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ABSTRACT: Utilizing a novel and rapid two-column purification procedure, the DNA-dependent RNA
polymerase (RNAP) from the thermophilEhermus thermophilusiB8, was purified to electrophoretic
homogeneity with a recovery of 65% (as determined by RNAP activity) in less than 2 days. The purified
enzyme was characterized using DNA containingifRepromoter. KMnQ footprinting, abortive initiation
assays, and the formation of the specific stalled elongation complex provide compelling eviderfice that
thermophilusRNA polymerase can bind to DNA containing thEr promoter, form an open complex,

and initiate transcription in a temperature-dependent manner. This evidence suggdstthtratophilus
RNAP possesses less intrinsic binding energy tBaooli RNAP. InsteadT. thermophilugelies on the

high temperatures of its environment to provide the thermal energy required to stimulate open promoter
complex formation, initiate transcription, and facilitate the conformational changes in RNA polymerase
that result in nucleotide incorporation.

Transcription is the first step in the chain of events by which thermostable enzymes are active makes them ideal
which the genetic information encoded in double-stranded for studying the role of temperature in driving conformational
DNA is expressed as proteins. The process of transcriptiontransitions.
involves several steps that are accompanied by large, rate- To elucidate the individual contributions of protein and
limiting, conformational changes in the RNA polymerase and nucleic acid conformational changes to transcription, it is
template DNA (). For example, the initiation of transcription  essential to compare the enzymatic properties of RNA
requires that approximately 10 base pairs of DNA be melted polymerase on the same template DNA. We have chosen to
to form an open complex. While such conformational study the DNA-dependent RNA polymerase from the
changes have been well characterized, the relative contribu-extreme thermophileThermus thermophiludVe reasoned
tions of the conformational changes in the RNA polymerase that it should be possible to compare the properties of
and in DNA are not well understood. Investigation of Escherichia coliand T. thermophilusRNAP on the same
thermostable homologues of mesophilic RNA polymerases DNA template because they have the same highly conserved
should provide insight into the role of conformational subunit composition o;53'0) and similar consensus se-
transitions in the regulation of transcription because ther- quences in their promoter§, (7). Because transcription from
mostable proteins appear to possess a high degree of globahe APr promoter has been well characterized withcoli
conformational stability ). It is believed that the thermo- RNAP, we set out to investigate the properties Tof
stability of enzymes derived from thermophilic sources thermophilusRNAP on this promoter. By characterizifig
comes at the cost of reduced conformational flexibility in thermophilusRNAP on theAPg promoter, we are able to
the native state. This view dictates that a greater amount ofdirectly compare the mechanistic similarities that exist
thermal energy would be required for these enzymes to between these two evolutionarily divergent polymerases. We
achieve the same degree of conformational dynamics as theidescribe a novel and rapid method of purification of the
mesophilic counterpart®). Consistent with this idea, ithas DNA-dependent RNA polymerase from thermophilusand
been shown that the maximal catalytic rates of homologous characterize the temperature requirements that govern tran-
enzymes from mesophilic and thermophilic organisms are scription from thelPk promoter.
similar when the proteins are incubated at their respective
temperature optima3¢5). These results suggest that ambient MATERIALS AND METHODS
temperature provides a portion of the energy required to
facilitate the conformational changes necessary for catalysis
Finally, the broad range of temperature20—100°C) over

Cells and Reagents. Thermus thermophiilg3 dry cells
‘were purchased from the University of Wisconsin Biotech-
nology center. Cells were grown at-7@5 °C in medium D
(8), supplemented wlit5 g oftryptone 4 g ofyeast extract,

T This work was supported by National Institutes of Health Grant 2 g of NaCl, anl 1 g ofglucose/L. The cells were stored at

R29 GM54136 and a grant from University Research Council at the —70 °C prior to use in the RNAP preparatiof. coli
University of North Carolina at Chapel Hill. - . . .
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presence of ampicillin (5@g/mL). Electrophoresis grade
acrylamide, N,N'-methylenebisacrylamide, TEMEDand
ammonium persulfate were obtained from Bio-Rad. Mid-
range molecular weight markers were purchased from
Promega and Gibco. Calf thymus DNA and glycerin were
purchased from Fisher. Coomassie Brilliant Blue R-250,
enzyme grade ammonium sulfate, Polymin P, 2-mercapto-
ethanol, Tris-aminomethane, and EDTA were obtained from
Sigma. Nucleotides were purchased from Boehringer Man-
nheim Biochemicals. jJ-*?P]JATP and p-*2P]CTP were
purchased from New England Nuclear. Bacteriophage T7
DNA template was prepared as described previous)y (
Scintisafe Econol scintillation fluid was purchased from
Fisher.

Columns HQ column: Protein separation was performed
at room temperature utilizing a perfusion chromatography
system (PerSeptive Biosystems, Inc) and employing a 4.6
mm diameter/100 mm length HQ anion exchange column
(also purchased from PerSeptive Biosystems, Inc). The
column was prepared using flow packing techniques as per
the manufacturer’s specifications. Phosphocellulose column
(purchased from Bio-Rad): A 50-mL column of phospho-
cellulose was prepared as described previousDy. (

Buffers All buffers and stock solutions used for.
thermophilusRNAP purification were the same as those used
for the purification of theE. coli holoenzyme 11). TGED
buffer (0.01 M Tris-HCI, pH 7.9, at 20C, 5% glycerol, 0.1
mM EDTA, and 0.1 mM DTT) was used as the base buffer
throughout the purification, with the ionic strength varied
by the addition of NaCl. Cells were resuspended in grinding
buffer (TGED + 23 ug/mL PMSF and 0.2 g/100 mL
lysozyme) prior to lysis. All buffers, solutions, and Nanopure
water used in the chromatography were filtered through a
0.22um filter. The reaction mix for the enzyme activity
assays contained 40 mM Tris-HCI, pH 7.6, 4 mM MgCl
120 mM potassium acetate (KAc), 1 mM DTT, 4 mM
spermidine, 2.7 mM ATP, 1.4 mM UTP, 1.1 mM GTP, 0.7
mM [a-32P]CTP, and 5@g/mL T7 DNA. The reactions were
quenched with YEP solution (0.5 mg/mL yeast tRNA, 50
mM EDTA, and 50 mM sodium pyrophosphate). The
phosphocellulose column was equilibrated with P5 buffer
(40 mM potassium phosphate, pH 8.0, 1 mM DTT, 0.1 mM
EDTA, and 5% glycerol) before the addition of the protein
sample. P50 buffer (40 mM potassium phosphate, pH 8.0, 1
mM DTT, 0.1 mM EDTA, and 50% glycerol) served as
running buffer during phosphocellulose column chromatog-
raphy.

DNA TemplatesT7 DNA was used for all activity assays.
All other reactions were run on a 542 nucleotide (nt) PCR
fragment, which is derived from pDE13%2). The first 30
nucleotides of the transcript are as follows: pppAU-
GUAGUAAG GAGGUUGUAU GGAACAACGLC.

Protein Determination Protein concentrations were de-
termined by UV absorbance using extinction coefficient data
(13). The purity of the RNAP preparation was estimated by
SDS-PAGE.

Enzyme Actiity Assay.RNA polymerase activity assays
were performed as described previously with slight modi-

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; Tris, tris-
(hydroxymethyl)aminomethane; RNAP, RNA polymerase; TEMED,
N,N,N',N'-tetramethylethylenediamine; SB®AGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.
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Ficure 1: Schematic for the purification and fractionation of RNAP
core enzyme and holoenzymg&7j.

Core enzyme

fication (14). Specifically, 2uL of protein sample were added
to 98 uL of reaction mix and incubated at 5& for 3 min.
The reaction was quenched with 200 of ice-cold YEP.

A total of 3 mL of ice-cold 5% trichloroacetic acid was added
to each reaction and incubated on ice for 30 min. The
precipitated nucleic acids were collected on Whatman GF/A
filters and washed with 30 mL of HEIPR buffer (1 M HCI

and 0.1 M sodium pyrophosphate). Filters were dried and
immersed in Scintisafe Econol scintillation fluid, and the
radioactivity was measured in a Tri-Carb 2000 liquid
scintillation counter.

Gel and Phosphorimager AnalysiGel image data were
obtained from a Molecular Dynamics phosphorimager and
analyzed by Image Quant software (Molecular Dynamics,
version 4.2).

Purification Procedure A schematic for the purification
procedure is shown in Figure 1.

(i) Polymin P Trial Trials were run to determine the
concentration of Polymin P required to precipitaie
thermophiluRNAP and the concentration of NaCl required
to elute it. Polymin P precipitation trial: To a 20Q- aliquot
of the 8 K supernatant, 10% (v/v) Polymin P was added in
increasing amounts. The tubes were mixed, incubated 20 min
at 4 °C, and centrifuged at 13 000 rpm for 5 min. The
supernatant was assayed for RNAP activity. NaCl elution
trial: To a 2-mL aliquot 68 K supernatant, 10QL of 10%
Polymin P was added as described above. After centrifuga-
tion, the pellets were resuspended in 2000f TGED buffer
containing various NaCl concentrations. The tubes were
centrifuged, and the supernatants were assayed for poly-
merase activity.

(i) Large-Scale Purification A total of 100 g of T.
thermophilusHB8 cells was resuspended in 400 mL of
grinding buffer and lysed using a French press. The cell
extract centrifuged for 45 min at 8000 rpm, and the
supernatant was collected (390 mL). A 10% (v/v) solution
of Polymin P (pH 7.9) was added todl8 K supernatant to
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a final concentration of 0.5%. The mixture was centrifuged A B

for 15 min at 6000 rpm. The pellet was washed with 400 s 70w 7000

mL of TGED, and the RNAP was subsequently eluted with & 6o 1 6000

400 mL of TGED+ 0.5 M NaCl. Solid ammonium sulfate 2 3o ] \‘*\/‘ pron

was added to the 0.5 M NaCl eluate to a final saturation of § 30w 3000

509%. After being stirred fol h at 4°C, the sample was & Joq | bt

centrifuged for 45 min at 8000 rpm, and the supernatant Wasg o . VR 0 : - .
discarded. The nucleic acids were extracted from the pellet Polymin P concentration (v4) NaCl concentration (M)

by washing wibh 2 M ammonium sulfatel®). The ratio of . ) . .

AssdPAosowas 1.8 after this step, indicating that the majority FIGURE 2: Polymin P trials. The RNAP activity of the_ supernatant
: . is plotted as a function of the polymin P concentration (A) and of

of the nucleic acids was removed. The pellet was resuspendeqf,e NaCl concentration (B).

in TGED and diluted or dialyzed with TGED until the

conductivity was equal to that of TGEB 0.1 M NacCl. centrations of 0.6 M and 2@M, respectively. The DNA
(i) HQ ChromotographyPrior to loading the sample, was ethanol precipitated two times and resuspended in 63
the HQ column was washed with 30 column volumes (CV) uL of water. A total of 7uL of redistilled piperidine was
of deionized water and then equilibrated with 30 CV of added to the samples, and they were incubated &C9or
TGED + 0.1 M NaCl. The protein sample was loaded onto 30 min. Samples were precipitated two times, resuspended
the column in TGED+ 0.1 M NaCl. Subsequently, the in3uL of TE (10 mM Tris-HCI, pH 8.0, and 10 mM EDTA)
column was washed two times to remove the contaminatingand 7uL of formamide, and runm a 8 M urea and 8%
proteins: once with 40 CV of TGEDR- 0.1 M NaCl and acrylamide gel.
then once with 40 CV of TGED- 0.3 M NacCl. A shallow (ii) Abortive Initiation AssayRNAP and 10 nM template
gradient from 0.3 M NaCl to 0.6 M NaCl over 100 CV was DNA (542-nt PCR fragment) were mixed in reaction buffer
used to elute RNAP. SDSPAGE and RNAP activity assays (40 mM Tris-HCI, pH 8.0, 80 mM KCI, 10 mM MgG| and
were performed on every second fraction. Fractions contain-1 mM DTT) and kept on ice. Assays were initiated by the
ing the highest polymerase activity were pooled. Ap- addition of 20uM ATP ([y-*?P]JATP) and 20uM UTP.
proximately 60 mg of total protein were loaded onto the HQ Reactions were incubated at either 55 or°87 depending
column for each run, which approaches the binding capacity on the polymerase. Aliquots were periodically removed over
of the HQ resin (60 mg/mL). a 30-min time period and quenched with 0.2 M EDTA. The

(iv) Phosphocellulose ColumiThe purification on the ~ formation of the abortive product pppApU was assayed by
phosphocellulose column was performed as describef.for SPotting the sample onto a PEtellulose plate and running
coli RNA polymerase 10). The pooled fractions from the it in 4 M urea/0.75 M phosphate buffer at pH 3.5.

HQ column containing the highest RNAP activity were (i) Stalled Elongation Complex FormatiofReactions
dialyzed overnight against a solution containing 50 mM Tris- were performed in 30 mM Hepes buffer (pH 7.8), 200 mM
HCI, pH 8, 50 mM KCI, 1 mM DTT, 0.1 mM EDTA, and  potassium glutamate, acylated bovine serum albumim@5
50% glycerol. The dialyzed sample was adjusted to a final mL), 10 mM magnesium glutamate, and 1 mM DTT.
protein concentration of 1 mg/mL with the same buffer. A thermophilusopen promoter complexes were formed by
phosphocellulose column (1.2 cm 12 cm) was prepared  incubating RNAP and template DNA at 3& for 15 min.

and washed with 150 mL of P5 buffer. A total of 5 mg of E. coliopen promoter complexes were prepared as previously
pooled protein from the HQ column was loaded onto the described 12). Complexes stalled at position 24, prior to
phosphocellulose column and equilibrated with P50 buffer the first cytosine to be incorporated, were formed at either
until the absorbance at 280 nm was below 0.01. RNAP 55 or 24°C by adding 1quM ATP, 10 uM UTP, 2.5uM
holoenzyme was then eluted with P50 buffer containing 0.2 GTP, and 2.5M [a-**P]GTP. Aliquots were removed over

M KCI. After equilibrating the column with P50 buffer until @ 20-min time period and quenched with 80% formamide.
Asso Was below 0.01, the core RNAP was eluted with P50 Transcription products were analyzed by electrophoresis on
buffer containing 0.5 M KCI. Fractions containing RNAP @ 8 M urea and 20% acrylamide gel.

holoenzyme were adjusted to 10 mM Mg@Ind stored at

protein concentrations of 10@g/mL at —20 or —80 °C. RESULTS AND DISCUSSION

Enzyme Characterizatior{i) KMnO, Footprinting The Early Steps of the RNAP Purificatiofrials were run to
nontemplate strand of the 542-nt PCR product containing determine the concentration of Polymin P required to
the APz promoter was labeled by performing PCR using a precipitateT. thermophilusRNAP as well as the concentra-
32p-labeled primer. Open complexes were formed by incu- tion of NaCl required to elute RNAP from the Polymin P
bating the purified RNAP holoenzyme with 10 nM DNA at pellet (Figure 2) 17). Inspection of Figure 2A reveals that
the indicated temperature (37 or 56). Formation of open  at 0.5% Polymin P, only a small amount of RNAP activity
complexes was assayed by KMp@otprinting (16). To remained in the supernatant, indicating that the majority of
monitor the time dependence of open complexes formation,the RNAP had been precipitated. Figure 2B shows that
RNAP was incubated with DNA for increasing lengths of although 0.5 M NaCl was required to elute all of the RNAP
time. At the time points indicated in Figure 7 (2, 5, 10, from the pellet, some of the precipitated RNAP eluted below
15, 20, and 25%5), 4 mM KMnO, was added to each reaction, 0.5 M NaCl. This condition is significantly different from
and the complexes were incubated for an additional 5 min that used in the purification d. coli RNAP in which 1 M
at 55 or 37°C. KMnO, modification reactions were then NaCl is required to elute RNAP from the Polymin P pellet,
guenched with3-mercaptoethanol and EDTA at final con- and no RNAP is eluted below 0.5 M NaCl. Accordingly, in



Properties ofT. thermophilulRNA Polymerase Biochemistry, Vol. 39, No. 46, 2004359

Table 1: Summary of Purificatién

8K 0.5 M NacCl HQ column phosphocellulose
stage of purification supernatant elutant pooled fractions pooled fractions

total protein (mg) 8 840 850 50 15
total activity (units) 247 500 226 000 220 000 168 200
specific activity (units/mg) 28 270 4 400 11 220
purification fold 1 9.5 160 400
total polymerase (m§) 80 70 45 15
yield (%) 95 87 84 65

aFrom 100 g ofThermus thermophilusiB8 cells.? Determined by quantitation g8 8-subunits on gels: Calculated from total activity, the
yield for cell extract is 100%.
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Ficure 3: SDS-PAGE of Polymin P precipitation and NacCl & Lo 2
elution profiles. Lane 1, protein molecular mass marker (size sny
indicated by arrows on the left side); lane®M NaCl wash; lane oamtact 7o | R L 0.00

3, 0.5% Polymin P supernatant; lane 4, 0.5 M NaCl elution. The

p'- and-subunits are identified on the right side of the gel. 0 5 10 15 20 25 30 35 40 45 50 55 60

Fraction number

the large-scale purification, 0.5% Polymin P was used to B Fraction 21 30 35 36 37 38 40 42 44 46 50
precipitateT. thermophilusRNAP, the pellet was washed
with TGED + 0 M NaCl, and RNAP was subsequently

eluted with TGED+ 0.5 M NaCl. These two steps resulted 07400 > . = > E
in a 9.5-fold purification of RNAP (Table 1 and Figure 3). 2000 - b g
. . . . .g — -
Finally, prior to loading the partially purified RNAP sample = | =4 ) “«
onto the anion exchange column, the 0.5 M NaCl eluate was ~ *"* > &4 s
4+ o

concentrated by ammonium sulfate precipitation, and the i\‘
nucleic acids were removed by back-extraction with am-

monium sulfate according to methods described previously

(15). The removal of nucleic acids was critical to this 12 3 4 5 678 51011213
purification scheme because it allowed for better protein FIGURE 4: (A) Absorbances and activities of the fractions eluted
fractionation in the subsequent HQ chromatography steps.during HQ chromatography. The absorban¢gdnd activity ®)

- . . ‘are plotted as a function of fraction number. The salt gradient is
If the ammonium sulfate back-extraction step was omitted, ¢,0vn as the dashed line. (B) SPBAGE analysis of the eluted

a significant proportion of the RNAP did not bind to the fractions. Lane 1, mid-range protein molecular weight marker; lane
HQ column and was eluted in the void volume. 2, H? colu;nlne)lo?d; tI_ane 3|, tTc(;jEfB Otrl\]/l l|\l_|aCI V\llaSh (éra_ctio?h
H 21); lanes . Tractions eluted rom the column aurin e

Bio-Cad HQ ChromatographyHQ column chromatog- NzaL)éI gradient. The fraction number of eacf?lane is listed %n the
raphy was used in place of MonoQ8) to improve flow top of the gel. The gel was stained by Coomassie Blue R-250.
rate and elution profile reproducibility. A typical elution
profile from the HQ column is shown in Figure 4A. After Fractions 46-50 were pooled, and the specific activity was
multiple trials, we found that loading the sample in TGED measured (Table 1). Significantly, this step resulted in a 160-
+ 0.1 M NaCl, washing with 40 CV of TGED+ 0.1 M fold increase in the RNAP specific activity. It is important
NaCl, and finally washing with TGED+ 0.3 M NaCl to note that the 0.3 M NaCl wash combined with the shallow
effectively eluted 80% of the contaminant proteins from the salt gradient is essential to obtain this level of purity.
column. In addition, employing a shallow linear elution Phosphocellulose ChromatograptBhosphocellulose chro-
gradient over the course of 100 CV enhanced the fraction- matography was used to remove remaining impurities and
ation of RNAP from the HQ column. The maximum RNAP to separate core enzyme from holoenzyme. Two major
activity eluted between 0.35 and 0.38 M NaCl (Figure 4A: absorbance peaks are seen in the elution profile shown in
fractions 42-50). Consistent with this result, electrophoretic Figure 5. The first peak, which corresponds to the 0.2 M
analysis of fractions 4250 by SDS-PAGE indicated alarge  KCI elution, contains the majority of the enzymatic activity,
increase in RNAP purity (Figure 4B). A band corresponding while the second peak, which represents the 0.5 M KClI
to approximately 90 kDa can be seen in fractions-48. elution, has very low RNAP activity. Visualization by SBS
Because these fractions contain the highest level of enzymePAGE reveals that the first peak contains holoenzyme (Figure
activity (Figure 4A), we believe that this band represents 6), while the second peak contains predominately core
theo subunit. This band is faint relative to the other subunits, enzyme (data not shown). To examine the purity of the
which is not surprising because RNAP is generally only 30% holoenzyme, phosphocellulose fractions-15 were pooled
saturated with thes subunit in vivo (9, 20. In addition,o and run in increasing amounts on a SEFAGE gel (Figure
was found to be a similar size in an earlier purificati@ ( 6). Inspection of the gel reveals five bands. The two highest
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Ficure 5: Absorbances and activities of the fractions eluted during
phosphocellulose chromatography. The absorba#)cand activity

(m) are plotted as a function of fraction number. Elution was carried
out as described in Materials and Methods with 0.2 M KCI
(beginning with fraction 11) and subsequently with 0.5 M KCI
(beginning with fraction 25).
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Ficure 6: SDS-PAGE gel electrophoretic analysis of the final
purified T. thermophilusRNAP. Gel analysis was carried out on a
10% polyacrylamide gel with 0.2g (lane2), 0.4ug (lane3), 0.6

ug (lane 4), and 0.&g (lane 5) of the protein in each lane. Lane
1 is a molecular weight marker from Gibco. The gel was stained
by silver staining.

Xue et al.

T. thermophilus E. coli
v ? EUEND
:;i‘ |
Uncut -ﬁ_.! .h'! '.,
’ « Uncut
Untreated o) ‘
3 cosdd LRALLL B
135 g
13 |
130
é |
!
]
§EE-ReRhRE  SREERERE
L :
BE
g

Ficure 7: KMnO, probing of nontemplate strand with. coli
RNAP at 37°C (right panel) and’. thermophiluRNAP at 55°C

(left panel). The lane labeled marker is a RNA molecular MW
marker. The sizes are shown on the left side of the gel. The lane
marked untreated contains DNA that has been footprinted with
KMnQ, in the presence of RNAP but has not been treated with
piperidine. The lane marked uncut contains DNA that has not been
treated with KMnQ or piperidine. The times below each lane
correspond to the length of time DNA and RNAP were incubated
together prior to the addition of KMnOAfter addition of KMnQ,

each reaction was incubated for an additional 5 min and then
quenched with3-mercaptoethanol and EDTA. The two thymine
residues at positions3 and—4 of the nontemplate strand of the
APg promoter that should become accessible to KiMm@dification
upon open complex formation are indicated on the left and right
side of the gels.

positions—3 and—4 of the nontemplate strand of th@x

molecular mass bands (170 and 140 kDa) are consistent withpromoter that should become accessible to KMm@on

the expected molecular mass@fandf, respectively, and
the band with the greatest electrophoretic mobility (40 kDa)

open complex formation. Figure 7 shows that these two
residues are modified whéiPz containing DNA is incubated

is consistent with the expected molecular mass of the with T. thermophilusRNAP at 55°C or E. coliRNAP at 37
a-subunit. The two intermediate bands (90 and 60 kDa) are °C. Incubating DNA alone with KMn@did not result in

believed to be two different subunits. The slower migrating
band was identified in active fractions from the HQ column

any footprint at this or any other position (data not shown).
These results demonstrate thiathermophiluflRNAP as well

(Figure 4). This band as well as the one migrating as 60 asE. coli RNAP can recognize and form open complexes

kDa have been identified previously assubunits T, 6).

on the AP; promoter. Interestingly, no modification was

Furthermore, both of these subunits have been shownobserved withT. thermophilusRNAP at 37°C (data not

independently to be capable of recognizihghermophilus
promoters and stimulating open complex formati@gnZ2).

Yield and Purity The purification of T. thermophilus
RNAP from 100 g of cells is summarized in Table 1 and
Figure 6. A total of 15 mg of holoenzyme was obtained with
an overall activity yield of 65% and a purity of greater than
99% (Figure 6).

Characterization of T. thermophilus RNABecause we
wish to compare the properties @f thermophilusRNAP
andE. coli RNAP, we have characterized the properties of
T. thermophilusRNAP on theAPg promoter. Below, we
compare the initiation and elongation properties Tof
thermophilusandE. coliRNAP on DNA containing théPr
promoter.

(i) KMnO, Footprinting To test whethell. thermophilus
RNAP can form open complexes on template DNA contain-
ing the APsz promoter, we used KMnPto footprint the
putative complexes2Q). There are two thymine residues at

shown), indicating that. thermophilus)RNAP cannot form

an open complex at this temperature. This result suggests
that T. thermophilusRNAP requires more thermal energy
than E. coli RNAP to melt the double-stranded DNA.
Additional thermal energy could contribute to the open
complex formation by destabilizing the double-stranded DNA
and/or by facilitating the conformational changes Tin
thermophilusRNAP that are required for open complex
formation.

(i) Abortive Initiation AssayTo determine the rate of open
complex formation, we measured the abortive synthesis of
pppApU from theAPr promoter 23). Figure 8 shows the
results of the abortive initiation assays fbr thermophilus
RNAP at 37 (Figure 8C) and 5% (Figure 8B) and fokE.
coli RNAP at 37°C (Figure 8A). Consistent with the
footprinting studies, no abortive initiation was observed at
37 °C with T. thermophilusRNAP. Notably, bothE. coli
RNAP andT. thermophilulRNAP exhibit a lag phase before
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Ficure 9: Stalled elongation complex formation from tié€g
promoter. Distribution of the transcription products on a 20%
acrylamide ad 8 M urea gel as a function of time after the addition
FIGURE 8: Abortive initiation assays. Abortive products produced of 10 uM ATP, 10 uM UTP, 2.5uM GTP, and 2.5uM [a-32P]-

with E. coli RNAP at 37°C (A), with T. thermophilusRNAP at GTP (300 Ci/mmol).E. coli RNAP was incubated withlPg

55 °C (B), and withT. thermophilusRNAP at 37°C (C). (D) containing DNA at 37°C for 10 min to initiate open complex
Kinetics of abortive initiation oriPr promoter at 55 or 37C. The  formation. Elongation to the 24-nt transcript occurred atQ4left).
amount of radioactivity in each pppApU spot on the PEI plate in T, thermophilusstalled elongation complexes were generated by
Figure 7 was measured on a radioanalytic imaging system. Theinitiating open complex formation at 5& and elongating at either
percent of pppApU in each fraction was calculated by dividing the 24 or 55°C (middle and right, respectively). The lengths and
amount of radioactivity in the indicated spot pppApU by the total sequences of the transcripts are indicated on the left and right side
amount of radioactivity in all spots of each lane. Closed diamonds of the gels. Note that the reactions were performed in the absence
(#) indicate pppApU formed byE. coli RNAP at 37°C; closed of CTP; therefore, transcripts greater than 24 nt in length represent
squaresM) indicate pppApU formed b¥. thermophiluRNAP at a misincorporation event where U has been incorporated in place
55 °C; closed triangles &) indicate pppApU formed byT. of C (12).

thermophilusRNAP at 37°C.

a steady-state rate of synthesis is observed. This lagdetérmine if the paused transcripts represented ternary
corresponds to the rate of open complex formatiza— elongatlop c_omplexes trapped in an arrested state, aliquots
26). The lag time forE. coli RNAP is about 3 min (Figure ~ Were periodically removed, and high concentrations of all
8D), which is consistent with previous studi€sl( 25. The four NTPs (10Q:M) were added. Stalled complexes formed
lag time for T. thermophilusRNAP is significantly longer ~ With E. coli RNAP at 24°C andT. thermophilusRNAP at
(10—15 min) (Figure 8D); however, the steady-state turnover °° °C could be extended to full-length transcripts (chased)
rate of pppApU is greater than that fBr coli RNAP. The under these _condmons, indicating that these complexes were
slower rate of open complex formation is probably a result N0t trapped in an arrested staf?). In contrast, at 24C,
of the relatively low temperature of this assay (85) as the percent ofT. thermophiluscomplexes at positions 21
compared to the normal growth temperatux@Q °C) of T. and 22 that could be chased decreased with time of
thermophilus The observed rate could be the result of a incubation (data not shown), indicating that they were
slower conformational change Th thermophilusRNAP or becoming trapped in t_he arre_sted state. This result suggests
fewer DNA binding interactions that cause the DNA to melt, that thermal energy is required to ke@p thermophilus
The faster steady-state is likely the result of the higher RNAP in the activated state and to stimulate the necessary
temperature which provides more energy to overcome theponformat!onal changes in RNAP that result in nucleotide
activation barrier for single nucleotide incorporation. Incorporation.

(i) Stalled Elongation Complex Formatiofmhe data in
Figure 9 demonstrate that thermophilusRNAP can form CONCLUSION
a specific 24-nt stalled complex from thié&r promoter at We have presented a rapid and reproducible procedure for
both 24 and 55C, provided that open complexes are formed the purification of RNAP fromT. thermophilusHB8 cells.
at 55 °C. Consistent with the KMn© footprinting and We have also found this method to be applicable to the
abortive initiation data, no stalled elongation products were purification of RNAP from the closely related organidm
observed if template DNA ant. thermophilu&RNAP were aquaticus(data not shown). Compared with the method of
preincubated at 37C prior to NTP addition (data not shown). Wnendt and HartmanniY), the crucial step in our purifica-
While stalled complexes can be formed at 55 and°@4 tion procedure is the HQ chromatography. Although HQ
the properties of elongation are highly temperature depend-columns are expensive, the cost for each run is relatively
ent. A smaller percentage of elongation complexes reachlow because the columns themselves are very durable and
position 24 when the elongation reaction is performed at 24 can be reused many times. In addition to their durability,
°C as compared at 58C. At the lower temperature, the binding capacity of the HQ column is very high, which
approximately 50% of the complexes formed with enables us to fractionate high concentrations of protein
thermophiluRNAP pause at positions 21 and 22, apparently extract at one time. We found that by directly increasing
due to the low concentration of GTP used in the reaction. the ionic strength of the wash buffer to 0.3 M NaCl and
This same pause at positions 21 and 22 is observedivith maintaining this concentration for many column volumes,
coli RNAP at 24°C andT. thermophilusRNAP at 55°C, we were able to effectively eliminate greater than 80% of
but the effect is much less dramatic, with the majority of the contaminant proteins from the prep. If this wash is
transcripts reaching position 24 within 5 min (Figure 9). To omitted and a linear NaCl gradient from 0.1 to 0.6 M is
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employed, the percent recovery and overall purity of the
RNAP is greatly decreased. Finally, it is likely that this
procedure, which is significantly less laborious than earlier
methods, can be adapted to purify RNAP from many

different and evolutionarily diverse organisms.

Our work represents the first direct biochemical charac-

terization of a thermostable RNA polymerase on fr

promoter. The fact thak. thermophilulRNA polymerase is
capable of binding théPgr promoter and forming an open
complex is not surprising, given the evolutionary conserva-
tion of prokaryotic promoter consensus sequences and the
structural similarity of eubacterial RNA polymerases. Of
greater significance is the role that ambient temperature plays
in contributing thermal energy for open complex formation,
initiation of transcription, and elongation. As demonstrated 1.
by both the KMnQ footprinting and abortive initiation
assays,T. thermophilusRNAP is incapable of forming a
stable open promoter complex and initiating transcriptionon 15
the AP; promoter at 37°C. It is not clear whether ambient
temperature contributes directly to melting template DNA
or whether it facilitates the enthalpy-driven conformational
changes in RNAP that subsequently provide energy for DNA
melting. Further thermodynamic studies will be required to
clearly elucidate which possibility or combination of pos-
sibilities predominates during open complex formation.
Temperature also appears to have a significant effect on the
polymerase post initiation. As demonstrated by stalled

elongation complex formation, elongation with thermo-
philusfrom theAPg promoter is possible at 24; however,

the efficiency of catalysis is greatly reduced. These results
suggest that ambient temperature facilitates the conforma- 1g,
tional changes that must occur for specific nucleotide

incorporation.

Taken together, these data show that, although their

respective optimal temperatures are very differ@ntther-

mophilusandE. coliRNAP are mechanistically very similar

in their ability to stimulate transcription from théPg

promoter. The similarities that exist between the two
polymerases suggest that the events governing the first oo
critical steps in gene expression are highly conserved

throughout evolution.
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