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Abstract: Promoter prediction in bacteria is a classical bioinformatics problem,

where available methods for regulatory element detection exhibit a very high

number of false positives. We here argue that accurate transcription start site (TSS)

prediction is a complex problem, where available methods for sequence motif

discovery are not in itself well adopted for solving the problem. We here instead

propose that the problem requires integration of quantitative understanding of

transcription initiation with careful description of promoter sequence specificity.

We review evidence for this viewpoint based on our recent work, and discuss a

current progress on accurate TSS detection on the example of sigma70

transcription start sites in E. coli.

1 Introduction

Bacterial RNA polymerase is a central enzyme in cell, and initiation of transcription by

bacterial RNA polymerase is a major point in gene expression regulation. Core RNA

polymerase cannot by itself initiate transcription, so a complex between RNA

polymerase core and a σ factor, which is called RNA polymerase holoenzyme (RNAP) is

formed. A major σ factor, which is responsible for transcription of housekeeping genes,

is called σ70 in E. coli and σΑ in a number of other bacteria. The discussion here will

concentrate on this major class of promoter elements [BN01].

Accurate recognition of transcription start sites (TSS) is a necessary first step in

understanding transcription regulation. Accurate recognition of bacterial promoters is

consequently considered a major problem in bioinformatics, particularly since TSS

detection is an important ingredient for number of other bioinformatic applications (e.g.

gene and operon prediction). Available methods for TSS search include both standard

information-theory based weight matrix searches, and those based on more advanced

computational approaches such as neural networks and support vector machines. These

methods however show poor accuracy for TSS prediction, i.e. lead to a very high number

of false positives [St02]. We here argue that, instead of developing different methods for

processing the existing data within the motif search framework, solving the problem

requires an integrative approach, which includes: i) quantitatively modelling

transcription initiation, which allows calculating kinetic parameters of transcription

initiation ii) accurately describing sequence specificity of the promoter elements, so that
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the bioinformatics description is consistent with available biophysical measurements iii)

characterizing sequence elements outside of the canonical -10 and -35 box. In the text

below we concentrate on promoter detection for sigma 70 class of promoters, which is a

major promoter class that is responsible for transcription of housekeeping genes.

Our discussion will emphasize the following: i) accurately aligning promoter elements is

highly non-trivial, so that the promoter specificity may not be accurately reflected by the

available alignments ii) the promoter specificity is likely determined by additional

sequence elements, which are located outside of the canonical -35 and -10 boxes iii) TSS

predictions require accurately calculating kinetic parameters of transcription initiation. In

addressing these issues we will highlight our recently published work [Dj03,Dj04], and

also discuss some of our most recent results on this problem.

2 High degeneracy of promoter elements

Transcription initiation begins with RNAP binding to dsDNA, which is referred to as the

closed complex formation [DZR05]. Subsequent to RNAP binding, the two strands of

DNA are separated through thermal fluctuations that are facilitated by interactions of

RNAP with ssDNA [DR06]. The opening of two DNA strands results in a formation of

~15bps long transcription bubble, which typically extends from -11 to +3 (where +1

corresponds to the transcription start site) [BS07]. After the open complex is formed,

RNAP clears the promoter and enters the elongation, which leads to synthesis of RNA

from DNA template [BN01].

The main elements that determine functional promoter are -35 element (
-35
TTGACA

-30
,

where the coordinates in the superscript are relative to the transcription start site), -10

element (
-12
TATAAT

-7
), the spacer between these two elements, and the extended -10

element (
-15
TG
-14
) [HH08]. Interactions of σ70 with dsDNA of -35 element, extended -

10 element, and -12 base of -10 element result in the closed complex formation [MD09].

On the other hand, the downstream bases of -10 element (-11 to -7) interact with σ70 in

ssDNA form [MD09], and are directly involved in the open complex formation.

Consequently to better relate involvement of different promoter elements with the kinetic

steps of transcription initiation (the closed and the open complex formation), it was

recently proposed that the region from -15 to -7 is reorganized in the following way

[HH08]: Region from -15 to -12 is connected in a new element that is defined as -15

element; this element includes extended -10 element, the most upstream base in -10

element (base -12), and base -13 that is in-between. Consequently, -10 element is

shortened for one base-pair (to the region -11 to -7), which we here refer to as the short -

10 element. In this way -35 and -15 elements are directly related with σ
70
-dsDNA

interactions, while short -10 element is directly related with σ
70
-ssDNA interactions.

The basic problem with accurate promoter detection is high degeneracy of the promoter

elements (-35, -15 and -10 elements); in addition, variable distance between -35 and -10

element also contributes to the problem. This high degeneracy is illustrated in Table 1,

where we show the aligned elements for several randomly selected promoters. For

example, if we concentrate on -35 element, we see that the consensus sequence
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'TTGACA' does not match any of the promoter instances in the table. Furthermore, only

one instance has one mismatch from the consensus, most of the instances have two

mismatches, while two of the instances have as much as four mismatches. In order to

accommodate such high degeneracy, i.e. to correctly classify majority of the detected

promoters, a low value of the detection threshold has to be imposed; this low threshold

value than leads to a high number of false positives. One can artificially increase the

detection threshold, which would decrease the false positives; however, another problem

than emerges, i.e. a number of experimentally detected promoters are than wrongly

classified. Consequently, the high degeneracy of the promoter elements, together with

the relatively complex core promoter structure (several sequence elements with variable

relative distances), is the main reason behind the low prediction accuracy of the available

approaches.

Promoter -35 spacer -15 short -10

accAp TTGCTA 17 AGGC AAATT

accBp TTGATT 17 GACC AGTAT

accDp TATCCA 19 TGTT TTAAT

aceBp TTGATT 16 GAGT AGTCT

acnAp1 CTAACA 15 GCCT TTATA

acnAp2 TCAAAT 19 TGTT ATCTT

Table 1: Examples of promoter sequence elements

3 Importance of the accurate promoter alignment

A necessary step in accurate TSS prediction is achieving a quantitative understanding of

promoter specificity, i.e. accurately defining sequence elements that constitute bacterial

promoter. However, aligning the promoter elements presents in-itself a highly non-trivial

bioinformatic task due to both complex structure of bacterial promoter and degeneracy of

the promoter elements (see above). A major problem with the existing collections of the

promoter elements is due to the following: i) they are based on initial alignments of a

small collection of promoter elements which were performed `by eye'

[WB10,HC11,RMC12,MZBM13] ii) accurate aligning of -35 element is complicated by

both variable distance from -35 element and by a lower conservation of this element

[HC11] iii) it is non-trivial to produce an alignment with sufficient accuracy for

analyzing -15 element, given a weaker conservation of this element compared to both -

10 and -35 elements [MZBM13].

Having these problems in mind, we recently performed a systematic `de-novo' alignment

of the promoter elements on a large collection of more than 300 experimentally

confirmed σ70 TSS in E. coli [Dj04]. This alignment comes directly from experimentally

determined TSS assembled in RegulonDB database [GSPSMSJWGL14]. For this we used

Gibbs search algorithm for unsupervised alignment of the promoter elements, which we
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consequently improved through supervised search by weight matrices defined through

the Gibbs algorithm. The approach was to first align -10 element, and to consequently

use this element as an anchor to align -35 element. Alignment of other relevant elements

(spacer and -15 element) is directly determined once -10 element and -35 element are

aligned. One should note that in addition to the canonical -10 and -35 elements our

approach also allowed quantitating specificity of -15 element.

The unbiased alignment that we inferred shows notable differences with previously

published alignments, as is discussed in more detail in [Dj04]. Furthermore, while our

alignment is in accordance with biophysical data on σ
70
-DNA interactions, the

previously published alignments show notable discrepancies with the interaction data.

We therefore next investigated to what extent the improved sequence alignment can in

itself improve the prediction accuracy. To that end, we incorporated our improved

alignment in the standard (weight matrix based) procedure for TSS detection, and

compared the prediction accuracy with those resulting from the previous alignments. The

comparison is shown in Figure 2, where we see that our alignment leads to as much as

50% reduction in the number of false positives. However, despite this significant

reduction, one can see that the number of false positives is still very high; this then leads

us to the next question that we consider, which is to what extent are kinetic effects

important in transcription initiation.

Figure 1: DET (Detection Error Tradeoff) curve, which presents comparison of the method based

on our alignment, and the method in [RMC12] that uses the alignment from DPInteract database.

The vertical axis presents the number of false positives, which is based on the number of correctly

classified sequences in the testing set. The horizontal axis presents the number of false negatives,

which is estimated based on the number of hits in the randomized intergenic regions. The blue line

and the red line correspond, respectively, to our procedure and the procedure from [RMC12]. The

figure adopted from (Djordjevic M, Djordjevic M, to be submitted).

4 Importance of the kinetic effects

We next discuss another factor which may have a major impact on the accuracy of TSS

predictions, which are kinetic effects in transcription initiation. As the first step of

transcription initiation, RNAP reversibly binds to dsDNA of promoter elements, which is

called the closed complex formation, and is described by the binding affinity KB. This

binding of RNAP leads to opening of the two DNA strands (promoter melting), so that a
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transcription bubble is formed. This transcription bubble extends from the upstream edge

of -10 element to about two bases downstream of the transcription start site, which

roughly corresponds to positions -12 to +2 (+1 is transcription start site) [BS07]. The

(inverse) time needed to form the transcription bubble (i.e. to open the two DNA strands)

is described by the transition rate from closed to open complex (kf).

An extreme example of the kinetic effects in transcription initiation are poised

promoters: These are locations in genome where RNAP binds with high binding affinity

(high KB), but has a low rate of transcription initiation due to a slow transition from

closed to open complex (low kf). It has been proposed that poised promoters may present

a major problem for accurate TSS prediction [HC11,SF15]. This is particularly

important, given the high number of false positives [St02,HC11,RMC12] that typically

originate from computational TSS searches.

We consequently used the kinetic model of transcription initiation that we previously

developed [DR06] in order to estimate the importance of the kinetic effects, which is

shown in Figure 2 (for more details see [Dj03]).

Figure 2: Log transcription rate ( ( )log ϕ ) vs. log binding affinity ( ( )log
B
K )

for the intergenic segments. -10 element of lacUV5 promoter is substituted by

all 6bp long segments from E. coli intergenic regions. ( )log
B
K and ( )log ϕ

are calculated for each of these substitutions and shown, respectively, on the

horizontal and the vertical axes on each of the panels. The horizontal and the

vertical dashed lines correspond, respectively, to the transcription rate

threshold and the binding affinity threshold. Green and red dots in the figure

correspond to the strongly bound DNA sequences that are, respectively,

functional promoters and poised promoters. Figure adapted from [Dj03].

From Figure 2 we see that a significant fraction of the strongly bound sequences

corresponds to poised promoters: In Figure 2, the blue dots mark strongly bound DNA

segments that correspond to the functional promoters (i.e. to sequences that are above

both the binding and the transcription activity threshold), while the red dots mark the

sequences that correspond to the poised promoters (i.e. to sequences that are above the

binding, but below the transcription activity threshold). One can see that a significant

fraction of the strongly bound sequences (~30%) correspond to poised promoters. Such

poised promoters can be falsely identified as targets by computational searches of core
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promoters. Furthermore, our results from [Dj04] strongly suggest that the relevant

kinetic parameter that characterizes functional promoters is the overall transcription

activity; this is in contrast to some previous models which suggested that the relevant

parameter is binding affinity of RNAP to dsDNA.

5 Conclusion

Accurate promoter prediction in bacteria is crucial not only as the first step in

understanding transcription regulation, but also as an important ingredient in other

bioinformatics applications such as gene and operon prediction. Despite being a classical

bioinformatics problem, current methods for transcription start site prediction lead to a

very high number of false positives. We here argue that transcription start site detection

is a complex problem whose solution requires integrating several levels of knowledge. In

particular, the discussion here strongly indicates that the following elements are

necessary: i) accurately aligning promoter elements ii) characterizing sequences outside

of canonical -35 and -10 boxes iii) estimating kinetic parameters of transcription

initiation for a given sequence of interest, in particularly its transcription activity. Our

current work is aimed at addressing these issues.
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