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SUMMARY

A canonical quantitative view of transcriptional regu-
lation holds that the only role of operator sequence is
to set the probability of transcription factor binding,
with operator occupancy determining the level of
gene expression. In this work, we test this idea by
characterizing repression in vivo and the binding
of RNA polymerase in vitro in experiments where
operators of various sequences were placed either
upstream or downstream from the promoter in
Escherichia coli. Surprisingly, we find that operators
with a weaker binding affinity can yield higher re-
pression levels than stronger operators. Repressor
bound to upstream operators modulates promoter
escape, and the magnitude of this modulation is
not correlated with the repressor-operator binding
affinity. This suggests that operator sequences may
modulate transcription by altering the nature of
the interaction of the bound transcription factor
with the transcriptional machinery, implying a new
layer of sequence dependence that must be con-
fronted in the quantitative understanding of gene
expression.

INTRODUCTION

Cells control how much, when and where to express a gene in

response to changes in their intracellular and extracellular envi-

ronments. A variety of mechanisms are employed to exert this

control at each of the steps along the path from DNA to active

protein (Alberts, 2008). An important mechanism of gene regula-

tion in bacteria acts through transcription factors that bind to
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specific sites in the promoter region, the sequence of DNA

immediately upstream of genes, where RNA polymerase binds.

As a result of interactions or steric interference between tran-

scription factors bound to these sites and RNA polymerase,

activation or repression of transcription ensues (Bintu et al.,

2005b; Ptashne and Gann, 2002). Indeed, an important activity

of modern genome science is finding transcription factor binding

sites and determining the rules by which promoter architecture,

i.e., the position and sequence of these binding sites, dictates

the level of the gene expression (Buchler et al., 2003; Segal

and Widom, 2009).

It is often assumed that that the role of operators is simply to

act as docking sites for transcription factors, recruiting them to

the promoter region (Meijsing et al., 2009). In this view, which

we here term the ‘‘occupancy hypothesis’’ the sequence of

the operator simply determines its binding affinity for its target

transcription factor. This binding affinity, together with the con-

centration of active transcription factors and the interactions

with other DNA-binding proteins, determines the occupancy of

the operator which, in turn, is thought to influence the level of

transcriptional regulation exerted by the transcription factor

(Alberts, 2008; Bintu et al., 2005b; Buchler et al., 2003; Davidson,

2006). For example, in Figure 1A we consider promoters pre-

senting binding sites of different affinities for a repressor. Given

these binding affinities the intracellular number of active repres-

sors will determine the probability of finding the repressor bound

to each one of the operators. As a result, the shape of the input-

output function, that is, the level of output gene expression as

a function of the input concentration of repressors, will reach

the same level of repression at different repressor concentra-

tions, which are determined by the binding affinities of the oper-

ators. A promoter that contains a strong operator, a site on the

DNA that binds the transcription factor tightly, is expected to

require a lower intracellular concentration of the transcription

factor to reach the same level of repression (or activation) as
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Figure 1. The Occupancy Hypothesis for the Action of Transcription Factors and Its Predictions for Gene Regulation

(A) Binding sites of different affinity lead to different occupancies as a function of the number of repressors with weaker operators requiring higher repressor

number to achieve the same occupancy. The shapes of both the occupancy and gene expression curves as a function of the number of repressors depend on

the operator binding affinity. However, all these curves collapse onto a single universal curve when the level of gene expression is plotted as a function of

operator occupancy. Note that the use of repression to make this point is inconsequential and that the same point can be made using activation of gene

expression.

(B) An alternativemodulation of regulatory architecture can stem frommoving the binding site with respect to the promoter by keeping the operator binding affinity

constant. In this case, the probability of finding repressor bound to the operator (operator occupancy) should presumably be the same for both constructs. The

positioning of the operator, however, is expected to modulate the nature of the interaction between the repressor and the transcriptional machinery leading to

different input-output functions for each regulatory architecture.
a promoter that has a weaker operator (Bintu et al., 2005a,

2005b; Buchler et al., 2003; Vilar and Leibler, 2003). Quantita-

tively, this can be expressed by saying that the level of tran-

scription is determined by the binding probabilities of these

transcription factors to the DNA, as shown in Figure 1A. As

a result, a key prediction of the occupancy hypothesis is that

when plotting the level of gene expression as a function of the

operator occupancy the curves corresponding to different oper-

ators, regardless of their affinity, will all collapse onto a master

curve as shown in Figure 1A.

The effect of themodulation of the affinity of an operator as the

surrounding sequence context is kept constant is not to be

confused with the effect of moving a given operator with respect
to the promoter while leaving its affinity constant, shown dia-

grammatically in Figure 1B. Because the affinity is kept constant

one would, in principle, expect the probability of finding the tran-

scription factor bound to the operator in each of the constructs

exemplified in Figure 1B to be the same as a function of the

transcription factor concentration. However, we expect the rela-

tive positioning of the operator and promoter to modulate the

nature of the interaction between the transcription factor and

the transcriptional machinery. As a result, the shape of the

input-output function of each regulatory architecture will, in

principle, differ.

From the point of view of transcriptional regulation described

above it follows that once the occupancy of binding sites by
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transcription factors within a regulatory region is determined

and the effect of the bound transcription factor on the tran-

scriptional machinery is known, the resulting level of gene

expression can be calculated (Bintu et al., 2005b; Buchler

et al., 2003; Segal et al., 2008; Vilar and Leibler, 2003). This

view of transcriptional regulation has been challenged by

recent results in eukaryotic cells that demonstrated that the

affinity of transcription factors for different cofactors can be

modulated by the sequence of the transcription factor binding

site (Lefstin and Yamamoto, 1998; Meijsing et al., 2009). This

suggests that in order to fully understand the function of a regu-

latory region, the effect of operators on the nature of the inter-

action between transcription factors and the transcriptional

machinery may have to be considered in addition to finding

their position in the genome and their affinity for transcription

factors.

Despite this recent evidence, many quantitative studies

both in the bacterial and eukaryotic context, make explicit or

implicit use of the occupancy hypothesis in order to describe

the action of transcription factors on the level of gene expression

(Ackers et al., 1982; Amit et al., 2011; Davidson, 2006; Garcia

and Phillips, 2011; Gertz et al., 2009; Ptashne and Gann, 2002;

Segal et al., 2008; Zinzen et al., 2009). Indeed, every time that

the rate of protein production is written in terms of Hill functions,

for example, this occupancy hypothesis has been made implic-

itly (Ca�gatay et al., 2009; Elowitz and Leibler, 2000; Fowlkes

et al., 2008; Gardner et al., 2000; Klumpp et al., 2009; Kuhlman

et al., 2007; Novák and Tyson, 2008; Tsai et al., 2008). As

a result, such quantitative descriptions of transcriptional regula-

tion are at least potentially incomplete and not on par with our

current qualitative knowledge of the nuanced role of operator

sequence beyond that of determining binding affinity.

In the remainder of the study, we demonstrate a form of

modulation in transcriptional regulation that is at odds with

the traditional operator occupancy viewpoint, suggesting that

the canonical picture is incomplete. We do this by adopting

a synthetic biology approach, in which we deliberately tune

operator position, operator strength and transcription factor

copy number in order to systematically traverse the parameter

space of the simple repression architecture (i.e., the case in

which a repressor regulates a promoter through the presence

of a single binding site in its vicinity) by Lac repressor. This

repressor is one of the best understood transcription factors

(Müller-Hill, 1996). Through systematic in vivo gene expression

measurements, in vitro single molecule experiments, and theo-

retical modeling we show that when the repressor binds

upstream from the promoter the choice of the sequence of its

operator binding site influences the rate of synthesis of

mRNA, but that the extent of repression does not respect the

rank ordering of the strength of the different operators in the

way predicted by the occupancy-based model of regulation

(Figure 1A). As a result, we expand the quantitative view for

the role of operator sequence in the context of the paradig-

matic Lac repressor-operator interaction. In this context, oper-

ator sequence acts not only to determine the occupancy of

DNA binding proteins, but also affects the nature of the interac-

tions between the transcription factors and the transcriptional

machinery.
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RESULTS

Operator Position Leads to Different Repression
Behaviors
In Escherichia coli, genome-wide studies have resulted in an

atlas of binding sites for both repressors and activators that

give a picture of the diversity of binding site arrangements

even in the case of simple repression. For example, in Figure 2A

we show a histogram of the positions of repressor binding sites

that regulate promoters through simple repression in E. coli

(Gama-Castro et al., 2008; Madan Babu and Teichmann,

2003). As can be seen from this histogram the simple repression

motif may be able to act over a wide range of positions relative to

the polymerase start site.

In order to investigate the effects of lac operator position rela-

tive to the polymerase binding site, we carried out systematic

gene expressionmeasurements for different operators as a func-

tion of their position relative to the transcription start site with

single base pair resolution. Examples of the parameters varied

in the construct library used to assay the effect of operator

positioning on repression are shown schematically in Figure 2B,

whereas a more detailed version including the sequences is

shown in Figures S1A–S1C. We used the lacUV5 promoter,

which is a mutant of the lac promoter that does not require

activation by CRP (Müller-Hill, 1996). This promoter controls

the expression of the YFP or lacZ gene, which we use to quantify

the level of gene expression.Wemeasure the regulatory effect of

Lac repressor as repression, which is defined as

Repression=
ExpressionðR= 0Þ
ExpressionðRs0Þ; (Equation 1)

where R is the intracellular number of repressors. When the

operator is moved downstream from the transcriptional initiation

site, the level of repression is relatively independent of position

until the center of the operator reaches +16 as shown in Fig-

ure 2C. At these downstream positions, Lac repressor might

be acting by the same mechanism as it does at +11, where it

blocks open complex formation or an earlier step in initiation

(Sanchez et al., 2011; Schlax et al., 1995). However, it is also

possible that as the repressor is moved from its wild-type posi-

tion repression might be realized through different mechanisms,

as has already been shown for a variety of transcription factors

(Hochschild and Dove, 1998; Pavco and Steege, 1990, 1991;

Rojo, 1999), possibly affecting any of the various steps in tran-

scription initiation or elongation as shown schematically in

Figures S2A and S2B (Elledge and Davis, 1989; Lopez et al.,

1998).

By way of contrast, when the operator is moved to positions

upstream from the initiation site, the level of repression strongly

depends on the location of the operator and the variation in

repression is substantial, with at least a 15-fold effect between

the peaks and valleys and with the valleys corresponding to no

repression (Figure 2C). Interestingly, the repression profile

shows two peaks, with a separation between them of �10–

11 bp, intriguingly close to the helical period of the double

stranded DNA helix (Amit et al., 2011; Becker et al., 2005; Lee

and Schleif, 1989; Müller et al., 1996). We find a maximum
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Figure 2. Operator Position Leads to Different Repression Behavior Upstream and Downstream from the Promoter

(A) Histogram of the positions of transcription factor binding with respect to the transcription start site of the regulated promoter (Gama-Castro et al., 2008). For

reference, the DNase footprint of RNA polymerase in the open complex is overlaid in light blue (Straney and Crothers, 1987).

(B) Schematic of the parameters that may be tuned in vivo in order to elicit different levels of gene expression within the simple repression architecture.

(C) Repression as a function of operator position for an O1 and an Oid operator sequence.

(D) Unlike the case of repression for an operator located at +11, the input-output function of repression at�50 shows saturation. The lines are fits of the +11 data

to Equation S6 and of the�50 data to Equation S7. The positions are defined as the distance between the center of the operator and the lacUV5 transcription start

site. Error bars are SD over multiple repeats.

See also Figures S1 and S2.
repression level when the operator is centered at�50 base pairs

upstream from the initiation site, with another smaller peak at

�61. Our results are qualitatively consistent with previous

studies on the effect of lac operator position on repression

(Besse et al., 1986; Bond et al., 2010; Elledge and Davis,

1989). For a detailed comparison of previous results to our

work please refer to the Extended Experimental Procedures

and Figures S1D and S1E.

In order to better understand how operator location affects the

input-output function, we measured repression as a function of

the intracellular number of repressors over almost two orders

of magnitude in the number of repressors (Garcia and Phillips,

2011) for two selected locations, one downstream at +11, the

wild-type position of O1 in the lac promoter, and one at �50,

where the peak of maximum upstream repression lies. As shown

in Figure 2D, the two operator locations differ both qualitatively

and quantitatively in the nature of their input-output function.

For the +11 location, the repression factor grows linearly with

the intracellular number of repressors. This behavior is expected

for the repression mechanism based on blocking of open

complex formation or of an earlier step in initiation, as discussed
by Garcia and Phillips (2011); Sanchez et al. (2011); Vilar and

Leibler (2003) and shown in Equation S6. A detailed description

of this model in the context of simple repression for the

constructs described above can be found in the Extended

Experimental Procedures, Figure S3A, and Garcia and Phillips

(2011).

In contrast, for the operator at �50 we found that the repres-

sion factor grows with repressor copy number only until it

saturates. This result cannot be explained by a competition

between Lac repressor and RNA polymerase, and suggests

that RNA polymerase can bind to the promoter and initiate

transcription even when Lac repressor is bound, although the

overall transcription rate (i.e., the number of mRNA transcripts

produced per unit of time) is reduced by the presence of the

repressor to a low, basal level, about 40-fold less than the unreg-

ulated level. Thus, a direct prediction of this hypothesis is that

Lac repressor does not completely inhibit the formation of stable

RNA polymerase-promoter complexes when bound at �50.

It is important to note, however, that the data obtained with

the operator at +11 could also accommodate a saturating

behavior. In the Extended Experimental Procedures and
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Figure 3. Upstream Repression through

Lac Repressor-RNA Polymerase Ternary

Complex Formation

(A) In vitro single molecule experiments in which

the occupancy of RNA polymerase on the pro-

moter DNA is quantified by fluorescently labeling

each molecular species (Sanchez et al., 2011).

(B) Representative fields of view are shown where

the occupancy of RNA polymerase on DNA is

measured for the constructs with O1 located

at +11 and�50 preincubated with and without Lac

repressor.

(C) The analysis of several images such as those

shown in (B) confirms the presence of a promoter

bound RNA polymerase for the �50 construct

because of the small change in RNA polymerase

occupancy caused by the presence of repressor.

In contrast, there is a significant fold-change in the

promoter occupancy by RNA polymerase for

the +11 construct, consistent with a model of

inhibition of the open complex and previous work

(Sanchez et al., 2011). More than 500 molecules

were counted for each condition. Error bars are the

SD over two replicates for each condition.

See also Figure S2.
Figure S2C we discuss this scenario in detail and conclude that,

if that was the case, this would signal a violation of the occu-

pancy hypothesis in repression at this well-studied operator

location as well.

Single Molecule Imaging In Vitro Suggests that Lac
Repressor Located at �50 and RNA Polymerase
Are Bound Simultaneously
In order to test the hypothesis outlined above, and gain insight

into the mechanism of repression when the lac operator is at

�50, we performed single-molecule experiments where the

occupancy of RNA polymerase on individual DNA molecules

can be observed directly. Fluorescently labeled RNApolymerase

and fluorescently labeled DNA were incubated together prior to

adding heparin, which sequesters RNA polymerase molecules

that have not formed an open complex. Finally, the reaction

was introduced into a flow chamber yielding the arrangement

shown in Figure 3A (Sanchez et al., 2011). We used multi-wave-

length single molecule total internal reflection fluorescence

(TIRF) microscopy to determine the fraction of DNA molecules

tethered to the surface of the chamber that were occupied by

RNA polymerase. A similar experiment was performed in which

Lac repressor was preincubated with the DNA prior to the

addition of RNA polymerase.

Representative fields of view for the experiment performed

on both +11 and �50 constructs are shown in Figure 3B. We

see that Lac repressor causes a significant change in DNA

occupancy by RNA polymerase when the operator is located

at +11, indicating that Lac repressor excludes the formation of

stable RNA polymerase-DNA open complexes. In contrast,
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when the operator is located at�50 there

is little change, which suggests that

Lac repressor is not able to prevent
formation of stable RNA polymerase-DNA open complexes

when the repressor is bound at this location. At +11 the presence

of stably bound polymerase on the DNA is not completely abol-

ished by repressor due to the existence of nonpromoter poly-

merase binding site and presumably a similar effect occurs

with our �50 constructs as described below (for details please

see the Extended Experimental Procedures and Sanchez

et al., 2011).

Many such fields of view were imaged for each construct.

By counting the number of RNA polymerase-DNA complexes

that form in the absence and the presence of Lac repressor

(and correcting for the fraction of those events that correspond

to RNA polymerase bound to a nonpromoter location) we can

calculate the fold-change in promoter occupancy by polymerase

induced by repressor. The results are shown in Figure 3C, and

summarize the average occupancies obtained in different

replicates of the experiment with different preparations of all

the reagents. From Figure 3C we see again that Lac repressor

bound at +11 largely inhibits RNA polymerase occupancy on

the promoter DNA. In this construct repressor reduces the

formation of RNA polymerase-promoter open complexes down

to (4.0 ± 0.4)% of the number of complexes that form in the

absence of Lac repressor. This reduction is consistent with

recent measurements with the same promoter (Sanchez et al.,

2011), which revealed that Lac repressor works by inhibiting

open complex formation at the lacUV5 promoter, and indicates

that under the conditions of our in vitro experiments, and for

the concentrations of repressor (200 nM) and RNA polymerase

(80 nM) we use, the O1 operator is almost saturated with

repressor (�96%). By way of contrast, Lac repressor bound



at�50 reduces open complex formation only modestly, down to

(72 ± 22)% of that in the absence of repressor.

These quantitative results indicate that RNA polymerase occu-

pancy on the promoter is affected only slightly by repressor

bound at �50. If Lac repressor at �50 reduces open complex

formation by <2-fold in vitro, how can we observe a 40-fold

reduction of gene expression in vivo? Because our results

suggest that Lac repressor bound at�50 allows stable formation

of open complexes by RNA polymerase at the promoter, they

imply that the regulation of the level of gene expression comes

from a substantial effect of repressor on steps occurring after

open complex formation in the transcription initiation pathway.

In light of these results, we hypothesize that at �50 the

repressor is directly affecting the overall rate of promoter

escape, rather than just the occupancy of RNA polymerase on

the promoter as an open complex. As a result we propose a

thermodynamic model for in vivo upstream simple repression

by Lac repressor that is schematized in Figure 4A and tested

systematically in the following section.

The Input-Output Function of Simple Repression from
Upstream Positions Involves Modulation of the
Promoter Escape Rate by the Repressor
The general model for upstream repression proposed based on

our experimental results and shown in Figure 4A covers three

different mechanisms of regulation: (i) a direct, destabilizing

interaction between RNA polymerase and Lac repressor that

decreases occupancy of polymerase at the promoter when

repressor is present, (ii) a direct, attractive interaction between

RNA polymerase and Lac repressor in the closed and/or open

complex that, by lowering the energy of the complex, effectively

increases the amount of energy required for RNA polymerase to

move forward on the pathway to transcription, and (iii) an

increase in the activation energy for promoter escape, without

any stabilization of RNA polymerase when Lac repressor is

bound to the DNA. In the last case, Lac repressor does not affect

the occupancy of the states, but only the kinetics of RNA poly-

merase escaping the promoter. These mechanisms are not

mutually exclusive, but can act together to exert regulation de-

pending on the values of the different parameters of the model.

The different reaction diagrams corresponding to each one of

these mechanisms are shown schematically in Figure 4B. In

the followingwe explore these three cases through a quantitative

comparison between theoretical predictions and expression

data.

We start by considering mechanism (i). Qualitatively, this

mechanism predicts a mutual destabilization between Lac

repressor and RNA polymerase such that the occupancy of

RNA polymerase on the promoter would be affected in the

presence of repressor. However, our in vitro results shown in

Figure 3C suggest that promoter occupancy is not affected

significantly. We conclude that this effect, if present, will be of

a small magnitude. As a result we do not consider this mecha-

nism any further in this work. Further discussion of this point

can be found in the Extended Experimental Procedures.

Next, we consider mechanism (ii), which leads to the following

expression for the repression as a function of repressor copy

number
1+
2R

NNS

e�bDεrd x
2R

NNS

e�bDεrd
RepressionðiiÞ =
1+

2R

NNS

e�bDεrd

= 1+ ðx� 1Þ
1+

2R

NNS

e�bDεrd

;

(Equation 2)

where x is a function of the interaction parameter εrp, of the

binding energy of polymerase to the promoter, and of the copy

number of polymerases. Notice that the parameter x can only

determine the maximum level of expression. However, it does

not have an effect on the half-point, the repressor copy number

at which the repression has reached half of its maximum value

(this half-point is analogous to a dissociation constant, see

Extended Experimental Procedures and Figures S3B and S3C

for further details).

Finally, if we take mechanism (iii), where there is no stabilizing

interaction between repressor and polymerase, but there is

a change in the rate of promoter escape, we get the expression

RepressionðiiiÞ =
1+

2R

NNS

e�bDεrd

1+
r2
r1

2R

NNS

e�bDεrd

= 1+

�
1� r2

r1

� 2R

NNS

e�bDεrd

1+
r2
r1

2R

NNS

e�bDεrd

:

(Equation 3)

This mechanism gives us a new parameter to consider: the

ratio of the RNA polymerase escape rate in the presence of

repressor to the rate in its absence, r2/r1, as shown in Figure 4A.

However, unlike x in mechanism (ii), this parameter sets the

value of both the half-point of the repression curve (notice the

presence of r2/r1 in the denominator) as well as the maximum

level of repression (see Extended Experimental Procedures

and Figures S3B and S3C).

Continuing with the strategy employed in Figure 2D, we

dissected simple repression upstream from the promoter in

order to test the predictions of the different regulatory mecha-

nisms posited by the model shown in Figure 4A. We created

DNA constructs bearing all four lac operators (Oid, O1, O2,

and O3, in order of high to low affinity) at �50 and we placed

them in strains containing different intracellular numbers of Lac

repressor that spanned nearly two orders of magnitude (Garcia

and Phillips, 2011).

Figure 4C shows repression as a function of repressor number

for O1 located at �50. As shown previously in Figure 2D, one

of the surprising outcomes when comparing repression at �50

to repression at +11 is that repression at +11 grows with the

number of repressors as called for by Equation S6 (see Fig-

ure S3A and Garcia and Phillips [2011]) whereas there is a satu-

ration of repression at�50. This saturation is not consistent with

the model embodied in Equation S6.

Given our previous knowledge of the in vivo binding energies

of Lac repressor to the various operators (see Extended Experi-

mental Procedures andGarcia and Phillips [2011]) the repression

formulas for mechanisms (ii) and (iii) discussed above only have

one free parameter each: x for mechanism (ii) and the ratio r2/r1
for mechanism (iii). In Figure 4C we show a fit of both mecha-

nisms to our experimental data with O1 located at �50 shown

in Figure 2D (for considerations on data fitting, please refer to
Cell Reports 2, 150–161, July 26, 2012 ª2012 The Authors 155
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Figure 4. General Thermodynamic Model of Simple Repression for an Upstream Repressor Binding Site

(A) A thermodynamicmodel inspired by our in vitro results allows for an interaction between Lac repressor (shown in red) and RNA polymerase (shown in blue) with

anenergy εrp. Additionally, it allows for different ratesof transcriptional initiation in theabsenceor presenceof repressor.PandRare thenumberofRNApolymerase

and Lac repressor molecules inside the cell, respectively, and Dεpd and Dεrd are their corresponding interaction energies with their specific sites measured with

respect to their nonspecific binding energies.NNS is the size of the bacterial genome in base pairs. b = (kB T)�1, with kB the Boltzmann constant and T the absolute

temperature. The rate of promoter escape is different in the absence (r1) and presence (r2) of Lac repressor. For a detailed description of this model, refer to the

Extended Experimental Procedures.

(B) Simple energy diagrams for the possible mechanisms of transcriptional regulation: (i) destabilization of the RNA polymerase-promoter complex, (ii) stabili-

zation of the RNA polymerase-promoter complex impeding promoter escape, and (iii) modulation of the rate of promoter escape.

(C) Repression as a function of intracellular number of repressors for O1 located at �50. A mechanism that exclusively considers stabilizing interactions

[mechanism (ii)] cannot fit the data regardless of the value adopted by its only free parameter, x (see Equation 2). The solid red line is the best fit of such

156 Cell Reports 2, 150–161, July 26, 2012 ª2012 The Authors
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Figure 5. Repression at �50 by Lac Repressor as a Function of Repressor Copy Number and Operator Affinity Is Inconsistent with the

Occupancy Hypothesis

(A) Given themodulation in transcription rate obtained from the fit to theO1 data shown in Figure 4C and our previous knowledge of the in vivo binding energies we

predict the shape of the input-output function for constructs where the different operators are used (lines). The measured repression (circles) is systematically

inconsistent with the model predictions.

(B) By letting the modulation in transcription rate (r2/r1) be different for each operator we can successfully fit the data. Notice that the modulation does not bear

a correlation with operator strength.

O1Flip is the reverse complement of O1 and the dashed green line corresponds to a fit to its resulting experimental data. Error bars are SD over multiple repeats.

See also Figures S4, S5, and S6.
the Extended Experimental Procedures). As indicated by the

various red lines in that figure, mechanism (ii) shown in Equation

2 produces curves of the wrong shape and thus cannot fit

the data regardless of the choice of parameter x. On the other

hand, mechanism (iii), which leads to Equation 3, can fit the

data as shown by the green line in Figure 4C.

Based on the analysis above we propose that the main

mode of regulation by repressor is the modulation of promoter

escape rate by RNA polymerase. This does not rule out a con-

tribution from a stabilizing interaction between repressor and

polymerase. In fact, a combination of both regulatory strategies

can also fit the data as shown in Figure S3B. However, regulation

of the escape rate constitutes a minimal mechanism that is

sufficient to explain the data. We will assume this mechanism

to further explore repressionwhen the operator is located at�50.

Operator Strength Is Not Sufficient to Explain
the Level of Repression
Given our knowledge of the modulation of the escape rate by

Lac repressor obtained from the O1 data, we predict the shapes

of the input-output functions for the remaining lac operators

in Figure 5A. Under the occupancy hypothesis the model

corresponding to this mechanism (mechanism (iii), shown in

Equation 3) predicts that repression saturates at the same level

regardless of the choice of operator because different operator

sequences only change the affinity of Lac repressor to operator

DNA. However, the operator choice determines the half-point of

repression in a way that follows a clear rank-ordering based

on the repressor binding affinity of the various operators

considered.
a mechanism to the data whereas the dashed and dashed-dotted lines correspon

that just considers a modulation in the promoter escape rate [mechanism (iii)]

mechanisms are given in the main text and the Extended Experimental Procedu

See also Figure S3.
In Figure 5A we also show the corresponding experimental

data. It is clear from this plot that the model cannot describe

the data. In particular, it is both intriguing and surprising that

the data for different operators saturates at different levels and

that this saturation does not follow the rank ordering of the in vivo

and in vitro binding affinity of the operators. For example, Lac

repressor binds to Oid �20 times more strongly than O2, with

the Kd for Oid at�170 pM and the Kd for O2 at�4 nM. Yet, these

two operators have a comparable level of repression at a high

number of repressors of �900. On the other hand, Oid is also

bound �5 times stronger than O1, with O1 having a Kd of

�1 nM. Still, O1 presents a higher level of repression than Oid

at the same intracellular number of repressors of 900. Perhaps

even more interesting, if we replace the O1 binding site by its

reverse complement, which should leave its binding affinity

unaltered, we see a qualitatively different behavior from wild-

type O1 suggesting that binding affinity alone is not sufficient

to determine the different saturation levels.

If we abandon the view that the only role of the operator

sequence is to set the binding affinity of Lac repressor to DNA,

andadopt a viewwhere it canmodulate the transcription initiation

rate in a sequence-dependent way (with a different choice of the

parameter r2/r1) our model can account for all of the experimental

data. For example, the choice of operator might modulate the

nature of the interaction between repressor and RNA poly-

merase. Figure 5B shows that when we allow the parameter

r2/r1 to change with operator sequence the model now accounts

for theexperimental data. Thus, theobserveddifference inmodu-

lation of initiation rate for the different constructs is at odds with

the interpretation that the role of binding sites is exclusively to
d to varying that parameter by a factor of two. On the other hand, a mechanism

, also having only one free parameter, can fit the data. Details of these two

res. Error bars are SD over multiple repeats.
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determine the probability of finding the repressor bound to the

DNA, but is consistent with models where operator sequence

can alter the nature of the repressor-polymerase interaction in

a way that modulates the polymerase escape rate.

An alternative hypothesis is that the modification of the oper-

ator sequence leads to a change in the unregulated level of

gene expression. In this case the differences in the observed

r2/r1 ratios could be purely due to a change in r1 for each oper-

ator. In Figure S4 we show that there is no significant correlation

between the unregulated levels of expression and the fitted r2/r1
values. We conclude that the observed effect of operator

sequences cannot be explained by the change in the unregu-

lated levels of expression.

An alternative way to examine the effect of operator sequence

on the level of repression is to replot the data for repression as

a function of operator occupancy. As described in the introduc-

tion, the occupancy hypothesis implies that all data should fall

on the same curve, as shown in Figure 1A. In Figure S5 and

the Extended Experimental Procedures we show that although

the data for the +11 constructs collapses as expected from Fig-

ure 1A, the data corresponding to the �50 constructs does not,

suggesting again that repressor occupancy is not sufficient to

determine the level of repression.

The model used so far represents a simplified view of tran-

scription initiation that combines both closed and open com-

plexes into one effective complex. However, the exact same

conclusions, without any loss of generality, can be reached

when both complexes are considered independently (see

Extended Experimental Procedures and Figure S6). Further-

more, the thermodynamic model used assumes quasi-equilib-

rium between states leading up to promoter escape. If we

consider a full kinetic model in which no assumptions about

equilibrium are made we nevertheless reach the same conclu-

sions (see Extended Experimental Procedures): the different

levels of repression observed for different operator sequences

placed at the �50 location cannot be explained in the context

of the occupancy hypothesis.

DISCUSSION

The occupancy hypothesis states that the role of operator

sequence is to determine its occupancy by its target tran-

scription factor. The nature of the interaction between the bound

transcription factor and the transcriptional machinery is then

determined by the spatial arrangements of binding sites and

the DNA sequence context, i.e., the presence of DNA binding

sites for other proteins in the vicinity, the particular mechanical

properties of the surrounding DNA, etc. (Davidson, 2006;

Ptashne and Gann, 2002). For example, the relative positioning

between binding sites and the mechanical properties of the

intervening DNA can have drastic effects on gene regulatory

input-output functions (Aki et al., 1996; Amit et al., 2011;

Belyaeva et al., 1998; Browning and Busby, 2004; Busby et al.,

1994; Choy et al., 1995, 1997; Gaston et al., 1990; Hogan and

Austin, 1987; Joung et al., 1994; Joung et al., 1993; Lilja et al.,

2004; Mao et al., 1994; Ryu et al., 1998). Additionally, the nature

of the promoter can modulate how a transcription factor will

interact with its bound RNA polymerase (Monsalve et al., 1996,
158 Cell Reports 2, 150–161, July 26, 2012 ª2012 The Authors
1997). The majority of the current models of action of the diverse

known interactions between transcription factors and the tran-

scriptional machinery are based on assuming the applicability

of the occupancy hypothesis (Bintu et al., 2005b; Buchler

et al., 2003; Segal and Widom, 2009; Vilar and Leibler, 2003).

Several recent works have suggested that this canonical

picture of transcriptional regulation is incomplete (see Haugen

et al., 2008 and Voss et al., 2011 for two specific examples).

More directly related to this work, the occupancy hypothesis

has been suggested to be insufficient to describe regulation by

MarA in bacteria (Martin et al., 2008; Wall et al., 2009) and exam-

ples where the occupancy hypothesis falls short have been

found in the context of the regulation of cofactors by transcrip-

tion factors in eukaryotes, as we describe below (Meijsing

et al., 2009; Scully et al., 2000).

In this study, we quantitatively expanded our understanding of

the paradigmatic Lac repressor and showed that the sequence

of an operator located upstream from the promoter can dictate

different gene regulatory input-output functions leading to

different maximum repression values that cannot be explained

by the occupancy of repressor on DNA. We used theoretical

models of transcriptional regulation in order to qualitatively and

quantitatively frame these conclusions. Whether thermodynamic

models are used or a kinetic one in which no equilibrium

assumption is invoked (see Figure S6), the conclusions are

independent of the particular theoretical framework used to

analyze the experimental results. As a result, in clear violation

of the occupancy hypothesis, we conclude that the lac operator

sequences encodemore than just repressor binding affinity: they

can also determine the nature of the ‘‘effective’’ interaction

between repressor and RNA polymerase. We emphasize the

word ‘‘effective’’ to make clear that our model cannot determine

if the effect is due to a direct contact between repressor and

RNA polymerase, due to information being transferred through

the DNA in some ‘‘allosteric’’ way or due to some other, unknown

mechanism.

What is the mechanistic nature of the effective interaction

between Lac repressor and RNA polymerase? The�50 position,

where we carried out our most detailed characterization of

upstream repression, is within the footprint of the RNA poly-

merase alpha C-terminal domain (aCTD) subunit (Newlands

et al., 1991). This suggests that aCTD might be involved in

the repression mechanism through a direct contact with the

repressor in a fashion analogous to class I activators (Busby

and Ebright, 1999). A prediction of this direct contact hypothesis

is that if we introduce mutations or deletions in aCTD the repres-

sion should be abolished. By way of contrast, in the allosteric

hypothesis, such mutations should have little effect because

the repression is mediated by binding to the DNA, not by

protein-protein contacts. Previous experiments by Adhya and

co-workers shed light on this issue (Choy et al., 1995, 1997;

Roy et al., 2004). They found that Lac repressor (and also Gal

repressor) bound at an operator at �60 (the position of the

secondary peak of repression in Figure 2C) represses transcrip-

tion of the galP1 promoter, and that deletion of the aCTD

completely alleviates repression at �60 (Choy et al., 1995). In

addition, mutations in the aCTD also abolished repression

(Choy et al., 1997). Both of these experiments support the direct



contact hypothesis. Furthermore, a mutant with a single point

mutation in GalR was found to be able to bind to the operator

at �60, but not to repress transcription (Roy et al., 2004). It is

worth noting that all of these experiments were done for

a different promoter than the one we have characterized here.

However, their results support a mechanism based on direct

contact between repressor and RNA polymerase.

None of the different mechanistic hypotheses discussed

above can explain why different operator sequences determine

the level of repression in a way that does not correlate with

operator occupancy by repressor, which results in a violation

of the occupancy hypothesis. One possible explanation is that

these different regulatory outcomes result from subtle differ-

ences in the three-dimensional structures of the protein-DNA

complexes or in the dynamics of these molecules. These differ-

ences could lead to altered interactions with RNA polymerase

or the promoter region and result in the modulation of gene

expression. In fact, differences in structure have been observed

for the Lac repressor binding domain bound to its different

operators as well as for the structural parameters of the inter-

vening DNA such as twist, roll and base pair stacking, but

their correlation with any phenotypic effects is unclear (Kalodi-

mos et al., 2002, 2004; Romanuka et al., 2009). It is then also

possible to speculate that the information about which operator

is present is transferred through the DNA itself. However,

because these studies resolved only the DNA binding-domain

it remains unclear whether the conformation of the remaining

protein was altered in any relevant way. Despite uncertainties

about the detailed sequence-dependent molecular mechanism,

the work reported here is a further step toward a more detailed

understanding of the molecular interactions exerted by tran-

scription factors.

A few studies in eukaryotic cells had previously found that

DNAmay act as more than simply a docking site for transcription

factors; in addition, it may act as an allosteric ligand that conveys

information about the mode of gene regulation (Geserick et al.,

2005; Ma et al., 2010). These studies found that the specific

sequence of a transcription factor binding site determined the

affinity of the bound transcription factor for a different set of

corepressors or coactivators. These changes in affinity may

have profound physiological effects as has been suggested for

the Pit-1 factor, the glucocorticoid receptor, and NF-kB (Lefstin

and Yamamoto, 1998; Leung et al., 2004; Meijsing et al., 2009;

Scully et al., 2000).

Our study demonstrates that modulation of transcription

factor activity by the DNA sequence of its binding site may well

be a much more general phenomenon, occurring as shown

here in bacteria as well as in eukaryotes, despite the differences

between transcriptional mechanisms in these two domains of

life. Our study was performed in E. coli, where transcriptional

regulation is thought to be much simpler than in eukaryotes,

and we used a promoter that does not involve any cofactors.

This simplicity has allowed us to find a direct mechanistic link

between the DNA sequence of an operator and the transcrip-

tional output. These results suggest that a similar effect of

operator sequence on the modulation of promoter escape could

arise in other bacterial transcription factors that either halt or

enhance transcription at the same step as has recently been
suggested for activation by MarA (Martin et al., 2008; Wall

et al., 2009). Thus, MarA regulated promoters may be good

candidate systems to further investigate the generality of our

findings in bacterial gene regulation.

Much work that has focused on the dissection of gene regula-

tory regions has been based on assuming the applicability of

the occupancy hypothesis (Ackers et al., 1982; Amit et al.,

2011; Bintu et al., 2005a; Davidson, 2006; Gertz et al., 2009;

Ptashne and Gann, 2002; Raveh-Sadka et al., 2012; Segal

et al., 2008; Segal and Widom, 2009; Zinzen et al., 2009). This

study gives further evidence for the existence of an additional

layer of complexity to consider in transcriptional regulation given

by the nature of the interaction between transcription factors and

the transcriptional machinery imposed by transcription factor

binding site sequence. Given the fact that a large number of

repressors act on promoters by binding to a single site located

upstream from the promoter region in E. coli (see Figure 2A

and Gama-Castro et al., 2008) it is possible that this mechanism

of repression might be widespread. Thus, knowing the list of

operators and their strengths is not sufficient to predict the

input-output function of a promoter. A detailed analysis of

specific repressors will be necessary to determine how wide-

spread the effects observed here may be.

EXPERIMENTAL PROCEDURES

Plasmids, Strains, and In Vivo Measurements

The construction of all plasmids and strains is described in the Extended

Experimental Procedures. In short, we placed a YFP or lacZ reporter gene

under the control of a lacUV5 promoter and the regulation of one of four lac

operators at different positions with respect to the transcription start site.

The different constructs used throughout the paper are shown schematically

in Figures S1A–S1C. These constructs were integrated in the chromosome

of E. coli strains bearing different intracellular numbers of Lac repressor (Gar-

cia and Phillips, 2011).

Gene expression measurements were performed using a plate reader as

described in the Extended Experimental Procedures and (Garcia et al., 2011).

Single Molecule Experiments

Single molecule experiments were performed as described in the Extended

Experimental Procedures and (Sanchez et al., 2011). In short, fluorescently-

and biotin-labeled DNA containing a promoter and a repressor binding site

was incubated in the presence of RNA polymerase labeled with a second,

spectrally distinct fluorophore. The DNA molecules were bound to a streptavi-

din coated glass slide and the fraction of RNA polymerase-bound DNA mole-

cules was quantified. In order to assay the effect of repressor on the formation

of RNA polymerase-bound complexes the DNA was pre-incubated with

repressor before the addition of RNA polymerase and the resulting reaction

was again imaged. As reported previously (Sanchez et al., 2011), not all RNA

polymerase-bound DNA molecules correspond to stable, open complexes.

This was taken into account in our analysis. Details pertaining to this point

can be found in the Extended Experimental Procedures.
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