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Abstract

Sequence alignments of promoters in prokaryotes postulated that the frequency of occurrence of a 

base pair at a given position of promoter elements reflects its contribution to intrinsic promoter 

strength. We directly assessed the contribution of the four bp in each position in the intrinsic 

promoter strength by keeping the context constant in Escherichia coli cAMP-CRP regulated gal 

promoters by in vitro transcription assays. First, we show that bp frequency within known 

consensus elements correlates well with promoter strength. Second, we observe some substitutions 

upstream of the ex-10 TG-motif that are important for promoter function. Although the galP1 and 

P2 promoters overlap, only three positions were found where substitutions inactivated both 

promoters. We propose that RNA polymerase binds to the −12T bp as part of dsDNA while 

opening base pairs from −11A to +3 to form the single stranded transcription bubble DNA during 

isomerization. The cAMP-CRP complex rescued some deleterious substitutions in the promoter 

region. The base pair roles and their flexibilities reported here for E. coli gal promoters may help 

construction of synthetic promoters in gene circuitry experiments in which overlapping promoters 

with differential controls may be warranted.

Introduction

Initiation of transcription from a prokaryotic promoter occurs in several steps: i) binding of 

RNA polymerase (RNAP) to the promoter to form a closed complex (RPc); ii) isomerization 

of the closed (RPc) to an open complex (RPo); iii) conversion of the open (RPo) to an 

initiating complex (RPi); and iv) formation of an elongating complex (RPe) [1, 2]. Sequence 

alignments, mutational analysis, RNAP-DNA interaction studies, and in vitro transcription 

assays have shown that the amount of productive initiation of transcription from a promoter 

is guided by the presence of a combination of distinct DNA sequence elements in the 

promoter: the UP element (AT-rich), the −35 element (TTGACA), the ex-10 element (TG), 

the −10 element (TATAAT), the discriminator (dscr) element (G/C- or A/T-rich, −6 to −1), 

and the transcription start point (tsp) (+1) [3–11]. In the absence of any transcription factor, 

the intrinsic strength of a promoter depends on the presence of these elements—not all 
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elements are present in every promoter—and on the closeness of DNA sequences of the 

elements to their consensus forms so that the frequency of occurrence of a base pair at a 

given position of the element reflects its relative importance in promoter function. 

Regulation of gene transcription may occur at any stage of transcription initiation. The 

function of specific base pairs (bp) in transcription initiation has been established for a few 

critical locations in several promoters by mutation and structural analysis [12–20]. The 

significance of the base pair frequency concept in promoter strength was developed without 

regard to the context sequence. It is probable that the contribution of a base pair to the 

promoter strength may depend upon the presence of a specific base pair at another 

seemingly unrelated position in the promoter. This would not be known by looking for 

consensus sequences among heterologous promoters and can only be assessed by analyzing 

each base pair at a given position and then changing base pairs at every other position within 

the context of the promoter under study, which would practically be an impossible task. We 

took a simpler, but nonetheless arduous, approach of assessing the contribution of a base 

pair at a given position in the promoter under the context sequence that was kept constant. 

Thus, we investigated the contribution of each base pair in the entire “promoter” DNA 

segment of the gal (galETKM) operon in Escherichia coli in determining transcription 

efficiency by mutational analysis. The analysis became more informative since the gal DNA 

sequence is embedded with overlapping promoters (Fig. 1). The operon is normally 

transcribed from two (P1 and P2) interspersed promoters [18, 19, 21, 22]. The cyclic AMP 

(cAMP) and cAMP receptor protein (CRP) complex (CCC) enhances P1 and represses P2 

by binding to a DNA activating site (termed AS, activation site; Fig. 1a) [18, 19, 21, 23–26]. 

The DNA sequence of the entire region also contains two additional promoters (P3 and 

P4*), which are observed under specific conditions [16, 27]. [*Footnote: To avoid confusion 

in nomenclature, we referred to P3 described by Sur et al. [27] as P4 to distinguish it from 

another promoter previously described by Ponnabalam et al. as P3 [16]]. The promoter, P3, 

interspersed with the P1 and P2 is silent [16]. P3 can be activated by mutations (see below). 

The activated P3 is repressible by CCC binding to the AS. The fourth promoter, P4, with a 

functional −10 element (TATAAT) is independent of CCC [27]. Although our investigation 

of P1 and P2 touches on P3, P4 was not studied because the P4 promoter is located far 

upstream of the DNA segment that is not being considered here. In Fig. 1 the tsp for the 

promoter P1 is referred to as +1, and relative to it, P2 and P3 are referred to as −5 and +14, 

respectively [16] For easy comparison and interpretation of results described below, we 

subsequently noted each base pair position of P2 and P3 promoters counting from their 

respective tsp taken as +1. Both P1 and P2 are intrinsically fairly active and contain a 

perfect ex-10 and a reasonable −10 element, but not −35 and UP elements [17, 28–32]. P3 

contains only a −10 element, which is not sufficient to make a promoter active [16].

In this study, the contribution of each base pair in the segment −25 to +1 with reference to 

P1 coordinates was investigated by base pair substitutions. We systematically replaced each 

base pair in the 26 base pair segment by three other base pairs by site-directed mutagenesis 

and generated a total of 78 mutant DNAs, and then used them as supercoiled DNA templates 

in an in vitro transcription assay and the effects of the substitutions on P1, P2, and P3 were 

followed [33, 34]. Base pairs further upstream of the chosen 25 base pair segment were not 

studied because the promoters as mentioned do not contain any semblance −35 elements. 
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Both intrinsic transcription of the promoters in each template and any regulatory effect of 

CCC on activities of the promoters were investigated. We successfully used such efforts 

previously to establish the role of individual base pairs in tsp selection [35], and in 

regulation of transcription elongation [36]. Here we report the finding of involvement of 

base pairs at new positions, besides UP and −10 elements, in efficient promoter function, 

and discuss the boundaries of some DNA elements.

Exhaustive kinetic studies only concluded that the P1 and P2 compete with each other for 

RNA polymerase binding at the level of closed complex formation; once the respective open 

complexes are formed, RNAP does not switch the promoter [37, 38]. The mechanisms by 

which CCC regulates the gal promoters are not totally understood. We argue that CCC helps 

the formation of both closed and open complexes at P1.

Results

The in vitro transcription results using 79 DNA templates (wild type and 78 mutants) in the 

absence and presence of CCC are presented in Figs. 2–3. For P1 and P2, the amount of full-

length RNA from different mutant templates were expressed relative to the amount of full-

length transcripts obtained for the respective promoter in the wild type DNA template taken 

as 1.0. For P3, the amount of RNA, if any, made relative to the control RNA (RNAI) made 

for each DNA template is presented because the wild type template did not show any P3 

RNA. In CCC regulation, the ratio of P1 transcription in the presence of CCC to that in the 

absence of CCC represents fold of P1 activation. For P2 or P3, the ratio of transcription in 

the absence of CCC to that in the presence of CCC represents fold repression (Fig. 3; Tables 

S2 and S3). Note, although abortive initiation and read-through transcription beyond 

transcription termination signal can influence the strength of promoter in transcription [39, 

40], we did not investigate such products in this study. Abortive products of P1 and P2 in 

the absence and presence of CCC have been studied previously on wild type gal DNA [33].

The P1 promoter

The dscr region (−6 to −1)

Intrinsic transcription—The dscr region −6 to −1, when rich in G/C base pairs, makes 

open complexes unstable and reduces intrinsic transcription, but when rich in A/T base 

pairs, makes open complexes more stable and increases intrinsic transcription levels [6, 11]. 

The −6 to −1 region of P1 is not G/C rich (Fig. 1b). We found no major changes in intrinsic 

transcription by any of the base pair changes in this region except for the −1C position, in 

which a change to −1G showed an approximately 2-fold decrease, and a change to −1A, 

which showed a 1.5-fold increase in P1 transcription (Figs. 2a lane 9 and 3a; black bars, -

CCC). We did not put any special significance to either observation.

CCC effect—Although transcription from the wild type P1 promoter was stimulated 

15fold by CCC, the stimulation of P1 varied from 5.5- to 15-fold with the substitutions in 

the −6 to −1 region (Figs. 2a-2c and 4a). The significance of the low level CCC stimulations 

with some of the mutants is not clear. It is noteworthy that in the presence of CCC, the P1 

transcript of wild type, and some substitution templates, started both at the usual +1A (major 
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transcript) as well as at +3A (minor transcript) because of the presence of a purine at +3, as 

expected from the axiom of tsp selection [35]. The optimal tsp is the 11th bp counting 

downstream from the −10 position [35].

The −10 element (−12 to −7)

Intrinsic transcription—The six base pairs-long −10 element is most critical for 

promoter function in bacteria (isomerization and transcription initiation) [14, 41] according 

to Harley and Reynolds [8], who analyzed 263 promoter sequences of E. coli and concluded 

a consensus sequence of −12TATAAT−7 with −7T being present 89%, −8A 49%, −9A 59%, 

−10T 52%, −11A 89%, and −12T 82% of the time implying their relative importance in 

terms of function. Mitchell et al. [30] improved the statistics further by analyzing 553 

promoter sequences of E. coli, where −7T represent 90%, −8A 54%, −9A 50%, −10T 50%, 

−11A 87%, and −12T 79%. The −10 element of P1 contains 4/6 (−12TATGGT−7) conserved 

base pairs, including the critical −7T, −11A, and −12T for σ70 of RNAP used in our 

experiments. Heyduk and Heyduk [42] analyzed melting kinetics of 4096 variants of a 

bacterial promoter and also found the critical bases of −7T, −11A and −12T. Mekler and 

Severinov showed strong co-operative RNA interactions with individual non-template strand 

bases in the −10 region [43]. The transcription results are shown in Figs. 2c-2d, 3a and 4a. 

By changing −7T to the other 3 bases, we removed a highly conserved base. Clearly, the P1 

promoter was largely (75% − 90%) inactivated in −7G, −7C, and −7A templates (Fig. 2c). 

Previous results also showed that −7T to −7A or −7C inactivated P1 [17, 44]. Based on 

crystal structures of RNAP sigma subunit and the −10 element, −7T has been shown to 

unstack and flip into a hydrophobic pocket of σ70 RNAP residues [45, 46].

Changes from −8G to −8C and −8A enhanced the intrinsic strength of P1 by 4-and 7-fold, 

respectively (Figs. 2c and 4a). The −8A improves the homology to consensus −10 element 

(5/6, TATGAT). The −8C (−12TATGCT−7) is present in 21% of 263 E. coli promoters [7, 

8]. Our results show a hierarchy of the P1 promoter strength at position −8 as follows: A > 

C >> T > G (Fig. 5a). The frequency of base occurrence at the −8 position in E. coli follows 

the same order [7, 8].

A change of −9G to −9A also improved (5/6, −12TATAGT−7) the −10 element homology to 

consensus and P1 activity was enhanced (5-fold) in the −9G to −9A change (Figs. 2d and 

4a). P1 intrinsic level was unaffected in −9C and −9T templates.

The −10T is frequently conserved (52%) in −10 elements [7, 8]. Therefore, we expected that 

mutating it would reduce the intrinsic strength of P1. Precisely that was observed in the 

−10G, −10C, and −10A substituted templates (Figs. 2d and 4a); the substitutions reduced 

transcription significantly in these three cases. Note that with − 10G and −10C, a stretch of 

three G-C base pairs resulted in the −10 element (− 12TAGGGT−7 or −12TACGGT-7) of P1. 

Perhaps the GC-rich sequence makes it more difficult for RNAP to isomerize the −10 

element explaining the relative defects. As mentioned, the strength of P1 decreased with 

changing base pairs at position −10 in the following order: T > A > G > C, which was also 

the order of frequency of occurrence of bases at the −10 position (Fig. 5a) [7, 8].
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The −11 position of the −10 element of any promoter is the most critical base where the 

isomerization of the −10 region nucleates [42, 47–49], leading to a so-called “transcription 

bubble” and initiating transcription at +1. Substituting −11A by G, C, and T made P1 

extremely defective (Figs. 2d and 4a). It was suggested that −11A has a “master” role for 

base pair unpairing and bubble formation [50, 51]. Consistently, the −11A has been shown 

recently to flip out of the stacked bases and insert into a hydrophobic pocket of the σ70 

RNAP residues [45, 46]. Additionally, Y430 of σ70-subunit of RNAP was shown to quench 

2-aminopurine (2AP) at position −11, suggesting interaction of Y430 with −11A that was 

flipped out during isomerization [52]. The transcription defect of −11 substituted templates 

has been previously reported; several independently isolated gal promoter mutants, p8-3, 

p211, and p11 are all −11A to −11T changes that inactivated P1 [18, 19, 21, 53].

The base T is conserved at position −12. The P1 promoter was also highly inactivated when 

−12T was changed to A, G, or C (Figs. 3a and 4a). Our results are in agreement with 

previous findings that a −12C change inactivated P1 [16, 54–56]. Overall, our results show 

the relative importance of the native base pairs within the −10 element of P1 as derived from 

bioinformatics analysis [8].

CCC effect—CCC stimulated the intrinsic P1 transcription in all of the base substitutions 

in the −10 region except the very defective substitutions at the −11 position. CCC restored 

the activation levels of P1 in the other two very defective substitution sets: −7G, −7C, and 

−7A, and −12G, −12C, and −12A, both in major (initiating at +1) and minor (initiating at 

+3A, whenever observed) transcripts. Among the substitutions that did not change the 

intrinsic level significantly, −8T, −9C, and −9T, CCC restored P1 transcription to normal 

levels. The −10G and −10C substitutions decreased the intrinsic transcription level by 3- and 

5-fold, respectively. However, some of the base substitutions as −8C, −9A, and −8A 

templates showed 4-, 5-, and 7-fold higher intrinsic transcription than wild type. 

Interestingly, CCC further stimulated these three templates another 3 to 4 fold. The changes 

at −11 were the only examples in this study where CCC did not rescue any transcription 

(Fig. 2d, lanes 16, 18, and 20). In summary, CCC overcame the inactivity of −10 element 

substitutions in P1, except in the −11 mutants.

Ex −10 element (−15 to −14)

Intrinsic transcription—The ex-10 element (−15TG−14) is separated from its cognate −10 

element by 1 bp (the position −13) (Fig. 1a). At the position −13, there is no consensus base 

pair in promoters; none of the substitutions of −13C had any significant effect on 

transcription in P1 (Fig. 3a). The ex-10 element provides contacts for RNAP to recognize a 

promoter with no −35 element as in P1 [29, 57]. Mutation of −14G to A, C, or T inactivated 

P1 (Figs. 3a and 4a). The −15T is the other part of the ex-10 element. Mutating −15T to 

−15G, −15C, or −15A also inactivated P1 drastically (Figs. 3b and 4a). These results are in 

agreement with previous studies with −15T and confirm that “TG” is the only sequence that 

is acceptable in the −15 and −14 positions for efficient P1 activity [30, 57–59].

CCC effect—Although compared to the wild type the intrinsic level of transcription of all 

six ex-10 substitutions are very low, the presence of CCC restored transcription to a 
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reasonably high level, although not as high as in the wild type (Figs. 3a lanes 15–20 and 3b 

lanes 3–8).

The upstream “spacer” (−25 to −16)

Intrinsic transcription—In promoters with an active −35 element the DNA sequence of 

the region between −35 and −10 elements is called the “spacer”. The spacer is not supposed 

to contribute any sequence specificity [8]. But the length (number of base pairs) of the 

spacer is critical for optimal promoter activities among the class of promoters that have both 

−35 and −10 elements. The effective length varies from 15 to 19 base pairs with 17 being 

optimal. Since gal promoters do not contain a −35 element the spacer length should be a 

moot issue. But we did analyze part of the so-called spacer sequence—the region 

immediately upstream of the ex-10 element—by substitution analysis. We made DNA 

templates with changes in the −16 to −25 positions of P1. Mutation of −16A to −16G has a 

marginal effect on P1, but mutations to −16C and −16T were inactive for transcription (Fig. 

3b). This implies that position − 16 prefers a purine instead of a pyrimidine for P1 activity. 

At position −17T, transcription in all three substitutions are low with a hierarchy for bases T 

>> C > G = A showing a relative preference of a pyrimidine over a purine in this position 

(Fig. 3b). Burr et al. (57) previously showed that the −17TG−16 sequence makes the gal P1 

stronger and, relative to −15TG−14, called it a “second” TG motif, although it is more like a 

TR motif. These authors suggested that the two TG motifs function independently but we 

note that −17TG−16 motif action is dependent upon the presence of the −15TG−14 motif, 

whereas the reverse is not the case. We note that the importance of a −17TRTG−14 sequence 

in B. subtilis promoters has also been demonstrated [60–62]. The substitutions at position 

−18 showed no major effect in intrinsic P1 transcription (Fig. 3c). The intrinsic P1 activity 

was better with −19T (Fig. 3c), implying that a T at this position makes P1 better. In fact, 

the −19T change caused a substantial increase in intrinsic activity and has also been called a 

CCC-independent P1 mutation [63]. This result is in agreement with previous findings 

where a change from −19G to −19T or − 19A increases the intrinsic strength of P1 [16, 54, 

55]. Mutations at positions from −20 to −25 did not show any noteworthy change in 

transcription level of P1 except at the position −20 where there was a hierarchy in base pairs 

in P1 transcription efficiency: A > C > G > T (Figs. 3c-3e and 5a). We further note that 

Busby et al. reported that a −23G to −23A change increased P1 activity by 40% in vivo [58]. 

We did not find any increase in the −23G to −23A case under in vitro conditions (Figs. 3e 

and 4a).

CCC effect—The intrinsic transcription levels of all substitutions in the −16 through −25 

positions, including the defective −16C, −16T, −17G, −17C, and −17A, were all stimulated 

by CCC to the high levels, sometimes even to levels which are higher than that of the wild 

type (Fig. 4a).

The P2 promoter

The −6 to + 6 region

Intrinsic transcription—The 25-base pair substitutions experiments performed cover the 

segment −20 to +6 positions of the P2 promoter with its own tsp as +1 (Figs. 1c and 4b). No 
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effect of base pair substitutions was expected in the +2 to +6 region of P2. The intrinsic 

transcription in all of the substitution templates in the segment was within −30% to +60% of 

the wild type and was not considered to be significant (Figs. 2a-2b and 4b). However, in the 

presence of +5T, a new transcript approximately three nucleotides longer was observed in a 

significant amount (labeled P2* in Fig. 2a lane 13). This change created a template with an 

AT-rich sequence of 10 bp (−2TTATTTTATA+8). Either the AT-richness makes a new start 

point at approximately −3G, which is very unlikely, or the RNA polymerase stutters three 

times at the 4Ts after initiating at +1A. UTP concentration-dependent stuttering of RNA 

polymerase at T-clusters has been demonstrated in several promoters including the P2 

promoter [64, 65]. The precise origin of P2* could not be resolved by primer extension 

assays.

The +1 base pair substitution results are consistent with the axiom of start site selection 

established previously for P2 and, therefore, are not discussed in this paper [35]. In the dscr 

region (−6 to −1), −1T to C, −2T to G, C or A, and −3T substitutions increased intrinsic 

transcription by about 50% to 100% (Figs. 2c-2d and 4b). The rest of the substitutions in the 

region either did not affect or decreased intrinsic transcription by 25% to 75% as observed 

for corresponding positions at P1 (Figs. 2g-2d and 4b). The sequence of this region, like in 

P1, is not G/C rich and most likely does not play a dscr role. Like the +5C to +5T change, 

the −1T to −1C change also showed a P2*-like transcript.

CCC effect—CCC repressed P2 transcription in wild type [19, 21, 24–26]. In all of the 

substitutions from −6 to +6, CCC showed a more or less normal amount of repression (Figs. 

2a-2d). The mechanism of P2 repression by CCC remains unknown at this stage. CCC’s 

normal repression activity in substitutions in the −6 to +6 region does not give any clue 

about CCC’s mechanism of action. CCC also repressed the synthesis of P2* RNA whenever 

observed (Figs. 2a lane 13 and 2c lane 5).

The −10 element (−12 to −7)

Intrinsic transcription—The −10 element of P2 has 4/6 (TATGCT) homology to the 

consensus sequence. The conserved −7T base pair when changed to A, G, or C inactive P2 

as it did in P1 (Figs. 3a and 4b). Incidentally, the −7T position of P2 is the −12 position of 

the −10 element of P1, and the substitution also inactivated the latter promoter (Figs. 3a and 

4b). The result is in agreement with previous findings where the gal promoter was 

inactivated when −7T was changed to −7C or −7A [17, 44, 55].

When −8C was mutated to −8G or −8T, the intrinsic strength of P2 was reduced 4-fold. 

However when −8C was changed to −8A, which increased the homology to the consensus 

−10 element (5/6, TATGAT), the level of P2 transcription increased by 60% (Figs. 3a and 

4b).

A change of −9G to −9A improved the −10 element homology, too, (5/6, TATAGT) to the 

consensus [7, 8, 66–68]. Indeed, P2 activity was enhanced more than 2-fold (Figs. 3a and 

4b). The −9G to T change also showed a 50% increase in intrinsic transcription (Figs. 3a and 

4b). This is in agreement with several previous findings with mutations at −9A [17, 44, 55, 

58, 59]. The −9C substitution did not make any difference in P2 transcription. All of the −9 
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substitutions inactivated P1 intrinsic transcription because −9 of P2 is the same as −14 

(critical ex-10) of P1.

All three substitutions at the −10 position reduced P2 activity significantly as expected (Fig. 

3b). The −10T to −10A substitution at P2 also reduced P1 transcription because −10 of P2 is 

−15T of the ex-10 region of P1 (Figs. 3b and 4b).

Mutation of −11A, which was the most critical of bases in the −10 element in P1, to G, C, or 

T practically destroyed P2 activity (Figs. 3b and 4b). Previous studies showed that P2 is 

indeed turned off when −11A was changed to −11C [44, 55, 58]. The results showed that the 

change of −12T (a highly conserved base) to G, C, or A also inactivated P2 transcription to 

undetectable levels (Figs. 3b and 4b).

CCC effect—For those substitutions at −7, −8, −10, −11, and −12, in which P2 

transcription were extremely low; any more repression of P2 by CCC was beyond detection 

(Figs. 3a-3b). However, for other changes at position −8 (Fig. 3a) that showed detectable 

levels of P2 activity were normally repressible by CCC. Interestingly, CCC did not repress 

the substitutions at −9 of P2 as efficiently as in wild type template (Fig. 3a).

The ex-10 element (−15 to −14)

Intrinsic transcription—As mentioned for P1, the position −13, which separates an ex-10 

from a −10 element does not have any consensus base. Substitution of −13T to the other 

three bases did not show any significant effect on P2 (Figs. 3c and 4b) similar to the 

significant effect on P1.

The −14G and −15T at P2 are conserved bases forming the “TG” motif of the ex-10 

element. Without a −35 element as in P1, any change in this position should affect P2 

activity. As expected, the results showed that P2 was inactivated by −14G to C, T, or A 

substitution (Figs. 3c and 4b). Our results are in total agreement with previous studies that 

showed P2 was turned off when −14G was mutated to −14T or −14A. [17, 29, 44, 54, 55, 

58] According to Johnson et al., [17] −14T or −14A prevented RNAP from binding to P2. 

Moreover, very low levels of P2 were observed when −15T was changed to the three other 

bases (Figs. 3c and 4b). The −15T to G, C, or A change reduced P2 transcription 

dramatically.

CCC effect—Any repressive effect of CCC on base pair substitutions at the two ex-10 

positions was not discernable because of very poor intrinsic transcription especially on −14 

substitutions (Fig. 3c and 4b). CCC showed normal repression of transcription on 

substitutions at the −13 non-critical position.

The upstream spacer (−20 to −16)

Intrinsic transcription—Like P1, the P2 promoter does not contain a −35 element and 

thus naming the sequence upstream of ex-10 a spacer apparently is not relevant. We 

investigated the influence of any base pair substitutions from −16 to −20 in P2 to see 

whether the base sequence at this segment of DNA has any role in transcription. Substitution 

of −16T to G or A showed enhanced P2 activity (Figs. 3d and 4b); P2 increased 

Lewis et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2016 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



substantially (3-fold) in −16G and −16A substitutions and only marginally (1.5-fold) in the 

−16C substitution indicating a preference for a purine at this location, similar to that in the 

−16 position of P1.

It was not known whether position −17T plays any role in P2. Our experiments showed that 

P2 activity was reduced substantially when −17T was substituted by the other base pairs 

(Figs. 3d and 4b). In summary, as in P1, the base pair at the −16 and −17 positions play a 

role in P2 transcription, the preferred sequence being −17TR−16. None of the base pair 

changes at positions further upstream, −18 to −20, showed much variation in P2 

transcription (Figs. 3e and 4b).

CCC effect—CCC repressed the substitutions at positions −13, −16, −17 normally and at 

−18 to −20 very strongly (Figs. 3c-3e and 4b).

The P3 promoter

The P3 promoter in gal with a tsp at +1 (equivalent to +14 position of P1) is naturally 

defective, and Busby and colleagues discovered that P3 can be unmasked by a −25T to 

−25C change (−12 of P1), which at the same time inactivated P1 and P2 [16, 17, 63]. A 

strong signal of P3 was observed when −24A (−11 of P1) was replaced by adenine analogs 

2-aminopurine or 2–6-diaminopurine [48, 50, 51]. Our gal DNA segment selected for 

analysis covered the region −13 to −38 of P3 (Fig. 1d). We did not observe P3 transcription 

in the −25C substitution both in supercoiled and relaxed DNA templates (results with 

relaxed template not shown) (Fig. 3a and 4c) [16, 17, 63].

The latent P3 promoter contains a reasonably good −10 element (4/6, −12TACCAT−7) but 

not any functional −35 or ex-10 sequences. A −10 sequence alone is not sufficient for 

promoter function [66]. P3 has a −15TC−14 sequence in its ex-10 region, which is 1 bp away 

from being an effective ex-10 element [16] (Fig. 1d). When −14C was changed to −14G, we 

observed a strong P3 transcript (Fig. 2a lane 9 and 4c). In this template, 43% of the total gal 

transcripts were from P3, 34% from P2, and 19% from P1. In the presence of −14G, P3 now 

contains an active ex-10 sequence (TG) and a reasonably good −10 element facilitating a 

high level of transcription. Consistently, the change of −15T to C or A was ineffective in 

carrying out any transcription (Figs. 2a and 4c). We are not sure why P3 (TGATACCAT) 

was stronger than P2 (TGTTATGCT) and P1 (TGCTATGGT) since each of them contains 

an ex-10 element. Low levels of P3 RNA were also observed with many other substitutions: 

−16G, −19A, −20A, −21T, −25G, −25C, −25A, −27A, −27T, −29G, −29C, −29T, −31C, 

−32T, −32A, −32C, −33G, −34A, and −36T (Figs. 2–3 and 4c).

CCC effect—Previously, it was reported that the resurrected P3 transcription was normally 

repressed by CCC [16]. In every case that we observed, CCC repressed transcription from 

P3, including the very high level obtained in the −14G substitution.

Discussion

Our analysis of the E. coli gal promoters shows that the base pair frequency in building 

consensus sequences correlates well with the promoter function, and emphasizes the 
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contribution of base pairs outside the previously defined elements. The results of intrinsic 

transcription for P1 and P2 reported here are summarized in Fig. 5a and 5b. Based on this 

study, and observations previously reported in the literature, we classify base pairs and their 

positions that i) are essential for gal promoter activities, ii) affect more than one promoter, 

and iii) were not part of any previously defined consensus regions but enhance activities of 

the promoters over the native base pairs. We also discuss the boundaries of each sequence 

element. In Fig. 5, the base pair identity is in red if it is uniquely essential for the promoter 

function, green if presence at a given position enhances promoter function compared to the 

native base pair, and black if there is a degeneracy—when the nature of the base pair at a 

position does not show a significant defect in promoter function. The hierarchy of bases in 

the latter case with respect to transcription efficiency, or the lack of it, is also indicated (Fig. 

5). Because of limited information obtained for the P3 promoter, we discuss here only P1 

and P2.

Features of P1 and P2

The tsp for P1 and P2 is an A but can be a G [35]. This is a property of RNA polymerase 

containing sigma-70 and true for most promoters. The upstream dscr region in the two 

promoters is neither G/C- nor A/T-rich, does not determine the efficiency of the two 

promoters, and is not homologous between them. The exceptions are that a −1C to an A 

change in P1, a −1T to C, and any change in −2T in P2 show 2-fold better intrinsic 

activities. Both promoters make abortive transcripts [33]. It is possible that the nature of the 

base pair at the −1 position in the two promoters is linked to abortive transcription, and 

changes may reduce abortive transcription and increase productive transcription.

Base pair substitutions in the −10 and ex-10 elements demonstrated that these two elements 

in gal follow the conventional rule showing the value of the critical bases previously 

established.

However, in the region upstream of the ex-10, from positions −19 to −16 in P1 and in P2, 

a −19TNTR−16 sequence makes the promoters better than the wild-type versions 

(−19GTTA−16 in P1 and −19TCTT−16 in P2). As mentioned before, in a few promoters, the 

−16 and −17 bases have been grouped with the ex-10 element and counted as one larger 

element including the −12T as −17TRTGNT−12 [41]. However, we do not know whether 

the −19TNTR−16 motif in gal constitutes a separate functional DNA element or is part of the 

ex-10 −15TG−14 element. Two previous observations that base pair substitutions at positions 

from −22 to −13 in other promoters enhance promoter function [69, 70], and our current 

findings, warrant a re-evaluation of the commonly held view that the immediate upstream 

region (the spacer region in −35 promoters) of the ex-10 element does not contribute to 

promoter activities.

Promoter overlap

Given the considerable overlap between P1 and P2 base pair sequences, it is remarkable that 

most base pair changes that affected one promoter did not affect the other; only specific 

changes at three positions (out of 25 positions tested) inactivated both P1 and P2: 

substitutions: −12T of P1 (−7 of P2), −16A of P1 (−11 of P2), and −17T of P1 (−12 of P2) 
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affected (different) critical elements of the two promoters and thus made the DNA doubly 

defective (P1−P2−).

If we consider the fact that base pair substitutions at positions −1 and at regions −16 to −20 

influence both promoter efficiencies, one can build a consensus sequence that extends from 

−1 to further upstream of ex-10 at least to the −17 position at both P1 and P2. By comparing 

similar features of the two gal promoters we derived a consensus sequence (Fig. 5c). It 

includes the feature that specific base pairs (absent in the wild type promoters) upstream of 

the ex-10 elements enhance promoter activities.

Interactions of DNA elements and RNA polymerase

The DNA elements needed to form an active promoter interact with segments of RNA 

polymerase subunits in a specific manner; this interaction creates kinetic outcomes for 

productive transcription initiation at a promoter. Since the gal promoters investigated here 

do not contain UP and −35 elements, we can only discuss the ex-10, −10, and potential new 

DNA elements that were clearly identified here by transcription assays.

Since the transcription initiation step is a multi-step process, the process obviously would 

need multiple contacts between RNA polymerase in a temporal fashion. Previous genetic, 

biochemical, and structural studies established several contacts between specific bases in a 

promoter and amino acid residues in the RNA polymerase for the transcription initiation step 

[13–15]. For an ex-10 promoter, it has been suggested that the -15TG-14 sequence directly 

participates in RNA polymerase binding [28–30]. The two bases are involved in formation 

of closed complex by contact with residues (H455 and E458) in the region 3.0 of the σ70 

subunit of RNA polymerase in double stranded form [12, 15, 29, 31, 71]. No structure is 

known for a closed complex. The -12TATAAT-7 sequence is involved in isomerization. We 

previously showed by 2-AP fluorescence assays that strand separation occurs from −12 to 

the +3 region [48]. The latter step initiates melting (base unpairing and flipping) of the DNA 

by starting at the “master base” A at the −11 position that propagates from −12 to at least the 

+3 position (not necessarily in a zipper like fashion), followed by initiation of 

phosphodiester bonds formation in the presence of NTPs [50]. Similar results were obtained 

by KMnO4 cleavage experiments in gal P2 [36]. Our current result shows that strand 

propagation through a segment −6 to −1 does not show base pair stringency.

RNA polymerase contacts double stranded −15TG−14 DNA during the binding step, and 

mostly with non-template single strand (−12 to +3 region) during isomerization. The current 

structure of open complex identifies the amino acid-base contacts during the isomerization 

step. Since −12T of the −10 element interacts with residues Q437 and T440 in region 2.4 of 

the sigma70 subunit in a double stranded form, unlike the rest of the five bases in the −10 

element, it has been suggested that the closed complex formation includes −12T [49, 72–

75]. In other words, instead of the ex-10 −15TG−14 element, the entire segment −15TGNT−12 

is needed to form closed complex [41, 76]. The segment, termed −15 element, is involved in 

RNAP binding [41]. However, studies of the rate of base pair unpairing/unstacking by the 

use of 2-aminopurine fluorescence release clearly showed that the base −11A, opposite to 

−12T, un-pairs from T and flips out [50, 52] . This is inconsistent with the idea that −12T is 

exclusively involved in RNAP binding and remains in double stranded form. We propose 
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that −12T is involved first in binding in a double stranded form and then opens up in the 

isomerization process. The latter step may also destabilize the closed complex.

The base pairs in the −10 element in the non-template strand bind to a large number of 

amino acid residues in the σ70 region 2.3 in single stranded form when generating an open 

complex [14]. In open complex formation the single-strandedness propagates at least to the 

+3 region allowing the template strand to land at the active site for transcription initiation. 

The strand separation begins with the master base −11A and extend to +3 with −11A and 

−7T flipping out of the DNA helix [42, 45, 48, 50, 52, 77, 78]. Zhang et al. also show that 

−11A, −7T, −6G and +2G flipped out into hydrophobic pockets during isomerization [45]. It 

appears that strand separation may not be a simple “unzipping” of the DNA from the −12 to 

+3 region because bases in this region unpair/unstack at different rates without synchrony, at 

least at the galP1 promoter [48]. Given these facts, the molecular mechanism of closed to 

open complex formation is intriguing. Whatever the mechanism, base pair substitution 

studies show that the contribution of each base pair in the −10 element proceeds in the 

following order of significance (from most to least): −11 = −7 = −12 > −10 > −9 = - 8 with a 

master role played by −11A.

We underscore that our base pair replacement studies do not reflect any aspect of the role of 

base pairs in kinetics of transcription initiation at a promoter. The structural studies have not 

hinted so far any interaction between this region and RNAP, although Arg-35 in the β’ 

subunit of RNA polymerase is favorably located to contact the minor groove of the −22 to 

−18 sequence [12, 69]. It was also shown that the β’-zipper of RNAP interacts with the 

spacer between −35 and −10 promoting open complex formation, and the deletion of the β’-

zipper abolished transcription [69]. Additionally, it has also been reported that the RNAP 

interaction with the −12T in the −10 element is strongly stimulated by RNA polymerase 

interactions with base pair between −10 and −35 bp.

cAMP-CRP Complex

The galP1 promoter is a biochemically well-characterized CCC dependent Class II promoter 

in which the regulatory complex binds to a DNA site centrally at position −41.5 and 

activates P1 [19, 21–26]. Three domains of CCC, AR1, AR2, and AR3, make three sets of 

contacts with specific domains of RNA polymerase holoenzyme to activate transcription 

from P1 [79–85]. For all of the defects in intrinsic transcription created by base substitutions 

as described above, many of them (the −11 substitutions are the exceptions) are well 

rectified by CCC. These results suggest that CCC can overcome defects both closed and 

open complex formation. This is consistent with biochemical and biophysical observations 

that CCC stimulates both closed and open complex formation in the galP1 promoter [38]. 

Although the AR2-αNTDI and σ 4.0 contacts help in the isomerization step, the contacts are 

physically far away from the site of isomerization—the −10 DNA element. Thus the AR2- 

αNTDI and AR3- σ 4.0 contacts in turn must influence the σ2.3 region that directly 

participates in base unpairing/flipping steps by allosteric mechanisms within RNAP. Such 

allosteric changes may initiate within CRP, by cAMP binding, and may be transmitted to 

RNA polymerase [86–89]. Our results showed that transcription defects due to substitution 

in the −10 element are rescued by CCC, except in the case of substituted master bases at 
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position −11 in which the derivatives are not discernable. These results imply that CCC may 

not participate in the initial master base opening but at later step(s) in the isomerization 

process. Consistently, making the −10 element in P1 a consensus sequence makes the 

promoter very active, which is regarded as CCC independent [44]. The base substitution 

analysis shows that the global activator cAMP-CRP complex (CCC) helps the galP1 

promoter both at the level of closed and open complex formation.

How CCC represses P2 is not fully understood with respect to CCC binding at the −36.5 

position of the P2 promoter to bring about repression. One model assumes that CCC binding 

at the −41.5 position sterically excludes RNA polymerase binding at P2 [90], while another 

model suggests that CCC represses P2 transcription by inhibiting RNA polymerase at a 

post-binding level [23, 38] (D. Jin, personal communication). CCC does not inhibit P2 

transcription by preventing RNAP binding; CCC binding partially overlaps the −35 region 

of P2, which does not have a functional −35 element.

In summary, we analyzed the importance of each base pair in the gal promoter region from 

−25 to +1 of P1. This region contains three promoters, P1, P2, and P3. Therefore, any base 

pair change can affect all three promoters. We found that CCC restored inactivated P1 

promoter with base changes in the −10 and ex-10 elements. Substitution of critical bases at 

positions −7, −10, −12, −14, −15, −16, and −17 were inactivated in the absence of CCC, but 

were restored in the presence of CCC. The only exception was −11 substitutions, which 

were not activated by CCC, suggesting that −11A is essential for the initiation of P1 in the 

absence and presence of CCC. We also found that base changes at positions −7T, −11, −12, 

−19, −20, and −22 inactivated P2 activity. There were only three positions (−12, −16 and 

−17) where substitutions inactivated both promoters.

Materials and Methods

Reagents

In this study, restriction endonucleases were purchased from New England Biolabs, Inc. 

(Beverly, MA). T4 DNA ligase was obtained from Invitrogen (Carlsbad, CA). E. coli RNA 

polymerase holoenzyme (specific activity: 2.5 × 103 U/mg) was supplied by USB/

Affymetrix, Inc. (Cleveland, OH). Recombinant RNasin Ribonuclease Inhibitor (40 U/µl) 

was obtained from Promega (Madison, WI). Denaturing polyacrylamide gel solutions 

(Sequal Gel-6) was from National Diagnostics, Inc. (Atlanta, GA). Primers were purchased 

from BioServe Biotechnologies (Beltsville, MD) and Sigma-Aldrich Genosys Life Science 

(Woodland, TX). Adenosine 3’:5’-cyclic monophosphate (cAMP) was from Sigma-Aldrich 

(St. Louis, MO). XL PCR and DNA sequencing (dRhodamine terminator cycle sequencing 

ready reaction) kits were from Applied Biosystems (Rockville, MD). [α- 32 P]UTP (specific 

activity = 3000 Ci/mmol, 10 µCi/µl) was obtained from MP Biomedical, LLC (Aurora, OH).

Plasmids

The plasmids used in this study are listed in Table S1. They are derivatives of wild type 

plasmid, pSA850, which was generated by cloning a 166-bp fragment containing the 

galactose regulatory region from −75 to +91 into pSA508 [34, 91, 92]. The mutant DNA 
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templates were constructed by PCR amplifications using the XL PCR protocol from Applied 

Biosystems. Briefly, primer XbaI-2 (5’ 

ATACGACTCACTATAGGGAATTTCTAGACCTTCCCGTTTCGC 3’), which mapped 

from −180 to −139, and the reverse primer (containing mutated nucleotides; H: A+T+C, B: 

G+T+C, D: G+A+T or V: G+A+C) were used to amplify the left PCR product. To construct 

base pair substitutions at −5A (−7TTATTTCA+1) in the left PCR product for example, the 

mutated reverse primer would contain a V at that position to generate G, T, or C at −5. The 

forward primer (containing complementary mutated nucleotides, e.g., B at position −5A) 

and reverse primer Hind3-6 (5’ GTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGG 

3’), which mapped downstream from +631 to +608, were used to generate the right PCR 

product. Both PCR products were purified on a 1% agarose gel, which was electrophoresed 

in 1x TAE (10 mM Tris acetate, pH8.0, 1 mM EDTA) buffer. Vertical gel slices were 

excised and stained in 0.5 µg/µl Ethidium Bromide solution to use as a marker to localize the 

unstained PCR products. The stained gel slices were aligned to the unstained gels, and the 

unstained PCR products were sliced from the gels based on the alignment of the stain 

products. The DNAs were eluted from the gel slices according to the protocol outlined in the 

QIAquick gel extraction kit from Qiagen (Clarita, CA). The left and right purified PCR 

products were mixed and amplified by the two external primers (XbaI-2 and Hind3-6). The 

extended PCR products were gel purified as above and digested with EcoRI and HindIII. 

First, the digested fragments were purified from the enzymes and buffered by QIAquick 

PCR purification kit and then ligated to a pSA850 vector, which was also digested with 

EcoRI and HindIII, and dephosphorylated with shrimp alkaline phosphatase. The 

recombinant plasmids were transformed into maximum efficiency E. coli DH5α□ 

competent cells (Invitrogen). Purification of the plasmids was performed according to the 

protocol outlined in the Qiagen plasmid Midi kit. The concentration of the plasmid DNAs 

was determined spectrophotometrically at 260 and 280 nm. The plasmid DNAs were 

sequenced by using the dRhodamine terminator cycle sequencing kit and the reactions were 

applied on an ABI Prism 310 Genetic Analyzer to verify the correct base pair changes at the 

desired position of the gal promoter region.

In vitro transcription assays

To measure the effect of promoter mutations on the strength of P1 and P2 in the presence 

and absence of CCC, in vitro transcription reactions were performed according to the 

method described previously [34]. A ρ-independent transcription terminator, rpoC, was 

located downstream of OI to generate transcripts of 125- and 130-nt from P1 and P2, 

respectively [34, 93]. Supercoiled DNA template (2 nM) was preincubated with RNA 

polymerase (20 nM) to form open complexes at 37°C for 5 min in transcription buffer (20 

mM Tris acetate, pH 8.0, 10 mM Magnesium acetate, 200 mM Potassium glutamate, 1 mM 

DTT, 1 mM ATP, 0.8 U/µl rRNasin, and 100 µM cAMP) with or without CRP (50 nM) in a 

total reaction volume of 45 µl. To start the elongation process, 5 µl of NTPs mixture (0.1 

mM GTP, 0.1 mM CTP, 0.01 mM UTP, and 5 µCi [α-32P]UTP) was added to each reaction, 

which was centrifuged for a few seconds to mix the reaction. Incubation of the reactions was 

continued for an additional 10 min at 37°C before they were terminated by the addition of an 

equal volume (50 µl) of loading dye (90% formamide, 10 mM EDTA, 0.1% xylene cyanol, 

and 0.1% bromophenol blue). Samples were heated to 90°C for 2–3 min, chilled on ice, and 
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loaded on a warm 6% sequencing gel, which was pre-electrophoresed for ~45 min. The gel 

was electrophoresed for 1 hr 30 min at a constant power of 60–65 W. The gel was 

transferred to a Whatman 3MM Chromatography paper, wrapped in plastic wrap, and dried 

on a gel dryer at 80°C for ~1 hr.

Quantification of RNA transcripts

To quantify the relative amount of gal RNA transcripts observed on each template, the dry 

gel was exposed to a PhosphorImager screen and scanned on a PhosphorImager (Molecular 

Dynamics, GE, Sunnyvale, CA). To normalize the amount of transcript per lane, RNAI 

transcripts (106–108 nts) were used as an internal control to quantify the relative amount of 

gal transcripts [94]. The RNAI transcipts, which are transcribed from the origin of the 

plasmid, are not affected by CCC. After RNA normalization, the wild type P1 and P2 levels 

in the absence of CCC were taken as 1.0 (Tables S2 and S3). The amount of activation or 

repression of P1 and P2 in the mutant templates were relative to the basal level of wild type 

P1 and P2. For P3, the amount of transcript was very low in many of the templates; 

therefore, we plotted the absolute amount of transcripts without normalizing it to the wild 

type template since P3 was not observed (Table S4). Previously, we showed that only 2–3 

rounds of replication were obtained by our in vitro transcription assays [36]. The 

transcription results were repeated two to three times to check the reproduciblity of the 

mutations on P1 and P2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Base pair frequency of known consensus elements correlates with promoter 

strength.

• RNAP binds to −12T:A as part of dsDNA before the entire −10 element melts to 

ssDNA.

• CCC helps RNAP bind to P1 at the level of both closed and open complex 

formation.

• We found three substitutions in the overlapped area inactivated both P1 and P2.

• The −11 substitutions are the only changes where CCC could not activate P1.
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Fig. 1. 
The sequence of gal promoters. (a) A schematic genetic map of the promoter region of the 

E. coli gal operon. P1, P2, P3, and P4 represent promoters with tsp at +1, −5, +14, and −96, 

respectively. In the following description negative (−) and positive (+) signs represent 

numbers upstream and downstream of corresponding transcription start point (+1). (b) DNA 

sequence from −28 to +18 showing the location of the −10 and extended −10 elements (red), 

and tsp (blue) of P1 (+1); operator: OE (−60.2) and OI (+53.5); cAMP-CRP binding site 

(AS, −40.5); rho independent terminator (rpoCter). (c) DNA sequence from −23 to +23 

showing the location of the −10 and extended −10 elements, and tsp (+1) of P2. (d) DNA 

sequence from −41 to +5 showing the location of the −10 and extended −10 elements, and 

tsp (+1) of P3.

Lewis et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2016 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
In vitro RNA synthesis from wild type and mutant gal DNA templates in the absence (−) 

and presence (+) of CCC. DNA templates with P1 numbering system from +1 to −25 and P2 

from +6 to −20 are labeled as shown in the Fig. 1 The mutation above each lane is indicated: 

(a) +1 to −2, (b) −3 to −5, (c) −6 to −8 and (d) −9 to −11 represent P1, while (a) +6 to +4, 

(b) +3 to +1, (c) −1 to −3 and (d) −4 to −6 represent P2, P1, P2, P2*, and P3 represent gal 

promoters. RNAI transcript is used as an internal control.
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Fig. 3. 
In vitro RNA synthesis from wild type and mutant gal DNA templates in the absence (−) 

and presence (+) of CCC. (see Fig. 2 legend for nomenclature). (a) −12 to −14, (b) −15 to 

−17, (c) −18 to −20, (d) −21 to −22 and (e) −23 to −25 represent P1, while (a) −7 to −9, (b) 

−10 to −12, (c) −13 to −15, (d) −17 to −18 and (e) −19 to −20 represent P2.
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Fig. 4. 
Bar graphs showing the quantification of the results shown in Fig. 2. (A) The relative 

amount of P1 transcripts from wild type and mutant DNA templates in the absence (shaded 

column) and presence (hatched column) of CCC. The y-axis contains a break from 11.0 – 

11.1 with increment before and after the break of 2 and 10, respectively. The position of 

each base pair change from −25 to +1 is shown on the x-axis. (b) The relative amount of P2 

transcripts from wild type and mutant DNA templates (positions +6 to −20). (c) The 

absolute amount of P3 transcripts from wild type and mutant DNA templates (positions −13 

to −38).
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Fig. 5. 
Base pair requirement in gal promoters. (a) The DNA sequence from −25 to +1 and a 

summary of the effect of base pair change from +1 to −25 on P1 transcription. (b) The DNA 

sequence from −20 to +6 and a summary of the effect of base pair change from −20 to +6 on 

P2 transcription. (c) Consensus promoter region of P1 and P2 derived from (a) and (B). R = 

A or G, N = any nucleotide. Base pair is in red if it is unique for promoter function, green if 

it improves promoter function, and black if it is degenerate. The symbol “>>>>” in vertical 

shapes represents 4.1-fold or more difference in promoter function from the wild type; 

“>>>”, 3.1 to 4-fold; “>>”, 2 to 3-fold; “>” less than 2-fold; “=“ indicates equal.
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