-
bridized primarily with fragment B, with signifi-
cant amounts also bound to fragments A, C, D,
I, and J. Thus, despite the appearance of ineffi-
cient termination displayed in Fig. 6, lane 3, the
termination efficiency at the 20% terminator of
phage T7 may actually be quite high with M.
xanthus RNA polymerase. However, since frag-
ment B appears to be complementary to most of
this RNA, the data suggest that the M. xanthus
enzyme actually recognizes a promoter in this
region which is not recognized by the E. coli
enzyme.

Transcription of +29 DNA. An in vitro tran-
scription map of B. subtilis phage 4)29 DNA is
shown in Fig. 5. Eight transcripts can be re-
solved on agarose-acrylamide gels and have
been given the following designations: Gl (1.74
megadaltons), G2 (0.66 megadaltons), G3a (0.43
megadaltons), G3b (0.38 megadaltons), G4a
(0.16 megadaltons), G5 and G4b (0.11 megadal-
tons), Ala (0.093 megadaltons), and Alb (0.43
megadaltons). Alb is too small to detect with the
gel system used in this study, and G5 and G4b
comigrate and are not resolved. Whereas E. coli
RNA polymerase synthesizes all of these tran-
scripts in vitro, B. subtilis polymerase fails to
produce transcripts G3a, G4a, and G5 (G4b) (12,
13). Figure 8 shows that M. xanthus RNA
polymerase synthesized all seven of the detect-
able transcripts under the appropriate conditions
(ionic strength, 100 mM KCI). At low salt con-
centrations transcripts G2, G3a, G3b, and G4b
(G5) were not detected. This also occurs with E.
coli and B. subtilis RNA polymerases (12, 13),
suggesting that salt is required by RNA polymer-
ases to terminate these transcripts in vitro.
These are the only i029 transcripts that have
internal terminators; the transcripts that termi-
nate at the ends of the genome (G1, G4a, and
Ala) could be visualized under low-salt condi-
tions.

Transcription of M. xanthus phage DNA tem-
plates. To examine in vitro transcription in a
homologous system, DNAs were purified from
M. xanthus bacteriophages Mxl, Mx4, and
Mx8. Several attempts were made to identify

could be resolved only with longer exposures of the
photographs and are shown at the bottom.
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discrete RNA transcripts synthesized from Mx4
and Mx8 DNA templates with both M. xanthus
and E. coli RNA polymerases. Although the
elongating RNA could be visualized easily (data
not shown), no discrete transcripts were detect-
ed.
However, three discrete transcripts were

found when the in vitro RNA products synthe-
sized from phage Mxl DNA were separated
electrophoretically on agarose-acrylamide gels.
These transcripts were observed with both E.
coli RNA polymerase (Fig. 9, lane 1) and M.
xanthus RNA polymerase (lane 2). The molecu-
lar weights of the three transcripts were deter-
mined by using the A1, C, and E transcripts of
T7 AD111 as standards. The molecular weights
were as follows: A, 2.55 x 106 (6,890 nucleo-
tides); B, 1.95 x 106 (5,270 nucleotides); C, 1.56
x 106 (4,215 nucleotides). The transcripts
formed by E. coli and M. xanthus RNA poly-
merases were identical in molecular weight.
To characterize these transcripts further, the

RNA products of the E. coli and M. xanthus
polymerases were hybridized to Sall restriction
fragments of phage Mxl DNA. Sall endonucle-
ase was chosen because it cleaves Mxl DNA
into a reasonable number of discrete restriction
fragments (Fig. 10, lane 1). RNA polymerase
from E. coli or M. xanthus was then incubated
with phage Mxl DNA under conditions which
permitted about 2,000 nucleotides of synthesis
and then hybridized to a Southern blot prepared
from the SqIl digest of Mxl DNA. The results
are presented in Fig. 10, lanes 2 and 3. Most of
the RNA hybridized to only a limited number of
restriction fragments; the RNA synthesized with
E. coli polymerase hybridized to fragments I, J,
L, M, and Q (Fig. 10, lane 2), and the RNA
synthesized with M. xanthus polymerase hy-
bridized with fragments D, I, J, L, and M (Fig.
10, lane 3). Although E. coli RNA polymerase
did not appear to synthesize RNA complemen-
tary to fragment D and M. xanthus polymerase
failed to synthesize RNA complementary to
fragment Q, both enzymes transcribed RNA
which was complementary to fragments I, J, L,
and M.

DISCUSSION

In this paper, we describe the purification of
DNA-dependent RNA polymerase from M. xan-

thus. The Burgess Polymin P purification proce-
dure was chosen to purify M. xanthus RNA
polymerase for a variety of reasons. First, the
procedure had been used successfully to purify
RNA polymerases from several bacterial species
(40). Also, the procedure can be scaled down
easily, depending upon the requirements of the
particular research goal (19). And finally, the

FIG. 9. Electrophoretic analysis of RNA tran-
scripts from phage Mxl DNA. The RNA polymerase
reactions, gel electrophoresis, and autoradiography
were performed as described in the text. Lane 1,
Transcripts made in 22.5 min by E. coli RNA polymer-
ase (1.3 ,ug; enzyme/DNA ratio, 40); lane 2, transcripts
made in 22.5 min by M. xanthus RNA polymerase (1.3
"g; enzyme/DNA ratio, 40). The total amount of [a-
32P]CMP (500 cpm/pmol) incorporated into RNA (re-
action volume, 50 pl) and the TCA-precipitable radio-
activity applied were as follows: lane 1, 82 pmol and
40,000 cpm, respectively; lane 2, 110 pmol and 50,000
cpm, respectively.
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FIG. 10. Hybridization of RNA synthesized by E.

coli and M. xanthus RNA polymerases to Sall restric-

tion fragments of Mxl DNA. RNA polymerase reac-

tions and Southern blot hybridization were performed
as described in the text and in the legend to Fig. 9.

Lane 1 contained Mxl DNA fragmented with Saill
restriction enzyme and then subjected to agarose gel

electrophoresis. The transcriptionally active frag-
men-ts are indicated. The molecular weights were as

folltows: fragment D, 4.5 x 106; fragmnent 2.8 x 106;

fragment J, 2.4 x 106; fragment L, 1.8 x 106; fragment
M, 1.7 x 106; and fragment Q, 1.45 x 106. 17,AD111

DNA restriction fragments were used as standards for

molecular weight determinations. Lane 2 contained

DNA fragments which hybridized with RNA synthe-
sized for 2.16 min (-2,000 nucleotides) by using E. coli

RNA polymerase. Lane 3 contained DNA fragments
which hybridized with RNA synthesized for 3.0 mmn
(-2,000 nucleotides) by using M. xanthus RNA poly-
merase. The amounts of 31P-labeled RNA added to the

hybridization reactions were as follows: lane 1, 11

pmol (5,500 cpm); lane 2, 18 pmol (9,000 cpm).-

procedure allows rapid purification with satis-

factory yield, purity, and specific activity. Al-

though significant modification was required,
the Burgess procedure was used successfully to

purify M. xanthus RNA polymerase more than

300-fold.

Protease activity presented a substantial prob-
lem in recovering active RNA polymerase from

M. xanthus. The addition of 1.0 mM EDTA, 1.0

mM PMSF, and Trasylol helped minimize pro-

teolytic degradation during the initial steps of

the purification, but this treatment was not suffi-

cient to allow significant recovery of active
RNA polymerase. Working at 0°C during the
lysis step also helped minimize proteolysis. The
entire purification procedure was performed
quickly and without interruption to ensure ade-
quate recovery of activity. Despite all of these
efforts to minimize proteolysis, several early
attempts to purify M. xanthus RNA polymerase
produced low yields of active enzyme. Only by
incorporating fractional ammonium sulfate pre-
cipitation before DNA cellulose chromatogra-
phy was it possible to obtain significant amounts
of sigma-containing holoenzyme.

Single-stranded DNA agarose was effective
for separating a core fraction and an enriched
holoenzyme of M. xanthus RNA polymerase. A
nearly quantitative yield was observed, and ad-
ditional nucleic acid was removed. The purity of
the enriched holoenzyme fraction (Fig. 2, lane
F) appeared to be very high. The enriched
holoenzyme fraction contained one major pro-
tein contaminant with a molecular weight of
110,000. This contaminant resembled protein X
(a contaminant discussed by Burgess [3]) in
molecular weight and in its ability to bind to core
enzyme. This protein has been observed in E.
coli, B. subtilis, and Lactobacillus curvatus
RNA polymerase preparations, and it has been
suggested that it might be a degradation product
of the 1B' subunit (3). A protein of the same
apparent molecular weight was the sole major
contaminant in the preparation of E. coli RNA
polymerase purified by the Polymin P method
used in our studies. Additional minor contami-
nants of M. xanthus RNA polymerase were
revealed when larger amounts of enzyme were
subjected to gel electrophoresis.
The percentage of active molecules of M.

xanthus holoenzyme can be estimated roughly
from specific activity (8). The specific activity of
M. xanthus RNA polymerase was 720 U/mg.
Based on a holoenzyme molecular weight of 0.5
x 106 and a chain elongation rate of 13 nucleo-
tides per s, it is possible to calculate a maximal
specific activity of 3,900 U/mg. Thus, the M.
xanthus holoenzyme preparation probably con-
tained about 20% active molecules. A similar
calculation for the E. coli RNA polymerase
purified for this work indicated that the E. coli
preparation contained about 25% active mole-
cules when it was transcribing 17 AD111 DNA.

If E. coli RNA polymerase is preincubated
with DNA in the absence of ribonucleoside
triphosphates, stable complexes are formed that
are capable of initiating transcription when they
are challenged with a mixture of ribonucleoside
triphosphates and rifampin. This has been used
as a rough estimate of cr factor content (28, 40).
Both M. xanthus and E. coli RNA polymerases
formed rapid-start complexes on both T7 AD111
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DNA and Mxl DNA at 30°C with 10 min of
prebinding. This indicated that M. xanthus RNA
polymerase contained a reasonable amount of a
factor and that Mxl DNA contained promoter-
like sites.
M. xanthus RNA polymerase preparations

contained two proteins that behaved like a fac-
tor (ol and all). These two proteins appeared to
be closely related on the basis of the peptides
generated by S. aureus V8 protease digestion.
Both forms of a could have been present in vivo
(either resulting from divergent evolution or in
vivo modification), but in view of the protease
problems encountered, a more likely explana-
tion is that the arll protein was an in vitro
cleavage product of the aI protein that retained
the ability to bind to holoenzyme. It seems likely
that al or aII must function as the a subunit of
RNA polymerase because these proteins were

the only proteins found in substantial quantities
in enriched holoenzyme preparations and not in
core enzyme preparations. The holoenzyme
preparation contained 20% active molecules,
and 40% of these molecules were capable of
forming rapid-start complexes. This implies that
the a content should have been sufficiently high
to detect on polyacrylamide gels. The 110,000-
molecular-weight contaminant was present in
enriched holoenzyme preparations, but was also
present in core enzyme preparations. It is un-

likely that this contaminant was a factor because
the activity of M. xanthus core enzyme on T7
AD111 DNA was low. This implied that M.
xanthus core polymerase was deficient in a

content, which is required for efficient utiliza-
tion of T7 AD111 DNA. It is possible that
additional a-like factors (18, 41) were present as
minor contaminants or were lost during the
purification process.
When the specific activities of E. coli and M.

xanthus RNA polymerases on various templates
are compared, it should be kept in mind that the
slower elongation rate of the M. xanthus RNA
polymerase at pH 7.9 was reflected in these
activities. Also, the enzyme reaction conditions
were optimized for T7 AD111 DNA and may not
have been optimal for all of the other templates.
T7 AD111 DNA was chosen to monitor purifica-
tion and optimize reaction conditions because
this DNA is very well characterized and has a
single, strong promoter that is known to be
recognized in vivo by a variety of bacterial RNA
polymerases (40). This DNA was also the most
efficiently utilized DNA template tested. Differ-
ences between the specific activities of the M.
xanthus and E. coli RNA polymerases on the
429, Mx4, and Mx8 DNA templates cannot be
explained solely on the basis of differences in
percentages of active molecules and chain elon-
gation rates. M. xanthus transcribed 429 DNA

relatively inefficiently, whereas E. coli tran-
scribed Mx4 and Mx8 DNAs relatively ineffi-
ciently. It is possible that these relative incom-
patibilities represent different promoter
strengths as a function of the polymerase uti-
lized (40). It should be noted that these were
heterologous combinations; these inefficient
combinations are never found in vivo.

Other differences between the two enzymes
became apparent when the responses to KCl
were examined. In general, M. xanthus poly-
merase was less sensitive than E. coli polymer-
ase to both salt inhibition and salt stimulation.
The mechanism for salt stimulation or salt inhi-
bition is not well understood, making these
results difficult to interpret. Salt inhibition of E.
coli transcription of Mxl DNA was the most
dramatic inhibition. Activity was reduced sharp-
ly and was virtually eliminated at 200 mM KCl
(data not shown). This is similar to the effect of
KCI on the transcription of T4 and T7 DNAs by
B. subtilis RNA polymerase (12). An interesting
difference is that whereas B. subtilis RNA poly-
merase does not form rapid-start complexes on
T7 DNA (40), E. coli RNA polymerase forms
such complexes quite efficiently on Mxl DNA.
The magnesium ion and ribonucleoside tri-

phosphate experiments were performed primari-
ly to determine whether these components were
limiting or inhibitory at the concentrations used
in the standard assay. The significance of the
shift in the pH optimum for the M. xanthus
enzyme relative to the E. coli enzyme is not
known. The difference in the results of the
heparin sensitivity determinations for E. coli and
M. xanthus RNA polymerases may have been
partially due to the fact that the E. coli RNA
polymerase was used at a higher concentration
than the M. xanthus RNA polymerase.
The data presented above show that M. xan-

thus RNA polymerase is capable of selective
transcription on a variety of phage DNA tem-
plates. This selectivity is, to a first approxima-
tion, the same selectivity demonstrated by E.
coli RNA polymerase in vitro. The use ofT7 and
429 DNAs as templates allows the identification
of specific transcripts by using two well-defined
systems with published transcription maps.
The T7 phage genome is the most well charac-

terized of these templates. The T7 AD111 dele-
tion mutant has only one major promoter, A1,
and one terminator. In addition, this mutant has
minor promoters C, E, and D. The relative
efficiencies with which these promoters are uti-
lized at low enzyme/DNA ratios reflect the
relative strengths of these promoters as a func-
tion of the RNA polymerase used. The M.
xanthus RNA polymerase utilized these promot-
ers with relative efficiencies in the following
order: A > C > E. Transcript D either was not
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produced or was produced in small quantities.
This gradient of promoter strength is similar to
that observed when Caulobacter cresentus or L.
curvatus RNA polymerase was used in a similar
experiment (40); it differs from E. coli RNA
polymerase in that transcript C formation is not
drastically reduced at low enzyme/DNA ratios.
The Southern blot hybridization analysis ofT7

AD111 transcription clearly demonstrated that
the large, major transcript made by M. xanthus
RNA polymerase not only has the same molecu-
lar weight as the A1 transcript, but also has A1
sequence homology. The nature of the disperse
high-molecular-weight RNA was less clear. This
RNA was not homologous to the A1 transcript
and therefore is likely to be caused by transcrip-
tion from a promoter(s) in the late region rather
than transcription through the A1 terminator.
Since this RNA was primarily homologous to
only one restriction fragment, fragment B, the
data suggest that the M. xanthus enzyme has a
slightly different specificity in vitro than the E.
coli enzyme on the T7 AD111 DNA template.
Several cloned HpaI restriction fragments from
the late region of T7 (including fragment B) have
been shown to contain weak promoters utilized
in vivo by E. coli RNA polymerase (39). E. coli
RNA polymerase recognizes tight-binding sites
in the late region of T7 in vitro and is capable of
initiating transcription at a low frequency at
these sites (23). It is possible that the RNA
synthesized by M. xanthus RNA polymerase in
vitro which was homologous to the restriction
fragments containing late T7 DNA (notably frag-
ment B) was initiated at these tight-binding sites.
Since the M. xanthus RNA polymerase prepara-
tions used contained some core enzyme, it is not
known whether M. xanthus cr factor is required
to produce these late region transcripts in vitro.
The +29 phage genome is also a useful tem-

plate for the study of in vitro transcription. The
RNA transcripts made by B. subtilis and E. coli
RNA polymerases in vitro when +29 DNA is
used are consistent with the in vivo transcription
pattern observed in B. subtilis during early
phage infection (13). At a KCl concentration of
100 mM M. xanthus RNA polymerase was able
to recognize at least five and possibly six pro-
moters that are also binding sites for B. subtilis
RNA polymerase and E. coli RNA polymerase.
Considering the wide taxonomic diversity of
these organisms, this certainly provides addi-
tional evidence for the universality of promoter
recognition in bacteria (40). In addition, at least
two of the three +29 terminators utilized in vitro
by E. coli RNA polymerase were recognized by
M. xanthus RNA polymerase.
When the 4)29 DNA template is used, E. coli

RNA polymerase makes three transcripts in
vitro (G3a, G4a, and G5 [G4b]) that are not made

efficiently by the B. subtilis RNA polymerase.
However, at high enzyme/DNA ratios, two of
these three transcripts can be detected, indicat-
ing that the failure of B. subtilis to utilize these
promoters efficiently in vitro is a result of low-
ered promoter strength and not a result of a total
lack of recognition ability. M. xanthus RNA
polymerase synthesizes the same transcripts in
vitro as E. coli RNA polymerase. Thus, M.
xanthus polymerase more closely resembles E.
coli polymerase in the recognition of promoter
strengths on 4)29 DNA than B. subtilis polymer-
ase.
We were unable to demonstrate defined tran-

scripts synthesized by RNA polymerases from
M. xanthus or E. coli in vitro when phage Mx8
or Mx4 DNA was used as a template. RNA was
synthesized in vitro, but it did not show any
termination. If the elongating Mx4 and Mx8
RNAs observed on gels were initiated at pro-
moter sites, there are several possible explana-
tions for the failure to terminate. For example,
the transcripts may be very long in vivo, making
their analysis in vitro difficult by conventional
techniques. Alternatively, the terminators may
not be recognized in vitro under the assay condi-
tions used; rho factor may be required for the
recognition of these terminators in vitro.
The formation of discrete transcripts was ob-

served when phage Mxl DNA was transcribed
with E. coli or M. xanthus RNA polymerase.
Both RNA polymerases seemed to recognize the
same promoters since they both made tran-
scripts A, B, and C. Active promoter recogni-
tion by our E. coli RNA polymerase preparation
was strong since more than 90% of the active
molecules were capable of forming rapid-start
complexes on this template. M. xanthus RNA
polymerase was also capable of forming rapid-
start complexes on the Mxl template. However,
termination of these transcripts may not have
occurred at internal terminators, since all three
of these discrete transcripts (transcripts A, B,
and C) could have been formed by termination at
the ends of the DNA.

Further evidence of specific promoter recog-
nition on the phage Mxl template was obtained
by Southern blot hybridization analysis. Only 6
of the more than 25 discrete Sall restriction
fragments of Mxl DNA appeared to be tran-
scribed efficiently in vitro when either E. coli or
M. xanthus RNA polymerase was used. Four of
these fragments were made by both enzymes
and may represent the transcripts containing the
promoters for transcripts A, B, and C. The
transcription of fragment D by only the M.
xanthus polymerase and the transcription of
fragment Q by only the E. coli polymerase may
represent a difference in strength or specificity
of promoter recognition in vitro. In any case, it
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is clear that specific initiation occurred in vitro
on Mxl DNA when either E. coli or M. xanthus
RNA polymerase was used.

Purification and preliminary characterization
of M. xanthus RNA polymerase has shown that
this enzyme is similar to E. coli RNA polymer-
ase in many respects. Chromatographic behav-
ior, general salt effects, subunit molecular
weights, responses to inhibitors and stimulators
of transcription, and general reaction conditions
were all similar for the two enzymes. Some
differences in elongation rate, template utiliza-
tion efficiency, degree of salt effects, and pH
optimum were found. These may reflect evolu-
tionary or ecological differences between the
two organisms. The analysis of transcription
with several bacteriophage templates showed
that despite the wide taxonomic gap between E.
coli and M. xanthus, the M. xanthus enzyme
exhibits selectivity in vitro similar to that of the
E. coli RNA polymerase. Since the RNA poly-
merase of M. xanthus appears to show selective
transcription on several phage DNA templates,
it would be of interest to investigate transcrip-
tion by this enzyme on cloned developmental
genes.
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