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Regulation of promoter selection by the bacteriophage T7 RNA polymerase in vitro
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ABSTRACT

During bacteriophage T7 infection a phage-specified RNA polymerase
transcribes the late phage genes in two temporal classes (class II and
class III). In this report, we show that the purified phage polymerase
discriminates between the class II and class III promoters in vitro as a
function of variables that alter the stability of the DNA helix. These
variables include ionic strength, temperature, and the presence of denatur-
ing agents such as dimethyl sulfoxide. In general, initiation at the class
II promoters is preferentially inhibited as helix stability is increased.
Conditions required for the establishment of salt-resistant transcription
complexes by the T7 RNA polymerase have been determined; the establishment
of stable complexes at the class II promoters requires the synthesis of a
longer nascent RNA transcript than does formation of such complexes at the
class III promoters. A comparison of the nucleotide sequences of several
class II and class III promoters suggests certain features that may be
responsible for the different responses of these promoters to helix
destabilization. The conservation of structural features that are peculiar
to the class II or class III promoters indicates that these features are
important in regulation of T7 transcription jip vivo. Experiments which
bear on the physiological significance of these features are discussed.

INTRODUCTION

During infection, the late genes of bacteriophage T7 are transcribed
by an RNA polymerase that is specified by one of the early phage genes
(1,2,3). Transcription of the late genes is regulated and proceeds in two
overlapping temporal classes: the class II genes are transcribed from 6
until 15 min after infection, the class III genes from 6-8 min after infec-
tion until lysis (4,5). The only T7 gene which has been found to exert
control over late transcription (other than gene 1, which encodes the RNA
polymerase) is gene 3.5, which specifies an endolysin (4,6). Expression of
gene 3.5 is required for the release of newly synthesized phage DNA from a
membrane bound state (6), and it has been reported that expression of this
gene may also result in alterations in the selective permeability of the
cell membrane (7).

Unlike the host enzyme, which is structurally complex, the T7 RNA
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polymerase consists of a single protein species that is capable of initia-
tion and termination in yitro in the absence any auxiliary factors (1,3).
‘Due to its structural simplicity the T7 RNA polymerase offers an

attractive system with which to study polymerase/promoter interactions. 1In
this report, we show that utilization of the class II ‘and class III promot-
ers by the T7 RNA polymerase jn vitro is differentially affected by
variables that alter the stability of the DNA helix. These variables
include ionic strength, temperature, and the presence of denaturing agents
such as dimethyl sulfoxide (DMSO). Comparison of the nucleotide sequences
of a nuimber of promotérs for the T7 RNA polymersse suggests certains fea-
tures that may be responsible for the different responses of the class II
and class III promoters to helix destabilization in vitro, and which may be
important in the regulation of T7 transcription in vivo. '

mthes of RNA and analysis by gel electrophoresis. Unless other-
wise 1pdicated all reactions contained in a volume of 50 1: 8mM MgClz;
40 mM Tris-HC1, pH 7.9; 5mM dithiothreitol (DTT); O.1mM EDT}-Nan; 4 mM
spermidine-HC1; 5% (v/v) glycerol; 0.4 mM ATP, GTP and CTP; 0.1 mM
a-3ZP-UTP (specific activity of 160 pCi/umole); 2.5 ug of T7 DNA, and

10 units of T7 RNA polymerase (3). At the conclusion of the incubation
period (usually 10 min), unlabeled UTP was added to a concentration of 1 mM
and incubation was continued for ar additional 3 min. Reactions were
stopped by the addition of an equal volume of: 2% (w/v) SDS, 50 mM EDTA-
Nau and 100 pg/ml yeast RNA.

Where indicated, 5 ul portions of the stopped reactions were spotted
onto 2.5 cm diameter 3MM (Whatman) filter paper discs. The filters were
batch washed three times in 10% TCA, 10 mM NaPPi, twice in acetone, dried,
and counted in a toluene-based scintillation fluid.

For gel analysis of high molecular weight RNA, nucleic acids were
precipitated at -20° by the addition of KC1 (0.15M) and 2.5 volumes of
ethanol. The RNA pellets were dried in vacuo, taken up in 20 ul of
electrophoresis buffer (1.1 M formaldehyde; 0.1 M NaPOy, pH 7.0; 0.1%

SDS; 2mM-EDTA-Na,) and heated at 65° for 5 min (8). After cooling;
glycerol (5%) and bromophenol blue were added to the samples which were
then loaded into slots in a 3mm thick 0.8% agarose gel cast in the hori-
zontal apparatus described by Studier (9). Gel and running buffer were as
described above. Electrophoresis was carried out at 50 V for 6.5 hrs. The
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gels were dried on a Hoeffer gel dryer set at 55°, and exposed to X-ray
film. For the analysis of low molecular weight RNA, the pellets were taken
up in cracking buffer and run in 4% polyacrylamide gels as described by
Studier (10).

RESULTS
Effect of jonic conditions on the activity and specificity of the I7
RNA polymerase.

It had been previously reported that the T7 RNA polymerase transcribes
the class II genes poorly in vitro (11,12,29), but that class II transcrip-
tion could be enhanced by lowering the Mg** concentration from 20 mM
("standard conditions", see reference 3) to a range between 5 and 10 mM
(4). The inhibition of class II RNA synthesis at higher ionic strengths is
not limited to Mg’*; as the concentration of KCl in the reaction is
increased from 0 to 150 mM, a preferential inhibition of class II RNA
synthesis is observed (Figures 1 and 2). Note that above 150 mM KCl,
synthesis of both class II and class III RNA is strongly inhibited (Figure
1, panel A). Nearly identical results to those shown in Figure 1 are
obtained if NaCl is added to the reaction in place of KCl1 (data not shown).

To characterize the salt-dependent transcriptional specificity of the
T7 RNA polymerase in more detail, we wished to determine the effect of KCl
on the synthesis of individual late T7 mRNAs. Due to their large sizes,
most of the class II transcripts are not well resolved by gel electro-
phoresis, even under denaturing conditions in low percentage agarose gels
(Figure 3 panel A). The analysis of these high molecular weight RNAs is
further complicated by the presence of "read-through" products which are a
4consequence of the failure of the T7 RNA polymerase to consistently recog-
nize the termination signal at 60.6 T7 units (see Figure 2). To circumvent
these problems, we have employed T7 DNA that has been digested with Eco R1
as a template for in vitro transcription assays. Although Eco R1 does not
cut wild-type T7 DNA, DNA from an amber mutant of T7 (T7 am28) is cut by
this enzyme at 46 T7 units (13). Because the Eco R1 cleavage site is to
the left of the class III promoters, and because all T7 transcription is
from left to right (see Figure 2), the effect of cutting the template with
Eco R1 is to truncate all the class II transcription products without
altering the size of the class III products. As a result, most of the
shortened class II RNAs are well resolved from the class III RNAs (Figure
3, panel B). When the KCl concentration in the reaction is increased from
0 to 150 mM, synthesis of each of these class II RNA species is prefer-
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Reactions containing KC1 as indicated were incubated at
for 10 min. Panel A: The amount of RNA synthesized (measured as
P-UMP incorporated) is plotted as a function of the KCl con-

centration. Panel B: RNA was isolated from the samples by phenol extrac-
tion and hybridized to Hpa I restriction fragments of T7 DNA immobilized on
nitrocellulose filters (26). The positions of the Hpa I DNA fragments are
indicated by letters to the left of the autoradiograms. Panel C: The data
in Panel B were analyzed by densitometry. The amount of RNA hybridizing to
Hpa I fragments C and D (which arise from the class II region, see Figure
2) relative to that hybridizing to fragment B (from the class III region)
is plotted as a function of the concentration of KCl.

entially inhibited. In contrast, all of the class III RNA species continue
to be made in the presence of 150 mM KCl.
KC1 inhibits the T7 RNA polvmerase before initiation.

If high levels of KC1 (200 mM) are added to the reaction shortly
before, or at the same time as the substrate triphosphates, synthesis of
RNA is almost completely blocked (Table 1, and see Figure 1). In contrast,
if KC1 is added shortly after initiation the same spectrum of RNA products
is completed as in the absence of KC1 (Figure 4, lanes 12 and 13). By
determining the sizes of the products at intervals after intiation, we have
found that the chain elongation rate for the T7 RNA polymerase is 160-170
nucleotides/sec at 30° and that this rate of elongation is not affected
by the addition of KC1l shortly after initiation (data not shown). From
these experiments we conclude that the effects of KC1 on T7 transcription
are exerted prior to or during initiation, and that once transcription is
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i i a age The T7 genes are iden-~
tified by gene number and grouped according to their function and observed
time of expression (27). Distances from the left end of the genome are
given as percentage of total genome length (T7 units); the alignment of the
genetic and physical maps is derived from a variety of sources (9,28,
Studier, personal communication). The position of the Eco R1 cleavage site
(13) and the termination signal (T) for the T7 RNA polymerase (Rosa, per-
sonal communication) are indicated above the heavy line. At the bottom of
the figure, the RNA products synthesized by the T7 RNA polymerase in vitro
are represented by arrows. The number in parentheses before each arrow
denotes the promoter location for each transcript in T7 units
(11,12,21,23,29-33 and Carter and McAllister, in preparation). The promot-
ers at 38, U41, and 44 units are weak, and do not give rise to visible bands
in the gels presented in Fig. 3.

underway the transcription complexes are resistant to KCl.

The results described above suggest that ternary complexes consisting
of RNA polymerase, template DNA, and nascent RNA chain should be resistant
to levels of KC1l that prevent initiation by the free enzyme. To detect
these salt resistant complexes, and to determine whether the conditions for
their formation differ at the class II and class III promoters, enzyme and
template were incubated together in the presence of an incomplete mixture
of ribonucleoside triphosphates and then challenged with 200 mM KCl.
Simultaneously with the KC1l challenge, the remaining substrate
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Table I. Effect of time of addition of KCl on RNA synthesis by the T7 RNA
polymerase

Iime of addition of KC1 ten minutes*

+ 5 sec 1
0 0
- 5 sec 0.
-15 sec 0
none 6

Enzyme and DNA were incubated together at 30° for five min, where-
upon synthesis of RNA was initiated by the addition of substrate (time = 0
sec). Where indicated, KC1 (200 mM) was added to the reactions at the
times indicated. After ten minutes of synthesis the reactions were ter-
minated and the amount of substrate incorporated into TCA-precipitable
material was determined. The amount of RNA synthesized in each reaction is
expressed relative to that observed when KCl is gdded ortly after initia-
tion (5 sec). This level corresponds to ca 6x10° CPM “P-UMP
incorporated. Under the conditions described here, completion of the
smallest T7 RNA transcript (from the promoter at 98.3%, see Figure. 2)
would require 4 seconds.

triphosphates were added to the reaction to allow completion of chains that
had been initiated during the preincubation period. Analysis of the prod-
ucts by gel electrophoresis permits the identification of the promoters at
which salt-resistant complexes had formed.

As shown in Figure 4 and Table 1, no salt-resistant complexes are
formed when all triphosphates are absent during the preincubation period or
when GTP is omitted. This is consistent with evidence that the T7 RNA
polymerase starts all RNA chains with GTP (3). Preincubation with GTP
alone is sufficient to establish salt-resistant complexes at all of the
class III promoters, but not at any of the class II promoters. Estab-
lishment of salt-resistant complexes at the class II promoters requires at
least GTP and ATP, but appears to be even more clearly observed if both of
the purine triphosphates and one of the pyrimidine triphosphates are pres-
ent during preincubation. The different requirements for salt-resistant
complex formation at the 33.3% and 34.7% promoters are particularly strik-
ing (Figure 4, lanes 9 and 10).

0 empers e and dimethvlsulfoxide on promoter sele
It had previously been shown that the activity of the T7 RNA
polymerase exhibits a strict temperature dependence, and that the activity
curve is paralleled by the temperature dependence of tight binding of the
enzyme to T7 DNA (33). The ability of the polymerase to form salt-
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resistant complexes at the class II and class III promoters as a function
of temperature was determined as described in Figure 5. Although the high
background in the autoradiogram prevents an accurate estimation of the
transition temperature for the initiation of,each RNA species, it is clear
that the establishment of salt-resistant complexes is a temperature-
dependent phenomenon, and that salt-resistant complexes form at the class
III promoters at a lower temperature than at the class II promoters.

In studies with the E, coli RNA polymerase, the effects of salt and
temperature on promoter selection have generally been interpreted to
reflect the effect of these variables on the melting open of the DNA helix
that occurs just prior to initiation, for it is known that moderate salt
levels stabilize the DNA helix, as do decreased temperatures (14). Non-
ionic agents which decrease helix stability, such as glycerol or DMSO, have
also been shown to affect promoter selection by the E. coli enzyme (15,16).
Since DMSO and moderate salt levels have oppdsite effects on the stability
of the DNA helix, we were curious to determine whether the addition of DMSO
to the T7 system could reverse the inhibition of class II RNA synthesis by
KCl. As shown in Figure 6, concentrations of DMSO in excess of 5% are
quite effective in this respect.

DISCUSSION

In this report, we have shown that the T7 RNA polymerase discriminates
between the class II and class III promoters in vitro as a function of
variables that are known to alter the stability of the DNA helix. These
variables include ionic strength, temperature, and the presence of denatur-
ing agents such as DMSO. Although we cannot exclude the possibility that
these agents affect promoter utilization by their action upon the
polymerase itself, it seems more likely that their actions reflect differ-
ence in the structure of the DNA at or near the promoters. Studies with
the E. coli RNA polymerase have led to the notion that the ability of the
polymerase to melt open the duplex DNA depends not only upon the quality of
fit of the polymerase with the promoter sequence, but also upon the in-
herent stability of the DNA helix in the region of the promoter (17,18).
The latter principle is often invoked to explain why promoters are so often
found in AT-rich regions of DNA (19).

The nucleotide sequences of promoters for the T7 RNA polymerase for
which data are currently available are presented in Table 2. Class II
promoters are in the upper part of the Table, class III promoters in the
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Reactions containing KC1 and DMSO but no RNA polymerase were incubated at
30°C for 5 min. Synthesis of RNA was initiated by the addition of RNA
polymerase and after 10 min the samples were analyzed by gel
electrophoresis.

lower part. In all T7 promoters there is a highly conserved 23 base pair
region that extends from position -17 to +6. It has been proposed that
this sequence constitutes the recognition/initiation sequence for the T7
RNA polymerase (21,22). Although the sequence is identical in all class
III promoters, there are some variations in this sequence in all class II
promoters. Most of these variations occur in the initiation region (from
+1 to +6) but some occur in the region from -17 to -1. In particular, the
promoter at 15.9% has a C to G substitution at -5; Panayotatos and Wells
have noted that this particular promoter is utilized much less (5-fold)
efficiently than either the 14.6% or 14.8% promoters, and they have sug-

4832



Nucleic Acids Research

*)=- 03 ||- WoJdJ uofBed ay3 uf suaojomwoud LI TT1® UT
quesaad s} (JINVD) eouenbes UOT3TuUBOOSJ I JUTH V *(a) ASTJOISE UB AQ POIBOTPUT oJe aouanbas poAJIIsSUOD JY] WOJJ
©7BTAOD JBUJ SOPTIO09TONU PUR ‘U} POXOQ ©F g+ 03 L|- WOJJ UOTHad PoAJasuod ATUSFY 9yl ‘peufTJopun ST £l- uoriysod
wWoJdJ pJeM3JoT Bufpuslxs yo3eJi3s L/V ueyoaqun eyj Jo yiBudy 8yl -sMOTTOJ s STqe3 9y3 Ut payBITUITy oJe s8dUSNbeS
Jejowoad 9y3 JO §94n3e9) TeJNJONJ3S JO JIqunu Y °SUOTIBOOT 9sdy3 03 AJoTeue £q aJge sJ9qowoad Jujutewsd 8yl
uT S031§ 3Je3s ‘(EE€°¢12) syonpouad YNM Oy3 jo sysAreue aousnbas ,G £q POWJTIUOD USSQq dABY saojomoud gLg pue
‘oL ‘LS ‘SG ‘G°9n ‘9 hl dY3 B £TSAYjUAS YNY JOJ S93TF JJBIS SYL °STqEI STYJ UT pajueseoud ST (UOFIBOTUNWWOO TBUOS
-20d) esoy ‘W AQ poATJep ‘goudnbes 3004400 OYL °2€- 03 9L- UoTITsod woa 9qoauqoouy st (£€) T€ T8 AT1exep 4q
paystTand 0L 3€ Jejomouad 8y3 Jo sousnbas syl °JYBTJ S3T 03 POJBOTPUT ST eouenbas Jgsqomoud yoBS JOJ UOTIBWIOJUT
Jo eounos eyl ‘suojomoad IIT SSBIO JO osoyj juaed JamMol 8y3 ‘susjomoud I SSEBIO JO sd0UANDAS 8pPFIOITONU
ay3 sjuegouad 9T1qe3 9ayj jJo 3Jed Jaddn eyl °(L+) POIBIITUT ST STSOYIUAS YNY ©J9UM 9318 9Y3 03 SATIBISJ paJgaqunu
9JE SOpTJ3O9TONN ‘SWOUSs 8Yq UT qBY3 S8 dwes 9Yj ST pejuesaad UOTIBIUSTJO SUF (GE‘HE) JUITJL 03 YT Woaj ST Ll

uy uoy3drJosuBJg) TTE SOUFS °Ppojuoesdad ST PueJdlds YNQ POqTaosuedj-uou ayj3 jo sousnbas oayq ATuo ‘£37o1TdUis J04

+gseaomATod YNY LI 943 J40J suadjowmouad Jo suanjonais “II o14qel

(*unuco *siad ‘ISTTUSGRTS PUR TYe3s) VIVIVIOVLLOOVYY! NV IVOOVOVONYWVOLOV.LL (£°86) 111
(12) (L8) 111
(*unumiod *s1ad ‘esoy ‘gg) (L) 111
(12) (T°LS) III
(12) (ss) 111
(12) (s°9p) III
(*dead uy ‘19318D pue 133SFTTVOW) (L ve) 11
(*dead 'up ‘1831eD pue 133ISTTTVW) (£°€€) 11
(zg) (9°61) II
(zg) (€°61) 11
(*unuwoo *siad ‘uung ‘€2) (6°STY 11
(€2) (8°v1) I
(€€) (9°v1) I
. . ' ' .o ' ' ' . ' . . )
FONHAI S+ 0Z+ ST+ Ol+ S+ T+ G- OT- ST- 02— SZ- Of- G€- NOILWOOT  SSYIOD

HALOWOHd  HIIOWOUd
“USWHIWATOd VN LL FHL Y04 SHIIOWOHd J0 RUMIONELS “II JIHVL




Nucleic Acids Research

gested that this may be due to the importance of this nucleotide in pro-
moter recognition (22,23). Other class II promoters deviate from the
conserved sequence at positions -2, -13 and -16 but appear to be effec-
tively utilized in vitro (Figure 3). Perhaps the quality of polymerase:
DNA contacts at these positions is less critical than at -4.

The class II and class III promoters differ strikingly in the region
extending leftward from position -12. Whereas in all class III promoters
there is a run of AT pairs that extends unbroken for 8-11 nucleotides, in
class II promoters the AT sequence is interrupted by a GC pair after only
4-6 nucleotides. In some cases the AT sequence is interrupted by only 1 GC
pair (the 14.6% promoter) while in others no AT pairs are observed for
another 4 positions (the 14.8% promoter). The effect of AT pairs on local
helix destabilization has not been adequately measured, but the estimates
of Tinoco et al (24) suggest that the differences observed between the
class II and class III promoters in the region from -13 to -21 could weaken
the double helix in this region by free energy changes of 1.4 to 6.2 kcal.
Recently, Strothkamp et al (20) have proposed a model for promoter selec-
tion by the T7 RNA polymerase in which the enzyme binds non-specifically to
double stranded DNA and moves along the DNA in a process of diffusion.
During this migration the probability of melting open of regions along the
helix is increased. When a specific promoter sequence is encountered, the
polymerase "melts-in" to form a binary complex of greatly increased
lifetime. The AT rich sequence from -12 leftward may affect either the
formation or the stability of this binary complex.

Regions of DNA to the left of -21 are probably not required for
initiation, as a HpalI-Taql fragment of the 14.8% promoter which lacks this
region is still transcribed with characteristic efficiency in vitro (22).
The contribution of the region to the left of -21 on salt or temperature
dependent promoter utilization has not been directly determined. However,
we have observed that class II or class III promoters inserted into the Bam
H1 site of pBR322 are utilized with the same kinetics in infected cells as
their counterparts in the intact T7 genome, even when flanked by as little
as 60 base pairs of authentic T7 DNA (McAllister and Morris, in
preparation).

A consideration of the structure of the class II and class III promot-
ers in the "initiation-region" from +1 to +6, together with the data of
Figure 4, suggests that the class II and class III promoters differ mark-
edly in their requirements for the formation of salt resistant complexes.
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Preincubation with GTP alone would be expected to result in the synthesis
of a trinucleotide at all class III promoters, and this appears to be
sufficient for the formation of salt-resistant complexes at these promot-
ers. In contrast, efficient formation of salt-resistant complexes at the
class II promoters (for example the 33.3 and 34.7% promoters) appears to
require the presence of GTP, ATP and one of the pyrimidine triphosphates,
conditions that would result in the synthesis of at least a sexanucleotide
at these promoters (Figures 4 and 7). Strothkamp et al (20) have noted
that there are sites downstream from the initiation site at which the
polymerase "pauses" during elongation and that modified (alkylated) enzymes
which are incapable of polymerization become arrested at certain of these
sites. It is possible that a conformational change resulting in the forma-
tion of a highly-stable ternary complex occurs at these sites. If so, it
will be of interest to determine whether the distance from the initiation
site to the pause site differs for the class II and class III promoters.

As a result of the discussion above, we propose that T7 promoters have

at least three functional, partially overlapping domains. First, there is
a highly conserved "recognition" sequence that extends from -17 to -1.

Some positions within this region (e.g., -4) may be more important than
others (e.g., -2, =3, -16) in the quality of recognition by the polymerase.
To the left of the recognition sequence and overlapping it (-23, to -13)
there is an AT rich "melting" region that may be important in destabiliza-
tion of the DNA helix at the promoter. Differences in this region appear
to correlate with the salt and temperature dependent utilization of the two
classes of promoter. There is a moderate level of sequence conservation
among the class III promoters in this region. To the right of the recogni-
tion sequence is the "initiation region" (+1 to +6). The sequence of this
region is highly conserved among the class III promoters, but divergent
among the class II promoters. The significance of the structure of this
region on promoter utilization is not clear, but class II promoters appear
to require a longer nascent RNA transcript to establish stable polymeriza-
tion complexes then do class III promoters.

The availability of many of the class II and class III promoters on
recombinant plasmids will permit a more detailed study of the salt, tem-
perature and initiation requirements of each of these promoters. Fur-
thermore, the presence of a Hinf I site in all T7 promoters (Table 2)
should permit the construction of hybrid (class II/class III) promoter
sequences which will facilitate future studies of the relationship between
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the structure and function of these promoters.
Physiological significance.

During infection, the class II and class III regions of T7 DNA are
transcribed at different times and in different amounts. We had previously
noted that in cells infected with phage that are defective in gene 3.5 the
switch from class II RNA synthesis to predominately class III RNA synthesis
does not occur (4). The product of gene 3.5 is an endolysin; expression of
this gene is required to release nascent phage DNA from a membrane bound
site and may result in marked alterations in the selective permeability of
the cell membrane (6,7). The different responses of the class II and class
III promoters to conditions in vitro may reflect the responses of these
promoters to a changing local environment in the infected cell as a result
of gene 3.5 expression. De Wyngaert and Hinkle (25) have recently reported
that late T7 RNA synthesis is sensitive to inhibitors of DNA gyrase in
yivo, and have suggested that unwinding of the DNA helix near the late
promoters may be required for their efficient utilization. It will be
interesting to determine whether the synthesis of class II and class III
RNAs is differentially affected by these drugs.
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