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T7 RNA Polymerase: Promoter Structure and Polymerase Bindingt 
John L.. Oakley. Ronald E. Strothkamp, Andreas H Sarris, and Joseph E. Coleman* 

.ABSTRACT: Thc sequences of two promoters recognized by the 
phage-specified T7 R N A  polymerase are presented. The two 
are identical in sequence but for one base pair from the in-  
itiation point (as determined by the 5’ sequence of the 
transcripts). denoted + I .  to position -15.  The common 

- 
-15 -10 -5 $1 $ 5  

sequence also includes a region of hyphenated twofold 
symmetry indicated by the boxes, with the twofold axis as the 

RNA polymerase is a single polypeptide chain of 107 000 
which initiates specific transcription both in vivo and in vitro 
from eight or nine major promoters located in the rightmost 
85% of the phage T7 genome (Chamberlin & Ring, 1973; 
Golomb & Chamberlin, 1974; Niles et al., 1974; Oakley et 
ai., 1975; Oakley & Coleman. 1977). With the exception of 
zinc, additional cofactors or polypeptide chains are not required 
(Coleman, 1974). The enzyme is the product of phage gene 
1 which consists of -2500 base pairs extending from -8.5 
to 15% of the genome and is transcribed by the Escherichia 
coli R N A  polymerase which terminates at -20% of the 
genome. 

We have now isolated two of these promoters contained on 
small Hpa I1 restriction fragments from T7 DNA which are 
138 and 140 base pairs in length. Both form active tran- 
scription complexes with the T7 polymerase and direct the 
synthesis of truncated mRNAs of 56 and 85 bases, respectively. 
The primary structures of these promoters, the sequences of 
the transcripts, and additional properties of the enzyme and 
its DNA complexes are described in this paper. The structure 
of one of these promoters has been described in a preliminary 
report (Oakley & Coleman, 1977). 

Materials and Methods 
[ y - P] G T P  was from Aniers ha ni Cor p . , 

Arlington Heights, TI-. [y-’*P]ATP, [(u-~*P]GTP. and 
[“TI iodoacetamide were purchased from New England 
Nuclear Corp.. Boston, MA. [!H]ATP was purchased from 
SchwarzlMann. Kew York, NY. 
77 Bacteriophage. Strain 11-13 kindly supplied by William 

Summers was used to prepare T7 RiiA polymerase and in the 
investigation of transcription from Hinf fragments of T7. 
Strain d 14, used for all other experiments,  as also from Dr. 
Summers. Pure T7 phage and DNA were prepared as pre- 
viousl!, described (Oakley et al., 1975). 

Protein concentration was determined by absorbance at 280 
nm using Ezx,?’9h 0.74 for T7 R U A  polymerase (Niles et al., 
1974). 
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center of the six base-pair box. The heavy line indicates the 
extent of homology. The first promoter (A)  is demonstrated 
to lie within gene 1 .  the gene for the polymerase itself, and 
40 bases into the message transcribed from this promoter is 
found the RNase I11 site separating genes 1 and I .  1 .  Binding 
of 7’7 RNA polymerase to these promoters is associated with 
a hyperchromic blue shift of the base chromophores consistent 
with partial melting of the base pairs at  the promoter. Binding 
of T7 RNA polymerase to these promoters disappears at  low 
pH and low temperature and is accompanied by a consequent 
loss of polymerase activity. The pH dependence of the binding 
step is adequately described by a single pK of 7.0. Polymerase 
catalytic activity, but not promoter binding. requires a single 
free sulfhydryl group of the enzyme with a pK, of -7.8 

Spectroscopy Ultraviolet spectra were taken on a Cary 
Model 1 18 spectrophotometer with thermostated cells at a 
full-scale reading of 0.02 & 0.001 OD unit. 

Enzymes. T7 RNA polymerase and Hpa 11 restriction 
endonuclease were prepared and assayed as previously de- 
scribed (Oakley et al., 1975). Hae 111 and Hinf restriction 
endonucleases were purchased from New England Biolabs. 
Bacterial alkaline phosphatase was the gift of J. F. Chlebowski. 
T4 polynucleotide kinase was a gift of J. A. Steitz or purchased 
from Bethesda Research Laboratories, Bethesda, MD. 

I4C Labeling of T7 RN‘4 Polymerase, T7 RNA polymerase 
\vas labeled nith [ ‘‘C]iodoacetamide by a method analogous 
to that described by Applebury et al. (1970) for alkaline 
phosphatase in which H3*POj2- was the labeling agent. 

Tris buffer (10 mM) was used for the pH range 7-1 1.6 and 
phosphate (10 mM) for pH 4.5-7.  The reaction was carried 
out at M [“C]iodoacetamide at  4 “C  for 3 h. 

Nitrocellulose Filter Binding Assa~~s. Filter binding assays 
to detect complexes between T7 I I Y A  and T7 RKA po- 
lymerase were performed according to a modification of the 
method of Jones & Berg (1966). as previously described 
(Oakleq et al., 1975). 

Gel Electrophoresis of I h p l e s  01V.4 Fragments. Poly- 
acrylamide gel electrophoresis was carried out i n  slab gels in 
either TPE’ buffer (0.04 M Tris. 0.03 M NaH2P04,  0.001 M 
EDTA, pH X.5) or TBM buffer (0.045 M Tris-borate, 3.5 m M  
MgCl?. p H  8.3). Dh.4  bands were located either by soaking 
the gel i n  buffer plus 0.5 ggjmL. of ethidium bromide and 
visualizing u.ith ultraviolet light, or  b>- autoradiography for 
labeled DUA. 

Pitr;’ication o j  rxl ,’I FrcIgnirrrts f rom /i‘rrylumirlr Gels. 
Rands were excised from acrylamide gels and the D S A  u:is 
eluted and concentrated bq one of t\vo methods. 

Electrophoretic extraction was performed for large frag- 
ments (>200 base pairs) b j  placing gel slices in a IO-ml. 
disposable pipet pluggcd with siliconized glass \wol. A dialysis 
bag containing about 1 .. 2 mL of buffer was placed over the 
end, the pipet filled w>ith buffer, and the DNA electrophoresed 
into the bag at  150 V for 1 2  h .  The buffer used was 0.05 M 

~~~ ~ 

’ .Abbreviations used: TPE buffer. 0 03 M Tris. 0.03 M K’aH2P04. 
0 001 M EDTA. pH 8.5:  TB\I buffer. 0.045 M Tris-borate. ? , 5  $1 hlgC1,. 
p H  X 3 
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Tris-borate, 0.001 M EDTA, pH 8.3. Following extraction 
the contents of the bag were brought to 0.3 M sodium acetate 
and the DNA was precipitated by addition of 2.5 vol of cold 
ethanol and chilling to -70 O C .  The DNA was pelleted by 
centrifugation (12000g, 30 min), washed with ethanol, dried, 
and resuspended. 

“Crush and soak” elutions in high salt buffer were per- 
formed for small DNA and RNA species according to a 
modification of the procedure described by Maxam & Gilbert 
(1977). Gel slices were crushed and elution buffer (0.5 M 
ammonium acetate, 0.01 M magnesium acetate, 0.1% sodium 
dodecyl sulfate, and 0.1 mM EDTA) was added. Approxi- 
mately twice the volume of the crushed gel was used. Elution 
was carried out at  37 OC for 12 h. Gel pieces were filtered 
out with siliconized glass wool in a disposable syringe, and the 
DNA in the filtrate precipitated with 2.5 vol of ethanol and 
chilling to -70 OC. After centrifugation (12000g, 30 min) the 
pellet was dried, resuspended in 0.3 M sodium acetate, and 
reprecipitated. The final pellet was washed with ethanol, dried, 
and resuspended. Fragments were used without further 
purification. 

Gel Electrophoresis of R N A  Transcripts. Transcripts were 
labeled with either [y-32P]GTP, [Q-~*P]GTP, or ATP in the 
normal assay mix (Oakley et al., 1975). Whole DNA or 
isolated restriction fragments were added as template. After 
incubation, reaction tnixtures were deproteinized, and the 
R N A  was precipitated with ethanol. The pellet was resus- 
pended in electrophoresis buffer and loaded onto slab gels. 
Transcripts were run in one of three gel systems. (a) Aga- 
rose--acrylarnide gels: 2.5% acrylamide-OS% agarose gels 
were prepared in 0.04 M Tris, 0.02 M sodium acetate, 0.002 
M EDTA, pH 7.5, and run in this buffer plus 0.2% sodium 
dodecyl sulfate, according to Summers (1969). (b) Acrylamide 
gels: 10% acrylamide gels were prepared and run in the same 
buffer. (c) Acrylamide-urea gels: denaturing, 12% acrylamide 
gels were prepared and run according to Heyden et al. (1972). 
Pelleted R N A  transcripts were heated a t  60 OC for 5 min in 
the gel buffer before loading. 

Re- 
striction fragments were eluted from polyacrylamide gels as 
described by Maxam & Gilbert (1977). Transcription of these 
fragments by T7 R N A  polymerase was carried out in a 
standard assay mix (Oakley et al., 1975) containing [a- 
32P]GTP or [y-32P]GTP. 

D N A  Sequencing. Labeling of the 5’ end, strand separation, 
and sequence determination were according to Maxam & 
Gilbert (1977). Certain regions of these sequences were 
confirmed by two-dimensional separation of the products of 
partial digestion with snake venom phosphodiesterase and 
pancreatic DNase (Maniatis et al., 1975). 

R N A  Sequencing. The nucleotide sequences of transcripts 
made with isolated DNA restriction fragments were deter- 
mined according to the method of Donis-Keller et al. (1977). 
R N A  species were end-labeled with T4 polynucleotide kinase 
(Donis-Keller et al., 1977) after removal from a gel or labeled 
during transcription with [y-j2P]GTP. 

Results 
Acticiry of T7 R N A  Polymerase, D N A  Binding, and Al- 

kylation of the Single Sulfhydryl Group of the Enzyme as 
Functions of p H .  Binding of T7 polymerase to T7 DNA as 
determined by the filter-binding technique is pH sensitive 
(Figure 1A). Very little binding is observed a t  pH 6 and 
binding increases rapidly from pH 6 to 9 along a sigmoid curve 
which is adequately described by a single ionization process 
with an apparent pK, of -7. No  binding of DNA occurs in 

In Vitro Transcription of Restriction Fragments. 
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FIGURE 1: (A) pH dependencies of polymerization activity (O), DNA 
binding (O) ,  and alkylation of the sulfhydryl group (by iodoacetamide) 
(A) of T 7  R N A  polymerase. (0) Filter binding of 32P-labeled T 7  
DNA in the absence of T7 R N A  polymerase. Conditions as in Oakley 
et al. (1975). (B) Effects of temperature on the bindin to T7 DNA 
and activity of T7 R N A  polymerase (A) Percent of [gZP]T7 whole 
DNA retained on nitrocellulose filters by native T7 R N A  polymerase. 
(0) Polymerization activity with whole T 7  D N A  as template. (0) 
Polymerization activity with Hpa I1 138 as template. Binding assays 
were performed with 5 pg of polymerase/0.25 mL, sufficient to 
specifically bind all the DNA at 37 “C but not to induce appreciable 
nonspecific binding. The specific activity of the [3H]ATP was in- 
creased for assay of transciption from Hpa 11 138 over that used with 
T 7  D N A  in order to enhance sensitivity. 

the absence of enzyme throughout the p H  range. Activity of 
the enzyme using whole T7 DNA as the template shows a 
much steeper dependence on pH, sigmoid to high pH, again 
with a midpoint near pH 7, but the curve cannot be described 
by a single ionization (Figure 1A). 

Previous work from this laboratory (Oakley et al., 1975) 
has shown that alkylation of the single titratable SH group 
of the enzyme abolishes activity. In order to estimate the pK, 
of this sulfhydryl group, the pH dependency of the alkylation 
reaction was determined by measuring I4C incorporation into 
the enzyme from [14C]iodoacetamide as a function of pH.  
Incorporation follows a pH function sigmoid to high pH with 
a midpoint of 7.8. The reaction is describable by a single 
ionization process. Because of the limited amount of enzyme 
available, this experiment was done by allowing the reaction 
to proceed for an extended time, 3 h, rather than the more 
accurate method of measuring initial reaction rates. Hence 
7.8 represents an upper limit for the pK, of the sulfhydryl. The 
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FIGURE 2: Polymerization activity of T7 RNA polymerase, [.?HIAMP 
incorporation, as  a function of N T P  concentrations: (0 )  0.4 mM, 
(0) 0.6 mM, (M) 0.8 mM; (0)  1.0 mM. Standard assays were carried 
out a t  pH 8, 37 OC, and concentrations refer to that for each nucleoside 
triphosphate and were the same for all four. 

true pK, may be significantly lower. 
Temperature Dependence of D N A  Binding and Actiuity of 

T7 R N A  Polymerase. We have previously shown the steep 
temperature dependence of the activity of the T7 RNA po- 
lymerase using whole T7 DNA as template. Activity is lost 
completely at  ice temperature. Loss of activity as the tem- 
perature is lowered is paralleled by the loss of binding of the 
enzyme to the D N A  as determined by the filter-binding 
technique (Figure 1B). The isolation of small restriction 
fragments containing single functional promoters for T7 
polymerase will be described below. Data on the temperature 
dependence of polymerase activity on one of these, Hpa I1 138, 
producing the 56 base long mRNA is given along with the data 
on whole T7 DNA in Figure 1B. The temperature dependence 
of this activity parallels that observed when whole T7 DNA 
is the template. 

Transcription by T7 R N A  Polymerase as a Function of 
N T P  Concentration. The standard assay conditions for T7 
RNA polymerase employ 0.4 mM ribonucleoside triphosphates 
in volumes of 0.1 to 1.0 mL (Chamberlin & Ring, 1973). 
Incorporation of nucleotides by this enzyme is so rapid, 
however, that approximately half of the total amount of NTPs 
may be depleted in - 10 min in a I-mL reaction under the 
conditions shown in Figure 2. The reaction rate shows a rapid 
fall off by 10 min (Figure 2 ) .  This is not reaction inactivation, 
since if the N T P  concentration is increased to 1 mM, tran- 
scription proceeds at  a relatively undiminished rate for - 100 
min. These data strongly suggest that the K,, values for 
elongation are in the range of 0.1 mM, somewhat larger than 
the Kd values estimated for the E. coli enzyme which are as 
low as 0.015 m M  (Chamberlin, 1976). This shows that, if 
large amounts of T7 transcripts are required, either a higher 
concentration of NTPs should be used or the reaction mix 
supplemented with substrates during the progress of the re- 
action. 

Isolation and Characterization of Restriction Fragments 
of T7 D N A  Which Serce as Templates f o r  Transcription by 
T7 R N A  PolymeraJe. In  the search for short restriction 
fragments of T7 DNA carrying intact promoters, a number 
of restriction enzymes have been tried. The restriction enzyme 
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FIGL~RE 3: Densitometer traces of R N A  gels of transcripts from (A) 
total mix of Hpa I1 restriction fragments; (B) Hpa 11 fragments > 1300 
base pairs; (C) Hpa I1 fragments from 11 50 to 550 base pairs; (D) 
Hpa I1 fragments from 500 to 250 base pairs; (E) Hpa I1 fragments 
from 200 to 56 base pairs. Arrows (1-6) at  the top indicate gel 
positions of the seven major in vitro transcripts from whole T7 D N A  
@-VI, including IIIa and IIIb which comigrate). VIa and VIb indicate 
original band VI which is unaffected by Hpa I1 restriction and a new 
band of the same length. [Which of these is the native band VI is 
not certain. The Hpa I1 fragment containing the right-hand end of 
the T7 genome has an estimated size of - 1500 bases (Ludwig, 1975); 
therefore, VIa probably corresponds to native band VI.] 

Hpa I1 from Hemophilus parainfluenzae makes from 50-60 
cuts in double-stranded T7 DNA. Previous work from this 
laboratory has shown that the promoters for T7 RNA po- 
lymerase are preserved in the Hpa I1 fragment mix. A 
densitometer trace of the radioautograph of an agarose- 
acrylamide gel of the transcription products using the whole 
fragment mix as template is shown in Figure 3A and compared 
to the positions in the same gel of the seven major transcripts 
produced in vitro from whole T7 DNA (Golomb & Cham- 
berlin, 1974). It now appears likely that one or more additional 
large transcripts initiated at about 14% of the genome do not 
enter the gel (Oakley & Coleman, 1977). Transcripts ap- 
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FIGURE 4: Densitometer traces of DNA gels of restriction fragments of T7 DNA: (A) after digestion by Hinf; (B) after digestion by Hpa  
11; (C) high resolution of IJpa I1 fragments below 300 base pairs. All gels are  5% TBM-polyacrylamide gel. 

pearing only on transcription of Hpa I1 fragments are labeled 
R,, while two transcripts appearing at  the position of the 
“normal” band VI are labeled VIa and VIb. The small 
transcripts R5 and R6 required a separate, higher percentage 
gel. 

The Hpa 11 restriction fragment mix was electrophoresed 
on an acrylamide gel (Figure 4B), stained with ethidium 
bromide, and cut into sections containing arbitrary size classes 
of DNA as follows: > 1300 base pairs, from 1 150 to 550 base 
pairs, from 500 to 250 base pairs, and from 200 to 56 base 
pairs in length. The smallest Hpa I1 fragment, 46 base pairs 
in length, is not seen on the gels used. The fragments were 
then eluted from the gel and used as templates for separate 
transcription reactions. The transcripts whose synthesis is 
directed by templates in each size class are displayed in Figure 
3E-3E as densitometer traces of the radioautographs of the 
R N A  gels. The two smallest transcripts, R5 (-85 bases) and 
R6 (- 50 bases), are of greatest interest for further structural 
work because of their small size and the fact that they also 
come from the set of smallest DNA fragments, 200-256 base 
pairs. A high-resolution gel of the smallest fragments of the 
Hpa I1 digest from which the two smallest transcripts, R5 and 
R6, come is shown in Figure 4C. The latter fragments were 
cut out separately and tested for template activity. Transcript 
R5 comes from a template 140 base pairs long, Hpa I1 140b, 
while R6 comes from a template 138 base pairs long, Hpa I1 
138. The band labeled Hpa I1 140 in Figure 4C can be shown 
by additional electrophoresis (and most clearly by sequencing 
gels, see below) to consist of two DNA fragments - 140 base 
pairs in length. Only one of these, designated Hpa I1 140b, 
contains a promoter. 

A gel of the isolated template Hpa I1 138 is shown in Figure 
5A and the gel of the products of its transcription by T7 RNA 

polymerase in Figure 5D. The major product is R,. The small 
band 1 is probably due to slight contamination by Hpa I1 140b 
which produces R5 (Figure 5C) and small band 2 is probably 
a small amount of end-to-end transcription which we observe 
with some restriction fragments, especially when high con- 
centrations of enzyme are used. Small amounts of premature 
termination may also occur since light bands corresponding 
to shorter fragments are present in some cases. The DNA 
template, Hpa I1 138, can be further cut by the restriction 
enzyme Hae 111. This shortens Hpa I1 138 by 23 bases to give 
Hpa 11, Hae IT1 115 and a small fragment Hpa 11, Hae I11 
23 (Figure 5B). The transcript R6’, shorter than R6 by 23 
bases, is transcribed from Hpa 11, Hae I11 115 (Figure 5E). 
This Hae  I11 site provided a marker to be confirmed in the 
final sequence (see below). 

In contrast to digestion of the T7 DNA template by Hpa 
11, which does not reduce the initiation rate of RNA chains 
as measured by [y3*P]GTP incorporation (Oakley et al., 
1975), digestion by Hinf drastically reduces [Y-~*P]GTP 
incorporation. The gel of the Hinf digest of T7 DNA is shown 
in Figure 4A. N o  DNA fragments longer than -900 bases 
remain after digestion by Hinf. Transcription of the whole 
mixture of Hinf fragments produces two short mRNAs, F, 
and F2, one in considerably larger amounts than the other 
(Figure 5G). Rough estimates of size based on migration of 
a few RNAs of known size suggest that the two transcripts 
from the Hinf digest are between 150 and 250 bases long. The 
loss of most of the initiation sites on treatment with Hinf 
anticipated the Hinf sites discovered eight bases from the 
initiation point in at least two of the T7 promoters (see below). 

Changes in Ultrauiolet Absorption of the D N A  on Binding 
of T7 R N A  Polymerase to the Promoters on Hpa I I  140 and 
Hpa I I  138. Both Hpa I1 140b and Hpa I1 138 are short 
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FIGURE 5 :  Densitometer traces of various D N A  templates and R N A  transcripts made from them: (A) Hpa I1 138; (B) Hpa 11, Hae I11 115 
plus Hpa (11), Hae  111 23; (C) R N A  transcript of Hpa I1 140; (D) R N A  transcript of Hpa I1 138; (E) R N A  transcript of Hpa 11, Hae 
111 115; (F) R N A  transcript of a Hpa I1 digest of Hpa IC; (G) R N A  transcripts from the total Hinf digest of T7 DNA.  

enough that the promoter, an interaction site for a protein of 
M ,  107 000, must constitute a significant percentage of the 
total length of the fragment. Thus it should be possible to 
detect any changes in the absorption of the base chromophores 
in the promoter region which are induced by binding of the 
plymerase. Spectral changes induced in the DNA on binding 
of T7 RNA polymerase to a mixture of Hpa I1 140b and 1382 
were followed in the Cary 118 spectrophotometer. Binding 
reactions were carried out in thermostated (37 "C), 1-mL 
cuvettes in 0.04 M Tris-HC1, 0.01 M MgC12 (pH 8.0). 
Measurements were made at very high sensitivity, and it was 
found necessary to clarify the solutions used by centrifugation 
of the enzyme stock and nitrocellulose filtration of the DNA 
solutions before use to eliminate light-scattering problems. The 
results are shown in Figure 6. 

In panel A are shown the spectral changes induced in a 
mixture of fragments Hpa I1 138 and Hpa I1 140b on addition 
of increasing amounts of T7 RNA polymerase stock solution 
(3 mg/mL). Enzyme was added to buffer alone in the ref- 
erence cuvette to cancel the contribution of enzyme absor- 
bance. The decrease in amplitude of the peak is due to dilution 
of the sample. There is a small but distinct blue shift of 1-2 
nm induced in  the DNA at low enzyme-DNA ratios. 

In  panel B is shown a parallel experiment using nonpro- 
moter-containing fragments, Hpa I1 195-175. In this case 
there is no change at low enzyme concentrations and a red shift 
a t  high concentrations. Completion of this latter change at 

Prolonged electrophoresis begins to separate the two Hpa I1 140 
fragments, suggesting that they are not identical in length. Hpa I1 140b 
is the more slowly migrating band. Hence the nonpromoter-containing 
Hpa 11 140a is a contaminant of the promoter-containing fragments used 
for these experiments. 

high enzyme concentrations required several minutes. 
The remainder of the figure shows the results of two dif- 

ference experiments. In the first, enzyme was added to Hpa 
I1 140b and 138 in one cuvette and to an equal amount of 
nonpromoter-containing fragment (at the same optical density) 
in the reference cuvette. As would be predicted from the 
spectra in the upper part of the figure, there is an increase in 
absorption at 257 nm of 0.005 OD, complete at active enzyme 
to promoter ratios of about 1, an hyperchromicity probably 
associated with specific promoter binding (trace A, Figure 6). 
With the addition of more enzyme (additions in microliters 
shown), a time-dependent decrease in OD is seen, corre- 
sponding to the red shift associated with nonspecific DNA 
binding. 

To confirm the absence of any change in nonpromoter 
fragments at low enzyme concentrations, a parallel experiment 
was performed with nonpromoter fragments in the experi- 
mental cuvette and buffer alone in the reference. The lower 
curve, B, shows the result. At low enzyme concentrations 
dilution of the sample is the only result. The decrease in OD 
at 257 nm is not detectable until the addition of >10 pL of 
RNA polymerase stock solution and again requires several 
minutes for completion. 

Strand Separation and Sequencing of Hpa II  138 and 140. 
Strand Separation of Hpa I I  138. Examples of strand 
separation gels of Hpa I1 138 are shown in Figure 7. Strand 
separation of Hpa I1 138, labeled at both 5' ends, consistently 
yielded a pattern of four bands (Figure 7A). Band A cor- 
responds to one strand and bands B, C, and D are due to the 
other strand running at three different positions. The A and 
G patterns produced when material from bands B, C,  and D 
is subjected to methylation and chain cleavage according to 
Maxam & Gilbert (1977) confirm that all three have the same 
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FIGURE 6: UV absorption spectral changes induced in promoter- 
containing and nonpromoter-containing DNA restriction fragments 
by T7 RNA polymerase. Panels A (promoter-containing) and B 
(nonpromoter-containing) show spectra from 250 to 265 nm as T7 
RNA polymerase was added as described in the text. The lower curves 
show AOD at 257 nm during addition of T7 RNA polymerase to (A) 
promoter-containing fragments vs. nonpromoter-containing fragments 
in the reference cell; (B) nonpromoter-containing fragments M. buffer. 
No further aliquots of enzyme were added after zero time. 
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scpaution o i  l l pd  II. Ilac 111 I I i Gel condttlonsas in Uaram & 
Gilbert (19771. 

sequence. that of noncoding strand. This phenomenon is 
presumably due to the assumption of three different discrete. 
fairly stable conformations. Subtle diffcrcnccs in conformation 
of two complementary strands in the Tris-borate buffer are 
probably the reason this gel method is effective in separating 
strands in the first place. That the material in bands B, C, 
and I) was of identical length and thus had not been subjected 
to attack by a contaminant nuclease was confirmed by running 
the eluted DNA on denaturing gels (not shown). In contrast 
to the behavior of whole Hpa I I 13X on 5trand separation. Hpa 
11. Ilae I l l  1 I S  separates normally and only two conformers 
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are observed (Figure 7B). The different conformations ob- 
served with Hpa I1 138 might relate to the base-pairing 
structures possible in the region of the DNA corresponding 
to the RNase I11 site in the message (see below). Why there 
would be a greater tendency to this in the strand comple- 
mentary to the template is not clear. This region is removed 
by Hae 111. Such a conformational phenomenon shows that 
multiple bands on strand separation gels need to be interpreted 
with caution. 

StrandSeparation of Hpa II 140. Strand separation gels 
of the band corresponding to Hpa I1 140 in Figure 4C resulted 
in four bands which clearly carried two different sequences, 
confirming the impression from a number of gel densitometer 
tracings that there exist two Hpa I1 fragments - 140 base pairs 
long. The Hpa I1 140 fragment (Hpa I1 140b) giving rise to 
the transcript R, was found to contain a Hinf site analogous 
to the one within the promoter on Hpa I1 138 (see below), 
while the other Hpa I1 140 fragment (Hpa I1 140a) does not 
contain this particular Hinf site, although two others are 
present. Hence the mixture of the two Hpa I1 140 fragments 
was treated with H i d ,  and the multiple fragments were 
separated by electrophoresis and sequenced. 

Base Sequences of Hpa II  138, 140a, and 1406. The se- 
quences of both strands of Hpa I1 138 were determined by 
the chemical methods of Maxam & Gilbert (1977). The 
sequence of Hpa I1 138 is shown and compared to the pro- 
moter region of Hpa I1 140b to be described below (Figure 
8). The orientation corresponding to transcription is from 
left to right since transcription by T7 RNA polymerase has 
been shown to be exclusively rightward (Chamberlin et al., 
1970). The Hae 111 site expected in Hpa I1 138 was found 
in the sequence and sequencing of Hpa 11, Hae 111 115 
provided a convenient confirmation of the original sequence. 
The sequence also revealed two Hinf sites and as predicted 
Hpa I1 138 was cleaved a t  two points by Hinf. Sequencing 
of these fragments provided further verification. A sequencing 
gel of the initiation region of Hpa I1 138 is shown in Figure 
9A. 

The sequence of the promoter-containing Hpa I1 140b was 
obtained applying the Maxam & Gilbert method to the Hpa 
11, Hinf fragments. In our hands it has been difficult to 
efficiently label and strand-separate the Hpa 11, Hinf frag- 
ments. Hence we present the sequence of only 40 bases 
flanking the initiation site (Figure 8). The sequence beyond 
this is not certain enough to be reported a t  present. This 
sequence contains the essential region of the promoter, at least 
that homologous to the T7 promoter on Hpa 11 138. 

The nonpromoter-containing Hpa 11 140a contains a Hha 
I site, and the sequence of 140a from the Hha I site to one 
of the Hpa I1 ends is shown in Figure IO. While this fragment 
has an AT-rich region and some homology, including twofold 
symmetry, with the proven promoter, this fragment gives no 
in vitro transcript with T7 RNA polymerase. A sequencing 
gel for Hpa I1 140a is shown in Figure 9B. Important regions 
of the sequences were confirmed by two-dimensional elec- 
trophoresis and chromatography after digestion with snake 
venom phosphodiesterase and DNase 1. 

Initiation Points and Sequences of R,  and R6 mRNAs. The 
transcripts from Hpa I1 140b and Hpa I1 138 were isolated 
from the gels shown in Figure 5 and the sequences determined 
by the enzymatic method of Donis-Keller et al. (1977). 
Representative sequence gels are shown in Figure 11 and the 
complete sequences are shown in Figure 8 placed in register 
with the corresponding DNA sequence. Note that the ini- 
tiation point for R6 on Hpa I1 138 is two bases to the left of 



FIGURE 8: DNA sequences of Hpa II I38 (A) and Hpa II 140b (B) and their respective transcripts R, and R5. (C) Conserved DNA sequence 
of the T7 promoter in the region of initiation. 
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FIOURE 9: (A) Sequence gel (method of Maxam & Gilbert, 1977) 
in the region of RNA initiation for Hpa 11 138. (B) Sequence gel 
for Hpa I1 140a, the fragment not containing a major promoter (see 
Discussion). 

the initiation point reported in our original publication (Oakley 
& Coleman, 1977; see Discussion). The numbering system 
in Figure 8 is based on +1 as the initiation point for tran- 
scription, omitting zero in the base numbering. 
Mapping of Hpa I1 138, 140a, and 140b. A map of the 

left-hand end of the T7 genome is given in Figure 12 with the 
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FIGURE 1 0  DNA sequence of Hpa I I  140a. 

initiation sites for early and late mRNAs given as well as the 
RNase 111 processing sites defining genes 0.3 through 1.3. The 
sites for the restriction enzymes Dpn I1 and Hpa 1 have been 
mapped by McDonell et al. (1977). Dpn 11 fragment B, in 
the nomenclature of McDonell et al. (1977). contains the left 
end of the chromosome, including all of the region transcribed 
by the E. coli RNA polymerase and a small part of the region 
transcribed by the T7 enzyme including the first promoter for 
the T7 polymerase near the end of gene 1. Gene 1.3, the T7  
DNA ligase gene, is transcribed by both the E. coli and T7 
RNA polymerases (Studier, 1972), establishing the fact that 
the first T7 polymerase promoter lies to the left of the ter- 
minator for the E. coli enzyme. The T7 enzyme reads through 
this terminator since transcription by the T7 enzyme continues 
to the end of Dpn I1 B (Dum & Studier, personal commu- 
nication). A terminal part of gene 1 and gene 1.1 is apparently 
also transcribed by both polymerases. 

Hpa 11 138 has been mapped to the junction of genes 1 and 
1 . I  (Studier, personal communication), a position confirmed 
by the finding of the RNase 111 site for this gene junction on 
Hpa I1 138 (Figure 8) (Oakley & Coleman, 1977; Rosenberg 
et al., 1974; Robertson et al., 1977). One of the Hpa I1 140 



FIGURE 11: R N A  sequence gel (mcthod of Donis-Keller et al., 1977) 
of R, (left) and R, (right). The track PP displays the products of 
partial digestion with I unit of the RNase I from Physarum PO- 
lycephalum, an  enzyme cleaving at all bases but C (Simonscits et 
al., 1977). For the leftmost TI track, R, RNA labeled with T4 
polynucleotide kinase and [y-”P]ATP was used. Others were labeled 
during transcription with [y-”P]GTP. 
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FIGURE 12: Map of the left-hand end of the T7 genome. The solid 
horizontal arrows indicate early and late mRNAs. The vertical dashed 
arrows indicate RNase I I  sites on the polycistronic mRNA. Positions 
of the genes as defined by the RNase 111 cleavages are indicated by 
the numbers on the DNA. 

fragments maps immediately to the left of Hpa I1 138. 
In  order to determine which of the Hpa I1 140 fragments 

this is, we isolated the restriction fragment known as Hpa IG 
(McDonell et al., 1977) which contains this region of the 
chromosome and which on further digestion with Hpa I1 
produces Hpa I1 138 and one of the Hpa I1 140 fragments. 
Transcription of the latter digest with T7 polymerase produces 
a standard amount of R6 and a small amount of R, (Figure 
5F). The latter proved to result from contamination of Hpa 
IG by Hpa IE, the fragment which carries the promoter for 
R,. Using DNA from the mutant phage AH,, which lacks 
one of Hpa I sites and hence produces fewer bands in the Hpa 
IE to G region, Hpa IE can be completely separated from Hpa 
IG and use of the Hpa I1 digest of Hpa IE as template 
produces only R,, while the Hpa I1 digest of Hpa IG produces 
only R,. Hence the nonpromoter-containing Hpa I1 140a is 
the fragment immediately to the left of Hpa 11 138. The 
promoter on Hpa I1 140b is carried on Hpa IE which maps 
to -70% of the genome and carries the promoter for band 
I1 mRNA from whole T7 DNA (M. Rosa, personal com- 
munication). 
Discussion 

T7 RNA polymerase is a single polypeptide chain which 
carries out all steps of transcription. The fidelity of promoter 
recognition and initiation of transcription is conserved even 
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on small double-stranded DNA fragments of the T7 chro- 
mosome containing a single promoter as has been indicated 
by previous work (Oakley et al., 1975; Oakley & Coleman, 
1977) and is further documented here. These properties should 
make T7 RNA polymerase and its promoter complexes a 
particularly useful system for the study of the molecular 
mechanisms of transcription. 

p H  Dependence of Transcription. Few studies of the pH 
dependency of transcription by any RNA polymerase have 
been published. Most of the data is on the E. coli enzyme. 
Rhodes & Chamberlin (1974) showed that the elongation 
reaction. Le., elongation of the ternary complex between the 
enzyme, the template (poly[d(A-T)]), and poly[r(A-U)], shows 
a broad pH maximum centered near pH 8.2, activity rising 
from 50% at pH 7.0 and falling to 60% at pH 9.4. The 
complete reaction was earlier reported as 13% at pH 6. I ,  62% 
at pH 7.0, and 84% at pH 8.9, with a maximum from 7.8 to 
8.2 (Chamberlin & Berg, 1962). For T7 polymerase the pH 
dependence of the complete reaction is generally similar, 
although the very rapid fall below pH 7.0 is more clearly 
apparent (Figure IA). While activity falls off somewhat at 
high pH, the general profile is more sigmoidal than bell- 
shaped. This pH function, with a midpoint near pH 6.8, 
cannot he described by a single ionization; two or more 
ionization processes must be involved. 

One of the pHdependent processes influencing the pH-rate 
profile of transcription is clearly binding of the enzyme to the 
DNA template (Figure IA). Binding falls off rapidly below 
pH 8 and the sigmoid dependency of binding can be described 
by a single apparent pK, of -7. Since there is not a group 
on the DNA with a pK, in this region, it may be concluded 
that there is a group on the enzyme with a pK, near 7 that 
affects template binding. This group might be a histidyl 
nitrogen, or possibly the single sulfhydryl group required for 
activity. The pH dependency of alkylation of the S H  group 
(Figure IA) shows it to have an abnormally low pK, (Figure 
IA). Since the reaction conditions that were practical did not 
measure initial alkylation rates, the actual pK of this group 
is possibly lower than 7.8. Preliminary data at relatively high 
polymerase concentrations showed that the carboxymethyl 
enzyme bound to T7 DNA just as efficiently as the native 
enzyme (Oakley et al., 1975). We have since obtained more 
extensive data on the alkylated polymerase from low to high 
protein concentrations and confirmed that the alkylated in- 
active enzyme binds the DNA template apparently normally 
at pH 8.0 (Oakley &Coleman, unpublished data). Thus the 
free S H  group must be involved in the catalytic process and 
not DNA binding. 

The inactivation of the enzyme by carboxymethylation does 
not seem to be solely a steric hindrance as found in the case 
of creatine kinase (Smith et al., 1975). Modification of the 
sulfhydryl with methyl methanethiosulfonate, which by the 
method of Smith et al. (1975) introduces a SCH, group on 
the sulfur, totally inactivates the enzyme (Sarris & Coleman, 
unpublished data). A parallel sham reaction without reagent 
did not affect activity. Removal of the SCH, group leads to 
only partial reactivation, but this is probably due to the general 
fragility of the enzyme. 

If, as seems likely, the pK. of the SH group is near 7, its 
ionization may be reflected in the pH-rate profile. A catalytic 
group with pK. - 7 and the pH function for template binding 
would be sufficient to generate the observed pH-rate profile 
for transcription. The presence of the nucleoside triphosphates 
may stabilize DNA binding above pH 7.0 since activity 
(complete system) rises faster in this region than DNA binding 
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iis measured by the filter-binding technique. 
Teniperatiire Dependence of Transcription. The sharp 

temperature dependence of transcriptional activity by R N A  
polymerase has reasonably been postulated to reflect the 
requirement for melting of a section of the promoter by the 
polyrnerase i n  the formation of the "open" complex i n  
preparation for initiation (Mangel & Chamberlin, 1974). The 
Fact that this temperature dependence correlates directly with 
the temperature dependence of tight specific binding of the 
polymerase to the DNA template is particularly clearly shown 
with the T7 enzyme (Figure 1 B) .  This temperature depen- 
dence of transcriptional activity extends to small, - 140 base 
pair, prornoter-containing fragments (Figure 1 B).  The 
conclusion that the specific binding of the enzyme to a pro- 
moter-containing fragment of' the D N A  is associated with 
melting of a section of the template is further supported b> 
the changes i n  the base chromophores of tlpa I 1  138 and 140 
on the binding of polymerase as shown in Figure 5 .  The 
promoter-containing fragments undergo a hyperchromic blue 
shift consistent with melting of the double strand, while the 
nonpromoter-containing fragments under exactly the same 
conditions show a red shift and hypochromia consistent with 
nonspecific binding that does not melt the double strand 
(Figure 5 ) .  While these experiments are preliminary and 
limited bj, the quantity of fragments that can be isolated from 
uhole T7 D N A ,  the system is a promising one for further 
investigation, especially since attempts to insert pronioter- 
containing fragments into small plasmids have been successful 
and should increase availability of these fragments (Panay- 
otatos, 1978: Campbell et al., 1978). 

Eflict of .I'ircleotide C'oticentration on Transcription. The 
finding that the maximum rate of niRN.4 synthesis by the 
highly active T7 enzyme requires - I  mM nucleoside tri- 
phosphates (Figure 2) suggests that the K,'s for substrate 
binding to the T7 enzyme are considerably higher than Kd's 
reported for the E .  coli enzyme, especially for the initiating 
nucleotide which is generally reported as much less than I mM 
(Chamberlin. 1976). Since under the reaction conditions 
employed the mRNAs transcribed from T7 promoters by T7 
polymerase are all produced i n  approximately equimolar 
amounts regardless of their length (e.g., those in Figure 3)- 
the template binding or initiation step must be rate limiting. 
That initiation is much slower than elongation is supported 
b) estimates of initiation rates made from measurements of 
[ Y - ~ ~ P ] < ; T P  incorporation (all transcripts produced by T7 
polymerase begin with G). Precise calculations of either 
elongation rate or initiation rate are hampered by variable 
amounts of inactive polymerase in all T7 polymerase prep- 
arations (Chamberlin & Ring. 1973; Oakley et al., 1975). 

Location and Structure o f t h e  7'7 Proniuters. The DKA 
sequence and transcription data on Ifpa I1 138, 140a, and 140b 
clearly establish the promoter on Ilpa 138 as the single major 
promoter beginning transcription by the T7 RNA polymerase. 
While there is some preliminary evidence for tandem tran- 
scriptional starts for 'T7 polymerase in the "early" region 
(Studier. personal communication), the possibility that such 
a tandem start is initiated from the promoter on Hpa I1  138 
arid a second one o n  the adjacent Hpa 11 140a (Oakley & 
Coleman, 1977) is clearly ruled out since Hpa I 1  140a does 
not contain il promoter. Since the promoter on Hpa II l4Ob 
is located at -70% of the genome and therefore accounts for 
one of the seven major in vitro transcripts from whole T7 
D K A ,  the current evidence suggests that eight major pro- 
moters for the T7 enzyme exist on the T7 genome, including 
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the one on tipa 11 138. .+I transcript f r w i  this promoter (a t  
-14% of' the genome) using whole T7 DKA as  template 
would be expected to terminate at - 60% of the geiionie arid 
hericc not enter the u m i l  m R N A  gels irhich s h a ~  ~ c ' \ w  1i1aj01 

niRNAs (Oakley Kr Coleman, 19771. 
'Thus the Icftmost promoter for t h e  T7 R N A  j~oIynisr,isc 

lies uithin the gene for the polymerase itself. I t 5  positii)n 
relative to the triplet coding for the C-terminal amino acid 
rehidue is currentl!' under invesiigatiun. 'The physiological 
significance of this arrangement, if  an!, ia unknown and further 
information is required. 

'The base sequence of the t w  proriioter-cor~taining fragments 
is identical from the point of niRNA initiation to position ~ I I 
(Figure 8). I n  addition the sequences from - - I 3  through - 15 
are identical. &'e originall) believed tliat the boxed region 
(Figure 8) which includes the initiatirig nucleotide and contains 
the sequence TXTA flanked bb, <' :ind Ci might currespond 
to the so-called Pribnow box i n  promoters for the E .  coli 
enzyme suggested to be the region that the polymerase iiielts 
in formation of the initiation complex (Pribnow, 1975). Except 
to note the remarkable conversation of sequence between the 
two promoters, specific features of the base structure and 
phosphodiester conforrnation required for initiation will require 
further exploration b j  chemical modification and protection 
experiments. It is true tliat to the left of the initiation point 
!&I5  out of the tirst 21 base pairs ,ire ;IT, suggesting that 
this region would melt rather easil), (Figure 8 ) .  Both pro- 
moters also show significant twofold synimetr) 
by the boxed regions i n  Figure S .  The significance of this to 
promoter recognition is not k r i w i n .  but i t  n : n )  coricapond tu 
complementary topoloel on the enzyme suri'ace. 

Initial experiments incubaring €Ipa 11 138 and I'! enLyme 
with [n-32P]GTP alone showed the production of pppGpG and 
pppGpGpG (Oakley Kr Coleman. 1977). Since preliniinar) 
data suggested that T7 transcripts began with the sequence 
pppGGG. we assumed that the 5' end of R, \+as coded by the 
CCC beginning at +3 of Hpa 11 138 il-yigure 8) .  The complete 
sequence of It, shows this assignment to be wrong and the 
transcript begins pppGAGGG (Figures 8 a n d  1 1 ) .  Since Rs 
does begin with pppGGG. the original results might have 
reflected some contamination of the template Hpa I I  I38 with 
Hpa 11 140b. It is also possible, however, that with onlb one 
nucleoside triphosphate present there is some "slippage" of 
the enzyme at  the initiation point arid the downstream CCC 
is picked up. This is currently under investigation. 

Another structural feature cornmon t o  both promoters is the 
presence of a Hinf restriction site covering positions ~ 7 to --I 1 .  
This must be within the region of the initiation complex, and 
indeed restriction of Hpa 11 140b or  138 by tlinf abolishes 
transcription. Restriction of total T7 D N A  by Hinf greatly 
reduces transcription. but transcription from ;it least one T7 
promoter appears to continue (Figure 5 G ) .  The latter finding 
shows that the G.ACTC f'rom - 1 1  through 7 ,  although 
preserved in the two 1 7  promoters shown here. ma! be altered 
i n  at  least one of the others. To suninidtire, what is possibl) 
3 general T7 promoter sequence is showri at :he bottom of 
Figure 8. A span of .. 1 S base pairs appears to be common 
to both promoters. This  is a reasonable length for a DN.4 
binding groove i n  a globular polymerase of - Af, I07 000. 
Outside of this region major base substitutions occur between 
the promoters as indicated b) N. Babe nitthylation cxperi- 
ments in the presence of protecting polymerase shon that 
major changes i n  the susceptibility of the bases tu methylation 
are confined to the A and G residues from --h to . t 6  (Oakle) 
et al.. in  preparation) 



T 7  R N A  P O L Y M E R A S E  

Added in Proof 
In  an independent determination of the DNA sequences of 

the promoters for T7 RNA polymerase, Margaret Rosa has 
found the purine at position -12 in the Hpa I1 140a promoter 
(located at  -70% of the genome) to be G rather than A as 
reported above. On reexamination of the sequence gels for 
the Hinf fragment, in  which this purine is represented by a 
short nucleotide, there is abnormal migration of this nucleotide 
such that the dark G band appears in an anomolous position, 
now known to be a not infrequent occurrence for the short 
fragments. Hence position --12 is C-G in both promoters. 
Thus all 15 base pairs leftward of the initiation point are 
identical in the two T7 promoters. We thank Margaret Rosa 
for communicating this information prior to publication. 
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