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ABSTRACT

DNA supercoiling acts as a global transcriptional
regulator in bacteria, but the promoter sequence or
structural determinants controlling its effect remain
unclear. It was previously proposed to modulate the
torsional angle between the −10 and −35 hexamers,
and thereby regulate the formation of the closed-
complex depending on the length of the ‘spacer’
between them. Here, we develop a thermodynamic
model of this notion based on DNA elasticity, provid-
ing quantitative and parameter-free predictions of the
relative activation of promoters containing a short
versus long spacer when the DNA supercoiling level
is varied. The model is tested through an analysis
of in vitro and in vivo expression assays of mutant
promoters with variable spacer lengths, confirming
its accuracy for spacers ranging from 15 to 19 nu-
cleotides, except those of 16 nucleotides where other
regulatory mechanisms likely overcome the effect of
this specific step. An analysis at the whole-genome
scale in Escherichia coli then demonstrates a sig-
nificant effect of the spacer length on the genomic
expression after transient or inheritable superhelical
variations, validating the model’s predictions. Alto-
gether, this study shows an example of mechanical
constraints associated to promoter binding by RNA
Polymerase underpinning a basal and global regula-
tory mechanism.

INTRODUCTION

DNA supercoiling (SC), the level of over- or underwinding
of the double-helix, is a fundamental property of DNA. In
bacterial cells, the chromosome is maintained at a negative
SC level by a finely controlled balance between the relaxing
activity of topoisomerase I (and IV), and the introduction
of negative supercoils by the DNA gyrase (1,2). This level is
affected by a variety of factors, including growth phase and
environmental conditions (3). In addition to playing a key
role in the physical organisation of the chromosome (4), SC

was soon discovered to affect the expression of many pro-
moters (5,6). More recently, genome-wide expression pro-
filing showed that SC acts as a global transcriptional regu-
lator in many bacteria, based on studies employing gyrase
inhibitors inducing a global DNA relaxation and, in turn,
a global and complex response of genes (3). Rapid varia-
tions in SC levels may thus play an important and global
role in the transcriptional response of bacteria to environ-
mental changes (1,2).

At the mechanistic level, SC affects the transcription
process at multiple steps, both indirectly through regula-
tory proteins, and directly by modulating the interaction of
RNA Polymerase (RNAP) with DNA (3). A strong mech-
anism of the latter interaction is the facilitation of open-
complex formation by negative SC during transcription ini-
tiation, due to the destabilisation of the double-helix (7).
But other steps of transcription also contribute to this re-
sponse, including closed-complex formation (8), promoter
escape (9), transcription elongation and termination (10).
Because of this complexity, regulatory models able to pre-
dict the response of a given promoter to SC variations
are mostly lacking, at the quantitative and even the qual-
itative levels (3), in contrast to those involving regulatory
proteins (11). Considering the widespread relevance of this
mechanism in bacterial gene expression, obtaining such
quantitative models is an important objective, both for a
fundamental understanding of the process and for applica-
tions, e.g., in synthetic biology (12). The objective of this
paper is to develop such a model, focusing on the specific
step of closed-complex formation during transcription ini-
tiation.

The latter step involves the binding of RNAP to gene pro-
moters, through specific recognition of the −35 and −10 el-
ements by the 2.4 and 4.2 regions of the � factor, respec-
tively (13). The efficiency of RNAP binding on the pro-
moter depends primarily on the proximity of the −35 and
−10 hexamers to their respective consensus, but also on
the spacer element between them. The latter exhibits little
or no contact with the transcription machinery, except for
promoters with an extended −10 element which interacts
with the 3.0 region of � factors (13). The spacer exhibits a
variable length, ranging usually from 15 to 19 nucleotides
(nt) for �70-dependent promoters (13,14). For some pro-

*To whom correspondence should be addressed. Tel: +33 4 72 43 85 16; Email: sam.meyer@insa-lyon.fr

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-7736-5951
http://orcid.org/0000-0001-9848-3597
http://orcid.org/0000-0002-0478-3474
http://orcid.org/0000-0001-7206-6226


7288 Nucleic Acids Research, 2022, Vol. 50, No. 13

Figure 1. Quantitative modelling of the coupling between RNAP binding
sites orientation, spacer length and DNA supercoiling. (A) Schematic de-
piction of −35/−10 alignment depending on spacer length and superhe-
lical density. With long spacers (green), RNAP binding sites are out-of-
phase at moderate SC levels, and become optimally aligned when DNA
is highly negatively supercoiled, and conversely for shorter spacers (17-nt
spacer in blue). (B) Quantitative relative expression levels predicted by the
regulatory model for 15- to 19-nt spacers, depending on �. Short spac-
ers are more expressed at relaxed levels, while long spacers are favoured at
highly negative levels. The only parameter �P, representing the optimal an-
gle for RNAP binding, was chosen such that 17-nt spacers are maximally
expressed at � = −0.06 (with most predictions being independent of its
value, see text).

moters, the spacer is ill-defined because of the weakness of
their −35 sequence, which is then compensated by an ex-
tended −10 element (15) or by the assistance of regulatory
proteins such as CRP (16). The maximal core promoter ac-
tivity is reached with spacers of 17 nt for �70-dependent
promoters, and the addition or subtraction of nucleotides
from this optimal length reduces their expression by several-
fold (17,18). While the spacer sequence exhibits no specific
requirement, point mutations (19,20) or modifications of its
AT richness (21,22) also affect promoter expression (12,23),
presumably by altering its 3D conformation (24,25).

In addition to altering the expression level of promot-
ers, the spacer length has been shown to strongly modu-
late their SC response (17,18). A qualitative model of this
regulation mode was proposed around 30 years ago, based
on a simple geometric effect (8). Because of the helical na-
ture of DNA, variable spacer lengths are associated to dif-
ferent relative orientations of the −35/−10 binding sites,
which might modulate RNAP binding. In turn, the presence
of torsional stress in the spacer might rotate the −35/−10
binding sites toward a (un)favourable orientation and thus
regulate RNAP activity (Figure 1 A). This qualitative no-
tion was supported by a review of observations from a col-
lection of individual promoters (8,12,26), by the observa-
tion that the 18-nt spacer of the lac promoter is untwisted
prior to open-complex formation (27), and it was also sug-
gested as the mechanism of activation of several TFs (28).
According to this mechanism, promoters containing sub-

optimal spacer lengths are not simply under-expressed, but
might rather be selectively down- or up-regulated by the cell
depending on the global SC level, according to their length.
However, the analysis of this mechanism is difficult because
the effect of SC on closed-complex formation also depends
on other elements of the promoter, either downstream (29)
or even at long upstream distance from the binding ele-
ments (30), complicating the integration of the accumulated
data into a unifying model.

In this study, we wish to (i) translate the proposed qual-
itative notion into a quantitative regulatory model, (ii) de-
velop a rigorous validation of its predictions, based on in
vitro and in vivo analyses of mutant promoters containing
variable spacer lengths and (iii) demonstrate the genome-
scale relevance of this mechanism by a statistical analysis
of high-throughput expression data, which were not avail-
able when the previous qualitative models were developed
but are particularly suited to this global regulation mode. In
spite of the complicating factors mentioned above, these re-
sults consistently show that the variability of spacer lengths
underpins a global selectivity of promoter activity depend-
ing on the cellular SC level, varying either transiently due
to topoisomerase inhibitors, or inheritably in the longest-
running evolution experiment. Since this regulatory mech-
anism affects the basal interaction between promoter and
RNAP, independently of promoter-specific TFs, it might
play a widespread role in the prokaryotic kingdom.

MATERIALS AND METHODS

Thermodynamic model of supercoiling-dependent transcrip-
tion

We assume that the formation of the closed-complex is lim-
ited by an intermediate state where the spacer DNA must be
(un)twisted to a favourable relative orientation of the −10
and −35 elements allowing RNAP binding (Figure 1A).
This deformation is treated in the elastic approximation,
and the associated orientational free energy depends on the
spacer length n and average superhelical level �:

�Gor (σ, n) = n
2

kθ

(
θP

n
− α0 (1 + σ )

)2

(1)

where k� = 71.4 kBT.rad−2 is the DNA sequence-averaged
twist stiffness (31,32), �0 = 34◦ is the average twist angle be-
tween adjacent nucleotides (33), kBT is the Boltzmann fac-
tor, and �P is a global parameter representing the optimal
twist angle between −35 and −10 sites for RNAP binding.
In this thermodynamic equilibrium, each of the n uniform
basepair steps of the spacer is deformed from its initial angle
modulated by the torque associated to the global SC level
(�0(1 + �)) to the angle imposed by RNAP (�P/n).

To illustrate the model predictions (Figure 1) and subse-
quent calculations, we assumed that 17-nt spacers achieve
this optimal angle at the standard superhelical level � =
−0.06, i.e. �P = 17 × �0 × (1 − 0.06) = 543◦, but most
key predictions are independent of its value (see upcoming
paragraphs).

In this model, we assume that the total superhelicity
� can be utilised by RNAP for the twist deformation of
spacer DNA (although most of it is stored as writhe at equi-
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librium). This unidimensional approximation of DNA is
frequently used in analyses of the regulatory effect of SC
(8,34), and is relevant here in particular because the spacer
DNA is too short to significantly writhe (before RNAP
binding). Since RNAP is assumed to impose a fixed angle
�P, its flexibility is neglected in the calculation.

The total free energy associated to the transcription pro-
cess is assumed to contain three contributions related, re-
spectively, to the effects of SC, of the spacer element, or of
both simultaneously:

�G(σ, n, s) = �Gsc(σ, s) + �Gsp(n, s) + �Gor (σ, n) (2)

where

• �Gor(�, n) is the orientational deformation energy
(Eq. 1), and introduces a coupled dependence on � and
n under the approximations given above.

• �Gsc(�, s) represents all other mechanisms of regulation
by SC (e.g. promoter opening, 3D deformations, struc-
tural transitions, etc.), which are assumed to be indepen-
dent of spacer length n, and depend on the specific pro-
moter sequence s (and thus even on elements distant from
the spacer). This contribution explains the strong global
promoter activation by negative SC in Figures 2 and 3
(even with short spacers), notably because of the facil-
itated opening of the sequence downstream of the −10
element during open-complex formation.

• �Gsp(n, s) represents all other mechanisms of modula-
tion of transcriptional activity by the spacer DNA, which
depend on its sequence as well as its length (e.g. 3D
conformation, sequence-specific interactions with RNAP
within the closed-complex, etc.), but are assumed to be in-
dependent of �. In particular, we assume that the longitu-
dinal distance between −35 and −10 elements may vary
depending on the spacer length and sequence (possibly
requiring the stretching of the spacer for RNAP binding),
but with no SC-dependence, that is, neglecting the twist-
stretch coupling of DNA.

Transcription rates are then computed using a thermody-
namic framework (11):

k(σ, n, s) = k0 exp
(

−�G(σ, n, s)
kBT

)
(3)

where k is the transcription rate, k0 is the basal rate
(which depends, e.g., on the −10/−35 sequence affinities
for RNAP), and kBT is the Boltzmann factor. To simplify
the notations, we use the latter as the energy unit in the fol-
lowing. Based on the equations above, the model does not
predict the general SC-dependence of a promoter nor the
effect of the spacer on the absolute expression level (since
both depend on unpredictable terms in Eq. 2), but it does
predict how the SC-sensitivity depends on spacer length by
Eq. (1). Since most of the parameters involved in the latter
have experimentally known values, it is possible to derive
several quantitative and parameter-free predictions under-
pinning all analyses of the manuscript, as follows.

Prediction of relative in vitro expression levels depending on
spacer length

From in vitro expression data of mutant promoters (Fig-
ure 2), we isolate the specific effect of the spacer length n by
normalising each datapoint by the corresponding value ob-
tained in the reference mutant promoter (n0 = 17), thereby
eliminating any other regulatory effect of SC:

log
(

k(σ, n, s)
k(σ, n0, s)

)
= (�Gor (σ, n0) − �Gor (σ, n)) +

(
�Gsp(n0, s) − �Gsp(n, s)

)
(4)

The second term is independent of �, and is thus a constant
for a promoter of given sequence and spacer size, hereafter
quoted Qsp(n, s). Using a linear expansion in �n/n0 = (n
− n0)/n0 in the first term, the relative expression level of
each spacer length simplifies to a linear dependence in �
(Supplementary Eq. S1), as visible in Figure 2 B without
approximation. Crucially, the slope of each line is defined
without any adjustable parameter, and is proportional to
the torsional stiffness of DNA and to �n = n − 17. The
intercept depends on the global parameter �P, and may also
depend on the spacer sequence and length due to Qsp(n, s).

Prediction of in vivo expression fold-changes during superhe-
lical variations

All analysed in vivo data (from mutant promoters or tran-
scriptomics data) involve relative expression levels (fold-
changes) induced by a global superhelical variation �0 →
�0 + �� (induced by antibiotics or mutations). The pre-
dicted value is given in Supplementary Eq. (S2), where the
spacer length-dependent term does not depend on any un-
known parameter. After linear expansion in ��, the relative
effect of the superhelical variation on spacer length mutants
of the same promoter s is entirely predictable and indepen-
dent of �0 (which is satisfactory since the absolute SC levels
are not always known with precision in the analysed in vivo
data):

logFC(�σ, n0 + �n, s) − logFC(�σ, n0, s)

� −kθ α2
0 �n �σ � −25 �n �σ (5)

This dependence is shown in Supplementary Figure S2 for
a DNA relaxation �� = 0.03, and yields an expression ra-
tio of around 2 between spacers differing by one nucleotide.
In transcriptomic analyses, promoters are grouped by their
spacer length n but differ by their overall sequence s, and the
resulting term (Rsc in Supp. Eq. S2) remains in the form of
strong statistical noise (Figures 4 and 5), imposing to work
with the proportion of activated promoters rather than di-
rectly with the fold-change values.

Measurement of mutant promoters’ responses to opposite su-
percoiling variations in vivo

230 bp sequences upstream of the pheP start codon were
synthesised with mutations in the spacer (GeneCust), and
individually cloned into pUCTer-luc plasmids upstream of
a luciferase reporter gene (luc) (Supplementary Table S1). E.
coli strain MG1655 cells were then transformed with these
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plasmids using a standard electroporation procedure. The
measurement protocol is described elsewhere (7). Briefly, E.
coli cells carrying the plasmids with the different promoters
were grown at 37◦C in LB medium in a microplate reader
(Tecan Spark). The OD600nm and luminescence were mea-
sured every 5 min to follow bacterial growth and promoter
expression, respectively. DNA relaxation was induced by
injecting 5 �l of novobiocin (50, 100, 150 and 200 �g/ml
final concentrations tested), whereas an increase in nega-
tive SC was induced by injecting 2 �l of seconeolitsine (25,
50, 75 and 100 �M final concentration tested) (35). The re-
sponses to these opposite DNA SC variations were then
computed by comparing the luminescence values (in trip-
licates) of the novobiocin or seconeolitsine-shocked strain
compared to the same strain injected with water (novo-
biocin solvent) or DMSO (seconeolitsine solvent), 60

′
or 5

′

after shock, respectively. The employed firefly luciferase has
a lifetime of around 45

′
in E. coli (36), and buffers the repres-

sive effect of novobiocin. Confidence intervals and p-values
were computed using Student’s distributions. Raw data-
points are provided in Supplementary Figure S3. We previ-
ously showed (7) that the presence of the employed plasmids
does not affect bacterial growth, and that results are not
affected by plasmid copy-number variations (we compute
relative expression levels between mutant promoters rather
than absolute levels, and consistent observations were ob-
tained in plasmid-borne or in chromosomal luciferase fu-
sions), in agreement with other studies (37,38). The em-
ployed plasmids are well established as reflecting the aver-
age SC level of the chromosome (39), and also specifically
in response to novobiocin-induced relaxation (40–42).

Parameter fitting in mutation data

In Figure 1B and 2B, for simplicity, the curves were drawn
based on the orientational contribution only (Eq. 1), with
the value �P = 543◦. In Figure 2B, the datapoints of
Borowiec et al. (43) with a 18-nt spacer fall on the predicted
line without adjustment, suggesting Qsp = 0 for these pro-
moters (see Eq. 5). The 19-nt spacer data of Aoyama et al.
(44) were fitted with a value Qsp(n, s) = 1.1 kBT (Supplemen-
tary Eq. S1), corresponding to a factor 3 in expression. A
putative interpretation of this additional cost is the elastic
(longitudinal compression) energy required in the spacer to
match the distance between RNAP binding sites (contained
in �Gsp in Eq. 2).

Expression fold-changes measured in microplates with
pheP-derived promoters were reproduced (Figure 3), start-
ing from a level � = −0.06, with an overtwisting magni-
tude �� = −0.02 (seconeolitsine), and a relaxation magni-
tude �� = 0.005 (novobiocin). This lower relaxation mag-
nitude probably partly reflects a buffering effect of the re-
porter system and should thus be considered as an effec-
tive value used in the modelling, as further suggested by the
lower repressive effect of novobiocin compared to batch cul-
tures (45). The spacer-independent effect of SC, Rsc (Eq. 6),
was estimated from the repression (novobiocin) and activa-
tion (seconeolitsine) level observed with the 17-nt spacer,
with values Rsc = 0.4 kBT and Rsc = −0.97 kBT correspond-
ing to activation factors of 0.67 and 2.1, respectively (Fig-
ure 3, 17-nt spacers). These presumably reflect the modula-

tion of promoter opening energy by the two opposite super-
helical variations (7).

Genome-wide analyses of spacer responses to supercoiling
variations

Transcriptomic responses to DNA relaxation or inherita-
ble SC variations were collected from the literature (Sup-
plementary Table S2). The curated map of E. coli promot-
ers with associated genes and spacer lengths was retrieved
from Ecocyc (46). Only �70-dependent promoters were re-
tained and classified depending on their spacer length and
response to the investigated condition, under standard sta-
tistical selection procedures (adjusted P-value < 0.05). For
transcriptomes of E. coli evolved strains, a less stringent P-
value threshold (0.1) was applied to have enough statisti-
cal power for the analysis (47). For other species, TSS maps
were retrieved from the literature (48–51), and the positions
of promoter elements were predicted using bTSSfinder (52);
details are given in Supplementary Information. The rela-
tion between promoter activation and spacer length was
quantified either by a Student’s t-test between activated and
repressed promoters (Figures 4A and 5B, C, Supplementary
Figure S4) or by linear regression (Figure 4B). All computa-
tions were carried using a homemade Python package. All
error bars shown are 95% confidence intervals.

RESULTS

Regulatory model of -35/-10 alignment during closed-
complex formation

Following previous works (8,26), we hypothesised that, for a
simultaneous binding of the −35 and −10 hexamers by the
RNAP holoenzyme during closed-complex formation, an
intermediate state must be achieved where the spacer DNA
is (un)twisted to a favourable orientation (Figure 1A). We
translated this notion into a quantitative regulatory model,
based on a thermodynamic description of transcription (11)
where this contribution can be computed from the torsional
energy of spacer DNA, while RNAP is assumed to impose
an optimal angle between the two sites. Treating DNA as a
homogeneous polymer of known torsional stiffness, this en-
ergy depends on the spacer length and its superhelical state
before RNAP binding, and the only adjustable parameter is
the optimal angle of RNAP (Figure 1A, detailed hypothe-
ses and equations are given in Materials and Methods and
Supplementary Information).

Since SC affects transcriptional activity at many other
steps of the process (promoter opening, escape, elongation,
etc), we assume these other regulatory effects to be indepen-
dent of the spacer length. Similarly, all other mechanisms by
which the spacer length and sequence modulate transcrip-
tional activity (e.g. variable longitudinal distance between
−35 and −10 elements, 3D deformations, specific interac-
tions with RNAP within the closed-complex, etc.) are as-
sumed to be independent of the superhelical state of the
promoter preceding RNAP binding. Based on these simpli-
fying assumptions, the modulation of the torsional angle
between the −35 and −10 hexamers is the only mechanism
of coupled dependence between spacer length and SC, and
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Figure 2. Comparison of in vitro transcription assays to model predictions.
(A) Left panel: relative activities of promoters with 17- and 19-nt spacers
(blue and red, respectively) depending on SC level �, data from (44). Right
panel: activity of promoters with 18-nt and 17-nt spacers (green and blue,
respectively, data from (43)). (B) Transcription model predictions (solid
lines) compared to the normalised in vitro promoter expression data from
(44) (red diamonds) and (43) (green dots). Each datapoint was divided by
the corresponding value obtained in the reference mutant promoter with
a 17-nt spacer (see text). The slopes of the lines are parameter-free and
proportional to n − 17 (where n is the spacer length), while the intercepts
are promoter sequence-specific (see Materials and Methods).

the quantitative contribution of the spacer length to the SC-
sensitivity of the promoter can be computed without any
adjustable parameter, as developed in the following. The va-
lidity of these hypotheses should then be tested by compar-
ing the predictions to available data, and may also depend
on the specific promoter sequences.

The first prediction is the quantitative magnitude of this
regulatory contribution. Geometrically, the large size of the
spacer (around 17 nt) compared to that of many dimeric
TFs (such as Fis or CRP, 8−10 nt) implies that physiologi-
cally relevant superhelical variations (of around ±0.06) are
sufficient to induce a quantitative regulatory effect (same
magnitude as an addition/removal of one nucleotide in the
spacer, 17 × 0.06 � 1). In turn, this regulatory effect is tuned
by the mechanical cost of aligning an ill-oriented spacer
(e.g. the 18-nt spacer in the left panel of Figure 1 A), which
depends on the experimentally known value of the torsional
stiffness of DNA (31). Figure 1B shows that, after compu-
tation, the addition/removal of one nucleotide in the spacer
corresponds to a factor of around 2 in promoter expression
(e.g. compare the 18 versus 17 nt spacers at � = −0.06).
While this value is milder than the ‘on/off’ regulation of
many TFs affecting specific promoters, it is sufficient for a
biologically relevant effect, especially if this factor affects
RNAP activity in a global manner. This magnitude also
approximately matches the observed effect of varying the
spacer length (Supplementary Figure S1). But importantly,
while the deformation energy has a symmetrical effect on
the expression of spacers either too long or too short (same
value of 16 and 18 nt spacers at � = −0.06), the orienta-
tional effect of SC affects them in opposite directions, with
short spacers being activated at relaxed levels (left) while
long spacers are rather activated at highly negative levels
(right).

In vitro validation of model predictions on mutant promoters

In order to rigorously test the model, we developed an anal-
ysis of previously obtained in vitro transcription data in-
volving spacer length mutants of model promoters. In this
experimental protocol, plasmid templates containing lacPs-

derived promoters (43) and PSC-derived promoters (44)
were prepared at well-defined superhelical densities and in-
cubated with RNAP, minimising the effect of external reg-
ulatory factors. The raw datapoints (Figure 2A) exhibit a
clear (spacer length-independent) tendency of activation by
negative SC, which likely reflects the facilitated melting of
the sequence downstream of the −10 element during open-
complex formation (7) and possibly other regulatory contri-
butions, here assumed to be independent of spacer length.
To eliminate these other factors and allow a direct compari-
son with the model, we therefore normalised each datapoint
by the one obtained at the same � with the reference 17-nt
spacer length (Figure 2B; by construction, the blue curve is
flat, see rigorous theoretical analysis in Materials and Meth-
ods, Eq. 5). The prediction is a linear dependence of the
datapoints (coloured lines), where the slopes are set by the
DNA torsional stiffness value without any free parameter,
and proportional to (n − 17), where n is the spacer length. In
particular, the slope of the 19-nt spacer line is twice that of
the 18-nt one (both activated by negative SC), and similarly
for 15- and 16-nt spacers with negative values (repression
by negative SC). Remarkably, the datapoints from two in-
dependent datasets obtained with different promoters (with
18- and 19-nt spacers) align along the predicted slopes with-
out any adjustment. Since these slopes reflect the torsional
elasticity of DNA, this observation gives a strong support
to our hypothesis that this elasticity is indeed the key regu-
latory parameter in this process (whereas the intercepts of
these lines reflect promoter-specific features, see Materials
and Methods).

In the study by Aoyama et al. (44), the same data were
also collected with 16-nt spacers, but, in direct contrast to
our predictions, these are slightly more activated at strong
SC levels (Figure 2, purple datapoints). Together with the
previous ones, this observation suggests that our hypothe-
ses may be valid for some spacer lengths (18 and 19 nt),
but fail for 16-nt spacers. Possible reasons and biological
implications are developed in the Discussion, but briefly,
the latter behaviour can be expected if their differential SC-
sensitivity is dominated not by the orientational deforma-
tion of DNA during closed-complex formation as we as-
sume but, for example, by other mechanisms occurring dur-
ing open-complex formation. The question then arises, if
this deviation is a feature of short spacers in general, thus
strongly reducing the usefulness of our model, or if it is an
exception of 16-nt spacers or of this particular promoter.
We therefore ran additional in vivo experiments on mutant
promoters containing opposite spacer lengths of 15 and 19
nucleotides.

In vivo validation with opposite superhelical variations

We constructed spacer length mutants of the pheP pro-
moter of E. coli, with a 17-nt (native), 15-nt (two deletions)
or 19-nt spacer (two insertions, Supplementary Table S1).
This promoter is SC-sensitive (45) and not regulated by any
identified TF (46), and is thus a relevant candidate for this
regulation mechanism based on the basal interaction with
RNAP. Promoters were fused on plasmids in front of a lu-
ciferase reporter gene (Figure 3 A), and their expression was
recorded in E. coli cells grown in LB rich medium in a mi-
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Figure 3. Responses of pheP-derived mutant promoters of variable spacer
length to opposite SC variations. (A) Promoter sequences were synthesised
from pheP (E. coli), with mutated spacers of different lengths. They control
the expression of a luc gene encoding firefly luciferase, generating lumines-
cence from luciferin substrate. (B) Promoter expression monitored in a mi-
croplate reader (bacteria carrying plasmids with pheP native promoter in
LB medium), with a novobiocin shock applied in mid-exponential phase
(time point quoted ‘shock’) at different sublethal concentrations. (C) same
as (B), with a seconeolitsine shock performed at different sublethal concen-
trations, which induces a stronger and more transient expression variation.
(D, E) Expression fold-changes computed 60

′
(time point quoted ‘exp.’)

after novobiocin shock (200 �g/mL), or 5
′

after seconeolitsine shock (100
�M) from the experiments (upper panels), or predicted by the model (lower
panels) assuming SC variations compatible with the observed expression
variations levels (see Materials and Methods). All raw datapoints are in
Supplementary Figure S3.

croplate reader. Expression levels were computed shortly
after treatment by the gyrase inhibitor novobiocin (3) or
the topoisomerase I inhibitor seconeolitsine (35,53) applied
during exponential phase (Figure 3B, C). These drugs in-
duce opposite SC variations in E. coli, DNA relaxation and
overtwisting respectively (35), and thus provide comple-
mentary and independent tests of our predictions. Again,
for a rigorous analysis of the data, we derived several
parameter-free predictions (see dedicated paragraph in Ma-
terials and Methods, Eq. 7).

The native pheP promoter was repressed by novobiocin-
induced DNA relaxation (Figure 3B), in agreement with
previous data (45), and was activated by seconeolitsine (Fig-
ure 3C); both effects increased with the applied dosage. This

result might be explained by SC-assisted promoter open-
ing (7), as in the in vitro data above. Note that the horizon-
tal scale differs in the two plots because the shocks were ap-
plied at slightly different times, just after (resp. before) the
maximal expression peak of pheP, in order to obtain repro-
ducible (opposite) fold-change values with the two drugs.
As a result, the growth stages of the cells might differ slightly
between the two experiments, with only minor effect ex-
pected (optical densities of 0.55 versus 0.48 at shock time,
see Supplementary Figure S3). The relatively modest (but
highly significant) repression levels in response to novo-
biocin are due to a buffering effect of the reporter system
(see Materials and Methods). Next, comparing the regu-
latory effect of the shocks on the mutants vs native pro-
moter, we observed that novobiocin represses the 19-nt-
spacer promoter with much stronger magnitude, whereas
the 15-nt promoter was almost insensitive to DNA relax-
ation (Figure 3D), following model predictions. Conversely,
under seconeolitsine-induced DNA overtwisting, the acti-
vation fold-change was strongest for the 19-nt promoter,
and very low for the 15-nt promoter (Figure 3E). These
four independent observations (differential effect of either
superhelical variation on a shorter or longer spacer) were
quantitatively reproduced by fitting the magnitude of the
effective superhelical variations induced by the drugs (Fig-
ure 3D, E, one fitted parameter for each shock, see Mate-
rials and Methods). These results confirm, after the in vitro
data above, the prediction that 19-nt spacers are favoured
by strong negative SC levels, and 15-nt spacers are rather
favoured by DNA relaxation. The opposite behaviour of 16-
nt spacers noted above thus seems to be an abnormal case
where our hypotheses break down, and these promoters will
therefore be disregarded in the upcoming analyses (see Dis-
cussion). For all other spacer lengths, since the proposed
mechanism relies on the basal interaction between RNAP
and promoter elements, we then wished to enlarge the anal-
ysis to the entire genome of E. coli, in order to test its valid-
ity and relevance at the global scale.

Global effect of the spacer in promoter SC-sensitivity

We first looked at the variability of spacer lengths among
�70-dependent promoters of E. coli, based on an available
curated promoter map (46). We focused on �70 since it is
predominant in the exponential phase where the analysed
samples were collected. The most frequent spacer length
is 17-nt (27% total promoters) and most others are dis-
tributed between 15- and 19-nt (Supplementary Figure S5),
and we therefore focused on that range in all analyses.
Based on the results above, we hypothesised that promoters
with short spacers would be more activated by DNA relax-
ation than those harbouring long ones (Supplementary Fig-
ure S2). However, in contrast to the mutation studies above,
genome-wide analyses involve the comparison of promoters
differing by many additional factors beyond their spacer, in-
cluding genomic context, surrounding sequences, bindings
of transcriptional regulators, etc. We thus searched for a
statistical relation between promoter selectivity during SC
variations and spacer length, rather than a prediction valid
for each analysed promoter (see theoretical analysis in Ma-
terials and Methods).
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Figure 4. Genome-wide relation between spacer length and promoter se-
lectivity during DNA relaxation in E. coli. (A) Comparison of the mean
spacer lengths of �70-dependent promoters activated (act), not signifi-
cantly affected (non) or repressed (rep) by norfloxacin-induced DNA relax-
ation (LZ54 versus LZ41 strains (45)). As expected from our modelling for
a DNA relaxation, activated promoters have significantly shorter spacers
compared to repressed ones (P = 0.007). (B) Proportion of activated pro-
moters among those responsive to DNA relaxation, depending on their
spacer length (linear regression P = 0.07). As observed in in vitro data
above (Figure 2), 16-nt spacers (in grey) do not follow the model and were
excluded from statistical analyses (see Discussion).

In E. coli, the transcriptomic response to DNA relax-
ation was obtained with DNA microarrays (45), after a
norfloxacin shock in two alternate topoisomerase mutant
strains (54). The analysis shows that promoters activated by
DNA relaxation indeed harbour significantly shorter spac-
ers than repressed ones (Figure 4A, P = 0.007). Accord-
ingly, classifying the promoters based on their spacer length
(Figure 4B) exhibits a clear decreasing tendency (correla-
tion P = 0.07). The relatively high level of noise is due to
the heterogeneity of promoter sequences within each group,
and also likely to a fraction of inaccurately annotated pro-
moters, since a single-nucleotide resolution in the definition
of −10 and −35 hexamers is required for an accurate anal-
ysis but not always achieved, especially since the −35 ele-
ment is not always well-defined (15). As expected from the
observations above, the 16-nt spacers again deviate from
the model predictions (they were excluded from statistical
analyses, see Discussion for a functional analysis of these
promoters). For all others, these results suggest that, at the
global scale, the variability of spacer length is used by bacte-
rial cells for the selectivity of promoters in response to DNA
relaxation.

Analysis of transcriptomic data in various species

Since the investigated mechanism relies on highly conserved
molecular actors, RNAP and topoisomerases, it might af-
fect a particularly broad range of bacterial species, and we
therefore wished to extend this analysis to other organisms.
But while the transcriptomic response to DNA relaxation
induced by gyrase inhibitors has been recorded in several
species (3), curated and accurate promoter maps are gen-
erally lacking. We therefore based our analysis on avail-
able maps of transcription start sites (TSS) obtained from
specifically designed transcriptomic data (Supplementary
Table S2), followed by a scan for promoter motifs (52). We
thus obtained a list of putative promoters with associated
� factors and associated spacer lengths for two other enter-
obacteria, Salmonella enterica and the phytopathogen Dick-
eya dadantii, and at a drastically larger evolutionary dis-

tance, for the cyanobacterium Synechococcus elongatus and
the small tenericute Mycoplasma pneumoniae. However, it
must be noted that promoter prediction programs perform
poorly in the detection of -35 elements: using the E. coli
promoter map as a benchmark dataset, we found that the
predicted −35 position deviated from the annotated one
in around 50% promoters. In other species, this inaccuracy
presumably resulted in a much higher level of statistical
noise than in the annotated E. coli promoters above. In spite
of this difficulty, a difference of spacer length in the same di-
rection as in E. coli was observed in all investigated species
(Supplementary Figure S4), albeit with weaker magnitudes
and levels of statistical significance. Altogether, while im-
provements in promoter definition are clearly required for a
solid conclusion, this systematic observation suggests that
the variability of spacer length might indeed underpin a se-
lective activation and repression of promoters by global SC
variations throughout the prokaryotic kingdom.

Inheritable selection of promoters based on the spacer length

We finally investigated if the present mechanism could be
involved not only in transient DNA relaxation responses
induced by antibiotic shocks, but also in inheritable vari-
ations of global gene expression in the longest-running evo-
lution experiment (55,56). Indeed, in this experiment in-
volving the growth of E. coli cells in a daily refreshed min-
imal medium, point mutations affecting the SC level were
quickly and naturally selected as they provided substantial
fitness gains (55). A first mutation (in topA) was fixed be-
fore 2000 generations, and a second mutation (in fis) before
20 000 generations, both leading to an inheritable increase
of negative SC (Figure 5A). Based on our modelling and
the previous observations, we therefore expected promoters
with a long spacer to experience enhanced expression in the
evolved strains compared to the ancestor. Such a relation
is indeed observed, both after 2000 generations (Figure 5B,
P = 0.04) and 20 000 generations (Figure 5C, P = 0.026).
The signal is significant but slightly weaker than that ob-
served with antibiotics (Figure 4); this may be explained by
the inheritable (rather than transient) nature of the SC vari-
ation, which induces an adaptive response of the cells via
other regulatory pathways. Again, these results suggest that
promoters of different spacer lengths respond differently to
SC variations due to, for example, mutations in topoiso-
merase genes that are observed even between closely related
species (57), according to predictable rules.

DISCUSSION

While the spacer length and sequence are known to mod-
ulate transcriptional activity, we wished to quantitatively
model and test the long-proposed idea (8,43,44) that SC
plays a specific role in this process through a simple ori-
entational effect during closed-complex formation. This ef-
fect indeed emerged as a predictable quantitative signal,
both in specifically designed mutant promoter assays, and
as a statistical tendency in whole-genome data. The model
and the latter results altogether suggest that this mechanism
has a widespread relevance in bacterial transcription, al-
though more detailed and comprehensive analyses will be



7294 Nucleic Acids Research, 2022, Vol. 50, No. 13

Figure 5. Contribution of the spacer to the global selectivity of promoters
by inheritable increase of negative supercoiling in E. coli. (A) Reproduced
from (47). Strains from the longest-running evolution experiment (56):
606 (ancestral genetic background), 2K (clone isolated from population
at 2000 generations), 20K (at 20 000 generations). Evolved strains exhibit
higher chromosomal SC density � compared to the ancestor, due to the
natural acquisition of two point mutations: one in topA before 2000 gener-
ations (among the five observed), and one in fis before 20,000 generations
(among the 45 observed). Those mutations are associated to fitness gains
through global expression changes (47). (B) Comparison of mean spacer
lengths for promoters activated (act), not significantly affected (non) or
repressed (rep) in the 2K evolved strain compared to the ancestor. As
expected from our modelling for an increase of negative SC, activated
promoters have longer spacers compared to repressed ones (P = 0.04).
(C) Same for the 20K evolved strain compared to the ancestor, where the
same difference is observed (P = 0.026). The wider confidence intervals
for repressed promoters result from their lower number in the investigated
conditions.

required to confirm it in various species. Interestingly, the
underwinding of promoter DNA upstream of the melted
region was observed also in the closed-complex at eukary-
otic promoters, between +10 and +20 nt after the TATA
box (58). Since eukaryotic RNA Polymerases present many
structural similarities with bacterial RNAP, and since SC
is also ubiquitous in eukaryotic chromosomes, comparable
regulatory mechanisms involving the torsional register of
DNA might thus also play a regulatory action in eukary-
otic transcription.

Limitations of the regulatory model: the case of 16-nt spacers

The model was based on the hypothesis that the investi-
gated mechanism (torsional orientation of −10 and −35
binding sites) could be decoupled from both (i) further reg-
ulatory effects of SC (assumed to be independent of the
spacer length) and (ii) further modulating effects of the
spacer length and sequence (assumed to be independent of
SC). These hypotheses, already supported by a collection
of qualitative observations on individual promoters (8), are
validated here a posteriori by the quantitative agreement
between model predictions and analysed data of different
kinds. A notable exception, however, are promoters involv-
ing 16-nt long spacers, for which all observations converge
to an opposite behaviour resembling that of long spacers
(Figures 2 and 4B). It does not imply that the proposed
mechanism does not occur for this family of promoters, but
possibly that its effects are overcome by a stronger oppo-
site regulatory effect of SC at a later stage of transcription,
in particular during open-complex formation where differ-
ent elements of the promoter make extensive and complex
contacts with RNAP, and the destabilisation of the dou-
ble helix by SC has a drastic influence on the expression
level (7,13,59).

Interestingly, a well-studied class of promoters involving
16-nt spacers are those encoding stable RNAs in E. coli,

subject to stringent control (both P1 and P2 promoters of
all seven ribosomal operons and most promoters of tRNAs,
based on the EcoCyc database). These experience a strong
repression by ppGpp as well as DNA relaxation occurring
in the cell upon transition to stationary phase (60–62). Both
effects were attributed to the unusual kinetics of promoter
opening and escape due to their G/C-rich ‘discriminator’
sequence inducing unusual interactions with RNAP in the
open-complex (59,63,64). We note however that, based on
the observations above, the repressive effect of DNA relax-
ation is also favoured by the 16-nt long spacer of these pro-
moters (Figures 2 and 4), and both elements (discrimina-
tor and spacer) might thus contribute to their behaviour. To
further test this hypothesis, we looked if a similar relation
exists among promoters of protein-encoding genes. Indeed,
we found that those containing 16-nt spacers exhibit sig-
nificantly G/C-richer discriminators compared to all other
promoters (Supplementary Figure S6, P < 0.001), suggest-
ing a tight relation between both properties, and defining
a subclass of promoters containing 16-nt long spacers and
G/C-rich discriminators. It is conceivable that this subclass
experiences a specific pathway in transcription initiation, re-
sponsible for its peculiar SC-sensitivity beyond the range
of our model. Indeed, increasing the spacer from 16- to
17-nt enables the formation of an intermediate state with
untwisted -10 element (but no opening of the promoter),
which might then provide torsional energy facilitating the
melting of the downstream region during open-complex for-
mation (65). In the open-complex, the reactivity of spacer
DNA to potassium permanganate or DMS was also shown
to depend on its length or sequence (24,66). Altogether, be-
sides its role in the torsional register of the −10 and −35
elements for closed-complex formation, the untwisting of
the spacer may also affect subsequent steps of transcription
initiation, particularly in the case of promoters containing
a 16-nt spacer.

Additional factors influencing the relative orientation of
−10/−35 elements

While we focused on the effect of SC on the direct in-
teraction of RNAP with promoter DNA, the (un)twisting
of the spacer has been proposed as the mechanistic basis
for the regulatory action of several TFs, including MerR,
which regulates the (mer) operon encoding components
of the mercury (Hg) resistance system (28). The mer pro-
moter includes a MerR binding site overlapping −35 and
−10 elements, separated by a 19-nt spacer, and this un-
usual length was shown to be essential for normal ac-
tivation by MerR (67). In the absence of Hg(II), MerR
binds to the mer promoter in its repressor conformation.
The presence of Hg(II) causes a conformational change in
MerR and, in turn, the untwisting of DNA and reorien-
tation of -35/-10 sites for effective open-complex forma-
tion (28). In agreement with this model, a global increase
in negative SC facilitates MerR-mediated activation, im-
pedes MerR-mediated repression, and conversely for DNA
relaxation (68). The same mechanism presumably applies to
other metal-dependent regulators (28,69), to the activation
of the 19-nt spacer mom promoter by the C protein of bacte-
riophage Mu (70), and to the activation of the 19-nt spacer
soxS promoter by the SoxR regulator of E. coli (71). The
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general elastic model proposed here may thus be enriched
to include these more specific actors.

Effect of spacer sequence on −35/−10 alignment by RNA
Polymerase

Apart from the limitations mentioned above, we only con-
sidered how SC modulates the relative torsional orientation
of −10 and −35 elements depending on the spacer length,
and neglected any effect of its base sequence. However, the
latter has been shown to affect the transcriptional activity
of various promoters (19–23). The torsional orientation be-
tween the −35 and −10 hexamers, considered in this study,
might contribute to this sequence-dependent regulation,
especially since the crystallographic structures of DNA
oligomers collected in the Nucleic Acids Database exhibit
a strong variability of twist angles (by a factor of around
2) among dinucleotides of different sequences (31). We
therefore extended our model to implement these sequence-
dependent values (32), and estimate the resulting adjust-
ment of the regulatory effect of SC, for all �70-dependent
promoters of E. coli (Supplementary Figure S7, with de-
tails of the computation in Supplementary Information).
Overall, the maximal span of the sequence contribution re-
mains weaker than the gain/loss of one nucleotide in the
spacer (Supplementary Figure S7A), confirming our hy-
pothesis that the effect of the spacer sequence is weaker than
that of its length (for the considered orientational angle).
More precisely, we asked if this modulation results from the
sequence-induced heterogeneity of the average twist angle
(i.e. the DNA structure, �0 in Eq. 1) or stiffness (i.e. elastic-
ity, k�), or both. Imposing a sequence-averaged value to ei-
ther of these two parameters (Supplementary Figures S7B,
C) showed that that the sequence-dependence of DNA stiff-
ness alone has almost no regulatory effect (Supplementary
Figure S7B). The sequence thus contributes mostly by mod-
ulating the total twist angle of the spacer, i.e., its average
structure rather than its elasticity. As noted, this modula-
tion yet remains modest compared to that induced by the
variability in spacer length.
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