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Biosensors have recognized a rapid development the last years in both industry and science. Recently, a single-
molecule assay based on alternating laser excitation has been established for the quantitative detection of tran-
scription factors. These proteins specifically recognize and bind DNA and play an important role in controlling
gene expression. We implemented this assay format on a total internal reflection fluorescence microscope to
detect transcription factorswith immobilized single-molecule DNA biosensors.We quantify transcription factors
via colocalization of the two halves of their binding site with immobilized single molecules of a two-color DNA
biosensor. We could detect a model transcription factor, the bacterial lactose repressor, at different con-
centrations down to 150 pM. We found that robust modeling of stoichiometry derived TIRF data is achieved
with Student's t-distributions and nonlinear least-squares estimation with weights equal to the inverse of the
expected number of bin entries. This significantly improved transcription factor concentration estimateswith re-
spect to distributionmodelingwith Gaussianswithout adding notable computational effort. The proposedmodel
may enhance the precision of other single-molecule assays quantifying molecular distributions. Our measure-
ments reliably confirm that the immobilized biosensor format is more sensitive than a previously published so-
lution based approach.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Biosensors have recognized a rapid development the last years in
both industry and science. Although in the past decade the focus was
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on automation, in recent years it has shifted to miniaturization trying to
integrate the detection of biomaterials with nanostructures [1]. An
important parameter of miniaturization is whether the biosensor is
amenable to surface-based immobilization. The new generation of bio-
sensors must not only provide a qualitative answer on the presence of
the analyte in question, but must also be capable of quantitative deter-
mination. Here, we set out to use immobilized DNA biosensors to quan-
tify transcription factors (TFs), proteins that specifically recognize and
bind DNA. TFs are pivotal molecules that control gene expression and
their dysregulated profile is involved in numerous cancer types and dis-
eases [2–4]. For this reason, their rapid and ultrasensitive detection is of
essence in molecular diagnostics [5]. Long-established biochemical
methods such as DNAse footprinting, electrophoretic mobility shift as-
says (EMSAs) and western blotting provide valuable information on
characterizing TFs but are time-consuming, require large amounts of
sample, and are at best semi-quantitative [6]. Enzyme-linked immuno-
sorbent assays (ELISAs) and recent techniques such as the proximity-
based ligation assay offer sensitive detection [6,7]. Their need for signal
amplification renders them ill-suited for fast diagnosis, although their
immobilization scheme offers a notable advantage for multiplexing
and high-throughput capabilities.

Recently, TF detection with a single-molecule DNA biosensor was
reported based on TF-induced coincidence of fluorescently labeled
DNAs [8]. TF sensing of catabolite activator protein (CAP) and lac repres-
sor (lacR; aka lacI), both involved in the regulation of bacterial lactose
metabolism [9,10], was quantitatively investigated in solution using
alternating-laser excitation (ALEX) and the robustness of the assay in
cell extracts was demonstrated. Additionally, it was shown that in prin-
ciple this assay also works with immobilized biosensors on surfaces.
However, in order for the single-molecule DNA biosensor to be fully uti-
lized in the immobilized scheme a thorough quantification and optimiza-
tion is needed. Here, we continue thework published by Lymperopoulos
et al. by precisely quantifying the fraction of lacR bound DNA using
immobilized biosensors. We present an improved model for accurately
describing the molecular distributions in stoichiometry-based single
molecule experiments and adapted the established theoretical descrip-
tion of the biosensor response to surface-based measurements.

2. Results and discussion

2.1. TF sensing with DNA biosensors

The biosensors were constructed as described in ref. [8]. In brief,
the biosensor comprises the TF–DNA target site split into two parts.
These DNA fragments, termed half-sites (H), have short, complementa-
ry single stranded (ss) overhangs. In our assay, one half-site (H1G) is
labeled with a green fluorophore and biotinylated for single-molecule
immobilization via biotin–neutravidin on a BSA passivated surface
(see Materials and methods). The other half-site (H2R) is labeled with
a spectrally distinct red fluorophore and supplied in solution along
with the TF (Fig. 1a). The tendency of the DNA fragments to associate
is designed to be low such that in the absence of TF the fraction of
annealed DNA half-sites is insignificant (Fig. 1c, bottom, Fig. 2a, bottom
and Supporting Information Fig. S2a). We investigate lacR with a bio-
sensor that has only 6 bases ss overhang and use low nanomolar
concentrations of half-site H2R to satisfy this requirement. When the
protein is present in the reaction mixture, it will selectively bind
to the assembled binding site and drive the association of H1G and
H2R (see Fig. 1b and c, top). We confirmed that lacR does not bind
to one half-site alone with ensemble EMSAs (see Supporting Infor-
mation Fig. S3). Protein-dependent colocalization of H1G and H2R is de-
tected using ALEX on a total internal reflection fluorescence (TIRF)
microscope. The fluorescently labeled half-sites of the single-molecule
biosensor are sampled by alternating excitation with green and red
laser lights. For each molecule in the green detection channel the aver-
age apparent Förster resonance energy transfer (FRET) efficiency (E⁎)
and stoichiometry (S) are calculated excluding unspecifically adsorbed
H2R from the analysis (see Materials and methods). The assay readout
does not require a change in FRET efficiency for TF sensing, but FRET
may be used as an additional parameter for sensor encoding. Therefore,
the S-based detection scheme allows a free choice of dye positions along
the DNA, here at the respective ends of the half-sites to avoid perturba-
tion of TF–DNA binding [8]. The interfluorophore distance is 40 base
pairs (~13.6 nm) for the assembled half-sites of the lacR biosensor, cor-
responding to more than twice the Förster radius R0 = 6.2Ǻ for the
Cy3B–Atto647N dye pair, so FRET can be neglected in our experiments
[11]. With E* = 0 in the TF bound and unbound sensor configuration,
S reports on the molecular stoichiometry. The population with stoichi-
ometry around S ~ 0.55 (mid S, H1G colocalized with H2R, Fig. 2a) con-
tains the TF bound to both half-sites and the population with S ~ 1
represents the unbound biosensor (high S, H1G only). An increase in
lacR bound biosensor with increasing lacR concentration is thus indi-
cated by a gain in the relative area of the mid S population. The mid
S population is much broader than the high S population due to the
contribution of two fluorescent signals and because of additional in-
tensity variations of the red dye Atto647N [11,12]. The fraction of TF
bound DNAs is determined by estimating the mixing proportion of the
mid S population using a bimodal fit model (Fig. 2a,b).
2.2. Improved model for stoichiometry distributions

An important aspect of accurately quantifying TFs, i.e. measuring the
fraction of colocalized half-sites, is the use of a probability distribution
function (PDF) that describes the two populations' (bound and un-
bound biosensors) best. Therefore, we carefully examined different
PDFs and parameter estimation approaches. We tested maximum like-
lihood estimation(MLE) and non-linear least-squares (NLS) parameter
estimationwith differentweights and compared Gaussian and three pa-
rameter Student's t distributions (see Materials and methods and
Supporting Information) [13,14]. It should be noted that the Student's
t distribution comprises the Gaussian distribution as a limiting case
and was used before to achieve robust modeling of biological data sets
[15,16]. We combined data from ~20 movies of different fields of view
in one histogramwith appropriate binning to assess the TF bound frac-
tion for one experiment. The histogramwas thenmodeled using the ap-
proaches described above. Fit quality was judged by examination of the

residuals and by calculation of Pearson's χ2
red ¼ 1

d: o: f :∑
i

Oi−Eið Þ2
Ei

(red = reduced, d.o.f. = number of degrees of freedom, Oi are the ob-
served counts and Ei are the expected counts). In addition, we
performed a χ2-goodness-of-fit test with the null hypothesis that the
data are a random sample from the respective PDF (see Supporting
Information) [13,14].

Both NLS estimation with weights equal to the inverse of the ex-
pected number of bin entries and MLE using a linear combination of
two Student's t-distributions performed best [13]. We selected the
NLS estimation to evaluate all the data due to computational speed. A
comparison of the chosen fitting approach with the commonly applied
ordinary non-linear least-squares (ONLS) estimation using a linear
combination of two Gaussians (Fig. 2b) illustrates that the latter misses
the tails of the narrow high S population. Only in the case of the
Student's t-distributions χred

2 is close to one and the null hypothesis of
the χ2-goodness-of-fit test cannot be rejected at the 5% significance
level (see Supporting Information). Fig. 2c compares the Gaussian
with the Student's t model based on the resulting relative deviation of
the DNA colocalization. It is evident that the Gaussian model shows a
systematic positive bias of up to 200% with respect to the Student's t
model. In more than 50% of the experiments the TF bound fraction is
overestimated by at least 10–20%. We also found that the bias becomes
more significant for low TF concentrations (see Supporting Information
Fig. S1).



Fig. 1. Surface immobilized TF biosensor based on DNA colocalization. a) The biosensor consists of two DNA half-sites H, each labeled with a green and a red fluorophore respectively. TF
binding drives formation of a stable complex (see text for details). b) The model describing the biosensor principle consists of half-site association (KD1) and TF binding to the assembled
target site (KD2). c) TIRF images show spots of immobilized H1G in the green detection channel (left) that colocalize with red spots (right) of H2R in presence of TF (G-R, upper images).
Without TF, primarily green-only spots (G) occur along with few spots of unspecifically bound red half-sites (R, lower images). Scale bar is 5 μm.
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2.3. Theoretical description of surface-immobilized biosensor response

Analysis of the histograms leads to the determination of the TF
bound fraction depending on the experimental conditions. We adapted
the previously appliedmodel of two coupled equilibria, one for half-site
association with dissociation constant KD1 and a second for TF binding
to the assembled target site with KD2, to describe measurements with
immobilized single half-sites (Fig. 1b) [8,17,18]. The notation is changed
from concentrations of species involving H1G ([H1G], [H1G − H2R],
[H1G − TF − H2R]) to probabilities of the corresponding equilibrium
states of the immobilized probe ( PH1G ;

PH1G−H2R ;
PH1G−TF−H2R , see

Fig. 1a). In addition, we assume that the concentrations of TF and H2R

in solution remain constant because they are present in large molar ex-
cess over the surface bound half-site. The TF bound fraction equals the
probability to be in the TF bound state PH1-TF-H2 and depends on KD1,
KD2, [H2R] and [TF]. In turn, the unknown concentration of TF can be cal-
culated from the experimentally determined bound fraction at specified
[H2R] provided the dissociation constants are known (seeMaterials and
methods).
2.4. Comparison of experimental lacr detection with the theoretical
biosensor model predictions

In the experiments, we titrated 0–300 nM active lacR along with
1 nM or 5 nM half-site H2R on a surface with immobilized half-site
H1G. In addition, we investigated the effect of the change of incubation
temperature on the sensitivity and population distribution. We varied
the temperature from 14 °C to room temperature (RT) for 1 nM H2R

in search of optimized experimental conditions. To compare the nor-
malized DNA colocalization extracted from our measurements with
the predictions of the model, we used NLS regression with weights
equal to the experimental error.

For the analysis with 5 nMhalf-site, we kept the half-site concentra-
tion constant ([H2R = 5 nM]) and fitted the remaining model parame-
ters (Fig. 3a). The estimated dissociation constant for half-site binding
was KD1,14 °C = 240 nM, a value that agrees well with ensemble
thermophoresis measurements (see Supporting Information). The esti-
mate is slightly lower than KD1,14 °C = 300 nM for the catabolite activa-
tor protein (CAP) biosensor under the same conditions [8]. This was



Fig. 2. Single-molecule sensing of lacR with an immobilized DNA biosensor. a) Normalized stoichiometry distributions of immobilized H1G with 1 nM H2R as a function of lacR concen-
tration at RT. The high S (S ~ 1.0) population represents H1G (green-only) whereas the mid S (S ~ 0.55) population (colocalized green and red fluorescence) comprises the complex
H1G-LacR-H2R. b) Normalized stoichiometry distribution at 3 nM lacR concentration from a) for comparison of model fits using a linear combination of two Student's t-distributions
(subscript S, solid line) and two Gaussians (subscript G, dashed line). c) Deviation of the DNA colocalization (DC) determined by modeling two Gaussians with respect to the result
obtained with two Student's t-distributions DCDev: ¼ DCG−DCS

DCS
.
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expected since the biosensor used in this work has a higher GC content
in the single-stranded overhangs of same length. The association of lacR
with its DNA target site is described by KD2,14 °C = 12 pM, in good
agreement with previous affinity measurements KD2 ~ 10 pM at com-
parable ionic strengths [19–22]. The surface bound assay is very sensi-
tive in the low nM range and we detected down to 150 pM active lacR
with 5 nM and 1 nM half-site H2R in the solution upon incubation
at 14 °C (see Supporting information Fig. S2). The measurements
with 1 nM half-site can be described by the theoretical model with
KD1,14 °C = 240 nM, KD2,14 °C = 12 pM and [H2R = 1 nM](Fig. 3b).

An additional set of experiments was conducted with 1 nM half-site
H2R and incubation at room temperature. The data series is well de-
scribed by KD2,RT = 6 pM for protein-DNA interaction and estimation
of the half-site dissociation constant resulted in KD1,RT ~ 580 nM
(Fig. 3c). The binding of lacR to its operator was previously found to
tighten moderately with temperature, i.e. KD2 decreases [22,23]. In
turn, we expect a reduction in H1G − H2R affinity, i.e. an increase of
KD1, from DNA thermodynamics theory [24]. The combined effect re-
sults in a biosensor response curve that is marginally shifted to higher
TF concentrations at room temperature compared to 14 °C for the lac re-
pressor (Fig. 3d). The response of this biosensor is essentially unaltered
by the applied change in temperature.

In general, sensor sensitivity may be altered by changes in half-site
concentration, KD1 (e.g. modification of the single-stranded overhangs)
and KD2 (e.g. mutations in the TF binding site) [8,17]. In case of surface-
immobilized TF, raising [H2R] is limited to ~10 nMdue to unspecific ad-
sorption on the surface and a high background signal. Working with
higher concentrations of H2Rmight be feasible by quantifying false pos-
itives using the localization based method established by Trabesinger
et al. or zero-mode waveguides to further reduce background [25,26].
In our experiments, a five-fold rise in [H2R] results in an increased
sensor responsiveness and earlier saturation of the measured curves.
We validated the proof of principle measurement on the surface
immobilized biosensor of ref [8] by systematic variation of the TF con-
centration and confirmed that it has a slightly increased sensitivity com-
pared to the solution-based approachwith equal amounts of 1 nMhalf-
sites (see Fig. 3d) [8]. Many eukaryotic TFs have higher KD2 than the
lacR, so this should be of advantage [4,27–29].

3. Conclusion

In conclusion, we have quantitatively characterized surface-based
sensing of lacR with an immobilized two-color DNA biosensor. We
could detect the model TF at different concentrations down to 150 pM
in accordance with ref. [8]. However, we found that distributionmodel-
ing with Gaussians systematically overestimates the TF bound fraction
especially at low TF concentrations. This is of particular interest as it
can significantly influence the determination of the KD of TF binding.
We show that a more robust modeling of stoichiometry derived TIRF
data is achieved with Student's t-distributions and NLS estimation
withweights equal to the inverse of the expected number of bin entries.
We could thereby improve TF concentration estimates without notable
additional computational effort. We perceive that the proposed model
may enhance the precision of other single-molecule assays quantifying
molecular distributions.

In accordance with previous reports, our experiments together with
a theoretical description showed that the immobilized biosensor is
slightly more sensitive for small TF concentrations than the solution
based approach. Time-to-result is, in principle, only limited by the incu-
bation time and could be reduced to a few minutes. These results

image of Fig.�2


Fig. 3.Comparison of themodeled TF bound fraction and experimental TF quantificationwith immobilized half-sites. a), b),and c)NormalizedDNA colocalization as a function of the active
lacR concentration along with model predictions. The experimental uncertainty is given by the standard deviation. a) 5 nM, b) 1 nM and c) 1 nMH2R with incubation at a), b) 14 °C and
c) RT. d)Model predictions of a) (solid black line), b) (solid light gray line), c) (dashed black line) and themodel of the solution based approach of ref. [8] for 1 nMhalf-site each, supplied
with the dissociation constants from a) (dark gray line).
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reinforce the notion that the surface-based assay format provides good
prospects for implementation in high-throughput applications for TF
sensing based diagnostics.

4. Materials and methods

4.1. Materials

All chemicals (if not otherwise stated) were from Sigma-Aldrich.

4.2. Preparation of the DNA sensor

The oligonucleotides used were custom synthesized, (labeled) and
high pressure liquid chromatography was purified from IBA GmbH,
Göttingen, Germany and Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany or Eurofins MWG Operon, Ebersberg, Germany. Sequences
are given 5′ → 3′. lacR-A: (C6 Amine) TGG TGT GTG GAA TTG TGA,
lacR-A-Cy3B = lacR-A labeled with N-hydroxy-succinimidyl ester
(NHS) of Cy3B (GE Healthcare, Freiburg, Germany), lacR-B: GCG TAT
AAC AAT TTC ACA CAG G, lacR-C: (C6 Amine) CCT GTG TGA AAT TGT
T, lacR-C-Atto647N = lacR-C labeled with NHS ester of Atto647N
(Atto-Tec GmbH, Siegen, Germany), lacR-D: ATACGCTCACAATTCCACA
CACCA, lacR-D-Biotin = lacR-D with a biotin modification at the 3′-
end. Oligonucleotides were hybridized in annealing buffer (20 mM
Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM EDTA) to form the half-sites
(1 μM) by heating to 90 °C for 4 min and subsequent cooling to 25 °C
(1 °C in 30s). Sensor naming convention: lacR AD (–Cy3B-Biotin) =
H1(G) and lacR BC (–Atto647N) = H2(R).

H1–H2 ¼ 5�−lacR−A–lacR−B−3�
3�−lacR−D–lacR−C−5�
4.3. Sample preparation

Binding reactions with lacR and ALEX-TIRF experiments were
conducted in Lab-Tek chambered coverslides. The slides were cleaned
twice with hydrofluoric acid (0.1 M) for 5 min, followed by 3 washes
with 1× PBS and incubation with BSA and BSA–Biotin (20:1 ratio,
5 mg mL−1) for 30 min. After incubation with 10 μg mL−1 neutravidin
for 20 min, 10 pM of biotinylated H1G was immobilized on this coated
surface. A mixture of 1 or 5 nM of H2-Atto647N and 0–300 nM active
lacR in KG7 buffer (20 mM HEPES-NaOH (pH 7), 100 mM potassium-
L-glutamate, 10 mM MgCl2, 1 mM DTT, 0.1 mg mL−1 BSA, 1 mM MEA,
5% glycerol) was incubated in the Lab-Tek chamber at 14 °C or at
room temperature for 30 min. Samples were immediately transferred
to the microscope and imaged.

4.4. ALEX–TIRF experiments

ALEX-TIRFM data was acquired on a custom-built TIRFM setup con-
sisting of a Zeiss Axioinvert 200 equipped with a 635 nm diode laser
(TECRL-25G-635, World Star Tech, Toronto, Canada) and a 532 nm
diode laser (TECGL-30, World Star Tech, Toronto, Canada) that were
coupled into the microscope through the back port. An AOTF was alter-
nating the laser excitation at the camera frame rate. Fluorescencewas ex-
cited and collected with a microscope objective (Nikon CFI Apochromat
TIRF 100× Oil, N.A. 1.49, Nikon Deutschland, Düsseldorf, immersion
oil Nikon Immersol TM 518 F n = 1.518 (23 °C), Carl Zeiss, Jena) and
isolated from excitation light by a dichroic mirror (z 532/633, AHF
Analysentechnik, Tübingen, Germany). The detected light was focused
through a rectangular aperture and filtered by a triple notch filter
(488/532/631–640 nm, AHF Analysentechnik, Tübingen, Germany).
The green and red detection channels were separated by a dichroic

image of Fig.�3
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mirror and further narrowed by bandpass filters (HQ 685/70 and HQ
585/60, AHF Analysentechnik, Tübingen, Germany) and focused on
the two halves of the chip of a back-illuminated EMCCD camera
(Andor iXonEM+ 897, Dublin, Ireland). A total of 20 individual movies
of 2 s duration with an exposure time of 100 ms and laser excitation at
~50 W cm−2 were taken for each sample.

4.5. ALEX–TIRF data analysis

The average apparent FRET efficiency (E⁎) [Eq. (1)] and the stoichi-
ometry (S) [Eq. (2)] were calculated for all Cy3B-labeled molecules
(R-G and G) over all frames before photobleaching, excluding the red
only population (see Supporting information).

E� ¼
FRem
Gex

FGem
Gex

þFRem
Gex

ð1Þ

S ¼
FGem
Gex

þFRem
Gex

FGem
Gex

þFRem
Gex

þFRem
Rex

ð2Þ

The datawere inspected on E⁎-S histograms and then combined and
collapsed onto one-dimensional S histograms comprised of ~20 movies
as shown in Fig. 2. The histogramswere normalized to PDFs and fit with
a linear superposition of two Student′s t PDFs [Eq. (3)] to extract the
bound fraction (FB) in the low S population as described in detail in
the main text and in the Supporting information. Only in absence of
TFwith 1 nMhalf-site fittingwas not applicable with any of themodels
described above. Here, quantification of the TF bound fraction was
achieved by dividing the number of green–red colocalized spots by
the total number of green spots (see Supporting information Fig. S2).

PDF
�
S
���FB; μR‐G;λR‐G; vR‐G; μG;λG; vG

�
¼ FBPDFStudent0s t

�
S
���μR‐G;λR‐G; vR‐G

�
þ 1−FBð ÞPDFStudent0s t S μG ;λG ;vGj Þ:ð

ð3Þ

With

PDFStudent0s t Sjμ ;λ; vð Þ ¼
Γ

vþ 1
2

� �

Γ
v
2

� � λ
πv

� �1
2

1þ λ S−μð Þ2
v

" #−vþ1
2

;

Γ(x) ∫ 0
∞tx − 1e− tdt the gamma function,

E(S) μ for v N 1 the expectation value,
var(S) 1

λ
v

v−2 for vN2 the variance.

The measured bound fraction at increasing lacR concentration was
modeled by nonlinear least-squares regression as

FB;exp T; H2R
h i

eq
; TF½ �eq

� �
¼ FB;0 þ FB;exp;TF

¼ FB;0;theo þ c FB;theo KD1;KD2; H2R
h i

eq
; TF½ �eq

� � ð4Þ

withweights equal to the experimental error. The factor c accounts for a
reduced bound fraction due to incomplete half-site hybridization,
photobleaching of red labeled H2 and other species incapable of TF
binding (see Supporting Information). FB,0,theo estimates the bound frac-
tion in the absence of TF, i.e. false positives due to unspecifically bound
H2R and includes minuscule half-site binding. All data analysis was
performed on home-built software written in Matlab.
4.6. Model for surface bound measurements

To model the TF biosensor in case of surface immobilized H1, we
state the definition of thermodynamic equilibrium (eq) for the two
coupled reversible reactions (Fig. 2b), one for half-site association
with dissociation constant KD1 [Eq. (5)] and a second for TF binding to
the assembled target site with KD2 [Eq. (6)], in terms of the probabilities
of the corresponding equilibrium states of the immobilized probe.

KD1 ¼
PH1G ;eq H2R

h i
eq

PH1G−H2R ;eq
ð5Þ

KD2 ¼ PH1G−H2R ;eq TF½ �eq
PH1G−TF−H2R ;eq

ð6Þ

1 ¼ PH1G þ PH1G−H2R þ PH1G−TF−H2R ð7Þ

We assume [TF]eq ≈ [TF]total and [H2R]eq ≈ [H2R]total due to large
molar excess over the surface boundhalf-site. Neglecting the prebinding
of half-siteswithout TF that is decribed byPH1G−H2R ;eq because of the low
nanomolar concentrations of H2R in solution and KD1 N N KD2 (here KD1

≥200 nM, KD2 ~ 10 pM, see section Comparison of Experimental lacR
Detection with the Theoretical Biosensor Model Predictions and ref.
[8]), the colocalized DNA, i.e. the bound fraction FB,theo [Eq. (8)], equals
the TF bound fraction PH1G−TF−H2R ;eq.

FB;theo KD1 ;KD2 ; H2R
h i

eq
; TF½ �eq;

� �

¼
H2R
h i

eq
TF½ �eq

H2R
� �

eq TF½ �eq þ H2R
� �

eqKD2 þ KD1KD2

ð8Þ

In case there is significant binding of DNA half-sites at [TF] = 0 in
other biosensor experiments, PH1G−H2R ;eq [Eq. (9)] may be added to
the expression for FB,theo.

PH1G−H2R ;eq ¼
H2R
h i

eq
KD2

H2R
� �

eq TF½ �eq þ H2R
� �

eqKD2 þ KD1KD2
ð9Þ

Themodelmay readily be extended to consider TF oligomerization if
applicable for the TF under investigation (see Supporting Information
Fig. S4), as it is known that TFs can undergo oligomerization either be-
fore or after DNA binding. In our experiments we have no indication
for lacR dimer–tetramer interconversion as more complex models did
not improve the model fit to our data and native gel electrophoresis
only showed one band for our protein preparation.

4.7. Purified lacR

LacR was prepared essentially as described in ref. [28] and ref.
[29–31]. The activity was estimated by electrophoretic mobility shift
assay to be ~30%, a common value for lacR preparations [32,33]. Size ex-
clusion chromatography during purification of lacR and comparison
with protein size standards indicate that lacR is present as a dimer in
our preparations (see Supporting Information Fig. S5).
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