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DNA-Dependent R N A  Polymerase from Pseudomonas 
BAL-3 1. I. Purification and Properties of the Enzyme' 

Stephen G.  Zimmer*st and Robert L .  Millettes 

ABSTRACT: The DNA-dependent R N A  polymerase from 
Pseudomonas BAL-31, the host for bacteriophage PM2. 
has been purified 154-fold using differential centrifugation, 
chromatography on DEAE-cellulose, ammonium sulfate 
precipitation, and sucrose gradient centrifugations at  low 
and high ionic strength. The resulting enzyme is free of en- 
zyme activities which could interfere with transcription 
studies and is >85% pure as judged by polyacrylamide gel 
electrophoresis. Like other bacterial R N A  polymerases, its 
subunit structure is @'@aoi2. From gel electrophoresis the 0'. 
,$. and CY subunits have approximately the same molecular 
\+eights as those from Escherichia coli, whereas the CT sub- 
unit is 5Yo larger (89,000 vs. 85,000). A summation of the 
hubunits yields a molecular weight of 485,000 for the ho- 
loenzyme. Like other bacterial RNA polymerases, it sedi- 
ments as a monomer ( 1  5 S) at  low ionic strength (0.065) 
and as a dimer (22 S) at  high ionic strength (0.75). Its ac- 

E e u d o m o n a s  BAL-3 I ,  a marine bacterium isolated by 
Espejo and Canelo (1968a). serves as a host for the small, 
lipid-containing bacteriophage PM2 (Espejo and Canelo. 
1968b). This phage is of particular interest for transcription 
studies in that its genome is a closed circular duplex D h A  
molecule of 6 X I O h  daltons (Espejo et al . .  1969). Such a 
genome provides an ideal template for studying itz vitro the 
effects of the DNA circularity, supercoiling. and single- 
strand breaks on the transcription process. From the puri- 
fied phage relatively large quantities of the native super- 
coiled D h A  (form I )  can be easily purified, and these i n  
t u r n  can be modified by controlled "nicking" into the re- 
luxed. circular DUA molecule (form 11) .  A DNA molecule 
of huch small size would be expected to code for on14 a fe\v 
discrete m R N  A species. This simplifies the problem of 
characterizing the individual transcription products. and f n -  
cilitates analyzing the initiation and termination sites and 
events which generate these molecules. I n  contrast to the 
cmallcr single-stranded DNA phages. there is evidence for 
temporal controls in  the gene expression of phage P M 2  

tivity is stimulated three-fold by monovalent cations ( K + ,  
NH4+, Na+) with additional stimulation provided by diva- 
lent cations (Mg2+, Mn*+). The transcription of phage 
PM2 form I (supercoiled) DNA has an ionic strength opti- 
mum of 0.26 for continuous long-term synthesis, and over 
an ionic strength range of 0.09-0.46 "plateau-type'' kinetics 
are not observed. The a subunit is required for optimal 
PM2 transcription. The enzyme is sensitive to the same in- 
hibitors of transcription as the R N A  polymerase from E.  
coli, it has a temperature optimum of 28', and it is 50% in- 
activated by heating 10 min a t  41'. It has template prefer- 
ence similar to E. coli polymerase and shows little prefer- 
ence for homologous templates. With various DNAs the 
order of template activities is T7 > PM2 I E T4 > PM2 I 1  
(relaxed circular form) > A, > calf thymus > BAL-31 
DNA. Phage PM2 form I DNA is transcribed at  a twofold 
greater rate than PM2 form I1 DNA by this enzyme. 

(Braunstein et al., 1971) and thus it may provide us with a 
very simple system for studying the regulation of gene tran- 
scription. 

Since there is evidence that RNA polymerases from dif- 
ferent microorganisms show differences in their transcrip- 
tion specificity (von der Helm and Zillig, 1969), we consid- 
ered it essential to utilize the DhA-dependent RNA poly- 
merase from the bacteriophage's natural host. Pseudonio- 
nus BAL-31, in order to avoid the possibility of erroneous 
transcription by a nonhomologous enzyme. Therefore, as a 
prerequisite to study PM2 transcription, it was necessary to 
isolate the RNA polymerase from the host organism. 

I n  this paper we describe a procedure for the purification 
of the DNA-dependent R N A  polymerase from Psc~rdomo- 
nus BAL-3 I .  We have characterized the enzyme with rc- 
spect to its physical and enzymatic purity. molecular struc- 
ture, stability. and template preferences; in  particular wc 
have studied its transcription requirements and the effect of 
inhibitors with PM2 DNA as template. A detailed studj of 
its function in the transcription of the allomorphic forms of 
phage PM2 DNA is presented in the following publication 
(Zimmer and Millette, 1975). 

Materials and Methods 
Buffers and media used included: A M S  buffer (Espejo 

and Canelo, 1968a); BAL-3 1 growth medium (2.4 g of Tris 
base, 5 g of glucose, and 8 g of nutrient broth per liter of 
A M S  buffer, adjusted to pH 7.5 with HCI); BE buffer (Es- 
pejo and Canelo, 1968b); N T  buffer and NTC buffer 
(Franklin et al., 1969); buffer A I  (0.02 M Tris-HCI (pH 
8.1 at  4')-0.01 M MgC12-0.1 M NaC1-0.5 m v  EDTA-5 
mM $-mercaptoethanol- 10% glycerol, v/v): buffer A, (0.02 
M Tris-HCI (pH 8.1 a t  4')-0.01 ST MgClr-0.6 M haCI-0.5 
mM EDTA-2 mM @-mercaptoethanol-5% glycerol, v / v ) :  
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buffer B (0.05 M Tris-HCI (pH 8.1 a t  4")-0.02 M MgC12- 
0.5 mM EDTA-5 mM P-mercaptoethanol- 10% glycerol, 
v/v); buffer C (0.01 M Tris-HC1 (pH 8.1 at  4')-5 mM 
MgC12-0.05 M NaCl-0.5 mM EDTA-2 mM P-mercap- 
toethanol-5% glycerol, v/v). 

Growth of Bacteria. Pseudomonas BAL-3 1 (generously 
supplied by R.  Espejo) was grown in 20-1. batches in the fol- 
lowing manner. Ten liters of BAL-31 growth medium was 
prewarmed to 28" in a New Brunswick M-I14 fermenter, 
500 ml of an overnight culture was added, and the cells 
were grown with vigorous aeration a t  28' to a density of 2 
X IO9/ml (late log phase). Three liters of culture was re- 
moved and the cells were collected by centrifugation (7000 
rpm for 10 min at  0" in a Sorvall GS-3 rotor) and held on 
ice. Concomitantly, 2 1. of fresh media was added to the cul- 
ture. When the cell density again reached 2 X 109/ml, 3 l. 
was removed, and the above process was repeated until all 
of the bacteria were harvested. 

The packed bacteria were washed twice by resuspension 
in 250 ml of cold A M S  buffer, and collected by centrifuga- 
tion a t  20,000 rpm for 15 min at  0" in a Sorvall SS-34 
rotor. The average yield was 6-7 g (packed, wet weight) of 
bacteria per liter of culture. The packed cells were frozen 
and stored at  -20' until use (usually 2 days after harvest- 
ing). Under these growth conditions the bacteria have a 
doubling time of approximately 60 min. 

Growth of Bacteriophage PM2. An 8-1. batch of Pseu- 
domonas BAL-31 was grown, under the conditions de- 
scribed above, to a density of 3 X l ox  cells/ml. CaClz (8.8 
g) was dissolved in the culture and purified bacteriophage 
PM2 (a gift of R. Espejo) was added a t  a multiplicity of 
0.1-0.5. After lysis was completed, usually in 3 hr, the bac- 
teriophage was harvested and purified according to the 
method described by Salditt et al. (1972) up to the first 
CsCl gradient. The phage band was collected and dialyzed 
overnight against two changes of 800 vol of BE buffer. If 
the DNA was not going to be extracted within 1 day, the di- 
alysis was done against N T C  buffer and the phage were 
stored a t  4". 

Unlabeled DNA.  Unlabeled DNA from the purified 
phage was prepared by a modification of the procedure de- 
scribed by Espejo et al. (1969). Sarkosyl (Sigma Chemical 
Co.) was added to the purified phage to a final concentra- 
tion of 0.2% (w/v) and the mixture was heated at  45' for 5 
min. The clarified solution was extracted twice with equal 
volumes of BE saturated phenol (pH 7.5). The phenol phase 
and interface were re-extracted with 0.5 vol of BE buffer 
and the combined aqueous phases were extracted once with 
an equal volume of chloroform-octanol (9:1, v/v), The 
aqueous DNA solution was dialyzed overnight against two 
changes of 1 mM Tris-HC1 (pH 8.1)-0.1 mM EDTA buffer, 
and stored at  -20'. T4, T7, and X DNAs were prepared by 
phenol and chloroform-octanol (9: I ,  v/v) extractions as de- 
scribed by Fuchs et al. (1967). Pseudomonas BAL-31 
DNA was prepared according to the method of Marmur 
(1961). 

3H-Labeled PM2 DNA.  Pseudomonas BAL-31 was 
grown in 3 I .  of N T C  buffer supplemented with 0.5% glu- 
cose and 0.2% casamino acids to a density of 3 X 10*/ml 
and infected with PM2 phage a t  a multiplicity of 5-10. At 
20 rnin post-infection, 0.5 mCi of [5-3H]thymidine 
(Schwarz BioResearch Co.) was added to the culture, fol- 
lowed by another 0.5 mCi of [5-3H]thymidine a t  30 min 
post-infection. After purification of the phage and extrac- 
tion of the DNA by the method described above, the labeled 

D N A  had a specific activity of 16,000 cpmlpg. 
Separation of P M 2  Forms I and II DNA.  DNA, CsCl 

(Harshaw), and ethidium bromide (Calbiochem) were 
mixed together in final concentrations of 20-30 pg/ml, 1.55 
g/cm3 (5.5 m ) ,  and 150 pg/ml, respectively. The DNA was 
separated into forms I (superhelical) and I 1  (relaxed circu- 
lar) by centrifugation for 24 hr a t  43,000 rpm in a Spinco 
50 rotor a t  10". The lower band (form I )  and the upper 
band (form 11) were removed separately by puncture of the 
nitrocellulose tube from the side with a 22 gauge hypoder- 
mic needle. 

The ethidium bromide was removed by passing the D N A  
through a 0.9 X 6 cm Dowex-50 (Bio-Rad, AG 50W-X4, 
200-400 mesh) cation exchange column which had been 
previously washed with 20 vol of 1 M Tris-HCI (pH 8.1), 
and equilibrated with 1 M NaCI-0.02 M Tris-HCI (pH 
8.1). (It is important that the resin be rigorously washed 
with a cycle of 1 N HCI, HzO, 1 N NaOH,  and HzO prior 
to this equilibration step.) The DNAs were dialyzed over- 
night against two changes of 600 vol of 1 mM Tris (pH 
8.1)-0.1 mM EDTA, and stored at  -20". 

Homogenization and Differential Centrifugation. One 
hundred grams of packed, frozen Pseudomonas BAL-3 1 
bacterial pellets was chopped into small pieces, suspended 
in 100 ml of buffer A I  to thaw, and homogeneously mixed 
with 300 ml of 0.1-mm glass beads (Edmund Buhler, Tubi- 
gen). The cells were disrupted by shaking for 6 or 10 min a t  
0", in 125- or 200-ml stainless steel beakers, respectively, at  
400 vibrations/sec in a Vibrogen cell mill (Edmund Buhler, 
Tubigen). The glass beads were removed by suction filtra- 
tion on a sintered glass funnel and washed with approxi- 
mately 300 ml of buffer A , .  The resulting homogenate was 
centrifuged at  20,000 rpm for 20 rnin at  0' in a Sorvall SS- 
34 rotor. The clear supernatant was carefully removed and 
the pellets were twice resuspended in 40 ml of buffer A I  and 
centrifuged as above. The supernatants were combined to 
give the "crude extract." This was centrifuged in the Spinco 
42 rotor for 1.5 hr at  40,000 rpm at 2' to yield the "high- 
speed supernatant ." 

DEAE-Cellulose Column Chromatography. The high- 
speed supernatant was treated with 5 ,ug/ml of DNase I 
(Worthington) for 30 rnin at  4", and loaded onto a 5 X 25 
cm column of DEAE-cellulose (0.98 mequiv/g, Type 20, 
Schleicher & Schuell) which had been previously equili- 
brated with buffer B + 0.1 'M NaCI. The unadsorbed pro- 
tein was washed through the column with 800 ml of buffer 
B + 0.1 M NaCl a t  a flow rate of 10 ml/min. RNA poly- 
merase was eluted from the column with 600 ml of buffer B + 0.17 M NaCl a t  a flow rate of 5 ml/min. After elution of 
the enzyme the column was washed with 600 ml of buffer B 
+ 0.27 M NaCl to ensure that no significant amounts of en- 
zyme remained bound to the column. Polymerase-contain- 
ing fractions having a t  least one-half the specific activity of 
the peak fraction were pooled from the 0. I7 M NaCl eluent 
("DEAE fraction"). 

Ammonium Sulfate Precipitation. To the DEAE frac- 
tion an equal volume of ammonium sulfate solution 
(Schwarz/Mann, enzyme grade), saturated at  0' in  buffer 
A 1 lacking NaCI, pH adjusted to 8.1, was added slowly, and 
with stirring, to give a 50% saturated solution. After stand- 
ing a t  0" for 1 hr, the precipitate was removed by centrifu- 
gation for 30 rnin a t  20,000 rpm at 0' (Sorvall SS-34 
rotor). The supernatant was brought to 60% saturated am- 
monium sulfate by adding a volume of saturated ammo- 
nium sulfate solution equal to one-half the original volume 
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of the DEAE fraction, allowed to stand a t  0" for 1 hr, and 
centrifuged as before. The precipitate, containing R N A  
polymerase, was dissolved in approximately 5 ml of buffer 
C ("60% ammonium sulfate fraction"). 

Low Salt Sucrose Density Gradient Centriguation. The 
60% ammonium sulfate fraction was dialyzed twice against 
600 vol of buffer C for 1.5 hr each time. The dialyzed en- 
zyme was then diluted to a concentration of 20 mg/ml or 
less with buffer C and 3-ml aliquots were layered onto 55 
ml of 7-25% (w/v) sucrose gradients in buffer C. The gra- 
dients were centrifuged in a Spinco SW25.2 rotor for 24 hr 
at  25,000 rpm a t  2", collected into 1 .O-ml fractions, and as- 
sayed for enzyme activity. The enzyme-containing fractions 
having at  least one-half the peak specific activity were 
pooled and precipitated with 70% saturated ammonium sul- 
fate. The precipitate was dissolved in buffer A1 to give the 
"low salt fraction." 

High Salt Sucrose Density Gradient Centrifugation. The 
low salt fraction was adjusted to 20 mg/ml of protein or less 
with buffer A2 and 1-ml aliquots were layered onto three 
32-ml 7-25% (w/v) sucrose gradients in buffer A?. The 
gradients were centrifuged a t  25,000 rpm for 24 hr in the 
SW25.1 rotor a t  2", collected into 0.75-ml fractions, and 
assayed for enzyme activity. Only the constant specific ac- 
tivity peaks were pooled and precipitated with 70% saturat- 
ed (at 0") ammonium sulfate. The precipitate was dissolved 
in approximately 1 ml of buffer A containing 50% glycerol 
(w/v) and stored a t  -20". This is the "high salt fraction." 

Standard Polymerase Assay. For enzyme assays during 
the purification procedure, each 0.1 ml of mixture con- 
tained 30 m M  Tris-HCI (pH 8.2 at  25'), 10 mM MgC12. 
150 mM KCI, 0.5 mM Pi, (to inhibit polynucleotide phos- 
phorylase), 0.5 mM each of GTP,  CTP, L T P  (P-L Bio- 
chemicals), and [I4C]ATP (0.5 Ci/mol, Schwarz), 10 p g  of 
calf thymus DNA (Worthington), and enzyme as indicated. 
The reaction mixtures were incubated for 20 min at  28" .  
chilled on ice, and diluted with 1 ml of ice cold distilled 
water. Nucleic acids were precipitated by the addition of 
I .  1 ml of ice cold 10% trichloroacetic acid, and collected by 
suction filtration on glass fiber filters. The filters were 
washed three times with -10 ml of cold 5% C13CCOOH, 
one time with cold 95% ethanol, and dried, and the radioac- 
tivity measured in a liquid scintillation spectrometer. One 
enzyme unit equals the amount of enzyme which will incor- 
porate 1 nmol of [ I4C]AMP with calf thymus DKA as teni- 
plate i n  20 min at  28". 

Standard Transcription Mixture. For studies with puri- 
fied polymerase, the "standard polymerase assay" mixture 
was used with the following modifications. Inorganic phos- 
phate was deleted, the pH of the Tris-HCI solution was 8.3. 
and the MgClz concentration was 30 mM. Reaction vol- 
umes and DNA and enzyme concentrations were varied as 
indicated in the appropriate figure or table legend. 

Assay of Enzymatic Impurities. DNase. Exonuclease 
and large amounts of endonuclease activities in R N A  poly- 
merase were assayed by the appearance of C13CCOOH sol- 
uble radioactivity from 3H-labeled T4 DNA. Twenty mi- 
crograms of 3H-labeled T 4  D N A  (3600 cpm/pg) was incu- 
bated with 20 pg of enzyme in 100 pl of standard pofymer- 
ase reaction mixture, lacking ribonucleoside triphosphates 
and calf thymus DNA, for 6 hr a t  28'. The mixtures were 
chilled, diluted with 100 pI of 10% C13CCOOH, and centri- 
fuged, and 100 p1 of the supernatant was assayed for radio- 
activity in Kinard's scintillation liquid (Kinard, 1957). 

The conversion of form I to form 11 DNA was used as a 

more sensitive endonuclease assay. Five micrograms of 3H- 
labeled PM2 DNA composed of approximately 33% form I 
( 1  6,000 cpm/pg) was incubated in 100 pl of standard poly- 
merase assay mixture, lacking ribonucleoside triphosphates 
and calf thymus DNA, for 2 hr at  28'. The reactions were 
then terminated by adding 10 p1 of 1 N NaOH.  The mix- 
ture was layered on a linear 5-20% (w/v) sucrose gradient 
in 0.1 M NaC1-0.1 N NaOH-0.001 M EDTA and centri- 
fuged in the Spinco SW50 rotor for 1 .5 hr a t  45,000 rpm a t  
4'. Fractions were collected and assayed for radioactivity in 
Kinard's scintillation fluid. The presence of DNase was in -  
dicated by a decrease in the ratio of form I to form 11 DNA. 

RNase. Exonuclease and large amounts of endonuclease 
were assayed in the same way as for exo-DNase activity ex- 
cept that 20 p g  of E .  coli IJC-labeled r R N A  (4700 cpm/ 
p g )  was substituted for the T4 DNA. A more sensitive en- 
donuclease assay was the cleavage of phage R17 RNA. 
Assay tubes containing 2.5 p g  of 3H-labeled R17 R N A  
(38,000 cpm/pg) and 7 p g  of enzyme were incubated for 1 
hr at  28' in  25 pI of lo-: v Tris-HCI (pH 7.5)-1OP3 M 

EDTA. The R N A  was analyzed by electrophoresis on 2.4% 
polyacrylamide-0.1 YO sodium dodecyl sulfate gels (Bishop 
et al., 1967). The 0.5 X 9 cm gels were run for 90 min at  90 
V ,  removed. frozen on Dry Ice, and cut into 1.5-mm sec- 
tions. The RNA was solubilized by overnight incubation at 
37" in 0.3 ml of NCS (Arnersham/Searle) diluted 1.5 i n  
toluene. Radioactivity was determined by counting in Ki- 
nard's scintillation liquid. 

POl.Y\LCLEOTIDE PHOSPHORYLASL:. This was as- 
sayed b) the exchange of 32P, into ADP according to the 
method of Ochoa rt al. (1963). Each assay tube contained 
3 X 1 Oi cpm of "P, and 70 pg of RNA polymerase. Incuba- 
tion was for 30 min at  28'. 

POLY K I  B O A D E N Y  I . . ~ T E  S Y N T H E T A S E .  RNA polymer- 
ase (22-35 pgj  \vas added to 100 p1 of standard reaction 
mixture containing 0.5 mM [I4C]ATP (2  Ci/mol) as the 
only ribonucleoside triphosphate. After incubation for 30 
min at  28" the reaction was terminated by chilling on ice 
and CIjCCOOH insoluble radioactivity was determined as 
described above. 

POLYPHOSPHATE K I ~ A S E .  R h A  polymerase (7-36 p g )  
was added to 100 pl  of standard reaction mixture (minus 
calf thynus  DN14j containing [y-''P]CTP (525 cpm/ 
pniol) as the sole S T P .  incubation was for 1 hr after which 
C13CCOOH precipitable radioactivity was determined. 

Protrin Drtrmiination. Protein was determined by the 
method of Lowrq et al. (1951 j with bovine serum albumin 
as standard. 

Polj~acrj~larnide Gel Electrophorrsis. Proteins were ana- 
lyzed on 0.5 X 9 cm gels. containing 5% acrylamide and 
0.1% sodium dodecyl sulfate (SDS), prepared and run ac- 
cording to the method of Shapiro of ul. (1967). Ten to 
twenty microgram samples of protein i n  50 p1 of a buffer 
containing 0.1% (w/v) SDS, 1 %  ( w / v )  2-mcrcaptoethanol, 
0.01 M sodium phosphate (pH 7 . l ) ,  10% (v/v) glycerol, and 
0.002% (w/v) Bromophenol Blue were heated at  65" for 10 
min. cooled to room temperature, and layered onto the gels. 
Electrophoresis was for 3 hr a t  60 V in 0.1 \I sodium phos- 
phate ( p H  7.1) and 0.1% SDS. The gels were stained for 3 
hr i n  ;L 0.025?/, solution of Coomassie Brilliant Blue in 
methanol-acetic acid-uater (5:I  : 5 ) .  and destained in a dif- 
fusion destainer (Hoeffer Scientific Instruments) in  10% 
CIjCCOOH. Destaining was stopped by a 7.5%) acetic acid- 
5% methanol solution. The gels were scanned at  550 nm on 
a recording spectrophotometer (Gilford Instrumen1 Lab) at 
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Table I: Purification of DNA-Dependent RNA Polymerase from Pseudomonas BAL-3l.a 

Fraction 
Total Total Sp Act. Stability,b 

t l 1 2  (Days) % Yield Protein (mg) Units (unit s/mg) 
~ ~~~~ ~ ~ ~~~~~~~~~ 

Crude extract  5330 16,300 3.1 100 11 

60% (NH,),so, 172 12,842 74.8 79 2.2 
Low salt  gradient 45.6 6,175 135 38 3 
High salt  gradient 7.2 3,425 479 2 1  5 

High-speed supernatant 4460 15,700 3.5 96 1 6  
DEAE -cellulose 1150 15,100 13.1 92 6.0 

a The  figures are averages of seven enzyme preparations each from 100 g of packed cells (wet weight). An aliquot of each 
fraction was left at 0” and assayed in the  standard polymerase assay at 2-day intervals over a period of 10 days. The 60% 
(“&SO4 fraction was dialyzed into buffer C before assay since the  enzyme is stable in its precipitated form. 

two different chart speeds and the areas under the peaks 
were measured. The p + p’ areas were determined together 
since these peaks are poorly resolved. 

Molecular Weight Determination. The molecular 
weights of the R N A  polymerase subunits were determined 
by comparison of their electrophoretic mobility with those 
of proteins of known molecular weight. The standards were 
run  in parallel gels in the same experiment. The BAL-31 
polymerase was electrophoresed in duplicate, one alone and 
one with either bovine serum albumin or DNase I as inter- 
nal standard. The molecular weights of the polymerase sub- 
units were determined from the standard plot of mobility 
vs. log molecular weight. 

Determination of Sedimentation Constants. For high 
ionic strength values, purified E.  coli and Pseudomonas 
BAL-3 1 polymerases were dialyzed against buffer A2 for 2 
hr with one buffer change. Each enzyme (0.2 ml; 0.5 mg) 
was layered onto separate 12.5-ml, 7-25% (w/v) linear su- 
crose gradients in buffer A2. Centrifugation was in the 
SW41 rotor a t  37,000 rpm for 20 hr a t  2’. Fractions were 
collected from the bottom of the tubes and assayed for en- 
zyme activity by the “standard polymerase assay.” Low 
ionic strength runs were carried out in the same manner but 
using buffer C for the dialysis and gradients and centrifug- 
ing for 24 hr. The s values were calculated from the position 
of E. coli polymerase, using values of 15.0 S for the mono- 
mer and 24 S for the dimer of this enzyme (Berg and 
Chamberlin, 1970), assuming constant velocity throughout 
the gradients. 

E. coli DNA-dependent R N A  polymerase was prepared 
as previously described (Millette and Trotter, 1970). 

Results 

Purification of Pseudomonas BAL-31 R N A  Polymerase. 
Table I summarizes the purification of the enzyme accord- 
ing to the procedure described under Materials and Meth- 
ods. The protein recovered in the final fraction is composed 
of >85% R N A  polymerase as determined from SDS-poly- 
acrylamide gel electrophoresis. This represents a 154-fold 
purification over the crude extract and a 21% yield of the 
original enzyme activity. Varying with the individual prepa- 
ration and the strictures used when selecting the enzyme 
containing fractions, the purification and the yield obtained 
by this procedure have ranged from 117- to 187-fold and 
from 12 to 23%, respectively, and the purity of the final 
preparation has ranged from 75 to 97% R N A  polymerase. 
The BAL-31 polymerase exhibits lowest stability a t  all 
stages of purification subsequent to DEAE-cellulose chro- 

matography (Table I ) .  However, the final enzyme prepara- 
tion stored a t  -20’ in buffer A ,  containing 50% glycerol 
has a half-life of approximately 60 days. 

HOMOGENIZATION A N D  DIFFERENTIAL CENTRIFU- 
GATION. Disruption of the bacteria produces a large 
amount of pink-orange flocculent material which may be 
bacterial membrane components. Failure to free the cell ex- 
tract of this material hinders the fractionation of the en- 
zyme on DEAE-cellulose and lowers the recovery in subse- 
quent purification steps. Therefore, after the low-speed cen- 
trifugations of the crude extract it is best to draw off the 
clear supernatant fluid with a pipet, so as not to include any 
of the underlying pinkish debris. If this material is carried 
over to the high-speed centrifugation stage, it will not pack 
well on the ribosome pellet, and will contaminate the high- 
speed supernatant fraction. 

DEAE-CELLULOSE COLUMN CHROMATOGRAPHY. 
When a linear salt gradient was used to elute the enzyme, 
only about 20-30% of the enzyme activity was recovered 
and up to 70% of this activity was lost upon storage of the 
enzyme overnight a t  0’. This may have been caused by in- 
activation due to low protein concentration or to partial dis- 
sociation of the enzyme subunits. These difficulties were 
overcome when the enzyme was eluted with a NaCl step 
gradient as illustrated in Figure 1. A small amount of en- 
zyme activity is lost in the flow-through fraction (0.1 M 
NaC1) whereas the bulk of the enzyme (>90%) elutes in the 
0.17 M NaCl peak. A variable amount of polymerase activi- 
ty remains bound to the column and is eluted in the 0.27 M 
fraction. The presence of the flocculent material a t  this 

D E A E  C E L L U L O S E  C O L U M N  

7 I 

20 4 0  60 80 

F R A C T I O N  NO.  

0 

F l G L R E  1 : DEAE-cellulose column chromatography of the high-speed 
supernatant fraction. The high-speed supernatant fraction, containing 
4.9 g of protein. was adsorbed to a 5 X 25 cm DEAE-cellulose column 
which had been previously equilibrated with buffer B + 0.1 M NaCI. 
The column was washed and the enzyme eluted as described under 
Materials and Methods. Fractions of 20 ml were collected. 
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L O W  S A L T  
S U C R O S E  G R A D I E N T  

2 0  I 
I 

= 10- 
, ,v, , I ,  , , , 

P 6 16 24 32 40 48 56 

Frac t ion  n o .  
F I G U R E  2: Low salt sucrose gradient sedimentation. A total of 53 mg 
of protein in 3 . 3  ml was applied to each of three 5 5 4  7-25% sucrose 
gradients in buffer C. The gradients were centrifuged at  25,000 rpm in  
a Spinco SW25.2 rotor for 24 hr at 2O. Fractions of 1.0 ml were col- 
lected by pumping from the bottom of the tube. Fractions 29-38 were 
pooled along with similar fractions from the other two gradients. 

stage causes a slight increase in the amount of enzyme elut- 
ing in the 0.27 M NaCl wash, a significant increase in the 
amount of enzyme appearing in the flow-through fraction, 
and an overall reduction in yield. The DEAE-cellulose step 
usually results in a four- to sixfold purification and an 85- 
100% recovery of the enzyme. Since the stability of the en- 
zyme decreases markedly a t  this point (see Table I), the pu- 
rification procedure should not be interrupted until the en- 
zyme is precipitated in 60% ammonium sulfate after the 
DEAE step. 

AMMONIUM SULFATE PRECIPITATION. Precipitation 
of the enzyme is best accomplished with a pH adjusted, sat- 
urated (at Oo) ammonium sulfate solution. The use of solid, 
finely ground ammonium sulfate resulted in consistently 
lower enzyme recoveries. Since the enzyme is inactivated by 
brief exposure to low pH, the loss may be due to localized 
regions of low pH produced during the dissolution of the 
solid ammonium sulfate. The vigorous stirring required 
when solid ammonium sulfate is used may also result in 
losses due to surface denaturation. The enzyme is quite sta- 
ble if left in the precipitated form at this stage. 

The sedimentation profile for the enzyme in a 7-25% (w/v) 
sucrose gradient in buffer C is shown in Figure 2. Under 
these ionic conditions (p = 0.065) the enzyme sediments 
with a peak at  22 S (see below), ahead of the bulk of the 
contaminating proteins. Although this step removes most of 
the contaminating proteins, it results in a relatively low-fold 
(1.8X) purification. This can be accounted for by loss of ac- 
tivity due to the inherent instability of the enzyme at  this 
point. The reason for the instability is unknown. However, 
it does not seem to be due to the buffer conditions or to pro- 
tease contamination, as the enzyme remains unstable over a 
wide range of salt concentrations (0.05-1.0 M NaCI) and 
pH (6.5-9.5). and it is not stabilized by the addition of 1 
mg/ml of bovine serum albumin. Also, substrate protection 
of the enzyme (with 0.05 mM A T P  and 0.05 mM G T P  pres- 
ent in the sucrose gradients) did not increase the recovery of 
enzyme activity. 

This procedure, first used by Zillig et al. (l970b),  takes ad- 
vantage of the fact that this enzyme, like E.  coli R N A  
polymerase (Richardson, 1966; Zillig et ai., 1966; Berg and 

LOW SALT SUCROSE GRADIENT SEDIMENTATION. 
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FIGURE 3: High salt sucrose gradient sedimentation. A total of 6 mg 
of protein from the low salt sucrose gradient sedimentation step in I .O 
ml was layered on each of three 32-ml 7-25% sucrose gradients in buff- 
er A2. The gradients were centrifuged at 25,000 rpm in the Spinco 25.1 
rotor for 24 hr at 2O. Fractions of 0.75 ml were collected by pumping 
from the bottom (fraction 1)  of the tube, and assayed for enzyme activ- 
ity. Fractions 29-34 were pooled. 

Chamberlin, 1970), sediments as a monomer at  15 S under 
conditions of high ionic strength ( p  = 0.65). Thus, most of 
the contaminating proteins which cosediment with the 22s  
form in the low salt gradient are removed in this step. Fig- 
ure 3 depicts the sedimentation profile obtained by this 
method. Only those fractions having essentially the same 
maximum specific activity are pooled. The average purifi- 
cation achieved is a 3.5-fold increase in specific activity 
over the previous fraction. The sedimentation profile (Fig- 
ure 3) is that obtained when the enzyme was selected for 
maximum specific activity in the previous steps. When the 
enzyme is selected for high yields at  each step, more con- 
taminating protein is found in the fractions preceding the 
enzyme peak. 

Enzymatic Purity. R N A  polymerase prepared by this 
method is generally free of contaminating enzyme activities 
which can interfere with studies of R N A  synthesis (see Ma- 
terials and Methods). No RNase or DNase activities could 
be detected as assayed by the cleavage of 3H-labeled R17 
RNA and the nicking of PM2 form I DNA, respectively. 
Polynucleotide phosphorylase activity in the final enzyme 
fraction is negligible; with 70 pg of polymerase, <0.03 nmol 
of 32Pi was exchanged with ATP. Traces of polyphosphate 
kinase have been found in  some polymerase preparations. 
For example, with 36 pg of RNA polymerase 10.2  pmoi of 
32P was incorporated from y- [32P] CTP. 'Therefore, each 
preparation should be carefully monitored for this contami- 
nant, and any residual polyphosphate kinase activity can be 
inhibited by including 0.1 m M  ADP in the reaction mixture. 

The Pseudomonas BAL-3 1 polymerase is capable of syn- 
thesizing poly(A) from ATP in the absence of the other 
three triphosphates (data not shown). This enzyme activity 
has been found in all of our polymerase preparations. It in- 
creases linearly with increasing polymerase concentration, 
and is equal to approximately of the DNA-dependent 
R N A  polymerase activity. Although this activity is inde- 
pendent of DNA, it is stimulated 1.5-fold by PM2 I1 DNA 
(50 pg/ml). The polyriboadenylate .synthetase activity is 
only slightly inhibited by CTP,  but when both CTP and 
G T P  are present, the synthetase activity is inhibited >80%. 

Subunit Composition and Molecular Weights. I f  we 
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FIGURE 4 Thermal inactivation of Pseudomonas BAL-31 polymer- 
ase. Purified RNA polymerase (4.2 pg) in 100 p1 of the standard poly- 
merase assay mixture lacking DNA was incubated for I O  min at the m- 
dicated temperatures. PM2 DNA ( I O  pg) was then added, followed by 
a 20-min incubation at 28'. The reaction was stopped by chilling on ice 
and the samples were assayed as described under Materials and Meth- 
ods. One hundred per cent activity represents the incorporation of 6.03 
"mol of [ ' T I A M P  in 20 min. 

adopt the nomenclature proposed for the protein subunits of 
E. coli polymerase (Burgess et ai., 1969; Burgess, 1969b), 
the Pseudomonas BAL-31 polymerase is also seen to con- 
sist of @', 8, u, and a subunits (Figure 4). The @', 8, and a 
subunits have essentially the same electrophoretic mobility 
as those of E. coli polymerase (Herzfeld and Zillig, 1971). 
while the u subunit of Pseudomonas BAL-31 polymerase is 
about 5% larger than that of E. coli. 

As with R N A  polymerase from E. coli. the BAL-31 u 
subunit can be separated from the core enzyme by phospho- 
cellulose column chromatography (Burgess, 1969a). How- 
ever, the BAL-31 polymerase is not as strongly retained on 
the column as is the E. coli enzyme, and thus appreciable 
amounts of holoenzyme, in addition to u, appear in the 
phosphocellulose flow-through fraction. This necessitates 
further purification of u such as by glycerol gradient cen- 
trifugation (Burgess et a/ . .  1969). The minimal enzyme, 
which by polyacrylamide-SDS gel electrophoresis is seen to 
consist of only the @', @, and a subunits, can transcribe calf 
thymus D N A  as well as the holoenzyme, but its ability to 
read PM2 DNA is greatly reduced (Figure 5). Readdition 
of the u containing glycerol gradient fraction to the core en- 
zyme results in a fourfold stimulation of transcription of 
PM2 D N A  (data not shown). The BAL-31 u subunit can 
also be separated from the core enzyme by chromatography 
on hydroxylapatite. Thus, in contrast to the E. coli K12 
polymerase, the Pseudomonas BAL-31 u seems to be less 
tightly bound to the core. This has also been observed for 
the E. coli B R N A  polymerase (King and Nicholson, 
1971). 

The molecular weights of the enzyme subunits have been 
determined by the method of Shapiro et a / .  (1967) by elec- 
trophoresis with known standards on 5% polyacrylgnide- 
0.1% S D S  gels (Figure 6). The standards fall on a straight 
line within the 30,000-160.000 molecular weight range. 
From these data the molecular weights determined for the 
Pseudomonas BAL-31 polymerase subunits are: @' = 
165,000; (3 = 155,000; u = 89,000; a = 38,000. 

The molar ratios of the enzyme subunits were determined 
from densitometer tracings of Coomassie blue stained poly- 
acrylamide gels as described under Materials and Methods. 

A B C  

FIGURE 5 :  Subunit ~ t r u c t ~ r e  of Pseudomonos Bal-31 and E. coli po- 
lymerases; Polyacrylamide gels containing 5% acrylamide and 0.1% 
SDS were prepared and stained as described under Materials and 
Methods. Electrophoresis was for 3 hr at 60 V: (A) 12 pg of P.wudom- 
onas BAL-31 polymerase: (B) 6 pg of Pseudomonas BAL-31 poly- 
merase + 7 pg of E. coli polymerase: ( C )  I 4  pg of E. coli polymerase. 

FIGURE 6: Activity of Pseudomonas BAL-31 corc polymerase on calf 
thymus and PM2 DNA. Equal units of cote polymerase (373 Ujmg) 
or holoenzyme (528 Ujmg) were assayed in 100 pl of standard poly- 
merase assay mixture containing either I O  pg of calf thymus DNA or 4 
pg of PMZ I DNA. Incubation was for 20 min at 28': (0 )  holoenzyme: 
(0) core polymerase. 

From an average of five separate enzyme preparations, set- 
ting B + 8' = 2, these values are: (B + @'):ox = 2.00.78: 
2.3. 

The sedimentation constants for Pseudomonas BAL-31 
R N A  polymerase were determined a t  low ( p  = 0.065) and 
high ( p  = 0.75) ionic strengths by sucrose gradient centrif- 
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FIGURE 7: Determination of the molecular weights of the Pseudomo- 
nas BAL-31 RNA polymerase subunits. Proteins of known molecular 
weight as well as purified E.  coli and Pseudomonas BAL-31 RNA po- 
lymerases were electrophoresed on 5% polyacrylamide gels as de- 
scribed under Materials and Methods. The marker proteins and molec- 
ular weights were: immunoglobulin G ,  150,000; bovine serum albumin, 
65,000: ovalbumin, 44,000; DNase I, 3 1,000 (monomer): a-chymo- 
trypsin, 2 1,600. immunoglobulin G and a-chymotrypsin were prepared 
i n  SDS buffer lacking 2-mercaptoethanol. The molecular weights of 
the E .  coli RNA polymerase subunits are from Zillig et al. (1970a): 
(e) marker proteins: ( A )  E.  coli RNA polymerase subunits; (0) Pseu- 
domonas BAL-3 1 RNA polymerase subunits. 

ugation with E. coli R N A  polymerase as a standard (see 
Materials and Methods). Using the values of 15.0 S for the 
monomer (low p) and 24 S for the dimer (high p) of the E. 
coli enzyme (Berg and Chamberlin, 1970), we have calcu- 
lated sedimentation ceofficients of 14.8 S, a t  low ionic 
strength, and 22 S, a t  high ionic strength;for the Pseudom- 
onas BAL-3 1 RNA polymerase. Thus, like the E. coli poly- 
merase, this enzyme appears to sediment as a dimer at  low 
ionic strength and as a monomer at  high ionic strength. The 
similarity of the sedimentation coefficients for the two po- 
lymerases indicates that the Pseudomonas BAL-3 l poly- 
merase has a molecular weight very close to that of the E. 
coli enzyme (4.7 X lo5 daltons, Berg and Chamberlin, 
1970). This observation, along with the molecular weights 
and molar ratios of the subunits, specifies a subunit compo- 
sition of ~ ' P L Y ~ C T  for the holoenzyme and p'Pa2 for the core 
enzyme. A summation of the subunit molecular weights 
yields molecular weights of 396,000 daltons for Pseudomo- 
nas BAL-31 core polymerase and 485,000 daltons for the 
holoenzyme. 

Requirements for  Optimal Enzyme Activity. Pseudomo- 
nas BAL-3 1 polymerase, like other DNA-dependent R N A  
polymerases, has an absolute requirement for DNA, a diva- 
lent cation, and all four ribonucleoside triphosphates. Its ac- 
tivity is further stimulated by increasing the ionic strength 
with both monovalent and divalent cations (see below). Al- 
though potassium is the cation most frequently used in tran- 
scription studies, sodium or ammonium ions work almost as 
well giving a t  least 90% of the incorporation seen with K+. 
Manganese can be substituted for Mg2+ at  an optimal con- 
centration of 3.5 mM whereas higher Mn2+ concentrations 
cause the DNA to precipitate. The enzyme does not require 
bovine serum albumin or mercaptoethanol for optimal en- 
zyme activity. Bovine serum albumin has been shown to 

0 100 300 0 2 0  60 
m M  K C I  m M  MgCIz  

FIGURE 8: Effect of KCI and MgCI, on Pseudomonas BAL-31 RNA 
polymerase activity. Each polymerase assay mixture (100 PI) contained 
7 pg of Pseudomonas BAL-31 RNA polymerase and I O  pg of PM2 I 
DNA. The other components were as described under Materials and 
Methods for the standard transcription mixture. Ten-microliter sam- 
ples were taken at different times of synthesis, and the 20-min and 2-hr 
values are plotted. Each point is the average of three separate determi- 
nations. 

stimulate Bacillus subtilis R N A  polymerase activity (Avila 
et al., 1971) and to be required for T7 polymerase activity 
(Chamberlin and Ring, 1973). 

The enzyme has a broad pH optimum between 8.0 and 
9.5 with both PM2 and calf thymus DNA templates. Even 
at  pH values of 7.5 and 10 the activity is still 70% of maxi- 
mum. 

Thermal Inactivation and Temperature Optimum. The 
thermal inactivation curve for the BAL-31 R N A  polymer- 
ase is depicted in Figure 7. No loss of enzyme activity is de- 
tected until the preincubation temperature exceeds 30'. A 
10-min preincubation at  40' destroys 50% of the enzyme 
activity, while temperatures of 50' or greater completely 
inactivate the enzyme. 

The temperature optimum for Pseudomonas BAL-3 1 
polymerase activity is 28-32', with PM2 I DNA as tem- 
plate in the standard transcription mixture. Therefore, for 
transcription studies, we have used an incubation tempera- 
ture of 28' to avoid possible heat inactivation of the enzyme 
(see Figure 4). This optimal temperature for BAL-3 1 R N A  
polymerase activity in vitro coincides with the optimal tem- 
perature for growth of the bacterium (Espejo and Canelo, 
1968a). 

Effect of Salt Concentration on Enzyme Activity. As 
with the DNA-dependent RNA polymerase from E. coli 
(Fuchs et al., 1967), the synthesis of R N A  by Pseudomo- 
nas BAL-31 polymerase is markedly dependent on the salt 
concentration. Figure 8 shows the effect of varying both the 
KCI and MgC12 concentrations on short (20 min) and long 
(2 hr) term synthesis using PM2 I DNA as template. At a 
constant MgC12 concentration of 10 mM, there is a three- to 
fourfold stimulation of transcription by KCl with optima at  
100 mM for short and 150 mM for long term synthesis. At a 
constant KCI concentration of 150 mM, the enzyme shows a 
MgClz optimum a t  20 mM for short term and a sharp opti- 
mum at 30 mM for long term synthesis. Thus, Mg2+ pro- 
vides further stimulation of synthesis at  the optimum mono- 
valent ion concentration and promotes more linear synthesis 
kinetics. This was previously observed for the E.  coli en- 
zyme (Fuchs et af . ,  1967). The most linear and continuous 
rate of R N A  synthesis is thus achieved a t  150 m M  KCI and 
30 mM MgC12. However, a t  all salt concentrations shown 
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Table 11: Inhibitors of Pseudomonas BAL-31 RNA Poly- 
merase Activity. 

Inhibitor Concn (M) 

i ig of 5 0% Complete 
Inhibitor Enzyme Inhibition Inhibition 

Rifampicin 7.0 3.5 X 1.4 X 

Strept olydigin 5.6 7.5 X 9 X 

Ethidium bromide 7.2 8.6 X I O m 6  2.8 X 

Mercaptoethanol 9.0 7 X 1.4 x lo-'  
Actinomycin D" 7.0 10 iiglml 
Heparin" 7.2 10 iig/ml 

a Inhibition curves not run. In each standard transcrip- 
tion mixture of 100 pl, described under Materials and 
Methods, 5 pg of PM2 I DNA was used. Except for actino- 
mycin D and heparin, varying amounts of each inhibitor 
were added to  each reaction. Synthesis was for 20 min a t  
28". 

Table 111: Activity of REA Polymerase on Various DNA 
Templates.a 

nmol of [ "CIAMP Incorpd 

P. BAL-31 E .  coli 
DNA Polymerase Polymerase 

Calf thymus 0.525 0.368 
PM2 I 1.69 1.18 
PM2 I1 0.802 0.524 
T4 1.47 2.16 
T7 3.64 4.22 
BAL-31 0.381 
A, 0.856 

a Each tube contained the  standard transcription mix- 
ture with 3 pg of the  indicated DNA and either 2.4 pg of 
Pseudomonas BAL-31 or 1.2 pg of E. coli RNA polymerase 
in a volume of 50 pl. Incubation was for 20 min at 28". 

(Figure 8) "plateau-type'' kinetics, such as seen with T 4  
D N A  transcription at  low ionic strength (Fuchs et al., 
1967), are not observed. At  higher salt concentrations ( p  2 
0.35) enzyme activity is strongly inhibited. The residual ac- 
tivity observed a t  the highest salt concentrations may be 
due to the fact that salts were added last to the reaction 
mixtures. This would allow some enzyme molecules to ini- 
tiate a t  O",  thereby escaping salt inhibition (Fuchs et al., 
1967). 

These data show that the ionic strength optima differ for 
short and long term synthesis. For 20 min of synthesis the 
ionic strength optima are 0.16 when KCI is varied and 0.24 
when MgClz is varied. For 2 hr synthesis the optima are 
0.24 when KCI is varied and 0.27 when MgC12 is varied. 
This shift in ionic strength optima with longer incubation 
time was reported earlier for T4 DNA transcription by E. 
coli polymerase (Fuchs et a/.,  1967). 

Inhibitors of Pseudomonas BAL-31 R N A  Polymerase 
Activity. The same compounds which inhibit the E. coli 
R N A  polymerase also inhibit the Pseudomonas BAL-3 1 

/ I 

0 30 60 90 
Minutes  

F I G U R E  9: Time course of RNA synthesis on PM2 I and PM2 I I  
DNA. A 60+1 standard transcription mixture contained I3H]UTP 
(2840 cpm/nmol) as the labeled substrate, 4.5 kg  of either PM2 I or 
PM2 I I  DNA, and 3.2 wg of Pseudomonas BAL-31 RNA polymerase. 
Incubation was at  28'. Aliquots of I O  @I  were taken at  the times indi- 
cated, diluted into 0.5 ml of H 2 0  (OO), and assayed for incorporated 
radioactivity by C13CCOOH precipitation (Materials and Methods): 
( 0 )  PM2 I directed synthesis; (0) PM2 I I  directed synthesis. 

enzyme. Table I1 lists the various inhibitors tested and the 
concentrations required to give 50 and 100% inhibition. The 
concentrations of streptolydigin and ethidium bromide re- 
quired to give 50% inhibition are similar to those reported 
for E. coli polymerase (Cassani et al., 1970; Richardson, 
1973). However, the concentration of rifampicin needed to 
inhibit this enzyme appears to be about tenfold higher than 
for the E. coli enzyme (Hartmann et al., 1967; Cassani et 
a/.,  1970). With 7 pg of Pseudomonas BAL-31 polymerase 
no R N A  synthesis can be detected in the presence of 10 
pg/ml of actinomycin D or heparin. 

Template Preferences. The activity of Pseudomonas 
BAL-3 1 polymerase with nonlimiting amounts of various 
DNA templates is compared with that of E. coli polymer- 
ase in Table 111. In general, both enzymes show a similar 
pattern of template preferences with the DNAs tested. 
Maximal activity for both polymerases is on T7  DNA,  and 
both show a twofold greater activity on PM2 I than on PM2 
11. Pseudomonas BAL-3 1 polymerase shows similar activi- 
ties on PM2 I (homologous template) and T4 DNA (het- 
erologous template), while E. coli polymerase shows a defi- 
nite preference for T 4  over PM2 I DNA. 

Transcription of PM2 DNA.  We have shown above that 
PM2 I DNA supports continuous transcription in vitro over 
a wide range of salt concentrations and that the form I 
DNA is a more active template than form 11. To further 
elucidate these differences in template activity we have ana- 
lyzed the kinetics of transcription of the two circular forms 
of phage P M 2  D N A  (Figure 9). Both templates show ini- 
tially linear synthesis which continues for a t  least 90 min. 
However, throughout the time course the rate of transcrip- 
tion of the supercoiled DNA (form I) is 2.2-fold greater 
than that of the relaxed DNA (form 11). 

Discussion 
W e  have described a method for obtaining the DNA-de- 

pendent R N A  polymerase from pseudomonas BAL-3 1 in 
highly purified form. The procedure was designed to over- 
come enzyme losses due to the presence of large amounts of 
flocculent material, presumably membrane components, in 
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the cell homogenate. It utilizes a DEAE-cellulose batch elu- 
tion procedure (Burgess, 1969a) in order to avoid inactiva- 
tion of this enzyme which occurs with a linear salt gradient 
elution. plus low and high salt sucrose gradient centrifuga- 
tions (Zillig et al . ,  1970b). The latter technique utilizes the 
reversible aggregation behavior of the polymerase (Rich- 
ardson. 1966; Zillig et al., 1966) to free it of contaminating 
proteins which do not exhibit this property. Thus, a t  high 
ionic strength (1 = 0.75) the Pseudomonas BAL-31 poly- 
merase sediments as a monomer at  I5 s, while at  low ionic 
strength ( p  = 0.065) it behaves as a 22s  dimer. This seems 
to be a general feature of R N A  polymerases from prokar- 
jutes (Zillig et al., 1966; Lee-Huang and Warner, 1969: 
Herzfeld and Zillig, 197 I ) .  Further purification by hydrox- 
> lapatite chromatography, although an excellent purifica- 
tion step for E. coli R K A  polymerase (Richardson, 1966), 
is unsuitable for the BAL-31 enzyme in that it causes disso- 
ciation of the IT subunit. In the final stage, the enzyme is pu- 
rified 154-fold over the crude extract and is free of contami- 
nating enzyme activities which could interfere with tran- 
scription studies. 

I.ikc all bacterial D h  A-dependent RNA polymerases 
studied thus far. this enzyme consists of four subunits as- 
henibled in the stoichiometry of P'Pa~cr .  The core subunits 
(d'.  ,I. und t ~ )  have essentially the same molecular weights 
:is those of E.  coli polymerase while the g subunit is some- 
whii t  larger (89,000 vs. 85,000). Differences in the size of rn 
factors have been observed with other bacterial RNA po- 
ly  nicrases (Johnson et al. .  197 i : Avila et al . ,  I97 l : Hermo- 
so ot (11.. 1972). 

The enzymatic properties of Pseudomonas BAL-3 1 
RNA polymerase are very much the same as those of other 
bacterial DNA-dependent RNA polymerases. However, 
hevcral differences are worth mentioning. We have shown 
that /-'.teudoti~orias BAL-3 1 RNA polymerase is able to 
shnthcsire poly(:\) in  the absence of DNA. This is like the 
R h  t\ polymerases from Micrococcus lysodeikticus, Pseu- 
iloriionu 5 indigoj&-rr. and Azotohucter vinlandii (Fox et a l . ,  
1963: Tani 1'1 al..  1968: Krakow. 1968) but in  contrast to 

the k .  c d i  polymerase which requires DNA for poly(A) 
s>nthetase activity (Chamberlin and Berg, 1962). Poly(A) 
s> nthcsis by P.rrudonionas BAL-3 1 polymerase is inhibited 
b> GPP.  but not by CTP, while with the other bacterial po- 
I!mcrax\ this reaction is inhibited strongly by either GTP 
o r  (..TP (Fox P ?  01.. 1963: Tani et ai., 1968: Krakow. 
I968 ) .  

The P.crudor?ionas BAL-3 1 RNA polymerase exhibits a 
temperature optimum and thermal stability consistent with 
its marine origin. It has optimal activity at  28' and is 50% 
inactivated by a IO-min exposure to 41'. The bacterium it- 
wlf ha\ ;in optimal growth temperature a t  28' and will not 
gro \ \  above 35'. I t  is of interest to compare this %ith other 
RN.\  polymerases of bacteria from different thermal envi- 
ronments. The R h A  polymerase from the enteric bacteri- 
uni. k-, coli. has an optimal temperature of 37' and is 50% 
inactit,;ited b> heating at  55' for 10 min (Remold-O'Don- 
ncll a n d  Zillig. 1969). The polymerase from Bacillus stear- 
~ ~ ~ ~ ? ~ ~ r ~ ~ i ( / ~ ~ ~ i l ~ ~ . ~ ~  a n  organism indigenous to hot springs and 
1i;iving an o p t i t m l  growth temperature of 45'. is 50% inac- 
tiLated b> ;I IO-min exposure to 65' (Remold-O'Donnell 
a n d  Zillig. 1969). Thus it appears that RNA polymerases 
of bacteria from different thermal environments reflect 
their origin i n  terms of their temperature optima and thcr- 
mal lability. 

Most bacterial R N A  polymerases usually shon highest 

activity on homologous phage DNA templates. For instance 
the RNA polymerase from P. putida prefers the homolo- 
gous bacteriophage gh-l DNA (Johnson et al, ,  1971). B. 
subtilis polymerase prefers 429 DNA (Avila et ul. ,  197 I ), 
and the E.  coli enzyme prefers T4 and T7 DNA (Table i l l )  
over DNA templates from nonhomologous sources. fscu- 
domonas BAL-31 polymerase differs in this rcspcct in  that 
i t  shows no strong preference for its homologous bacterio- 
phage templates (Table 111) and, in fact, exhibits template 
preferences similar to that of the E ,  coli enzyme. 

One of the main purposes in isolating the Pseudornorzas 
BaI-31 R N A  polymerase was to utilize it in  transcription 
studies with bacteriophage PM2 D h A .  We have shoun 
here that P M 2  DNA is an  efficient template for in ipitro 
transcription by Psuedomonas BAL-3 1 polymerase. Fur- 
thermore, this transcription is sensitive to the usual inhibi- 
tors of RNA polymerase that block initiation (rifampicin 
and heparin) and chain elongation (streptolydigin j .  A s  i n  
the transcription of homologous templates by other bacteri- 
al RNA polymerases. (r subunit is required for efficient 
transcription of P M 2  DNA by this enzyme. Renioval of CT 

by phosphocellulose or hydroxylapatite chromatograph> rc- 
sults in  a ninefold reduction i n  enzyme activitj \\it11 PlLlZ 
form I DNA. 

We have been particularly interested i n  the effects of 
DNA supercoiling circularity and single-strand breaks o n  
the various phases of the transcription process. P'MZ DN.;\ 
is particularly amenable to such studies since the super- 
coiled form I DNA of relativelj lo\\ complexit, ( 6  X IO'' 
daltons) can be extracted i n  high yields from the viru\. 7 h c  
relaxed circular molecules (form 11)  which ma! arisc either 
spontaneously (through handling or endogenous DNases) 
or by controlled "nicking" with DNase I .  ma, be easily scp- 
aratcd by dye-buoyant density centrifugation. I n  the studies 
reported here, we have shown that both PM? form 1 iLnd 
form I I  D h A  support initially linear and continuous R h i l  
synthesis for at  least 90 min. The significant difference be- 
tween the two templates, however. i s  that the supercoiled 
molecule (form I )  provides a twofold higher rate of synthe- 
sis. Such higher template activity of form I DYA has been 
observed for other circular duplex DNAs--$X 174R F 
(Hayashi and Hayashi, 1971), SV40 (Westphal, 1971). and 
X circles (Botchan et al..  1973). The basis for the difference 
in transcription efficiencies of the two DUA f o r m  .tnd the 
effect of supercoiling on the initiation and termination of 
PM2 DNA transcription w i l l  be thc subject of the loliouing 
paper (Zimmer and Millette, 1975). 
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