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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
CELRE
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.
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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
2 Cell Reports 2, 1–12, July 26, 2012 ª2012 The Authors
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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.
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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
4 Cell Reports 2, 1–12, July 26, 2012 ª2012 The Authors
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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 Fig-

ure S2C we discuss this scenario in detail and conclude that, if

that was the case, this would signal a violation of the occupancy
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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.
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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,

when the operator is located at �50 there is little change, which

suggests that Lac repressor is not able to prevent formation
Cell Reports 2
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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.
, 1–12, July 26, 2012 ª2012 The Authors 5
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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
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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 ther-

modynamic model for in vivo upstream simple repression by Lac

repressor that is schematized in Figure 4A and tested systemat-

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

expression for the repression as a function of repressor copy

number

RepressionðiiÞ =
1+

2R

NNS

e�bDεrd x

1+
2R

NNS

e�bDεrd

= 1+ ðx� 1Þ
2R

NNS

e�bDεrd

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.
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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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.
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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

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 repression when 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
8 Cell Reports 2, 1–12, July 26, 2012 ª2012 The Authors
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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.

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,

and adopt a view where it can modulate the transcription initia-

tion rate in a sequence-dependent way (with a different choice

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

perimental data. For example, the choice of operator might

modulate the nature of the interaction between repressor and

RNA polymerase. Figure 5B shows that when we allow the

parameter r2/r1 to change with operator sequence the model

now accounts for the experimental data. Thus, the observed

difference in modulation of initiation rate for the different

constructs is at odds with the interpretation that the role of

binding sites is exclusively to determine the probability of finding
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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,
CELRE
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
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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
10 Cell Reports 2, 1–12, July 26, 2012 ª2012 The Authors
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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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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Plasmids
Plasmids pZS25O1+11-YFP, pZS25O1+11-lacZ and their equivalents with the different Lac repressor binding sites have been

described previously (Garcia et al., 2011; Garcia and Phillips, 2011). In short, these plasmids are based on the pZ system (Lutz

and Bujard, 1997). They contain the lacUV5 promoter cloned between unique restriction sites, a ribosomal binding site (RBS) and

the YFP or LacZ reporters. The lacUV5 promoter has a unique binding site for Lac repressor centered at position +11 with respect

to the transcription start site. These plasmids are shown schematically in Figure S1A.

In order to create constructs where the position of the main operator was varied downstream from the promoter, site directed

mutagenesis was used. The sequences corresponding to each one of these constructs is shown in Figure S1B. The promoter cor-

responding to construct O1-45 was assembled from oligonucleotides. This construct was used as the starting point for the site

directed mutagenesis used to move the binding site further upstream leading to the sequences shown in Figure S1C.

To move O1 upstream the corresponding upstream sequence of the lac promoter was used to generate the spacer up to the CRP

binding site. From there the random sequence E8 was used (Cloutier and Widom, 2004, 2005). To move O1 downstream the

sequence E8 was used as a spacer. For a given position of the operator its sequence was changed to O2, O3, Oid and O1Flip

(see Figure S1A) using site directed mutagenesis.

A construct where YFP was deleted was used to measure the cell autofluorescence. All constructs were verified by sequencing.

Constructs and sequences are available upon request.

Strains
As mentioned in the text, repression is calculated by measuring the level of gene expression in a strain bearing the construct of

interest in the absence of Lac repressor and dividing this level by the gene expression of the same construct in a strain containing

Lac repressor. The strain bearing no Lac repressor is TK140 (Kuhlman et al., 2007), which is MG1655 with a deletion of the lacI gene.

For wild-type levels of Lac repressor the strain MG1655 was used. This strain bears the same amount of Lac repressor as strain

HG104, which has a deletion of the lacZYA operon, but leaving the lacI gene intact (Garcia and Phillips, 2011).

Different strains with synthetic constructs expressing several levels of Lac repressor were used as described in Garcia and Phillips

(2011). The reporter constructs were integrated into the galK gene of one of our strains and thenmoved into the other strains using P1

transduction (http://openwetware.org/wiki/Sauer:P1vir_phage_transduction).

Growth Conditions and Gene Expression Measurements
Samples were grown as described in Garcia and Phillips (2011) andGarcia et al. (2011). Cells were grown overnight in LB andwith the

appropriate antibiotics. They were then diluted in triplicate by about 1:40,000 into M9 + 0.5% glucose minimal media and grown for

about 10 generations to an OD600 of 0.3 to 0.5.

Gene expression measurements were performed using a Tecan Saphire2 plate reader as described in (Garcia et al., 2011).

In Vitro Experiments
Single Molecule Experiments

A detailed description of the single molecule and transcription experiments can be found in (Sanchez et al., 2011b). Briefly, 289 bp

linear DNA with biotin at one end and Cy3 dye at the other end was prepared by PCR (primers: 50-CCT TCA CCC TCT CCA CTG ACA

G-30 and 50-ATA GGCGTA TCA CGAGGCCC-30) from plasmids pZS25O1-50 (for the O1-50 construct) and pzS25O1+11 (for the O1

centered at +11 construct). DY-647 labeled E. coli s70 RNA polymerase holoenzyme was prepared from SNAP-surface 647 (New

England Biolabs, Ipswich, MA), SNAP-tagged core a2bb
0u RNA polymerase, and s70 (provided by Robert Landick, Rachel Mooney

and Abbey Vangeloff, University of Wisconsin) as described in (Sanchez et al., 2011b). In order to form open complexes 8 nM DNA

and 80 nM labeled holoenzyme were incubated together for 25 min at 37�C. Then, they were diluted 100-fold into buffer containing

16 mg/ml heparin and an O2-scavenging system. The resulting mixture was flushed into a flow chamber that was pre-coated with

biotinylated polyethyleneglycol and streptavidin. The resulting heparin- resistant complexes were imaged by single molecule total

internal reflection fluorescence microscopy. In control samples that lacked DNA, binding of RNA polymerase to the flow chamber

surface was negligible: an average of < 1 RNA polymerase per field of view (area = 315 mm2) was detected. Cy3 and DY-647

were imaged separately, by alternating the excitation lasers and by optically separating the emission into images less than and

greater than 635 nm wavelength (see (Friedman et al., 2006) for details). The fraction of DNA molecules bearing at least one bound

RNApolymerasemolecule was determined by directly counting the number of Cy3 (DNA) andDY-647 (RNA polymerase) spots on the

microscope slide. A total of 5 to 8 fields of view were imaged for each experiment resulting in over 500 observed DNA molecules per

sample; representative fields of view are shown in Figure 3B. Quantitative analysis of RNA polymerase-DNA co-localization ac-

counted for incomplete labeling of RNA polymerase as described in Sanchez et al. (2011b). In order to measure the effect of LacI

on the formation of competitor-resistant DNA-RNA polymerase complexes, the experiment described above was repeated using

the same procedure, conditions and concentrations of all reactants, except that excess Lac repressor (200 nM) was pre-incubated

with DNA for 15 min prior to addition of RNA polymerase.
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Bulk In Vitro Transcription Assays

The procedure and conditions are described inmore detail in (Sanchez et al., 2011b). Briefly, in order to test the transcriptional activity

of the RNA polymerase-DNA complexes formed in the presence and the absence of LacI, we repeated the incubations described in

the previous section, using the exact same DNA templates labeled with biotin at one end and Cy3 at the other end, and after 25 min

we added rNTPs and heparin (to a final concentration of 1 mM ATP, 50 mMUTP, GTP, CTP, as well as 1mCi/mL [a32P]UTP). For these

experiments we used wild-type RNA polymerase holoenzyme purchased from Epicenter (Madison, WI). The resulting elongation

reaction was allowed to proceed for 15 min at 37�C. At that time, the reaction was stopped and the reactants denatured by addition

of an equal volume of stop buffer consisting of 7 M urea, 10 mM EDTA, and 1mg/ml bromophenol blue and xylene cyanol. Each

sample was heated to 95�C for 5 min, and then loaded onto a 12% polyacrylamide denaturing gel, which was run at 1000 V for about

2 hr. The gel was scanned on a Typhoon 9410 phosphorimager (GE Health Sciences) and the amount of radiolabeled mRNA in the

resulting bands was quantified using ImageQuant Software (Amersham, Piscataway NJ).

Determination of the Fraction of DNA in Open Complexes

We have previously shown that s70 RNA polymerase holoenzyme can form competitor resistant complexes even with a DNA that

does not bear any functional promoter (Sanchez et al., 2011b). We devised a statistical partitioning analysis to extract the fraction

of RNA polymerase-DNA complexes formed at the promoter from the total number of complexes which includes RNA polymerase

bound at both promoter and non-promoter locations. Using the same lacUV5 promoter used in this paper (but with altered flanking

sequences), we showed that essentially all of the open complexes formed at the promoter had escaped into elongation 15 min after

addition of rNTPs. The fraction of surviving RNA polymerase-DNA complexes corresponds to RNA polymerase bound to the non-

promoter binding sites. For the DNA construct used in (Sanchez et al., 2011b), we also demonstrated that RNA polymerase-promoter

and RNA polymerase-non-promoter complexes form independently and do not affect each other. Additionally, we showed that the

binding of RNA polymerase to the non-promoter site is independent of the presence of Lac repressor.

To put this in quantitative terms, we can define NT as the total number of DNA molecules in solution that are bound by at least one

RNA polymerase. The population of complexes present includes three different species: (i) NP, the number of complexes formed

between a single RNA polymerase and the promoter harbored on the DNA construct, (ii) NNP, the number of DNA molecules with

an RNA polymerase bound at the non-promoter location and (iii) NPNP, the number of DNA molecules where two polymerases are

bound (one at the promoter and one at the non-promoter location). These different numbers are related such that

NT =NP +NPNP +NNP: (Equation S1)

Note that the complexes considered here are only those that are resistant to the competitor heparin. As a result, complexes such as

RNA polymerase molecules bound weakly to non-specific DNA do not have to be taken into account. If we use NDNA to denote the

total number of DNA molecules in solution, the fraction of DNA molecules occupied by at least one RNA polymerase is given by

fT =
NT

NDNA

= fopen + fNP; (Equation S2)

where we have also defined the fraction of DNA molecules where RNA polymerase is only bound at the non-promoter location as

fNP = NNP / NDNA and the fraction of DNA molecules bearing an open complex as fopen = (NP + NPNP) / NDNA.

In our single molecule experiments, which were all done with the same concentration of DNA (8 nM), we measured only the total

fraction of DNA molecules occupied by at least one polymerase, fT. This quantity does not reveal whether RNA polymerase is bound

to the promoter, the non-promoter site or to both.

In order to estimate the fraction of DNAwith RNAP bound to the promoter, we resorted to bulk in vitro transcription assays. In earlier

work, we showed for the lacUV5 promoter with O1 at +11 that the number of mRNA molecules produced in an in vitro single-round

transcription reaction is identical to the number of open complexes present in solution at the time of rNTP addition (Sanchez et al.,

2011b). As a result, we argue that the ratio of mRNA produced in the presence and absence of repressor, fmRNA = mRNA(R) /

mRNA(R = 0), is a proxy for the ratio of open complexes formed in the presence and absence of repressors, namely,

fmRNA =
NPðRÞ+NPNPðRÞ

NPðR= 0Þ+NPNPðR= 0Þ: (Equation S3)

By simple algebraic substitutions, we can further relate fmRNA, a quantity that we have measured here by bulk transcription reac-

tions, with the fraction of DNA molecules that are only bound to RNA polymerase at non-promoter locations by writing

fmRNA =
NPðRÞ+NPNPðRÞ

NPðR= 0Þ+NPNPðR= 0Þ=
NT ðRÞ � NNP

NT ðR= 0Þ � NNP

=

NT ðRÞ � NNP

NDNA

NTðR= 0Þ � NNP

NDNA

=
fT ðRÞ � fNP

fT ðR= 0Þ � fNP

; (Equation S4)
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where it is important to remember that NNP is not affected by the presence of repressor. This equation can be solved for fNP which

yields the fraction of RNA polymerases that are bound to non-promoter locations in terms of measurable quantities as

fNP =
fTðRÞ � fmRNAfTð0Þ

1� fmRNA

: (Equation S5)

Oncewe know the fraction fNPwe can get the fraction ofmolecules with RNA polymerase forming an open complex by plugging the

previous equation into Equation S2 and solving for fopen.

Using the linear DNA template with O1 at +11, biotin at one end and a Cy3-dye at the other end, which construction we describe in

the previous section, we have measured f +11
T ðR= 0Þ= 0:399± 0:047, and f + 11

T ðRÞ= 0:118± 0:017. For the same promoter, and under

the exact same experimental conditions, the ratio of mRNA produced in the presence and absence of repressor has been measured

to be fmRNA = 0.042 ± 0.003 [7]. This gives us an estimate of fNP = 0.106 ± 0.002. We further assume that the fraction of binding that

corresponds to non-promoter locations is the same for this DNA template and for the one where O1 is at �50. The basis for this

assumption is that, other than the position of O1 and the promoter region, both templates are similar in sequence and were amplified

with the same PCR primers so they contain identical sequences at the ends of the DNA. We use the value of fNP reported above to

determine the fraction of RNA polymerase-promoter complexes formed for O1+11 and O1-50 templates, which are plotted in Fig-

ure 3C, where we also entered the measurements of fT(R = 0) and fT(R) for O1 at �50 (we found: f�50
T ðR= 0Þ= 0:40± 0:09 and

f�50
T ðRÞ= 0:32± 0:04).

In order to compute an estimate for the fraction of open complexes that form in the presence of Lac repressor bound at �50, we

made the assumption that the value of fNP is equal for both DNA constructs with O1 at�50 and +11, andwe have based that assump-

tion on sequence similarity. From this analysis we calculated that Lac repressor reduces open complex formation to 72 ± 22% of the

number of complexes that form in the absence of repressor, as shown in Figure 3C. To test the validity of this estimate, we have in

addition performed bulk transcription reactions and determined the amount of mRNA produced from the DNA with O1 at �50 in the

presence and the absence of LacI, in a single-round transcription assay where we quantified the total amount of mRNA produced

after the elongation reaction had proceeded to completion. We have found f�50
mRNA = 0:58± 0:11, which means that Lac repressor

reduces open complex formation to at most �60% of the open complexes that form in the absence of repressor. The reasonable

agreement between the two measurements supports our methodology to estimate the fractional reduction in open complex forma-

tion by Lac repressor for the �50 construct.

Alternative Interpretation of In Vitro Single Molecule Results

In the text, we have proposed a mechanism consistent with our in vitro experimental results, in which Lac repressor and RNA poly-

merase can bind simultaneously to the promoter region when O1 is located at �50. Unfortunately, we were not able to confirm the

presence of the proposed ternary complex by direct imaging because a fluorescently labeled tetrameric Lac repressor with suitable

properties was not available. Still, we believe that formation of the ternary complex represents themost likely explanation for our data.

Here we consider a possible alternative explanation for our results: that when O1 was placed at �50, Lac repressor occupancy of

O1 might be reduced by competition with RNA polymerase. In this scenario only a small fraction of the templates (note that the

observed reduction in open complex formation in the presence of Lac repressor is very small, 28 ± 22%, as shown in Figure 3C) would

actually be occupied by repressor, whereas the rest would be occupied by polymerase. This hypothesis can be ruled out on the basis

of our control at +11. This control was performed with the exact same concentrations of DNA (8 nM), RNA polymerase (80 nM), and

Lac repressor (200 nM), identical buffers and under the same conditions of temperature, ionic strength and pH, etc. as our measure-

ment at �50. Given that open complexes with O1 located at +11 were reduced by as much as 96% by Lac repressor, and that

repressor at +11 works by competitive inhibition, not allowing RNAP to stably bind the promoter in an open complex form (Sanchez

et al., 2011b), we conclude that O1 had to be occupied at a level of at least 96%.

This fact, that RNA polymerase cannot outcompete Lac repressor is to be expected, given the known affinities of both RNA

polymerase and Lac repressor for their binding sites on the lacUV5 promoter region. Previous measurements of the equilibrium

dissociation constant KP of RNAP at the lacUV5 promoter placed this value in the vicinity of �25-50 nM (Matlock and Heyduk,

1999; Straney and Crothers, 1987). The lowest estimate we have found (Matlock and Heyduk, 1999) places this value in the

vicinity of 7 nM. In contrast, the equilibrium dissociation constant for the Lac repressor-O1 interaction in vitro has been measured

by many groups,, and always found to be in the picomolar range (KR � 1nM) (Lin and Riggs, 1975; Rutkauskas et al., 2009; Wong

et al., 2008). In addition, note that repressor is added in excess over polymerase (200 nM LacI for 80 nM RNAP), and very much in

excess over DNA (8 nM). Given that the repressor is present at higher concentrations than RNAP, and it has a higher affinity for O1

than RNAP has for the promoter, it would not be possible for RNAP to outcompete LacI unless the affinities for their binding sites

were dramatically changed by moving O1 from +11 to �50. Previous studies argue against this possibility (Lanzer and Bujard,

1988).

Due to all of these arguments, we believe that the interpretation that Lac repressor can and does bind to O1 at�50 in the presence

of RNA polymerase is the simplest, most reasonable interpretation of our data, and based on this interpretation, we formulate the

models that we have tested in vivo.
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Theoretical Modeling and Data Fitting
Considering a Saturating Model for Repression at +11

In Figure 2D and in themain text we claim that repression at +11 is drastically different from repression from the�50 location in terms

of its behavior at large number of repressors per cell. Whereas at the +11 location we claim that repression is linear with number of

repressors, at the�50 location we show that the level of repression saturates. In this section we explore the consequences of allow-

ing the model describing repression at +11 to also saturate.

Using thermodynamicmodels of transcriptional regulation it has been shown that such regulatory architecture can be described by

Repression+ 11z1+
2R

NNS

e�bDεrd ; (Equation S6)

whereR is the intracellular number of repressors,Dεrd is the interaction energy between repressor and its operator andNNS is the size

of the E. coli genome and reflects the number of nonspecific sites where transcription factors can potentially bind (Bintu et al., 2005a;

Garcia and Phillips, 2011; Vilar and Leibler, 2003).

In Figure S2C we show fits of the data of repression at +11 to the linear model given by Equation S6 and to a general saturation

model given by

Repressionsaturation = 1+
A

R

Kd

1+
R

Kd

; (Equation S7)

where R is the intracellular number of repressors, Kd is a dissociation constant and A is the saturating level of repression. We see that

the data for all operators located at +11 can be fit by the saturating model as well as by the linear model. Of course, in order to really

determine the saturating functional form of the data it would be desirable to measure repression for even higher intracellular numbers

of repressor. The hint of saturation of the data points at higher number of repressors was already pointed out previously as a system-

atic shift in the repression (Garcia and Phillips, 2011). There, it was noted that the measured level of repression was systematically

lower for those strains than expected on the basis of the theoretical model for repression at +11 and on themeasurement of the abso-

lute number of repressors in those strains performed using immunoblots.

One plausible explanation for the systematic shift is that there is a fraction of non-active repressors in those strains such that the

actual number of active repressors is lower than thought. An alternative explanation is, however, that the theoretical model breaks

down at those high numbers of repressors such that repression cannot increase as the number of repressors grows leading to a satu-

ration described qualitatively by Equation S7. The parameters determined from fitting themodel in Equation S7 to the data are shown

in Figure S2C. In particular, adopting the saturating model would lead to conclude that each construct bearing a different operator

saturates at a different level, as shown by the parameterA in Figure S2C. If that was the casewewould then be also observing a viola-

tion of the occupancy hypothesis at +11, as for fully occupied operators the level of repression would still depend on operator

sequence.

In this work we favor the explanation that the systematic shift is due to an inactive fraction of repressors in some of our strains and

choose to then explore the consequence of the occupancy hypothesis in the context of the model for repression at +11 leading to

Equation S6. We use these theoretical considerations to point out that the occupancy hypothesis is violated when the operator is

located at �50. On the other hand, if we were to adopt the perfectly valid alternative view that the model of repression at +11

does break down for high numbers of repressors this would signal a violation of the occupancy hypothesis for the well-studied motif

of simple repression of Lac repression at +11 (Bintu et al., 2005a; Garcia and Phillips, 2011; Vilar and Leibler, 2003).

Model that Combines Closed and Open Complexes into a Single State

We start by developing the model introduced in Figure 4. This model combines both the closed and open complex species into one

state. This assumption is a simplification that is aligned with previous thermodynamic models of transcriptional regulation that have

mainly focused on accounting for this effective complex when describing in vivo data (Ackers et al., 1982; Bintu et al., 2005b; Buchler

et al., 2003; Garcia and Phillips, 2011; Vilar and Leibler, 2003).

The states, weights and rates of transcription initiation are shown in Figure 4A. The partition function for this model is

Z�50 = 1+
P

NNS

e�bDεpd +
2R

NNS

e�bDεrd +
P

NNS

2R

NNS

e�bðDεpd +Dεrd + εrpÞ: (Equation S8)

In this model we consider that RNA polymerase and repressor are found inside the cell at copy numbers of P and R, respectively

and that they bind to DNAwith energiesDεpd andDεrd. b = (kBT)
-1 andNNS is the number of non-specific sites, which we take to be the

size of the genome and represents the non-specific background. Lac repressor can interact with RNA polymerase through an inter-

action energy εrp. Finally, we allow for different rates of transcription initiation off of each one of the states bearing RNA polymerase.

In order to calculate the level of gene expression we have to take the different rates of transcription initiation into account. The total

rate of transcription initiation is the sum of the different initiation rates times the probability of the system being in each one of the

corresponding states that allow transcription. As a result we get that the level of gene expression is proportional to
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Expression f
1

Z�50

�
r1

P

NNS

e�bDεpd + r2
P

NNS

2R

NNS

e�bðDεpd +Dεrd + εrpÞ
�
; (Equation S9)

which leads to the following expression for the repression

Repression=
1+ r½1+p0ðe�bεrp � 1Þ�

1+ r
r2
r1
e�bεrp

: (Equation S10)

Here we have we have defined the probability of finding RNA polymerase bound to the promoter in the absence of repressor as

p0 =
p

1+p
: (Equation S11)

Additionally, we used the shorthand notation

p=
P

NNS

e�bεpd ; (Equation S12)

and

r =
2R

NNS

e�bεrd : (Equation S13)

We are now ready to consider the different mechanisms discussed in the text (see Figure 4B). Each of these mechanisms corre-

sponds to a different choice for the parameters of the model. As a result, these mechanisms are not mutually exclusive, but can act

together in order to exert regulation. The energy diagrams for each of these mechanisms are shown schematically in Figure 4B.

First, we consider mechanism (i), where a destabilizing interaction εrp > 0 makes the formation of the RNA polymerase-

bound complex less likely when the repressor is bound. The in vitro data shown in Figure 3C suggests that the change in RNA

polymerase occupancy due to the presence of Lac repressor is at the most reduced by less than 2-fold. On the other hand, we

see an in vivo repression of 40 for O1 at saturating concentrations of repressor, which would imply a change in polymerase occu-

pancy of about 98%. As a result, the slight change in promoter occupancy by RNA polymerase due to the presence of repressor

observed in vitro is not enough to explain the measured in vivo repression values. Hence, we view this model as being inconsistent

with the data.

We now turn our attention to mechanism (ii). This mechanism incorporates a stabilizing interaction that prevents RNA polymerase

from leaving the promoter. This interaction implies that there is a change in the height of the barrier between the polymerase-bound

complex and transcription from εinitiation to εinitiation – εrp as shown in Figure 4B. As a result, according to the Arrhenius law, the rate of

promoter escape has to change from r1 to r2 = r1e
bεrp (Dill and Bromberg, 2011). This type of reaction scheme, of a stabilizing inter-

action between RNA polymerase and Lac repressor which effectively lowers the promoter escape rate, was previously suggested in

such a regulatory context in (Roy et al., 2004).

If we now substitute the relation between r2 and r1 into Equation S10 we find

RepressionðiiÞ =
1+ r½1+p0ðe�bεrp � 1Þ�

1+ r
(Equation S14)

=
1+

2R

NNS

e�bDεrdx

1+
2R

NNS

e�bDεrd

;

where we have defined x= ½1+p0ðe�bεrp � 1Þ� as in the main text. In the in vivo experiments shown throughout this paper we have

direct control over the binding energy and the intracellular number of repressors (see Figure 5, for example). As a result for mecha-

nism (ii) we can fit the repression for the parameter x= ½1+p0ðe�bεrp � 1Þ�. In Figure 4C we show a fit of Equation S14, which is the

same as a fit of Equation 3, to the experimental data in red (solid line). Given the known binding energy and numbers of repressors,

which determine r, we cannot fit the data to the model. This is illustrated by adopting different values for the parameter in the model

leading to the red dashed curves shown in Figure 4C.

An alternative way to reveal the failure of mechanism (ii) in describing our experimental data is to examine how the functional form

for repression as a function of the number of repressors determines the different features of the curve. These features are shown

schematically in Figure S3C. For example, the maximum repression or saturation value is given by

Repressionmax;ðiiÞ = x: (Equation S15)
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Additionally, we can determine the predicted mid-point (the number of repressors at which half of the maximum repression is

reached) as a function of the parameters of the model. We find this mid-point, R1/2,(ii), by solving the equation

Repressionmax;ðiiÞ � 1

2
=RepressionðiiÞ

�
R1=2;ðiiÞ

�� 1: (Equation S16)

Notice the fact that we subtract one from the expressions on both sides of the equation. This is related to the fact that repression

has a value of one when the number of repressors is zero as shown schematically in Figure S3C. Solving for R1/2,(ii) in Equation S16

results in

R1=2;ðiiÞ =
NNS

2
ebDεrd : (Equation S17)

We see that the mid-point in mechanism (ii) is solely determined by the binding energy of repressor to the operator. Since these

energies are already known, the mid-point is already predetermined by our previous knowledge of the binding energy of repressor to

the DNA. This results in the failure of the model to fit the experimental data shown in Figure 4C.

Finally, we consider mechanism (iii), where we allow for a different rate of promoter escape in the presence of repressor, r2 s r1.

The corresponding reaction diagram is shown in Figure 4B. The idea behind themechanism is that repressor is not stabilizing the RNA

polymerase-DNA complex, but interacting with the promoter escape transition state. As a result, the energy of the polymerase-bound

complex does not change in the presence of repressor, but the height of the barrier to transcription does. In this mechanism εrp =

0 and the expression we get for the repression is

RepressionðiiiÞ =
1+ r

1+
r2
r1
r
: (Equation S18)

In this mechanism the repression saturation value is given by

Repressionmax;ðiiiÞ =
r1
r2
: (Equation S19)

We can also calculate themid-point by solving the equation analogous to Equation S16 for this mechanism. Notice that in this case

the mid-point is not only determined by the binding energy, but also by the modulation in the promoter escape rate, namely,

R1=2;ðiiiÞ =
NNS

2
ebDεrd

r1
r2
: (Equation S20)

This is unlike mechanism (ii), where the mid-point was only determined by the binding energy (Equation S17). As a result the data is

fitted well by the prediction, which leads to a value for r2/r1, the modulation in promoter escape rate due to the presence of repressor

as shown in Figure 4C in green.

From the arguments shown above we find that the most satisfactory description of the experimental data corresponds to mech-

anism (iii), a directmodulation of the promoter escape rate. A combination of bothmechanisms (ii) and (iii) will also describe the exper-

imental data in a satisfactory fashion as shown in Figure S3B. In this figure we fit the data to the general formula posed in Equation

S10. However, mechanism (ii) will not be able to describe the data by itself.

General Model Considering Closed and Open Complexes

The model shown in the previous section does not include the existence of both a closed and an open complex. However, experi-

ments have typically identified at least two different complexes between RNA polymerase and the promoter (Buc andMcClure, 1985;

Saecker et al., 2011). In this section we show that the conclusions put forth in the previous section still apply when wemake our theo-

retical model more realistic by considering independent closed and open complexes.

Themore complete model considering both closed and open complexes is shown in in Figure S3D. In this model Lac repressor can

interact with RNA polymerase in the closed complex through an interaction energy εcrp. In order to form the open complex, an energy

εopen must be paid and in this context Lac repressor and RNA polymerase can still interact, but now with an energy ε
o
rp. Finally, we

allow for different rates of transcription initiation off of each one of the open complex states bearing RNA polymerase.

The partition function for this model is given by

Zfull = 1+
P

NNS

e�bDεrd +
2R

NNS

e�bDεrd +
P

NNS

2R

NNS

e�bðDεpd +Dεrd + ε
c
rpÞ + P

NNS

e�bðDεpd + εopenÞ + P

NNS

2R

NNS

e�bðDεpd + εopen +Dεrd + ε
o
rpÞ; (Equation S21)

where the subscript full indicated that this corresponds to a full model where closed and open complexes are considered explicitly.

Using this partition function and the rates of transcription initiation off of each complex we get the following expression
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Expressionfullf
1

Z

�
r1

P

NNS

e�bðDεpd + εopenÞ + r2
P

NNS

2R

NNS

e�bðDεpd + εopen +Dεrd + ε
o
rpÞ
�
: (Equation S22)

We are interested in the repression, the ratio of the expression in the absence of Lac repressor to the level of expression in the

presence of repression. The resulting formula is

Repressionfull =
1+ r½1+p0ð � 1+ ebεopen ðe�bεcrp � 1Þ+ e�bε0rpÞ�

1+ r
r2
r1
e�bεorp

; (Equation S23)

where p0 is the probability of finding RNA polymerase bound to the promoter given by

p0 =
pe�bεopen

1+p+pe�bεopen
: (Equation S24)

Here, we have also defined r and p according to Equations S12 and S13.

We start by considering mechanism (ii) as defined in the previous section. In this case we will have to once again account for the

change in the promoter escape rate due to the stabilization of the open complex. As a result we canmake the substitution r2 = r1e
bεorp in

Equation S23 which leads to

Repressionfull;ðiiÞ =
1+ r½1+p0ðebεopen ðe�bεcrp � 1Þ+ e�bεorp � 1Þ�

1+ r

=
1+ rxfull
1+ r

:

(Equation S25)

This equation and the expression for the repression in the simpler model shown in Equation 3 in the main text and Equation S14 in

the previous section are basically identical. We conclude that for mechanism (ii) the full model predicts the exact same functional form

for the repression as a function of repressor copy number as the simpler model where only an effective RNA polymerase-promoter

complex is considered.

When considering mechanism (iii) for this full model we just need to set εcrp = ε
o
rp = 0. The resulting repression is

Repressionfull;ðiiiÞ =
1+ r

1+
r2
r1
r
; (Equation S26)

which is exactly the same expression obtained for this mechanism in the case of the simpler model shown in Equation S18 and Equa-

tion 3.

To conclude, we have shown that the predicted expressions for bothmechanisms have the exact same functional form for amodel

that considers the closed and open complexes explicitly and one that considers one effective complex. As a result, none of the

conclusions put forth throughout the text are affected by the simplification of using the effective complex.

Data Fitting

In order to fit the data corresponding to repression as a function of repressor copy number for the different operators located at�50

shown in Figures 4 and 5 we used our previous knowledge of the in vivo binding energy of Lac repressor to each of its operators

(Garcia and Phillips, 2011). These energies are shown in Figure S3A. The errors on both axes were taken as weights for the least-

squares minimization. We performed three separate fits for a given operator. First, we fixed the energy to the value reported in Fig-

ure S3A. Additionally, we performed two extra fits setting the energy to the upper and lower bounds given by the error bars. The fitted

parameters and standard errors were then averaged using the errors as weights in order to obtain the values that are reported

throughout the text.

Operator Occupancy

As described in the introduction, the occupancy hypothesis implies that all data should fall on the same curve, as shown in Figure 1A.

Here we show in detail how we can use our theoretical models to calculate the occupancy, the probability of finding repressor bound

to the different operators, and the assumptions involved in such calculations.

One of the key predictions of the occupancy hypothesis is that when plotting repression as a function of operator occupancy for

different operator sequences all curves should collapse onto a single master curve. This was shown diagrammatically in Figure 1. In

order to generate such a plot, however, we need to have knowledge of the occupancy of the operator at the different repressor

numbers used throughout this work. An alternative strategy, which we employ here, is based on estimating the repressor occupancy

using our thermodynamic model and a few assumptions. In this section we show how we can compute this probability of finding

repressor bound to its operator, pRbound, in the different models of repression considered throughout the text.
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For a model of steric exclusion such as the one developed in detail in (Garcia and Phillips, 2011) it can be shown that the partition

function is

Z+ 11 = 1+
2R

NNS

e�bDεrd +
P

NNS

e�bDεpd ; (Equation S27)

where we have used the subscript +11 to indicate that we are modeling simple repression downstream from the promoter (Bintu

et al., 2005a; Bintu et al., 2005b; Garcia and Phillips, 2011; Vilar and Leibler, 2003). If we calculate the probability of finding the

repressor bound to the operator we get

pRbound;+ 11 =
1

Z+ 11

2R

NNS

e�bDεrd : (Equation S28)

In order to make progress we invoke the ‘‘weak promoter approximation.’’ The key concept behind this approximation is that the

binding of RNA polymerase to the promoter does not occur often enough tomodulate the probability of finding repressor bound to its

operator appreciably. The available in vitro measurements as well as simple estimates based upon the relevant parameters suggest

that this approximation holds for the lac and lacUV5 promoters (Bintu et al., 2005b; Garcia and Phillips, 2011). Mathematically, the

weak promoter approximation can be formulated as
P

NNS
e�bDεpd � 1 (Bintu et al., 2005b; Garcia and Phillips, 2011), we then get

pRbound;+ 11z

2R

NNS

e�bDεrd

1+
2R

NNS

e�bDεrd

: (Equation S29)

As a result, under the weak promoter approximation, the occupancy of Lac repressor on its operator is not affected by the binding

parameters of RNA polymerase to the nearby promoter.

Next, we calculate the probability of finding repressor bound to its operator in the general thermodynamic model for upstream

simple repression shown in Equation S8. In this case the probability is

pRbound;�50 =
1

Z�50

�
2R

NNS

e�bDεrd +
P

NNS

2R

NNS

e�bðDεpd +Dεrd + εrpÞ
�
: (Equation S30)

Under the weak promoter approximation this probability is the same expression as pRbound,+11, namely

pRbound;�50z

2R

NNS

e�bDεrd

1+
2R

NNS

e�bDεrd

zpRbound;+ 11: (Equation S31)

As a result, when the promoter is weak the probability of finding Lac repressor bound to its operator, pRbound, is the same regard-

less of the particular model of repressor action.

Throughout this work the lacUV5 promoter was used exclusively. Previous works suggest that the weak promoter approximation is

valid for this particular promoter (Bintu et al., 2005b; Garcia and Phillips, 2011). As a result, we use Equation S31 to estimate the occu-

pancy of Lac repressor on each operator for the different constructs and experimental conditions explored here.

In order to generate the curve of repression as a function of operator occupancy for the operators located at +11 we combined

Equation S6 with Equation S31 in order to obtain

Repression+ 11z
1

1� pRbound

: (Equation S32)

On the other hand, for the curves corresponding to the�50 constructs we combined Equation 4 and Equation S31, which results in

Repression�50z
1

1+pRbound

�
r2
r1
� 1

�: (Equation S33)

In Figure S5A we plot our repression data as a function of operator occupancy for constructs bearing operators at +11 and �50

together with the theoretically predicted curves of the repression as a function of operator occupancy based on Equations S6 and

S31 (dashed black line).

To be more specific, each data point shown in Figures S5A and S5B corresponds to a construct with an operator located at +11

or �50 in the presence of a given total number of repressor molecules. The choice of operator determines the binding free energy,

Dεrd, whereas R is the intracellular number of repressors. These values are plugged into Equation S31 in order to obtain the operator

occupancy, which is then plotted together with its corresponding measured repression value. Errors in the operator occupancy are
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estimated using Equation S31 and the errors inR andDεrd (Garcia and Phillips, 2011). Each of the curves for the�50 location shown in

Figures S5A and S5B corresponds to a different choice of the ratio r2/r1 stemming from the fits shown in Figure 5B.

It is clear that the level of occupancy is sufficient to explain repression at +11 within experimental error. This data collapsed is

further explored in Figures S5C and S5D and in the next section. Our results suggest that the occupancy hypothesis holds for

this regulatory architecture. In contrast, we see a different behavior for the data corresponding to the�50 constructs. Each operator

has associated with it a curve for the repression versus operator occupancy which is significantly different from the other operators.

One strategy to show how different these curves are is explored in Figure S5B. Here we plot some of the data shown in Figure S5A

together with the theoretical expectation. Additionally, we show the range of the theoretical expectation given by the error bars in the

parameters used to generate them. We can see from these ranges that the curves are indeed different by several fold from the region

delimited by their corresponding error bars. From these figures it follows that there is a qualitative difference between data sets cor-

responding to different operators. As a result we conclude that in the case of repression when the operator is at�50, repressor occu-

pancy is not sufficient to determine the level of repression.

Data Collapse for Repression at +11

In Figure S5A we show that all the repression data for the operator located at +11 is consistent with Equation S32. This is done by

plotting Repression as a function of 1� pRbound (one minus the probability of finding Lac repressor bound to its operator) on a log-log

plot, such that the data should fall on a line of slope �1. In this section we explore this claim further by applying some more rigorous

statistical arguments to the claim.

One way to test the prediction of the model is to fit the data to Equation S32 leaving the slope as a free parameter. This means that

we plot Repression as a function of 1=ð1� pRboundÞ and fit for a in the following equation

Repression + 11za
1

1� pRbound

: (Equation S34)

If our data is consistent with the model advocated by Equation S32 we would expect a to be close to 1. Indeed, when we perform

such fit we obtain a value of a = 1.10 ± 0.07. In Figure S5C we show how this fit is clearly comparable to a line of slope 1.

Despite the good agreement between out prediction and the slope of the fit, the error obtained from the least-squares minimization

might not be representative. In order to explore an alternative strategy to estimate the error associated in determining awebootstrap-

ped the data 500 times and for each new data set performed the corresponding fit. In Figure S5D we show a histogram of the values

that are obtained for the slope, where we can see that the expected value of 1 is within two standard deviations of the mean.

General Kinetic Model of Repression

One way to reveal the violation of the occupancy hypothesis is to look at the repression value for a high number of repressors.

Different operator sequences lead to different plateau levels in a way that our thermodynamic models can only explain if the operator

sequence is determining the nature of the interaction between RNA polymerase and repressor. In this section we show that these

thermodynamic models were a useful way of revealing the surprising outcome of our measurements, but that the assumptions

implicit in them are by no means necessary. We consider the most general model of transcriptional repression, where we allow

Lac repressor to inhibit transcription by an arbitrary mechanism which may involve inhibition of closed complex formation, inhibition

of open complex formation, inhibition of promoter clearance, or any combination thereof. We do not constrain this model by making

any assumptions, other than the rate of binding of Lac repressor to the operator is linear with the concentration of repressor. This

mechanism is depicted in Figure S6. The promoter dynamics are described by the following master equation,

dP
!
dt

= bK$P
!
: (Equation S35)

This equation describes the time evolution of the probability to find the promoter in each one of the six promoter states depicted in

Figure S6. These six probabilities can be described by a vector P
!

= ðP1;P2;P3;P4;P5;P6Þ, where we have defined Pi as the proba-

bility to find the promoter in state i. The matrix bK contains the rates for all the possible promoter transitions. In order to compute the

steady state probabilities, we need to solve the equation bK$P
!

= 0. The mean rate of transcription in steady state is then given by

ktxn = kescP3 + kRescP6. The reader is referred to reference (Sanchez et al., 2011) for a careful explanation and derivation of this equation.

For the general model described by Figure S6, the matrix bK takes the form

bK =

2
666666666664

�ðuc + kRÞ vc kesc aR 0 0

uc ��
vc + ko + kRc

�
vo 0 aRc 0

0 ko ��
kesc + vo + kRo

�
0 0 aRo

kR 0 0 ��
aR + uR

c

�
vRc kResc

0 kRc 0 uR
c ��

aRc + vRc + uR
o

�
vRo

0 0 kRo 0 uR
o ��

aRo + kResc + vRo
�

3
777777777775

: (Equation S36)
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The general expression for the mean transcription rate can be easily obtained analytically using software such as Mathematica.

However, this expression is rather long and uninformative. As a result, we will not reproduce it here, but we will reproduce the repres-

sion under certain limits. We define the repression through the expression Repression = ktxnð0Þ=ktnxðRÞ. We take the limit of a large

intracellular number of repressors, which corresponds to setting the rate constants for repressor binding kr , k
R
c and kRo to infinity. In

this limit we get the repression value corresponding to the operator being occupied 100% of the time with a corresponding expres-

sion given by

RepressionðR/+NÞzkouckesc
kRescu

R
c u

R
o

kResc
�
uR
c + uR

o + vRc
�
+ vRc v

R
o + uR

c

�
uR
o + vRo

�
kouc + kescðko + uc + vcÞ+ voðuc + vcÞ : (Equation S37)

Notice that the repression is independent of the rate of dissociation of the repressor for any kinetic mechanism of repression by

LacI given by the rates aR, a
R
c , and aRo in Figure S6. As a result, the repression at saturating copy number of repressor does not depend

on the operator sequence. Therefore, from this general model, we expect that the value of the plateau in our experiments will be the

same regardless of the operator sequence in clear contradiction with our experimental observations.

Comparison to Previous Data

Several previous experiments have addressed the question of simple repression by Lac repressor as a function of the position of the

operator. In the following section we try to compare these previous data sets to our own. Some of these experiments were done in

slightly different experimental contexts such as using a different promoter geometry, different intracellular number of repressors, etc.

Nevertheless, we view this comparison as useful and, in some cases, reassuring that the effects we observe are not artifacts.

Two previous works addressed the dependence of repression on the position of themain operator downstream from the promoter.

Besse et al. (1986) measured the repression as a function of the position of an Oid operator. In order to do so they measured repres-

sion using a strain lacking Lac repressor and a strain overexpressing repressor through the mutation lacIq. The number of LacI mole-

cules per cell stemming from this mutation has been estimated to be 100 times that of the wild-type gene (Müller-Hill, 1996). This

experiment was done in the presence of the auxiliary operators O2 and O3. This allows additional states of the promoter through

looping of the DNA by Lac repressor, which may complicate the comparison with our data.

Elledge and Davis (1989) performed a similar experiment to those of Besse et al. However, there were some key differences. First,

they used a strong, constitutive promoter with a lac operator located downstream. They also used anOid operator and the lacIqmuta-

tion. They measured repression in a way consistent with Besse et al. and our work. The construct used again contained the O2 site

located within the lacZ coding region. As a result the data can also be potentially affected by DNA looping.

If repression is working through steric exclusion all three data sets (Elledge and Davis, Besse et al. and ours) should be

described by

Repression= 1+
2R

NNS

e�bDεrd : (Equation S38)

In fact, we should be able to relate repression under our conditions (an O1 operator and wild-type levels of LacI) by computing

RepressionO1;WT = ðRepressionOid;lacIq � 1Þ RWT

RlacIq

e�bDεrd;O1

e�bDεrd;Oid
+ 1; (Equation S39)

where the subscripts correspond to the choice of operator and number of repressors. Given our knowledge of the number of Lac

repressor molecules per wild-type cell (Garcia and Phillips, 2011) we estimate

RWT

RlacIq
z10�2: (Equation S40)

We also know the difference in binding energy between Oid and O1 (Figure S3A) such that

e�bDεrd;O1

e�bDεrd;Oid
= e�bðDεrd;O1�Dεrd;OidÞz0:18: (Equation S41)

With these two quantities in hand we can now relate the repression measured under both conditions through

RepressionO1;WTzðRepressionOid;lacIq � 1Þ3 0:183 10�2 + 1:

In Figure S1D we show a comparison of our data to that of Besse et al. and Elledge and Davis once it has been converted to our

approximate experimental conditions using Equation S42. We see what seems to be a relatively good agreement in terms of the

general trends of all data sets. However, the magnitude of the effects seems to be different. It is not clear whether this is due to Equa-

tion S40 not successfully converting all the data or to some other differences in the experiments that we have not been able to

account for.
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Bond et al. (2010) measured repression as a function of an Oid operator located upstream from the promoter in the absence of

a main operator. They expressed Lac repressor from an F-plasmid at wild-type levels. One very important difference between their

and our approaches is the fact that they measure a ‘‘repression ratio’’ by quantifying the level of expression in the presence of the

inducer IPTG and dividing it by the level of gene expression in the absence of IPTG. Figure S1E shows a comparison of our repression

and the repression ratio measured by Bond et al. Both data sets seem to show the same features, although ours shows a quantita-

tively stronger modulation of repression. This difference could be attributable to, for example, differences in the actual number of

repressors in both experiments. Another possible source of the discrepancy could be incomplete derepression by IPTG. Some

previous measurements suggest that Lac repressor can still loop and lead to repression in vivo in the presence of IPTG (Becker

et al., 2007; Becker et al., 2005; Bond et al., 2010). As a result, even though IPTG can abolish some of the binding of LacI to the

DNA it may not always abolish it completely. Additionally, it is not clear if IPTG could cause changes in the structure of the protein

and the protein-DNA complex such that the contacts with the transcriptional machinery could be of a different nature.
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Figure S1. Plasmid Diagram, Promoter Sequences and Comparison of Our Experimental Data to Previous Similar Experiments, Related to

Figure 2

(A) The main features of the plasmids pZS25O1+11-YFP and pZS25O1+11-lacZ are shown flanked by unique restriction sites. The particular promoter sequence

based on the lacUV5 promoter is shown together with the sequences of the different Lac repressor binding sites used.

(B) Sequences of downstream repression constructs. When possible the sequences of the wild-type lac promoter were used.

(C) Sequences of upstream repression constructs. We used the upstream sequence of the lac promoter until the CRP binding site (Müller-Hill, 1996). In (B) and (C)

the underlined and bold letters correspond to extra sequence obtained from the random sequence E8 (Cloutier and Widom, 2005).

(D) Our data for operator positions located downstream from the promoter is compared to the data sets of Besse et al. (Besse et al., 1986) and Elledge and Davis

(Elledge and Davis, 1989) via the conversion shown in Equation S40.

(E) Our repression data is compared to the repression ratio data (defined with respect to the presence and absence of IPTG in the media) from Bond et al. (Bond

et al., 2010) which shows qualitative trends similar to our data. Error bars are standard deviations over multiple repeats.
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Figure S2. Transcriptional Regulation and the Mechanisms of Simple Repression, Related to Figures 2 and 3

(A) Simplifiedmodel of transcription initiation (Record et al., 1996). In this schematic, the DNA in the open-complex state is notmeant to reflect the actual structure

of the complex with any accuracy. The key point of the cartoons is to highlight the different allowed states.

(B) Different mechanisms of repression where transcription can either be impaired by excluding RNA polymerase from one of its DNA complexes, by the inhibition

of isomerization into the open complex, by inhibition of promoter escape, or by creating a roadblock for RNA polymerase once it has escaped the promoter

(Hochschild and Dove, 1998; Pavco and Steege, 1990, 1991; Rojo, 1999).

(C) Fits of the repression data for the operator located at +11 to the linear model given by Equation S6 and a saturation model given by Equation S7. Kd is

measured in units of absolute number of repressor molecules. Error bars are standard deviations over multiple repeats and shaded regions represent the errors

from the fits.
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(ii) Stabilizing interaction mechanism

(iii) Escape rate modulation mechanism
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Figure S3. Repression for Operators Located at +11 and Various Proposed Models and Mechanisms to Fit Our Experimental Data for
Repression at �50, Related to Figure 4

(A) Repressionmeasured for the four different operators for Lac repressor located at +11 as a function of the intracellular number of repressors. By fitting Equation

S6 to the experimental data we can obtain the in vivo binding energy of Lac repressor to each operator. Notice that repression increases steadily with the number

of repressors. This behavior is to be contrasted with the saturation in repression for operators located at�50 shown in Figures 4 and 5. Data replotted from (Garcia

and Phillips, 2011).

(B) Fit of the O1 �50 data to the various versions of our thermodynamic model. A stabilizing interaction between RNA polymerase and LacI only cannot account

for the observed trends in the data (see also Figure 4) as shown by the best fit to mechanism (ii) (red line). A modulation in promoter escape rate by bound

repressor is necessary to account for the observed trends in the data as shown by the best fit to mechanism (iii) (green line). Finally, a combination of both models

can also account for the data as shown by a best fit to Equation S10 (blue curve).

(C) Graphical definition of the maximum level of repression, Repressionmax, and the repressor copy number corresponding to the mid-point of the repression

curve, R1/2.

(D) Full model of upstream simple repression. In this model we differentiate between the open and closed complexes. We allow for an interaction between

repressor and RNA polymerase in the context of both complexes. Additionally, we allow for a different rate of transcriptional initiation in the presence of repressor.

Error bars are standard deviations over multiple repeats.
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Figure S4. Comparison between Relative Levels of Expression and the Modulation in Ratio of Promoter Escape Rates r2/r1, Related to

Figure 5

The level of expression in the absence of Lac repressor is compared to the result stemming from the different values of r2/r1 following Equation 4. Values are

expressed relative to the O1 values, which are set to one. We see no significant correlation between the unregulated level of gene expression and the ratio of

escape rates suggesting that the rate of promoter escape in the absence of repressor, r1 cannot account for the observed differences in r2/r1 for the different

operators. Error bars are standard deviations over multiple repeats.
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Figure S5. Repression at +11 Yields aMaster Curve as Predicted by theOccupancyHypothesiswhile Repression at�50DoesNot, Related to

Figure 5

(A) Repression as a function of the probability of finding the operator empty (one minus operator occupancy) for operators at�50 (filled circles and squares) and

at +11 (open circles). Note that for the +11 architecture, all of the data points collapse onto a single master curve (dash-dot black line) as predicted by the

occupancy hypothesis and shown in detail in the Extended Experimental Procedures. For the �50 architecture, there is no data collapse onto a master curve as

revealed by the fact that the different operator sequences are associated with different modulations of the rate of transcription initiation (solid and dashed lines).

(B) A subset of the data shown in (A) is reproduced here on a different scale to illustrate the lack of data collapse for the �50 architecture. The shaded regions

represent the error in our prediction given the errors associated with the various parameters used to generate them. Error bars are standard deviations over

multiple repeats.

(C) We fit our repression data for the operator located at +11 to Equation S35 and obtain the corresponding slope. The value obtained is comparable to the value

predicted by the occupancy hypothesis of one.

(D) Bootstrapping our data 500 times and performing the same fit as in (C) for each one of these iterations allows us to obtain a histogram of slopes. Although there

is a systematic shift in the obtained slope from the expected value of one the obtained data is consistent with the prediction of the occupancy hypothesis.
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Figure S6. Full Kinetic Model of Repression, Related to Figure 5

This model allows for Lac repressor to inhibit transcription by inhibition of closed complex formation, inhibition of open complex formation, inhibition of promoter

escape, or any combination thereof. RNA polymerase states are indicated using the same symbols as in Figure S2A.
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