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Abstract

Every method used to quantify biomolecular interactions has its own strengths

and limitations. To quantify protein-DNA binding affinities, nitrocellulose fil-

ter binding assays with 32P-labeled DNA quantify Kd values from 10−12 to

10−8 M but have several technical limitations. Here, we considered the suitabil-

ity of biolayer interferometry (BLI), which monitors association and dissocia-

tion of a soluble macromolecule to an immobilized species; the ratio koff/kon
determines Kd. However, for lactose repressor protein (LacI) and an

engineered repressor protein (“LLhF”) binding immobilized DNA, compli-

cated kinetic curves precluded this analysis. Thus, we determined whether the

amplitude of the BLI signal at equilibrium related linearly to the fraction of

protein bound to DNA. A key question was the effective concentration of

immobilized DNA. Equilibrium titration experiments with DNA concentra-

tions below Kd (equilibrium binding regime) must be analyzed differently than

those with DNA near or above Kd (stoichiometric binding regime). For

ForteBio streptavidin tips, the most frequent effective DNA concentration was

~2 × 10−9 M. Although variation occurred among different lots of sensor tips,

binding events with Kd ≥ 10−8 M should reliably be in the equilibrium binding

regime. We also observed effects from multi-valent interactions: Tetrameric

LacI bound two immobilized DNAs whereas dimeric LLhF did not. We next

used BLI to quantify the amount of inducer sugars required to allosterically

diminish protein-DNA binding and to assess the affinity of fructose-1-kinase

for the DNA-LLhF complex. Overall, when experimental design corresponded

with appropriate data interpretation, BLI was convenient and reliable for mon-

itoring equilibrium titrations and thereby quantifying a variety of binding

interactions.
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1 | INTRODUCTION

Biomolecular interactions—such as transcription factors
binding to DNA, protein–protein complex formation, and
protein small-molecule interactions—are ubiquitous in
living organisms. Therefore, the quantification of biomo-
lecular interactions is central to basic research and drug
discovery. The various methods for measuring these
interactions, such as nitrocellulose filter binding assays,
isothermal titration calorimetry, surface plasmon reso-
nance, enzyme-linked immunosorbent assay (ELISA),
and myriad spectroscopic assays have their own strengths
and limitations.1–3 Some require multiple washes and
long incubations, others require high sample consump-
tion, still others have very low through-put. Some bind-
ing reactions do not produce the signal monitored by a
given technique. Furthermore, a signal change must be
linearly related to the fraction of the bound species,3–5

which can limit the range of binding affinities that each
technique can accurately measure.

We have a long-standing interest in measuring Kd

values for various homologs of the LacI/GalR transcrip-
tion repressor family binding to their cognate DNA oper-
ators. Historically, these reactions have been quantified
with a nitrocellulose filter binding assay that relies upon
32P-DNA.6 In that pseudo-equilibrium assay, various con-
centrations of protein are mixed with a constant amount
of radio-labeled DNA, allowed to reach equilibrium, and
then quickly filtered through negatively-charged nitrocel-
lulose paper. The protein and protein-DNA complexes
bind to the paper whereas unbound DNA is washed
away, and the fraction of 32P-DNA bound to the protein
is used to quantify binding affinity (Figure 1).7 For vari-
ants of the lactose repressor protein (LacI) and its homo-
logs, filter binding assays can reliably measure protein-
DNA affinities that range from ~10−13 to 10−8 M.6,8–14

The filter binding assay has several drawbacks. High
protein concentrations can oversaturate the nitrocellulose
filter, which limits the ability to measure low-affinity
interactions. The act of filtering perturbs the equilibrium,
making it a challenge to quantify interactions with fast
dissociation kinetics. The 32P half-life is short and radia-
tion damages the DNA, which leads to the need to fre-
quently replenish this reagent. Since protein binds to the
paper, the method cannot be used to quantify protein–
protein interactions. Conversely, some proteins do not
bind well to the nitrocellulose paper, so the technique
does not work for all protein-DNA interactions.15 Last,
this method is time-consuming, which is challenging
when multiple variants of the repressor proteins need to
be evaluated.

Given the limitations of the nitrocellulose filter bind-
ing assay, we explored whether we could quantify

protein-DNA interactions using biolayer interferometry
(BLI). This technique uses a biosensor tip comprising an
optical fiber to which biomolecules can be immobilized.

FIGURE 1 LacI-DNA binding assayed with filter binding. The

filter binding assay was used tomonitor LacI binding to (a) lacO1,

(b) lacO2, and (c) lacO3 in the absence (●) and presence (■) of 1 mM

IPTG. In these experiments, DNA concentration was fixed at

3 × 10−12 M. The solid line represents the best fit of Equation (1) and

the values reported in Table 2 are the average and standard deviations

of at least three independent experiments with at least two different

protein preparations. Filter binding could not be used to determineKd

values for the natural lacO3 operator (c) because the filter was

saturated with protein at concentrations above those shown. A lower

limit forKd was estimated from the partial binding curve
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When light is passed through the tip, the wavelength of
the reflected light is proportional to the thickness of the
bound layer.16 The physical principles underlying BLI are
similar to those of surface plasmon resonance (SPR). A
key difference is that SPR continuously flows solution
over the binding surface, whereas the BLI sensor tip is
dipped into successive, constant volumes of solution for
each of the binding steps (Figures S1 and S2).17

The first experimental step in a BLI assay is to immo-
bilize one species of the binding reaction, leading to a
change in the reflected wavelength (Δλ; Figure S2). Sub-
sequent steps contain additional biomolecules. If they
bind to the immobilized species, further changes in the
reflected wavelength are observed. Sensor transfer to
buffer (or to buffer plus soluble competitor ligand) facili-
tates dissociation, leading to the opposite effect on Δλ.
Thus, the original design of a BLI experiment was to
monitor association and dissociation reactions in real-
time to quantify Kd from the ratio koff/kon

17 (Figure S1).
To use BLI to monitor protein-DNA interactions, we

immobilized biotinylated-DNA on streptavidin-coated
biosensor tips and then transferred it to a protein solu-
tion. Benchmark experiments used the well-characterized
lactose repressor protein (LacI) and an engineered LacI
homolog named “LLhF”18 (Figure 2). Initial binding
experiments showed a strong BLI signal change but also
revealed a limitation: The association and dissociation
curves could not be fit with simple, single-exponential
equations (Figure S3), which precluded the determina-
tion of Kd from the rate constants.

Nevertheless, once repressor-DNA associations reached
equilibrium, we observed that the amplitude of the signal's
plateau correlated with the expected fraction of bound pro-
tein (Figure 3). Thus, we were motivated to determine
whether the amplitude of the BLI plateau at equilibrium—
which is reported to be a function of changes to the average
optical thickness16 —could be used to monitor equilibrium
titration experiments. Previously, Thieker et al. used BLI
amplitudes to monitor carbohydrate-protein titrations and
thereby determine binding affinities.19 However, they did
not have a well-established technique available by which to
benchmark their measurements. In particular, one must
establish whether the concentration of the immobilized
substrate is above or below the Kd of the binding reaction,
because the two scenarios require different data fitting and
interpretation.20

Here, we empirically estimated the effective concen-
tration of DNA immobilized on ForteBio High Precision
streptavidin (SAX) tips and validated results for protein-
DNA binding reactions against results from filter binding
assays. We next validated the BLI approach for quantify-
ing the effects of binding allosteric small molecules to

LacI and LLhF, which diminishes DNA binding by sev-
eral orders of magnitude.21–23 Finally, we assessed the
affinity of DNA-bound LLhF for the heteroprotein
fructose-1-kinase (FruK), which could not be assessed
using the filter binding assay. Our results demonstrate
that when experimental design and data interpretation
are appropriately considered, BLI can be used to monitor
equilibrium titration experiments and thereby quantify
binding affinities for a variety of DNA, protein, and small
molecule interactions.

FIGURE 2 Cartoon depictions of LacI and LLhF binding to

DNA operator, small molecules, and heteroprotein. The top row

depicts LacI binding to DNA. (Top left) One LacI homodimer binds

one DNA operator. The DNA binding domain (“DBD”) and
regulatory binding domain are shown on one monomeric subunit.

(Top middle) When allosteric inducer IPTG (gray hexagons in the

center of each regulatory domain) binds to LacI, DNA binding

affinity is diminished. (Top right) The full-length wild-type LacI

used in this work contains a C-terminal tetramerization domain

that facilitates tetramer formation; each dimer of the tetramer

binds one DNA operator. The bottom row depicts the engineered

LLhF repressor protein. (Bottom left) One monomer of LLhF

comprises the DNA binding domain of LacI and the regulatory

domain of the fructose repressor protein (FruR); one homodimer of

LLhF binds one operator DNA. (Bottom middle) The small

molecule F-1-P is shown as hexagons in the regulatory domains of

the LLhF dimer. F-1-P interactions with LLhF diminish DNA

binding affinity. (Bottom right) The LLhF-DNA complex binds the

heteroprotein fructose-1-kinase (FruK)
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2 | RESULTS AND DISCUSSION

To assess whether BLI assays are useful for quantifying
repressor-operator titrations, we first chose to use the well-

characterized, wild-type lactose repressor protein (LacI8–14).
LacI binds a variety of lac operator DNA sequences (Table 1)
with a range of affinities (10−12–10−7 M). Among these are
the three natural operators of the lac operon, which bind to
LacI with the rank order of lacO1 > lacO2 > lacO3 (Figure 1,
Table 2). LacI is a homotetramer composed of two
homodimers that are each capable of binding DNA24–26

(Figure 2). Filter binding assays with dilute, short DNA olig-
omers isolate the dimer binding event because the flanking
DNA is too short for the other dimer of a tetramer to bind.
LacI-DNA binding affinity is allosterically diminished when
inducer isopropyl-1-thio-β-D-galactopyranoside (“IPTG”)
binds to the LacI regulatory domains (Table 3).8–14,21,27

As a second repressor-operator example, we chose the
engineered “LLhF” chimera comprising the DNA binding
domain of LacI fused to the regulatory domain of the fruc-
tose repressor protein (“FruR,”18 Figure 2). Similar to LacI,
LLhF affinity for various lac operator sequences is allosteri-
cally diminished when the inducer fructose-1-phosphate
(“F-1-P") binds to its FruR regulatory domains.18,23 Extrapo-
lating the relationship between in vivo repression assays
and in vitro binding affinities,12,13,18,28 LLhF was expected
to have weaker DNA binding affinity than LacI. Since the
homodimer is theminimal DNA binding unit for all charac-
terized LacI/GalR proteins (reviewed in Reference 27), we
presumed that LLhF behaved accordingly. LLhF also binds
the hetero-protein FruK (Supplementary Methods,
Table SI18,29), and this interaction was used as a model sys-
tem for quantifying the interactions of a heteroprotein bind-
ing to a protein-DNA complex with BLI.

As noted in the introduction, our attempts to use associ-
ation and dissociation kinetics to determine kon, koff, and Kd

showed that both association and dissociation kinetics were
multi-phasic (Figure S3) and that the dissociation reaction
did not return to the baseline. Despite extensive efforts
(briefly discussed in the legend to Figure S3), we were
unable to confidently assign the kinetic phases to specific

FIGURE 3 The BLI signal at equilibrium correlates with the

fraction of LacI bound to DNAoperators. (a) Idealized equilibrium

binding curves for LacI binding to different DNA sequences, using the

Kd values reported in Table 2 for lacO1 and lacO2 and estimatedKd

values of 10−7M for lacO3 and 10−6M for nonspecific DNA (“Onon”;
Table SII). The dashed vertical line illustrates how, at a given LacI

concentration, each operator has a different percent of LacI bound.

(b) BLI was used tomonitor 66 nMLacI binding to the same operators,

in the presence and absence of 1 mM IPTG inducer. The change in BLI

signal (Δλ) wasmonitored as a function of time until equilibriumwas

reached. All biosensors were loaded to a similar density of immobilized

DNA; for simplicity, the DNA immobilization step is not shown. As

expected, signals for lacO3+ IPTG andOnon ± IPTG andwere

extremely low in these conditions (bottom of the plot)

TABLE 1 lac operator sequencesa

Name Sequence

lacO1 50- t g t t g t g t g g A A T T G T G A G C G G A T A A
C A A T T t c a c a c a g g-3'

lacO2 50- t g t t g t g t g g A A A T G T G A G C G A G T A
A C A A C C t c a c a c a g g-3'

lacO3 50- t g t t g t g t g g A A C A G T G A G C G C A A C
G C A A T T t c a c a c a g g-30

alacO1, lacO2, and lacO3 are naturally-occurring operators in the lac

operon.48–50,52 Bases shown in capital letters were protected from DNase foot
printing by LacI binding53,54; sequences shown in lower case comprise the
flanking sequences of the double stranded 40-mer oligos used in filter
binding assays. The bases shown in red differ from the analogous positions
in lacO1. 45-mer oligos were used in the BLI assay and all three operators

were biotinylated at the 50 end of one strand (Table SII).
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molecular events, match previously-published rate
constants,30,31 or achieve complete dissociation. Neverthe-
less, we noted that when LacI association reactions reached
equilibrium, the amplitudes of the BLI plateaus (Figure 3b)
correlated with the expected fraction bound DNA deter-
mined from filter binding assays (Figure 3a); similar results
were obtained for LLhF (Figure S4). Thus, we explored
whether the amplitudes of the BLI equilibrium plateaus
could be used in titration experiments to assess binding
affinities.

To that end, we explored five pairs of binding partners
with affinities expected to be in a range measurable by both
filter binding and BLI techniques: LacI-lacO2, LacI-lacO3;
LLhF-lacO1, LLhF-lacO2, and LLhF-lacO3. Results are
shown in Figures 1, 4–6 and Table 2. A variety of technical
limitations and assessments of reproducibility are discussed
in Methods. Of particular note, in some experiments, the
BLI plateaus appeared to decrease over time (Figure S5).
We attributed this to protein degradation over the course of
the experiment, which may also occur undetectably in the
filter binding assays. However, when the BLI data were

sampled for equilibrium fitting at different time points, the
decrease had very little effect onKd values (Figure S5).

Qualitatively, all repressor-DNA binding isotherms
showed the expected rank order of operator binding for
each protein. Likewise, for each operator, LacI had tighter
binding than LLhF. Most of the binding curves showed the
expected sigmoidal character (see Reference20 and dis-
cussed further below) and fits of replicate experiments
yielded highly similar values. The exception to these trends
was LacI-binding to lacO2. Thus, in the sections below that
discuss the individual reactions, LacI-lacO2 is presented
first to provide the context necessary to confidently
interpret all other binding reactions. Note that for all
repressor-DNA binding reactions, Kd values are reported in
M dimer.

2.1 | LacI binding to lacO2

By the filter binding assay, the affinity of LacI-lacO2 is the
tightest of the five pairs described above, with a Kd of

TABLE 2 Kd values for repressor-DNA bindinga

Assay Filter binding BLI Fold-change

Repressor DNA Avg (M) Error Avg (M) Error Avg (M) Error

LacI lacO1 4.5 × 10−11 2.8 × 10−11 n.d — — —

lacO2 5.2 × 10−10 0.3 × 10−10 2.7 × 10-11b 1.6 × 10−11 0.05 0.14

lacO3 ≥10−7 — 0.5 × 10−7 0.2 × 10−7 — —

LLhF lacO1 0.4 × 10−8 0.1x10−8 1.8x10−8 0.3 × 10−8 4.80 0.54

lacO2 4.1 × 10−8 3.2 × 10−8 4.8 × 10−8 1.9 × 10−8 1.15 0.94

lacO3 ≥10−6 — ≥10−5 — — —

Abbreviations: BLI, biolayer interferometry; n.d., not determined.
aAll values are reported in M dimeric repressor. Average (Avg) values were determined using at least three independent determinations comprising at least two
independent protein purifications. Reported errors represent one standard deviation of the mean. Fold-change values were determined by dividing the BLI
value by the filter binding value, and errors were propagated from the experimental data. All filter binding assays used a fixed DNA concentration of

~3 × 10−12 M DNA; all BLI assays used 80 nM of the indicated DNA for the immobilization step.
bEstimated from simultaneous fits of replicate assays in the intermediate binding regime (Figure S7); the error shown is the standard error of the fit; as
described in the text, the 95% lower confidence limit was unbounded, the upper limit was 7.2 × 10−11 M.

TABLE 3 Midpoint values for allosteric ligands and fructose-1-kinase (FruK) binding to repressor-DNA complexesa

Assay [Repressor] (M)

Filter binding BLI Fold-change

Avg (M) Error Avg (M) Error Avg (M Error

lacO1/LacI + IPTG 3.0 × 10−9 2.8 × 10−6 0.9 × 10−6 23 × 10−6 4 × 10−6 8.34 1.08

lacO1/LLhF + F-1-P 10.0 × 10−9 15 × 10−6 9 × 10−6 16 × 10−6 5 × 10−6 1.04 0.68

lacO1/LLhF + FruK 10.0 × 10−9 n.d. — 1.1x10−8 0.3 × 10−8 — —

Abbreviations: BLI, biolayer interferometry; n.d., not determined.
aAverage (Avg) values were determined using at least three independent determinations using at least two independent protein purifications. Reported error
values represent one standard deviation of the mean/error propagation. All filter binding assays used a fixed DNA concentration of 3 × 10−12 M DNA; all BLI

assays used 80 nM of the indicated DNA for the immobilization step.
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5 × 10−10 M (Figure 1a, 1b). However, titrations monitored
with BLI deviated from the expected sigmoidal binding
curve (Figure 4a,b), which indicated that the experimental
conditions precluded direct determination of Kd from the
midpoint. For any binding reaction, the relationship
between the concentration of the fixed component (here
immobilized DNA) and the Kd value affects the curve shape
and the subsequent data fitting and interpretation.
Depending upon the experimental design, an equilibration
titration reaction can be carried out in the “equilibrium
binding regime” or in the “stoichiometric binding regime”
or in a regime intermediate to the two conditions.

The equilibrium binding regime is achieved when the
“constant” component in the binding reaction (in this

case, immobilized DNA) is ≤10-fold than the Kd.
20 This

allows several simplifying assumptions to be made in the
derivation of Equation (1) (see legend to Figure S6).
When the binding partner (repressor protein) is varied
and the binding data are plotted as a semi-log graph, the
result is a sigmoidal curve (Figure S6) that can be
fit with:

Y = c+Ymax*
10X

Kd +10X
ð1Þ

where “Y” is the observed signal, “c” is the baseline value
when the concentration of protein is zero, “Ymax” is the
signal observed at saturation, “X” is the log of the protein

FIGURE 4 LacI-DNA binding assayed with BLI. Biolayer interferometry was used to monitor LacI binding to (a,b) lacO2, and (c,d)

lacO3 using an eight-channel BLI instrument. Similar to filter binding assays, the concentration of LacI was varied (different color curves in

a and c) and the DNA concentration was constant. In each experiment, DNA was loaded onto the BLI sensor tips from a solution of 80 nM;

for simplicity, this step is not shown on the plot. When the repressor-operator binding reactions reached equilibrium, plateau values at

(a) 4,000 s and (c) 2000 s were plotted against log[LacI] to generate the titration curves shown in (b) and (d), respectively. Solid lines are the

best fit of Equation (1) to the data, and the dashed line represents the best fit of Equation (2). The experiments shown are representative of

at least three replicates with at least two different protein preparations
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concentration (transformed to improve data point
weighting in nonlinear regression) and “Kd” is the equi-
librium dissociation constant. In filter binding assays,
32P-DNA allows extremely low concentrations (10−12–
10−13 M) of DNA to be used, which ensures that assays
are in the equilibrium binding regime.

The stoichiometric binding regime occurs when the
concentration of the constant component is >10-fold
greater than Kd.

20 In these conditions, each addition of the
varied component (repressor) results in its complete bind-
ing until the constant component is saturated, and the sig-
nal no longer changes; the concentration at which
saturation occurs can be used to determine binding stoichi-
ometry. The intermediate binding regime occurs when the
fixed concentration is near theKd value. Because the simpli-
fying assumptions used to derive Equation (1) do not apply
to the stoichiometric or intermediate binding regimes, these
binding curvesmust be fit with an expanded equation32:

Y = c+Ymax*
n+ 10X

DT + Kd
DT

� �
− n+ 10X

DT + Kd
DT

� �2
−4n*10X

DT

� �0:5

2n
ð2Þ

where “Y,” “c,” “Ymax,” “X,” and “Kd” are as defined
above, “n” is the stoichiometry of the complex (here,
n = 1), and “DT” is the total concentration of DNA.

In BLI assays, the LacI-lacO2 binding curve was notwell
fit with Equation (1) (Figure 4b), which indicated that the
effective DNA concentration was near or above the Kd for
this binding event. ForteBio reports that each fiber optic tip
has ~109 streptavidin molecules dispersed across its sur-
face.33 Assuming that all streptavidin molecules bind bio-
tinylated DNA and considering the total reaction volume of
250 μL, the DNA concentration was calculated to be
1.6 × 10−14 M, which is well below the tightest known Kd

values of LacI-DNA interactions. However, when bound to
the biosensor tip, DNA is immobilized into a very small
local volume, which increased its effective concentration by
an unknown amount. Thus, we used Equation (2) to esti-
mate the effective DNA concentration andKd.

When Equation (2) was used to independently fit
individual LacI-lacO2 binding curves, the resulting curve
shape was a better fit to the data than that obtained with
Equation (1) (Figure 4b). However, the number of param-
eters in Equation (2), combined with the limited number
of data points per experiment, precluded reliable parame-
ter estimation; the 95% confidence limits of the fits were
unbounded for both the DNA concentration and Kd. Fur-
thermore, the curves from replicate experiments varied
on different days (Figure S7), which would occur if differ-
ent batches of sensor tips had varied amounts of
immobilized DNA available for binding repressor. Thus,

FIGURE 5 LLhF-DNA binding assayed with filter binding.

The filter binding assay was used to monitor LLhF binding to

(a) lacO1, (b) lacO2, and (c) lacO3. In these experiments, DNA

concentration was fixed at 3 × 10−12 M. Only partial binding curves

could be obtained for lacO3 due to limitations on the LLhF

concentration that could be obtained from a single protein

preparation; this partial curve was used to determine a lower limit

for Kd. The curves shown are representative of at least three

replicates with at least two different protein preparations. The solid

lines are the best fit of Equation (1) to the data
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we globally fit 11 replicate experiments (carried out over
multiple months with multiple lots of sensor tips) using
Equation (2) with n = 1, a globally shared parameter for
Kd, and independent parameters for the DNA concentra-
tion (Figure S7).

From this analysis, the effective DNA concentration
of replicate experiments ranged from 2 × 10−10 to
6 × 10−9 M (Figure S7F). The most frequent value was
~2 × 10−9 M. As expected, all DNA concentrations were
near or greater than the Kd for LacI-lacO2 determined
with filter binding (5 × 10−10 M, Table 2).

The variation in effective DNA concentration may
arise from the uncertainties of using Equation (2), and its
four floating parameters, to fit the data. However, the fit
errors were reasonable for this parameter (Figure S7F)
and the 95% confidence limits were bounded. Thus, we
find it more likely that the variation arose from lot-to-lot
variation or aging sensor tips. The variation could not be
detected from the BLI amplitude of the DNA loading
step; these values were generally within 10% of each
other. Assuming that similar amplitudes indicate that
similar amounts of DNA were immobilized, the variation

FIGURE 6 LLhF-DNA

binding assayed with BLI.

Biolayer interferometry was

used to monitor LLhF binding

to (a-b) lacO1, (c-d) lacO2, and

(e-f) lacO3 using an eight-

channel BLI instrument.

Similar to filter binding assays,

the concentration of LLhF was

varied (colored curves in a, d,

and e) and the DNA

concentration was kept

constant. In each experiment,

DNA was loaded onto the BLI

sensor tips from a solution of

80 nM; for simplicity, the DNA

immobilization step is not

shown. When the repressor-

operator binding reactions

reached equilibrium, plateau

values at 1600 s were plotted

against log[LLhF] to generate

the titration curves shown in

(b), (d), and (f). Solid lines are

the best fit of Equation (1) to

the data. The experiments

shown are representative of at

least three replicates with at

least two different protein

preparations
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in effective concentration may arise from altered orienta-
tions or spacings of the DNA-streptavidin complexes or
from interactions of DNA with the tip surface. Reassur-
ingly, for a given lot of sensor tips, the effective DNA con-
centration could be purposefully diminished by diluting
the biotinylated DNA 1:1 with free biotin prior to immo-
bilization (Figure S7D, E) to block half of the streptavidin
sites from binding DNA. The decrease in the immobilized
DNA could be observed in both the amplitude of the
binding curve (“Ymax”) and in the fitted value for DNA
concentration (Figure S7F).

The lot-to-lot variation in the DNA concentration
should not be a problem for any binding event in the
equilibrium binding regime. For these types of events,
the variation should be detected in the maximum signal
(“Ymax”) but would not alter Kd. Inspection of other
repressor-operator binding events showed this to be the
case (Figure S8). Indeed, the variation in maximal BLI
signal parallels the variation in maximum radioactivity in
a filter binding assay that arises from 32P decay.

Next, we considered the Kd value determined with
BLI for LacI-lacO2 binding, which was 2.7 ± 1.6 × 10−11

M. This value was ~20-fold tighter than the value
obtained with filter binding (5 × 10−10 M, Table 2). We
first considered whether the “aberrant” BLI value was an
artifact of fitting with Equation (2), as considered by
Reinhart et al.32 However, equivalent Kd values were con-
sistently obtained for LacI-lacO2, regardless of which sub-
sets of experiments were used for fitting. Alternatively,
the LacI BLI Kd value could indeed be tighter if the
immobilized DNA molecules were positioned sufficiently
close to allow simultaneous binding from two dimers of a
LacI tetramer. The high local concentration for binding
the second site would enhance overall binding. As
described more extensively in the section below (for LacI
binding to lacO3), we concluded that this was indeed
occurring.

In conclusion, both the shape of the semi-log plots
and any of the Kd values (obtained with filter binding or
BLI) support the conclusion that the LacI-lacO2 reaction
was not in the equilibrium binding regime in BLI assays.
Notably, non-sigmoidal binding curves would be
extremely hard to detect if the data were on a linear
rather than a semi-log plot. Since the DNA density is dic-
tated by the density of streptavidin binding sites on the
SAX BLI tips, we expect that the range of effective DNA
concentrations will extrapolate to any other immobilized
species. Thus, these tips should be suitable to assess bind-
ing affinities using Equation (1) for events with Kd values
>10−8 M. For binding events with Kd < 10−8 M, estimates
could be obtained from global fitting of multiple repli-
cates with Equation (2).

2.2 | LacI binding to lacO3

As shown by its incomplete binding curve, LacI binding
to lacO3 was too weak to quantify with the filter binding
assay (Figure 1c); based on the highest concentration of
protein used, the binding affinity appeared to be ≥10−7 M
(Table 2). In contrast, BLI assays for LacI binding to
lacO3 were well fit with Equation (1) and yielded a Kd

value of 0.5 ± 0.2 × 10−7 M (Figure 4c, d, Table 2). This
value would place the binding event in the equilibrium
binding regime for BLI, but the binding affinity was
again tighter than expected from filter binding results.
Thus, we further considered the possibility that the Kd of
LacI for lacO3 was affected by two dimers of a LacI tetra-
mer simultaneously binding two immobilized DNA in
the BLI assay.

According to ForteBio,33 each fiber optic sensor tip
has ~109 streptavidin molecules distributed across the
0.6 mM tip, which has a surface area of 2.8 × 1013 Å2.
From this, we estimated that the distance between
equally distributed streptavidin molecules is ~170 Å.
Each dimer of a LacI tetramer is ~75 Å long34; the two
dimers of a tetramer are tethered by a helical bundle34

and form a flexible V-shape with an angle that can vary
from ~23� to >120�35; and the length of each 45-mer
DNA is >140 Å. Furthermore, LacI also has reasonable
affinity for nonspecific DNA,36–38 and the second binding
event is not limited to the 16 base pair operator centered
within the 45-mer DNA (Table SII). Thus, we concluded
that a LacI tetramer could easily bind two immobilized
DNA molecules and that this increased the apparent
affinity in the BLI assay for LacI binding to either lacO2

or to lacO3 (Table 2).
The LacI-lacO3 binding event also illustrated a techni-

cal limitation of BLI that is likely to be protein specific.
We attempted several experiments with an uppermost
LacI concentration of 3 × 10−5 M; this concentration
always yielded a “bad” point (Figure S9). We concluded
that these concentrations of LacI were beyond the reli-
able range of the technique. Since the BLI signal is
related to the average optical density, and since tetra-
meric LacI is a large protein (154 kDa), we expect that
the upper concentration limit would be different for
smaller proteins.

2.3 | LLhF binding to lacO1, and lacO2,
and lacO3

Unlike LacI, the chimeric repressor LLhF lacks a C-
terminal tetramerization domain and has weaker DNA
binding for the dimeric unit. Thus, DNA binding
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reactions for this chimera should be in the equilibrium
binding regime for BLI assays, and results for both filter
binding and BLI assays should reflect dimer (not tetra-
mer) binding to DNA. Like LacI, the association and dis-
sociation curves for LLhF binding to DNA were
multiphasic and could not be used to determine Kd. Thus,
we again examined Kd values determined from the equi-
librium amplitudes of the BLI signals.

Indeed, the Kd values were in good agreement for the
two techniques (Table 2). Using filter binding, complete
LLhF binding curves were obtained for lacO1 and lacO2,
but lacO3 binding was too weak to reach saturation
(Figure 5, Table 2). Using BLI, full titration curves were
obtained for LLhF binding to lacO1 and lacO2 (Figure 6,
Table 2). LLhF-lacO2 binding was in excellent agreement
between the two methods. The filter binding value for
LLhF-lacO1 (a) was slightly tighter than the BLI value
and (b) did not quite meet the criteria required for the
equilibrium binding regime. However, the shape of the
curve was well fit with Equation (1), and < 5-fold change
between the two values from different methods was not
striking. Again, LLhF binding to lacO3 did not reach sat-
uration in the BLI assay; in this case, it was because the
maximum concentration was limited by the amount of
LLhF protein that could be purified from a single prepa-
ration. This limited the range of Kd values that any tech-
nique (not only BLI) could determine for this protein.

2.4 | LacI and LLhF DNA binding in the
presence of allosteric ligands

DNA binding by both LacI and LLhF is allosterically
diminished by several orders of magnitude in the pres-
ence of small-molecule inducers (Figures 7 and
8).8–14,18,21,23,27 The loss of DNA binding can be moni-
tored as a function of inducer concentration, and the
midpoint of this “operator release” curve is a composite
of both the repressor's affinity for the inducer molecule
and the allosteric linkage to DNA binding.10,14,39 Prior
studies used the filter binding assay to determine the
midpoint of operator release.10,14,39 This assay has been
used to determine whether an amino acid mutation alters
allosteric regulation in LacI.9,10,14 Experimental design
for operator release studies must consider multiple bind-
ing events: The repressor-operator complex—which is
the fixed component of this reaction—should have a con-
centration that (a) in the absence of inducer, most of the
protein binds DNA; (b) in the presence of inducer, most
of the protein dissociates from DNA; and (c) is at least
10-fold below the Kd for inducer binding to the complex.
To determine whether BLI assays could recapitulate
these measurements, we again immobilized the DNA but

fixed the repressor protein concentration and varied the
inducer concentration over the range known to bind
repressor protein.9,10,23

FIGURE 7 LacI-DNAbinding is diminished upon binding

inducer IPTG. (a) IPTG titrationsmonitoredwith filter bindingwere

carried out using 3 × 10−12M lacO1DNAand 3 nMLacI. (b) IPTG

titrationmonitoredwith an eight-channel BLI instrument. DNAwas

loaded onto the BLI sensor tips from a solution of 80 nMand the

concentration of LacI was fixed at 3 nM.When the reactions reached

equilibrium, plateau values at 7000 swere used to obtain the titration

curve in (c). The solid lines in (a) and (c) represent the best fit of

Equation (1). Data shown are representative of at least three independent

measurementswith at least two different protein preparations
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Historically, LacI filter binding evaluations of midpoint
of operator release have been performed with 10−10–

10−11 M repressor protein and < 10−11 M lacO1 opera-
tor.9,10,14 However, these repressor concentrations were too
low to generate signal in BLI. Thus, we used 3 nM LacI—
the lowest value that could be monitored with BLI—and
compared results from the filter binding and BLI amplitude
techniques (Table 3). The filter binding midpoint was in
good agreement with previously published values.8–14 How-
ever, the filter binding and BLI midpoints differed by nearly
10-fold (Table 3). We expect that this complication arises
from the BLI LacI-lacO1 assay being in the intermediate or
stoichiometric binding regime in both the absence and pres-
ence of inducer: LacI-lacO1 has even tighter binding than
LacI-lacO2 (Table 2), and LacI-lacO1 + IPTG has tighter
binding than LacI-lacO3 (Figure 3).

Fortunately, we were able to explore operator release
in the equilibrium binding regime using LLhF and lacO1

(Table 3). In this regime, the values for the two types of
assays were statistically equivalent and comparable to
values previously estimated for F-1-P releasing wild-type
FruR from its DNA operator.23 Thus, when the repressor-
DNA concentrations are in the equilibrium binding
regime, BLI appears to be well-suited for operator release
experiments.

2.5 | FruK binding to LLhF-DNA
complex

In prior experiments with LLhF, DNA pull-down experi-
ments from crude cell extracts18 and mass spectrometry
(see Methods) showed that this protein formed a complex
with FruK. We wished to verify the interaction by a sec-
ond technique using purified proteins. Since hetero-
protein interactions cannot be quantified with filter bind-
ing assays (both free and bound protein would stick to
the filter), we used BLI to monitor equilibrium titrations
of the LLhF-DNA complex and FruK.

For the LLHF-FruK titration, the concentration of LLhF
was fixed at 10 nM and pre-incubated with various concen-
trations of FruK prior to binding immobilized lacO1. From
these data, the [FruK]midpoint was 1.1 ± 0.3 × 10−8 M
(Figure 9). This midpoint is ~10-fold greater than the maxi-
mum possible concentration of immobilized protein-DNA,
so binding was likely in the equilibrium binding regime.
Note that, as with the operator release experiments, the
FruK binding assays did not discriminate whether the mid-
point (a) corresponded to Kd for FruK binding to the LLhF-
DNA complex or (b) was a composite of FruK binding and
altered LLhF-DNA binding in the presence of this hetero-
protein. Interestingly, since FruK also binds to wild-type
FruR (the LLhF parent protein also known as “Cra”29), this
reasonably strong affinity indicates that FruK might play a
physiological role in regulating central E. colimetabolism.

FIGURE 8 LLhF-DNA binding is diminished upon binding

inducer F-1-P. (a) F-1-P titrations monitored with filter binding

were carried out using 1.5 × 10−12 M lacO1 DNA and 10 nM LLhF.

(b) IPTG titration monitored with an eight-channel BLI instrument.

DNA was loaded onto the BLI sensor tips from a solution of 80 nM

and the concentration of LLhF was fixed at 10 nM. When the

reactions reached equilibrium, plateau values at 4000 s were plotted

to obtain the titration curve in (c). The solid lines in (a) and

(c) represent the best fit of Equation (1). Data shown are

representative of at least three independent measurements with at

least two different protein preparations
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3 | CONCLUSION

Biolayer interferometry is becoming an important biophysi-
cal tool for quantifying biomolecular interactions. The
availability of multi-channel instruments—such as the
eight-channel BLI instrument—make sophisticated experi-
ments reasonably easy. However, the traditional use of this
technique requires that the kinetics of a given biomolecular
binding event follow simple, single-exponential kinetics.

Here, we demonstrated that thermodynamic parame-
ters for repressor-DNA titrations could be reliably quanti-
fied using the BLI signal after the reaction reached
equilibrium. Although the two methods have very differ-
ent limitations (the act of filtering perturbs the equilib-
rium in filter binding assays, whereas one species is
immobilized in BLI assays), agreement was quite remark-
able when the experimental design of the two techniques
was matched, as in the LLhF experiments. On a practical
note, each BLI assay required approximately one-third of
the pipetting and reagents needed to generate a compara-
ble curve in the filter binding assay (see Methods), and
the BLI assay was not subject to the time constraints of
32P decay.

As noted above, knowledge of the effective concentra-
tion of immobilized DNAwas critical to data interpretation.
For ForteBio High Precision Streptavidin (SAX) tips, we
determined this value was most frequently ~2 × 10−9 M.
Thus, for a reaction to be in the equilibrium binding regime,
its Kd value must be >10−8 M. The binding affinities mea-
sured by Theiker et al19 for a sulfotransferase binding to
hexasaccharides ranged from 10−8 to 10−7 M. These

experiments used slightly different Forte-Bio streptavidin
tips than the current work (SA rather than SAX), but if the
tips have comparable numbers of binding sites, these reac-
tions should have been in the equilibrium binding regime.
In addition, we obtained a reasonable estimate of Kd for an
experiment in the intermediate binding regime using Equa-
tion (2) for global fitting of multiple replicates. When plan-
ning future experiments in the intermediate binding
regime, we recommend systematically altering the concen-
tration of immobilized DNA by diluting it in fixed ratios
with free biotin (Figure S7E); variation in the DNA concen-
tration should facilitate better estimation ofKd.

In future experiments, the reliability of fitting with
Equation (2) will define the lower limit of BLIKd values that
can be obtained. Such fits would likely be impossible if the
stoichiometry of the complex (here, one repressor dimer per
one operator DNA) is not independently known; this limi-
tation is shared by the filter binding assay. The upper limits
we observed for BLI Kd values were likely protein depen-
dent: High concentrations of tetrameric LacI appeared to be
out of the reliable range of the BLI assay, and we could not
generate enough dimeric LLhF to quantify weaker binding
affinities. We expect that binding events for other proteins
with weaker Kd values (above 10

−7 M) will be amenable to
BLI assays and data fitting with Equation (1), which would
be an advantage over filter binding assays. A final consider-
ation is the valency of an interaction: when one binding
partner was multi-valent (e.g., tetrameric LacI) and large
enough to span the distance between two immobilized spe-
cies, Kd values determined with BLI equilibrium titrations
were affected.

FIGURE 9 Fructose-1-kinase (FruK) binding to the LLhF-DNA complex assayed with BLI. (a) Biolayer interferometry was used to

monitor FruK binding to the LLhF-lacO1 complex using an eight-channel instrument. Varied concentrations of FruK were pre-mixed with a

constant concentration of LLhF (10 nM); DNA concentration was also constant. DNA was loaded onto the sensor tip from a solution of

80 nM and then incubated with LLhF-FruK mixtures. When the reactions came to equilibrium, plateau values at 8000 s were plotted against

the log[FruK] to obtain the titration shown in (b). The solid line in (b) is the best fit of Equation (1) to the data. The experiments shown are

representative of at least three replicates with at least two different protein preparations
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For the allosteric experiments (operator release), results
from filter binding and BLI assays were in good agreement
when protein-DNA binding conditions were in the equilib-
rium binding regime. Finally, the LLhF-FruK experiments
showed BLI amplitudes could also be used to monitor
hetero-protein binding events that are inaccessible to the fil-
ter binding assay. Overall, the use of BLI amplitudes to
monitor equilibrium titrations promise to be a convenient
and reproducible assay for calculating Kd and midpoint
values formany types of biomolecular interactions.

4 | MATERIALS AND METHODS

4.1 | Protein purification and validation

For these benchmark repressor-DNA binding studies, we
used the well-characterized E. coli lactose repressor protein
(“LacI”) and a chimeric homolog (“LLhF”) that comprised
the DNA binding domain of LacI and the regulatory
domain of the E. coli fructose repressor protein (“FruR,”
which is also known as “Cra”).18 The protein–protein inter-
action between LLhF-DNA and FruK was also evaluated.
Each of the three proteins was purified as described in the
Supplementary Methods, and FruK identity was confirmed
with mass spectrometry (Table SI). The references associ-
ated with thesemethods include references.10,18,29,40–42

The purity of all three proteins was confirmed with
SDS-PAGE. LacI and FruK were generally >90% pure.
LLhF showed trace amounts of co-purifying FruK. How-
ever, since a strong signal could be detected for LLhF bind-
ing to FruK that was independently purified (Figure 9), the
trace amounts of co-purifying FruKmust be well-below sat-
uration levels. For wild-type LacI, the protein concentration
was determined from the A280 using an extinction coeffi-
cient of 0.6 ([mg/ml] • cm)−1.43,44 For LLhF and FruK, pro-
tein concentration was determined by Bradford assays
(Bio-Rad Laboratories, Inc. Hercules, California).

For both LacI and LLhF, since one homodimer is
known to bind one DNA operator, the concentration of
active repressor protein could be confirmed using filter
binding assays in the stoichiometric binding regime (with
the DNA concentration at a concentration at least
10 times greater than Kd).

20 The fraction of active repres-
sor was found to be >90% for LacI and > 70% for LLhF.
FruK activity was confirmed by assessing its known enzy-
matic activity45:

F−1−P+ATP ⇄
FruK

F−1,6−BP+ADP ð3Þ

Experimental details of the enzymatic assay are
described in the Supplementary Methods; the references
associated with these Methods include references.42,46

Km values were in good agreement with previously publi-
shed values. We assessed activity in two buffers
(Supplementary Methods; Figure S10) and chose to carry
out experiments in “PYK buffer” (50 mM HEPES, pH 7.0,
5 mM MgCl2, and 50 mM KCl, with 3 mM ATP and
0.335 mMNADH).

4.2 | Operator DNA

Oligomeric DNA was purchased from Integrated DNA
Technologies (Skokie, Illinois). Binding experiments
used the natural operator sequences lacO1, lacO2, and
lacO3 (Table 1)47–50 and a non-specific DNA sequence.11

All operator sequences were embedded in the center of
a 40 base pair oligomer for filter binding assays or a
45 base pair oligomer for BLI assays (Table SII). For
binding to the BLI streptavidin biosensor tips, DNA was
50 biotinylated on one strand. Some early BLI assays
used longer DNA oligos (69mer), but no DNA length
dependence was observed. For both assays, the single-
stranded DNA was annealed using the protocol of
Swint-Kruse et al.10 For filter binding assays, annealed
DNA was labeled with 32P-ATP using the protocol of
Swint-Kruse et al.10 As a control for FruK binding exper-
iments, we also used the Cra operator fruB-proximal
(Figure S11).

4.3 | Small molecule allosteric effectors

The LacI inducer, IPTG, was purchased from GoldBio
(St. Louis, Missouri). At the onset of this study, the LLhF
inducer, F-1-P, was purchased as the sodium salt from
Sigma-Aldrich (St. Louis, Missouri); in later studies, it was
only available as the poorly-soluble barium salt (Sigma-
Aldrich). Thus, to obtain the sodium counterion form of F-
1-P, we performed ion-exchange chromatography of the
barium salt using a Dowex 50WX4 (Sigma) column pre-
charged with 2 N HCl and then equilibrated in ddH2O. The
barium F-1-P was passed through this column several times
and the pH of the final eluant was adjusted to 7 with NaOH.
Eluted sodium•F-1-P was lyophilized and used to make
stock solutions in ddH2O. Concentrations of the stock solu-
tions were determined by stoichiometric implementations
of the FruK enzyme assay (Supplementary Methods). This
assay used a high concentration of FruK so that catalysis of
the F-1-P substrate was quickly completed. The change in
340 nm before and after FruK addition was used to deter-
mine the total amount of NADH consumed during the reac-
tion using an extinction coefficient of 6,317 M−1 • cm−1 51;
the amount of NADH consumed corresponds 1:1 with the
F-1-P concentration.
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4.4 | Nitrocellulose filter binding assays

The nitrocellulose filter binding assay was used to moni-
tor LacI-DNA binding, LacI-IPTG “operator release,”
LLhF-DNA binding, and LLhF-F-1-P “operator release”
reactions. LacI experiments used filter binding buffer
(“FBB”: 10 mM Tris, 150 mM KCl, 10 mM EDTA,
0.3 mM DTT, pH 7.4, 0.1 mg/mL bovine serum albumin)
and LLhF experiments used the LLhF binding buffer
(50 mM HEPES, 0.1 M KCl, 0.1 mM EDTA, 10 mM
MgCl2, pH 7.0, 0.3 mM DTT, 0.1 mg/ml bovine serum
albumin). Note that FBB for the LacI experiments
excluded the 5% DMSO that was used in many historical
studies of LacI,8–11 which we have shown accounts for
the slight difference in DNA binding affinities compared
to those reported in prior publications. For equilibrium
assays, the DNA concentration was fixed at least 10-fold
less than the value of Kd

20 and repressor protein concen-
tration was varied.

Within individual assays, each repressor concentration
was pipetted in triplicate, which was required to compen-
sate for scattering in the signals (e.g., see figures in Swint-
Kruse et al.10 and Falcon and Matthews11). Each type of
assay was repeated at least three times, using at least two
different preparations of protein. To quantify the
radioactively-labeled repressor-DNA complexes retained
on the nitrocellulose filter, we used a Fuji Typhoon pho-
sphorimager or a Beckman LS 6500 scintillation counter.
For scintillation counting, the triplicate technical replicates
were counted as a single sample. For consistency among
the current figures, any phosphorimager data are shown as
the sums of triplicate replicates; data fitting results were
identical when triplicates were treated separately (as in Ref-
erences10 or11) or when the triplicates were summed.

4.5 | Biolayer interferometry

Initial BLI experiments used the single-channel BLItz
instrument (ForteBio, Menlo Park, California) to estab-
lish loading times and wash conditions. Titration experi-
ments were carried out on an Octet RED96 instrument
(ForteBio) that can simultaneously monitor eight samples
in parallel. All BLItz measurements were carried out at
room temperature with shaking at 2200 rpm; Octet mea-
surements were carried out at 22�C and shaken at
1,000 rpm. Sample volumes were 250 in 500 μL black
microcentrifuge tubes (Celltreat Scientific Products,
China) for the BLItz or in black 96-well plates (Greiner
Bio-one, Germany) for the eight-channel BLI instrument.

For DNA binding assays, we used sensor tips
derivatized with streptavidin (BLItz; ForteBio, Pall Life
Sciences, Menlo Park, California) to which various

biotinylated DNA sequences were attached. Early experi-
ments used Super Streptavidin tips (“SSA,” ForteBio, Pall
Life Sciences). Control experiments with these tips in the
absence of DNA showed low nonspecific binding to
repressor protein; however, tip-to-tip results were less
reproducible over repeated experiments. For later experi-
ments, a “High-Precision Streptavidin” (“SAX”) tip
became available from ForteBio that had better tip-to-tip
reproducibility; nonspecific binding in the absence of
DNA was again low (Figure S2) and was blocked by the
0.1 mg/ml bovine serum albumin present in FBB hydra-
tion buffer or by adding 1.3 μM LacI to the FBB hydra-
tion buffer. No difference in the repressor-DNA binding
curves was observed among the various blocking agents,
so we chose not to use LacI for most experiments because
it might interfere with small molecule experiments (see
below). Finally, we demonstrated here and in a previous
study29 that, in the absence of repressor protein, FruK
did not bind immobilized DNA (Figure S11).

In parallel with filter binding assays, LacI titrations
were carried out in FBB and LLhF assays were carried
out in LLhF binding buffer. BLI tips were first hydrated
at least 10 minutes in the appropriate binding buffer,
loaded with biotinylated DNA (80 nM in binding buffer
for 120 s), moved to a tube of binding buffer (30 s), and
then moved to a solution of repressor protein that was
pre-equilibrated with any small molecules or hetero-pro-
teins. Protein solutions were kept on ice until added to
the final reaction mixture, which was then allowed to
warm to room temperature (~15 min) prior to introduc-
ing the DNA-bound BLI tips. (BLI signals are highly tem-
perature dependent.) The protein concentrations used in
each assay are indicated in the figures and/or legends.
Resulting changes in the BLI signal were monitored as a
function of time until equilibrium was reached.

Each set of experiments was repeated in triplicate
using at least two separate preparations of LacI, LLhF,
and FruK. The within-day reproducibility of the equilib-
rium plateau was usually <20% for equivalent samples,
although as discussed above, day-to-day (and lot-to-lot)
variation was often greater (Figure S8). The filter binding
assay has a similar limitation since 32P counts differ
among assays. Titrations carried out simultaneously in
the Octet had much less noise than those performed with
the single-channel BLItz. Within a single 8-tip assay, the
average differences in signal values observed after the
DNA load (before protein incubation) were ~10%, but as
discussed above, this value is not a reliable indicator of
the effective number of accessible DNA molecules. All
trends observed within 1 day's work were reproducible
on separate days. These technical limitations were very
similar to those encountered in the day-to-day variation
in 32P-DNA dilutions used in filter binding assays.
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During experiments, we noted that ~1 out of every
20 tips performed differently from the others. This was
detected by unequal DNA loading, unusually high or low
plateaus after repressor association, and/or oddly-shaped
association curves. Data values measured with “bad” tips
were excluded from downstream calculations and ana-
lyses. Octet experiments have the potential to comprise
eight concentrations per titration; the minimum number
of data points used to define a titration curve was seven
(if two tips had to be excluded, the titration was
repeated). For most titration experiments, the first sam-
ple was used to determine the zero point and did not con-
tain any of the varied component. This was always in
good agreement with average signal after immobilizing
the DNA, and later repressor-DNA binding experiments
used this average value as the “zero” so that the eighth
channel could be used to generate an extra data point.
Notably, BLI curves generated from seven to nine, singlet
concentrations (each measured only once) were of simi-
lar quality to curves from filter binding assays that were
generated using 12 concentrations, each pipetted in tripli-
cate (and as described above, counted as a single sample
in the current work).

4.6 | Analyses of binding curves

For filter binding and BLI assays in the equilibrium binding
regime, titration data were analyzed by first converting
LacI, LLhF, and FruK concentrations to log scale to facili-
tate better weighting during nonlinear regression and
fitting the data with Equation (1). To include data for the
“zero” concentration in the fitting process, the value of X
was set ≥10-fold below the lowest concentration used. Fol-
lowing the log transformation, nonlinear regression was
carried out with the programGraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, California). Operator release fits
were analyzed similarly, by first converting IPTG and F-1-P
concentrations to log scale and then fitting to Equation (1);
in this case, the “Kd” parameter determined from the mid-
point of the curve is not a true equilibrium constant
(described in Results). Unless otherwise indicated, the
values reported in Table 2 are the averages and standard
deviations of the fits from at least three independent experi-
ments. Essentially identical values were obtained by carry-
ing out global fits of replicate experiments using a shared Kd

value and independent c and Ymax values for each curve
(Figure S8); global fit errors were equivalent to the standard
deviations reported in Table 2.

When repressor-operator binding appeared to be either in
the stoichiometric binding regime or intermediate between
the equilibrium and stoichiometric binding regimes, data
were fit with the expanded Equation (2), which contains five

parameters. The BLI titrations were limited to 7–9 data points
and fitting with a five-parameter equation certainly qualifies
as “over-fitting.” However, since the stoichiometry of the
dimeric repressor-DNA complex is known to be 1, we fixed
this parameter and carried out nonlinear regression to esti-
mate the remaining parameters, including Kd and the effec-
tive total DNA concentration (Figure 4b and Figure S7). As
described in Results and Figure S7, global fitting was also car-
ried out with this equation.

In some BLI experiments, the equilibrium “plateaus”
of all samples decreased instead of remaining constant
(Figure 7b). We presume this arises from protein degra-
dation occurring over the two-hour experiment or
adsorption to the wells. Fortunately, this had little impact
on the final data analysis: When different time slices
were used to generate the Y values for Equation (1), the
Kd values determined were essentially identical
(Figure S5). Indeed, the protein decay could also be
occurring in the filter binding assay but would not be
detectable. This did illuminate one additional interesting
observation: In the filter binding assay, the protein-DNA
mixture was generally equilibrated for 30 min prior to fil-
tration. In BLI, some of the ternary interactions (DNA-
repressor binding small molecule or hetero-protein)
required up to 2 hr for the plateau to reach equilibrium.
Thus, being able to monitor a reaction's approach to equi-
librium is an advantage of BLI.
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