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ABSTRACT : The nucleotide sequences at the promoter regions 
and the initiating sequences of RNAs synthesized in citro 
with T4 or T5 DNAs as templates have been determined by 
using dinucleotides to initiate RNA synthesis. This method is 
based on the observations that only dinucleotides that are 
complementary to  the nucleotide sequences at promoter re- 
gions, in accordance with Watson-Crick base pairing, can 
serve as initiators and are incorporated into the 5 ’  ends of 
RNA chains. Initiation with dinucleotides was measured by 
the stimulation of the overall rate of RNA synthesis at low 
substrate concentrations and by the competition of dinucleo- 
tides with [-p3*P]ATP and [ -Y-~~P]GTP for incorporation 

T he regulation of gene expression by positive control 
elements has now been demonstrated in several microbial 
systems (Burgess et al., 1969; Travers and Burgess, 1969; 
Bautz et al., 1969; Losick and Sonenshein, 1969; Travers, 
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into the 5 ’  ends of RNA chains. The initiating dinucleotide 
sequence of RNA synthesized in the presence of u factor con- 
sists primarily of ApU when either T4 or T5 DNA is used as 
a template, whereas with core polymerase and T5 DNA as 
template, the initiating dinucleotide sequence is primarily 
GpA. The present studies suggest that u factor recognizes the 
nucleotide sequence of d(PucT+A) at the promotor region 
of either T4 or T5 DNA, and core polymerase recognizes the 
sequence d(T+C+T), or a cluster of pyrimidines, in the DNA 
template. The possible heterogeneity of core polymerase is 
also discussed. 

1970). It has been suggested that positive control factors, 
such as the E .  coli u factor, direct the core polymerase to bind 
to specific promoter sites on the DNA template where RNA 
chains are initiated. This specificity is reflected in a higher de- 
gree of asymmetric transcription in the presence of u factor 
(Bautz et al., 1969; Goff and Minkley, 1969; Sugiura et ul., 
1970). 

It is believed that each positive control factor would allow 
recognition of a unique nucleotide sequence at a specific pro- 
moter site or sites on the DNA template. Thus, it is of interest 
to develop a rapid and reliable method to determine the 5 ’ -  
terminal nucleotide sequence of in citro synthesized RNA and 
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the complementary nucleotide sequence at  the promoter re- 
gion. Such a method could serve as an assay for studying gene 
activation in both prokaryotic and eukaryotic systems, par- 
ticularly in mammalian systems, where techniques such as 
hybridization competition are not readily applicable. 

In this communication we shall describe a new method to 
determine the 5 '-terminal nucleotide sequence of RNA, as 
well as the complementary nucleotide sequence in the pro- 
moter region of DNA. This method involves the use of di- 
nucleotides to initiate RNA synthesis and is based on our 
recent findings that: (1) chain initiation is a bimolecular reac- 
tion and the rate-limiting step in the synthesis of RNA; (2) 
complementary dinucleotides, by replacing the initiating nu- 
cleotides, greatly stimulate the rate of RNA synthesis at low 
substrate concentrations ; (3) only dinucleotides that are com- 
plementary to the initiation sequences of the DNA template 
can serve as chain initiators, and can be incorporated into 5' 
ends of RNA chains ; and (4) complementary dinucleotides 
compete with [y-32P]ribonucleoside triphosphate for incor- 
poration into the 5 '  ends of RNA chains (Downey and So, 
1970; So and Downey, 1970; So et al., 1971). 

The mapping of the nucleotide sequence at  promoter regions 
of DNA by the use of complementary dinucleotides may be 
illustrated by the following diagram 

D N A : B X Y Z B B B  

RNA chains 

U p A . .  . , .  . 

( f f  
RNA chains 

U p A . .  . , . . 

Assume that the following were noted. (1) Initiation 
of RNA chains occurs with pppA, as measured by the incor- 
poration of [Y-~~PIATP.  (2) The incorporation of [ Y - ~ ~ P ] -  
ATP is competitively inhibited by the dinucleotides ApU 
and UpA. (3) UpA and ApU stimulate the overall rate of 
RNA synthesis at low substrate concentrations. The conclu- 
sions drawn would be (1) the nucleotide sequence ( Y c Z )  at 
the promoter region is d(T+A) and (2) the nucleotide (X) ad- 
jacent and to the left of (Y)  is d(A), Le., the nucleotide se- 
quence at  the promoter region is d(A+T+A). 

Methods and Materials 

RNA polymerase was prepared from E. coli cells as by 
Chamberlin and Berg (1962) and further purified as by So and 
Downey (1970). u factor and core polymerase were prepared 
as by Burgess et af. (1969), [y-a2P]ATP and [y-a2P]GTP as by 
Glynn and Chappell (1964), and T4 DNA as by Bolle et al. 
(1968). 

The polymerization assay was carried out as previously re- 
ported (Downey and So, 1970). The standard reaction mixture 
contained 0.08 M Tris-HC1 buffer (pH 7.8), 0.2 M KC1, 10 mM 
MgC12, 4.8 mM @-mercaptoethanol, 4.6 pg of T4 DNA, 8 p~ 
each of ATP, CTP, GTP, and [14C]UTP, and 10 Mg of RNA 
polymerase (holoenzyme) in a final volume of 0.25 ml. The 
reaction mixtures were incubated for 10 min at 37". 

The initiation assay was as previously described (Downey 
and So, 1970) and similar to the polymerization assay except: 
(1) 16 MM of either [ Y - ~ ~ P I A T P  or [-pS2P]GTP was used instead 
of [24C]UTP and the concentration of each of the remaining 
three ribonucleoside triphosphates was 0.32 mM; (2)  the re- 
action mixtures were incubated for 5 min at 37". 

I 

a 

16 32 48 64 80 
Ribonucleoside Triphosphate conc (pM 

FIGURE 1: Effect of excess ATP on the rate of RNA synthesis at 
varying substrate concentrations. The reaction mixtures were as 
described in Methods and Materials except that (1) the concentra- 
tions of ribonucleoside triphosphates were as indicated, (2) 0 (in- 
cubated with additional 0.32 mM ATP), and (3) 0 (no excess ATP was 
added). 

['*C]UTP was purchased from Schwarz BioResearch, Inc. 
Unlabeled ribonucleoside triphosphates were obtained from 
either P-L Biochemicals, Inc., or Calbiochem. E. coli B cells 
were obtained from Grain Processing Corp. T5 DNA was 
purchased from Calbiochem. T4 phage stock was a gift of Dr. 
B. D. Hall. The dinucleotides were purchased from either 
Sigma Chemical Co. or Calbiochem and shown to be electro- 
phoretically pure. 

Results 

Stimulation of R N A  Synthesis by High Concentration of 
Initiating Nucleotide. Using poly[d(A-T)] as a template to  
study the kinetics of RNA synthesis, we have recently shown 
that chain initiation, or the formation of the first phospho- 
diester bond, is a bimolecular reaction and the rate-limiting 
step in the synthesis of RNA (Downey and So, 1970). Thus 
the rate of RNA synthesis is extremely sensitive to  the con- 
centration of the substrates, the four ribonucleoside triphos- 
phates. At low substrate concentrations, the rate of RNA syn- 
thesis is very low. However, if one of the two ribonucleo- 
side triphosphates involved in the formation of the first phos- 
phodiester bond is in excess, both the rate of chain initiation 
and the overall rate of RNA synthesis are greatly stimulated. 

With T4 DNA as template, the RNA synthesized for short 
intervals with E. co/i RNA polymerase (core enzyme plus u 
factor) in the presence of 0.2 M KCl is initiated primarily with 
ATP; and the ratio of ATP to GTP initiations under these 
conditions is approximately 5 to 1 (K. M. Downey and A. G. 
So, unpublished results). Thus, the rate of RNA synthesis is 
greatly stimulated by high concentrations of ATP, as shown 
in Figure 1, where the rate of RNA synthesis is plotted as a 
function of substrate concentration in the presence and ab- 
sence of excess ATP. Under these conditions, high concentra- 
tions of GTP had little or no stimulatory effect on the rate of 
RNA synthesis with T4 DNA as a template 

We have also shown that the stimulation effected by an in- 
itiating ribonucleoside triphosphate can also be effected by a 
dinucleotide that is complementary to the initiation sequence 
on the DNA template (Downey and So, 1970). Thus, with 
poly[d(A-T)] as a template, the complementary dinucleotides 
ApU and UpA greatly stimulate the rate of RNA synthesis at 
low substrate concentrations. No other dinucleotide had any 
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TABLE I :  Stimulation of RNA Synthesis by Dinucleotides 
with T4 DNA as Template: 

TABLE 11: Effects of Dinucleotides on T4 RNA Chains Initia- 
tion with ATP: 

I4C Nucleotides Inc 
Dinucleotides Added (pmoles) 

None 10 
UPA 96 
APU 62 

GPU 17 
APC 16 
APA 16 
APA 15 
APG 15 
UPG 15 
GPA 14 

CPA 22 

a The reaction mixtures were as described in Methods and 
Materials except that 0.32 mM dinucleotides were added as 
indicated. 

Dinucleotides Added 
32P Nucleotide 
Inc (pmoles) 

2 . 2  
0 . 7  
1 . 3  
1 . 4  
2 . 0  
2 . 0  
2 . 0  
2 . 2  

Inhibn 

68 
41 
36 
9 
9 
9 
0 

The reaction mixtures were as described in Methods and 
Materials except that (1) 80 p~ dinucleotides were added as 
indicated, and (2) 16 p~ [y-32P]ATP and 0.32 mM each of 
UTP, CTP, and GTP were added. 

effect on the rate of poly[r(A-U)] synthesis, a finding demon- 
strating the specificity of this effect. 

Effect of Dinucleotides on RNA Synthesis with T4 DNA as 
Template. The effects of dinucleotides on the rate of RNA syn- 
thesis with T4 DNA as template are shown in Table I. Of the 
15 dinucleotides tested (GpG was not tested), only the addi- 
tion of UpA and ApU resulted in greater than 2-fold stimula- 
tion (IO-fold and 6-fold, respectively). The other dinucleotides 
listed in Table I showed between 1.4- and 2-fold stimulation. 
The dinucleotides not listed in Table I had no effect on RNA 
synthesis. 

Since RNA chains are known to be initiated preferentially 
with purine ribonucleoside triphosphates (Bremer et a/., 1965 ; 
Maitra and Hurwitz, 1965), these results would suggest that 
the most frequent RNA initiation sequence with T4 DNA and 
E. coli holoenzyme is ApU with a smaller amount of ApC and 
ApA. Thus, the corresponding promoter sequences would be 
primarily d(T+A), with smaller amounts of d ( T c G )  and 
d (TcT) .  The nucleotide in the promoter region immediately 
adjacent and to the left of dTMP appears to be predomi- 
nantly dAMP. A small but significant amount of stimu- 
lation was observed with dinucleotides containing guanosine: 
UpG, GpU, ApG, and GpA. No stimulation was observed 
with dinucleotides containing only pyrimidines, i.e., UpU, 
UpC, CpC, and CpU, nor with GpC. 

Nucleotide Sequences at Promoter Regions. In order to deter- 
mine the specificity of the effects of the dinucleotides on the 
rate of RNA synthesis, to analyze the initiation sequence of 
the RNA synthesized and to determine the nucleotide sequence 
at the promoter region, the effects of dinucleotides on the in- 
corporation of [y-32P]ATP into the 5’ termini of RNA chains 
have been studied (Table 11). The relative degree of inhibition 
of [y- 32P]ATP incorporation by dinucleotides containing 
adenosine at  the 5 ’  end (ApN) would yield information on the 
relative frequency of penultimate RNA nucleotides and the 
corresponding complementary nucleotides at the promoter 
region whereas the relative degree of inhibition by NpA dinu- 
cleotides would elucidate the relative frequency of nucleotides 
immediately to the left of the dTMP in the promoter region. 
The effects of dinucleotides on initiation are rather specific 
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for, except UpU, only adenosine-containing dinucleotides had 
any inhibitory effect on the incorporation of [y-32P]ATP. In 
agreement with the results on the stimulation of the rate of 
RNA synthesis by dinucleotides, the greatest inhibition of 
32P incorporation was observed with UpA, ApU, and CpA. 
A slight inhibition was found with ApA, ApC, and UpU. 
These results suggest that the initiation sequence of T4 RNA 
is ApU and the corresponding complementary nucleotide 
sequence at the promoter region is d(T+A). Presumably ApU 
is the 5’4erminal sequence of preearly T4 RNA, since this is 
the class of RNA that is synthesized during a brief incubation 
by E. coli holoenzyme on a T4 DNA template (Travers, 1970; 
Bautz et a/., 1969; Brody et al., 1970). The results further 
suggest that the nucleotide sequence recognized by u factor on 
the promoter region of the preearly genes of T4 is d(Pu+Tc 
A). That u factor does indeed recognize the above nucleotide 
sequence in T4 DNA is supported by the ovservation that 
only UpA-, ApU-, and CpA-initiated RNA chains are mark- 
edly stimulated by u factor (19-, 12-, and 5-fold, respectively), 
while chains initiated with UpG, GpU, ApC, and ApA are 
stimulated less than 2-fold. No stimulation by u factor was 
observed with ApG- and GpA-initiated chains (data not 
shown). 

It is not clear why UpU should inhibit [y-32P]ATP incor- 
poration, even though to a small degree. It is possible that 
UpU is competing for the template-binding site on the enzyme. 

Spec$city of Core Polymerase and u Factor. The exact role 
of the core polymerase in RNA synthesis has not yet been 
elucidated. The core polymerase has been shown to transcribe 
phage DNA more randomly and less asymmetrically than the 
holoenzyme, although the transcription products do not seem 
to be completely random (Bautz et a/., 1969; Goff and Mink- 
ley, 1970; Travers, 1970; Hall et al., 1970). Thus, it is of inter- 
est to determine if the core polymerase displays any specificity 
with respect to RNA initiation. 

Because core polymerase transcribes T4 DNA very in- 
efficiently, T5 DNA was used as a template in these experi- 
ments. The rate of RNA synthesis with T5 DNA and core 
polymerase is about 2 5 z  of the rate with holoenzyme. The 
effects of dinucleotides on T5 RNA synthesis catalyzed by core 
enzyme are shown in Table 111. Of the 15 dinucleotides tested, 
only those listed in Table 111 stimulated the synthesis of RNA 
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TABLE 111: Effects of Dinucleotides on T5 RNA Synthesis 
Catalyzed by the Core Enzyme.a 

I4C Nucleotide Re1 Stimulation 
Dinucleotides Added Inc (pmoles) (-fold) 

Control 5 
GPA 29 5 . 8  
APG 16 3.2 
APA 13 2.6 
GPC 14 2 . 8  
GPU 11 2.2 
UPA 10 2.0 
UPG 8 1 . 6  

Q The assay conditions were as described in Table I except 
that (1) 5 pg of core enzyme was used instead of holoenzyme, 
and (2) 3.5 Fg of T5 DNA was used instead of T4 DNA. 

at low substrate concentrations. GpA and ApG gave the great- 
est stimulation, 5.3- and 3-fold, respectively. ApA and GpC 
gave less stimulation, and the addition of GpU and UpA re- 
sulted in only a slight stimulation. These results suggest that 
the core enzyme does exercise some selectivity in initiating 
RNA synthesis, preferentially utilizing dinucleotides contain- 
ing guanosine in the 5 ’  position and the purine-purine di- 
nucleotides. 

When holoenzyme is used with T5 DNA as a template, the 
dinucleotides causing stimulation are shown in Table IV. 
Similar to the results obtained with T4 DNA and holoenzyme, 
UpA and ApU gave the greatest stimulation, followed by CpA 
and ApA, suggesting that u factor recognizes the same nu- 
cleotide sequence(s) in different DNA templates. In contrast 
with the results obtained with T4, however, the dinucleotides 
GpA and ApG also stimulated T5 RNA synthesis significantly. 

The stimulation of RNA synthesis by the dinucleotides ApG 
and GpA could indicate that these dinucleotides are function- 
ing as either ATP or GTP initiators. This question is resolved 
by studying the effects of these dinucleotides on the incorpora- 
tion of [y-32P]ATP (Table V) and [y-32P]GTP (Table VI). 

~ 

TABLE IV:  Stimulation of T5 RNA Synthesis by Dinucleotides 
with Holoenzyme: 

I4C Nucleotide Re1 Stimulation 
Dinucleotides Added Inc (pmoles) (-fold) 

None 8 
UPA 51 6 . 4  
APU 48 6 . 0  
GPA 32 4 . 0  
CPA 28 3 . 5  
APG 27 3 . 4  
APA 25 3.1 
GPU 18 2 . 3  
GPC 16 2 . 0  
UPG 15 1 . 9  
CPG 11 1 . 4  

The assay conditions were as described in Table I except 
that 3.5 pg of T5 DNA was used instead of T4 DNA. 

TABLE v: Effects of Dinucleotides on T5 RNA Chain Initiation 
with ATP: 

Dinucleotides 32P Nucleotide 
Added Inc (pmoles) Z Inhibn 

01 0.53 
0.23 
0.25 
0.27 
0.45 
0.50 
0.50 
0.51 
0.51 

57 
53 
49 
15 
6 
6 
4 
4 

a The assay conditions were as described in Table I1 except 
that 3.5 pg of T5 DNA was used instead of T4 DNA. 

ApG and GpA markedly inhibit the rate of incorporation of 
[T-~~P]GTP while the incorporation of [ya2P]ATP is only 
very slightly inhibited. The rate of incorporation of [y3*P]- 
GTP is also inhibited by UpG, CpG, GpU, and GpC whereas 
[T-~~P]ATP incorporation is inhibited CpA, UpA, ApU, and 
ApA. 

These results on the inhibition of GTP initiation, coupled 
with the findings on dinucleotide-stimulated RNA synthesis 
catalyzed by core polymerase, strongly suggest that the initiat- 
ing sequences of RNAs synthesized with core polymerase are 
primarily GpA and ApA, with significant amounts of GpU 
and GpC. The results also indicate that the core polymerase 
has a special affinity for clusters of pyrimidines in the DNA 
template, specifically d(T+C+T). 

It has been suggested that u factor confers specificity on the 
core polymerase, enabling it to transcribe specific genes on the 
DNA template. We have, therefore, investigated the effects of 
u factor on core-catalyzed RNA initiation. The effects of u 
factor on dinucleotide-stimulated T5 RNA synthesis are 
shown in Table VII. Little or no stimulation by u factor was 
observed with the GpN dinucleotides (GpA, GpU, GpC) or 
with the purine-purine dinucleotides (ApA, ApG, GpA). 
However, the presence of u factor did not inhibit the synthesis 
of RNA initiated with these dinucleotides. Thus, it would 
appear that the binding of u factor to the core polymerase 

TABLE VI: Effects of Dinucleotides on T5 RNA Chain Initia- 
tion with GTP. 

Dinucleotides 
Added 

Control 
UPG 
CPG 
GPA 
APG 
GPU 
GPC 

32P Nucleotide 
Inc (pmole) 

1 .oo 
0.61 
0.65 
0.69 
0.70 
0.79 
0.82 

Inhibn 

39 
35 
31 
30 
21 
18 

Q The assay conditions were as described in Table V except 
that 16 p~ [y-32P]GTP was used instead of [y-32P]ATP. 
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with both templates, it has been possible to demonstrate: 
(1) that core polymerase shows some specificity in initiating 
RNA chains, preferentially recognizing the d(T+C+-T) se- 
quence on the template and initiating RNA chains predomi- 
nantly with GTP, (2) that u factor causes recognition of the 
d(Pu+-TcA) sequence on both T4 and T5 DNA, and (3) 
that the addition of u factor t o  core polymerase causes recog- 
nition of new promoter sequences, in addition to those re- 
cognized by core alone. 

At present, the length of the nucleotide sequence required to 
confer specificity at a promoter site is not known. Presum- 
ably the secondary structure of the DNA plays an  important 
role, since the specificity of RNA initiation is lost when the 
template is denatured (Richardson, 1969). However, RNA 
synthesis is still preferentially initiated with purine nucleo- 
tides, even with denatured DNA (Maitra and Hurwitz, 1965). 

It has been suggested that clusters of pyrimidines in the 
DNA template are the initiation signals for RNA transcrip- 
tion (Szybalski et nl., 1966). The present results indicate 
that the core polymerase appears to have an  affinity for py- 
rimidine clusters in the template (e.g., d(T+C+T) ord(TcT),  
however, the holoenzyme seems to recognize preferentially 
an alternating pyrimidine-purine signal (e.g., d(T+AcT)). 

Nearest-neighbor analysis of nucleotides adjacent to the 
5’-adenylate termini of T4 RNA has shown that the penulti- 
mate nucleotides are predominantly pyrimidines (38 % cytidine 
and 3 2 x  uridine) (Maitra et a/., 1967). Our studies with di- 
nucleotide-initiated T4 RNA synthesis have also shown that 
the predominant penultimate nucleotides are pyrimidines, 
however, UMP is by far the most common. This is in agree- 
ment with the results of Bautz et d.  (1970) who showed that 
ApU was the most frequent initiation sequence of T4 RNA 
using a pyrophosphate-exchange assay. 

The present observation that RNA chains initiated with 
ApU are markedly stimulated by u factor while little or no 
stimulation was observed with GpA- and other G-initiated 
RNA chains is consistent with the observation of Goff and 
Minkley (1969) that with T7 DNA, adenylate 5’ termini and 
not guanylate 5’ termini, are stimulated by u factor. Our 
finding that the initiating sequence of RNA catalyzed by core 
polymerase consists largely of purine-purine sequences 
(GpA and ApA) might explain the observation of Goff and 
Minkley (1970) that 5’ termini synthesized with core poly- 
merase are resistant to degradation by pancreatic RNase. 

Although the present studies indicate that core polymerase 
does show specificity in initiating RNA chains, it is not known 
whether this core-catalyzed RNA has any functional role in 
cico. 

It is interesting to  note that the addition of excess u 
factor to  core polymerase, although increasing ApU-initiated 
RNA synthesis, does not affect the rate of core-specific initia- 
tion with GpA. One possible explanation for this result is that 
the core polymerase is heterogeneous and consists of two 
species of core molecules, one species being inactive and re- 
quiring u factor to recognize the d(T+A+T) sequence, and 
the other species being active, recognizing the initiation se- 
quences we have designated as core specific ( e x . ,  d(T+C+T)), 
and having little or no affinity for u factor. This hypothesis is 
consistent with the observation that the addition of u factor to 
core enzyme results in a twofold increase in the amount of T7 
DNA retained on a nitrocellulose filter (Hinkle and Chamber- 
lin, 1970). Also consistent with this hypothesis is the obscrva- 
tion of Zillig et al. (1970) that holoenzyme contains only 50% 
of the stoichiometrically saturating amount of u factor. 

If the core polymerase is heterogeneous, the physical differ- 

TABLE VII:  Effects of u Factor on Dinucleotide-Stimulated T5 
RNA Synthesis.* 

I4C Nucleotide Inc 
(pmoles) 

Core 
Enzyme Re1 Stimula- 

Core + u  tion by u 
Dinucleotides Added Enzyme Factor (-fold) 

5 
9 
6 

10 
5 

13 
16 
11 
29 

8 

8 
45 
48 
51 
28 
25 
27 
18 
32 
17 

1 . 6  
5 . 0  
9 . 6  
5 .1  
5 . 6  
1 . 9  
1 . 7  
1 . 6  
1 . 1  
2 .1  

Q The assay conditions were as described in Table I11 except 
that 3.8 pg of u factor was added as indicated. The concen- 
trations of ATP, GTP, CTP, and [14CC]UTP at low NTP 
were 16 IM and at high NTP were 0.32 mM. 

results in enzyme recognition of new promoter sequences, 
while those sequences recognized by the core enzyme continue 
to  be recognized by the holoenzyme. 

Discussion 

The present studies clearly demonstrate the feasibility and 
ease of using dinucleotides to map nucleotide sequences at 
promoter regions and to determine RNA initiation sequences 
in an in citro system. This technique should be applicable to  
studies on the mechanism of gene activation in eukaryotic sys- 
tems as well as in prokaryotic systems. Determination of nu- 
cleotide sequences around the initiating 5’ termini by the use 
of dinucleotides greatly amplifies the specificity of studies on 
gene activation, as compared to  determination of only the 
5’ termini. The present technique may be extended to  deter- 
mine longer initiating nucleotide sequences by the use of 
oligonucleotides of greater length, being limited only by the 
availability of oligonucleotides of known sequence. 

The rationale for using dinucleotides to  determine the in- 
itiation sequences of RNAs is based on the following consider- 
ations: (1) dinucleotides can only be incorporated into the 5’ 
ends of RNA chains and not internally, and (2) only dinucleo- 
tides that are complementary to the nucleotide sequences at 
promoter regions of the DNA template, in accordance with 
the rules of Watson-Crick base pairing, can serve as chain 
initiators and be incorporated into the 5‘ ends of RNA chains 
(Downey and So, 1970; So and Downey, 1970; So et al., 1971). 

In the present studies, RNA initiation sequences have been 
determined with two different templates, T4 and T5 DNA, 
both of which are normal templates for the E. coli enzyme. 
With T4 DNA very little initiation takes place with core en- 
zyme, and initiation appears to  occur predominantly with 
ATP. With T5 DNA as template, both holoenzyme and core 
polymerase can initiate RNA synthesis, and initiation occurs 
with both Ar’P and GTP. Thus, by comparing results obtained 
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ences between the two molecules must be small, since no evi- 
dence of heterogeneity can be detected by polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulfate. 
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F, Sex Factor of Escherichia coli. Size and Purification in the 
Form of a Strand-Specific Relaxation Complex of Supercoiled 
Deoxyribonucleic Acid and Protein* 

Bruce C. Klinet and Donald R. Helinskif 

ABSTRACT: Supercoiled Fl sex factor DNA complexed with 
cellular material was isolated from logarithmically growing 
Escherichia coli cells. The sedimentation coefficient of the 
complex is approximately 84 S whereas noncomplexed, super- 
coiled Fl DNA is 80 s. Treatment of a mixture of complexed 
and noncomplexed supercoiled DNA with proteases, alkali, 
or sodium dodecyl sulfate results in a 50 conversion of the 
complexed DNA to the open-circular form of DNA with no 

S everal supercoiled extrachromosomal elements have been 
isolated from Escherichia coli as DNA-protein complexes, 
for example, colicinogenic factors ColEl (K30) (Clewell and 
Helinski, 1969), ColEz (P9) (Clewell and Helinski, 1970a; 
Blair et a[., 1971), ColE3 (CA38) (Clewell and Helinski, 1970a), 

significant effect on the noncomplexed DNA. The open-cir- 
cular form resulting from this conversion possesses a nick or 
gap specifically in the denser of the two strands of Fl DNA 
separated by equilibrium centrifugation in a CsCl gradient 
containing poly(U,G). The average contour length of the open- 
circular form of Fl DNA was determined to be 31.7 f 2.1 p 
corresponding to a molecular weight of 60.9 * 4.1 X lo6. 

and the colicinogenic factor-sex factor, ColIb (P9) (Clewell 
and Helinski, 1970b). A characteristic property of these super- 
coiled DNA-protein complexes, designated relaxation com- 
plexes, is their conversion to the open-circular DNA form 
possessing a nick or gap in one of the two DNA strands after 
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