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’ INTRODUCTION

Noncovalent binding of a single DNA molecule with multiple
proteins is common in biology and plays a pivotal role in
regulation of gene expression, DNA replication, DNA integrity
control, and virus replication.1,2 In order to understand the
dynamics of these fundamental biological processes, it is im-
portant to know kinetic parameters for all steps involved in the
formation and dissociation of the relevant DNA�multiple
protein complexes.3�5 Proteins in these complexes can be bound
to the DNA directly or indirectly through other proteins. Our
knowledge of DNA�multiple protein complexes is typically
limited to the identities of the DNA and proteins involved.6

Complete kinetic analyses are rarely performed for DNA inter-
action with a single protein,7 and to the best of our knowledge,
kinetics of formation and/or dissociation of DNA�multiple
protein complexes have never been measured. The lack of
comprehensive kinetic studies is solely due to a lack of experi-
mental approaches capable of distinguishing kinetics of the
multiple interconnected processes involved in assembly/disas-
sembly of DNA�multiple protein complexes. The present work
was motivated by the insight that, in general, the kinetics of
processes occurring during the formation and/or dissociation of
DNA�multiple proteins complexes in vitro can be distinguished
if different complexes move with different velocities or in other
words are continuously spatially separated. Here, we present the
first separation-based approach for studying kinetics of dissocia-
tion of DNA�multiple protein complexes.

In general, to study the dissociation kinetics of DNA�
-multiple protein complexes, the following two-step operation
should be performed. In the first step (equilibration step),
multiple DNA�protein complexes are formed by incubating
free DNA with proteins, ideally, long enough to approach
equilibrium. In the second step (dissociation step), unbound
proteins are continuously removed from the complexes so that
the rates of complex formation become zero and the complexes
are forced to dissociate. The difficulty of analyzing dissociation
kinetics originates from multiple kinetic processes (i) occurring
simultaneously and (ii) being indistinguishable from the detec-
tion standpoint. When dissociation is initiated by removing free
proteins, all DNA�protein complexes start dissociating simulta-
neously, which results in multiple overlapping single-exponential
kinetic curves of the same nature. The resulting signal is the sum
of all individual kinetics as conceptually shown in Figure 1, left.
Many processes can be described by similar modeles.8,9 It is a
well-known problem that the sum of single-exponential curves
has a shape close to exponential, and in many cases, such a sum
cannot be used to reliably determine powers of individual
exponents comprising it. The inaccuracy of the no-separation
approach is caused by the inherent instability of the inverse
problem of finding powers of individual exponents from their
sum. This instability is with respect to small perturbations of the
initial exponential sum.10,11 Such instability and the presence of
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experimental noise can lead to significant errors in the determi-
nation of the powers (rate constants). Errors can become
unacceptably large if some components have close (or very
different) powers and/or intensities and if the number of
components is unknown (in the other words, the mechanism
of reaction is unknown).

The present work was motivated by the idea that the problem
of resolving individual kinetics could be solved by simply making
different complexes move with different velocities in the same
direction and by placing a detector at a distance x from the site of
initiation of movement. Single-exponential curves generated at
the detection point by the dissociation of complexes moving with
different velocities would be shifted with respect to each other as
conceptually shown in Figure 1, right. It is clear that the sum of
such shifted kinetics is more “informative” about its components
than the sum of the nonshifted kinetics. It is not clear however
whether or not this gain can be utilized for the determination of
rate constants and for testing hypothetical mechanisms of
dissociation. To answer this question, in this proof-of-principle
work, we used extensive computer simulation to compare no-
separation and separation-based approaches. We examined our
method’s ability to test hypothetical mechanisms of dissociation.
We then demonstrated experimental use of our approach in the
study of dissociation kinetics of complexes of DNA with multiple
molecules of the single-stranded DNA-binding protein.12 As a
practical means of introducing differential mobilities of different
DNA�protein complexes, we used capillary electrophoresis
(CE).13 CE simply provides an efficient way to accomplish the
separation-based analysis of simultaneous dissociation processes
of DNA�multiple proteins complexes. Our separation approach
can potentially be used to study the disassembly kinetics of
complex protein machines attached to DNA. We foresee that a
separation approach will be also developed to study the kinetics
of the formation of DNA�multiple protein complexes.

’RESULTS AND DISCUSSION

Mathematical Model. Our goal is to compare the proposed
separation-based approach with the no-separation approach in
studying dissociation kinetics of DNA�multiple protein com-
plexes. We first specify the difference between the no-separation
and separation approaches. In the no-separation approach, all
complexes are spatially colocated and dissociation is detected due
to “mass loss” upon the dissociated components’ leaving the

point of localization. Sensor-based methods, such as surface
plasmon resonance (SPR),14 fall in the category of the no-
separation approach. To study dissociation of DNA�multiple
protein complexes with SPR, one would immobilize DNA on the
surface and form different complexes on the surface by adding
proteins in solution. Dissociation would be initiated and main-
tained by continuously removing free proteins from the solution
and observingmass loss on the surface due to proteins leaving the
surface. The resulting signal is a sum of nonshifted exponential
curves similar to those depicted in Figure 1, left.
The separation approach is based on (i) continuous spatial

separation of different DNA�multiple protein complexes in
solution by introducing their differential mobility in one direc-
tion, (ii) dissociation of complexes during their separation, and
(iii) following special distribution of DNA. While differential
mobility can be caused by different means, electrophoresis is the
most practical and best-developed way of mobility shift for
DNA�protein complexes. The resulting signal will be concep-
tually similar to spatially shifted exponential curves depicted in
Figure 1, right.
The major disassembly mechanism considered in this work

was sequential dissociation from the state of equilibrium (we also
considered branched dissociation from the state of equilibrium;
mechanism 3 in the Supporting Information). In the first step, N
DNA�protein complexes (DP1, ..., DP1...PN) are formed by
incubating free DNA (D)withN proteins (P1, ...PN), ideally, long
enough to approach equilibrium:

DsFRs
P1,Kd, 1

DP1sFRs
P2,Kd, 2

DP1P2:::sFRs
PN ,Kd,N

DP1P2:::PN ð1Þ

whereKd,1,Kd,1, ..., Kd,N are equilibrium dissociation constants of
N sequential processes and the index also denotes the reverse
order of dissociation (see eq 2 below). If all proteins are the same,
indexes 1, 2, ..., N can be omitted as it is done in mechanisms 1
and 2 below. In the second step, unbound proteins are con-
tinuously removed from the complexes so that the rates of the
forward processes in reaction 1 become zero and the complexes
are forced to dissociate:

DP1P2:::PNsf
koff ,N

DP1P2PN�1sf
koff ,N�1

:::DP1sf
koff , 1

D ð2Þ
where koff,N, koff,N�1, ..., koff,1 are dissociation rate constants for
the N DNA�protein complexes. The exact mechanism of
complex assembly was not a subject of investigation in this work.
Therefore, the sole purpose of equilibrium reaction 1 was to
define the initial concentrations of complexes before dissocia-
tion. Reaction 2 was instead our major concern, and it was
investigated using a system of differential equations. To write
such a system we define the following terms for complexes:

C0 ¼ D,C1 ¼ DP1,C2 ¼ DP1P2, :::,CN ¼ DP1P2:::PN

ð3Þ
Then, the no-separation approach is described by a system of

ordinary differential equations:

dtCN ¼ � koff ,NCN ,
dtCN�1 ¼ koff ,NCN � koff ,N�1CN�1

:::

dtC1 ¼ koff , 2C2 � koff , 1C1

dtC0 ¼ koff , 1C1

ð4Þ

Figure 1. Schematic illustration of simultaneous dissociation kinetics of
DNA�multiple protein complexes without separation (left) and with
separation of the complexes. In each panel, three color traces show three
individual single-exponential kinetics, and a black trace shows their sum.
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The separation-based approach is described by a system of
partial differential equations:

∂tCN þ νN∂xCN ¼ � koff ,NCN

∂tCN�1 þ νN�1∂xCN�1 ¼ koff ,NCN � koff ,N�1CN�1

:::

∂tC1 þ ν1∂xC1 ¼ koff , 2C2 � koff , 1C1

∂tC0 þ ν0∂xC0 ¼ koff , 1C1

ð5Þ

In eqs 4 and 5, Cn and νn are a concentration and a migration
velocity of a complex with n proteins (0e neN), respectively; dt is
ordinary derivation by time t; ∂t and ∂x are partial derivations by time
t and spatial coordinate x, respectively. It is easy to see that eq 4 is a
degenerate case of eq 5 when all velocities are equal to zero.
N equations in eqs4 and 5 describeN independent pathways of

sequential multistage dissociations ofN complexes. For example,
if DNA can bind at most three proteins, there are three
complexes (plus unbound DNA) in the initial mixture produced
by reaction 1. Hence, the three equations in either system of
differential equations describe three independent pathways start-
ing at N = 3, 2, and 1, respectively.
The solution for eq 5 can be found by an approach described in

detail in the Supporting Information. This solution depends on
the migration velocities of complexes, νn, that are present in eq 5.
By assuming that all νn are equal to zero, we obtain a solution for
eq 4 that describes the no-separation approach. Such a solution
can be also found directly by solving ordinary differential
equations in eq 4.
By using the found solutions of eqs 4 and 5, we simulated a

sum of kinetic traces (also called simulated experimental traces)
for the no-separation and separation approaches for two hy-
pothetical mechanisms of disassembly. We also added noise to
the simulated experimental traces to mimic real experimental
data. We then fit simulated experimental traces with model traces
by varying rate constants and amounts of initial complexes using
the method of least-squares that minimizes the sum of squared
differences between the model and simulated experimental
traces.15 The values of velocities in the model traces were
determined independently (not from the fitting procedure)
making sure the peaks in the simulated experimental traces and
model traces match up. Nonlinear regression was utilized to
obtain the best fit. The rate constants and amounts of initial
complexes that led to the best fit were considered the sought
ones. The comparison of fundamental properties of the no-
separation and separation approaches requires that only funda-
mental processes (dissociation and migration) are considered.
Hence, no other processes (e.g., diffusion, convection, interac-
tion with reactor walls, etc.) were taken into account when
building simulated experimental traces for either approach.
Accordingly, no additional processes were taken into account
when building the model traces used to fit the simulated
experimental traces.
ComparisonofNo-Separation andSeparationApproaches.

Figure 2 shows one example of a comparison between the no-
separation and separation approaches for a reaction mechanism in
which oneDNAmolecule sequentially binds up to threemolecules
of the same protein:

DsFRs
P,Kd, 1

DPsFRs
P,Kd, 2

DPPsFRs
P,Kd, 3

DPPP

DPPPsf
koff , 3

DPPsf
koff , 2

DPsf
koff , 1

D
ðMechanism 1Þ

Figure 2 shows simulated experimental and model traces for
this mechanism of dissociation. Good-quality fitting could be
obtained for both no-separation and separation approaches.
However, the no-separation approach resulted in good fitting
when the errors in rate constant determination were very large
(upper table in Figure 2). Indeed, only the rate constant of the
slowest process was found accurately. The other two rate
constants were determined with poor accuracy, which is a result
of the above-mentioned instability of the ill-posed inverse
problem. Even in the presence of a relatively small noise, this
instability leads to large errors in the determination of rate
constants if they are close to each other. The no-separation
approach also led to large errors in initial concentrations of the
complexes (see Table S1 in the Supporting Information). In
contrast, the separation approach determined all three rate
constants with high accuracy (lower table in Figure 2) even
though the level of computer-generated random noise was setup
at a much higher level. The separation approach also accurately
determined the initial concentrations of the complexes (see
Table S1 in the Supporting Information). It is instructive to
compare the imaginary separation-based trace in Figure 1 with
the simulated separation-based trace in Figure 2. Due to the
interplay between the three processes in dissociationMechanism
1, the simulated trace in Figure 2 does not show explicit
exponential regions that one could intuitively expect. The three
kinetic processes in Mechanism 1 sum up into a trace of more
complex shape. Numerical approaches are required in general for
the extraction of kinetic information from such complex kinetic
shapes.
To confirm that the above example is not unique, we studied a

simpler mechanism with two complexes and two rate constants
(see Mechanism 2 in the Supporting Information). Even for this

Figure 2. Numerical illustration of rate constant determination for
simultaneous dissociation of three complexes of DNA with the same
protein P by no-separation and separation-based approaches. DNA is
assumed to be detected. Accordingly, in the no-separation approach, the
signal is the cumulative concentration of intact DNA�protein com-
plexes. Such a signal would be generated if the dissociation kinetics of
DNA�multiple protein complexes was studied by sensor-based techni-
ques, such as surface plasmon resonance (SPR), with DNA immobilized
on the sensor. In the separation-based approach, the signal is the
concentration of DNA free or within the complexes. The separation
trace has a noise level of 30%. The no-separation trace has a noise level of
5%. The tables in the panels show the actual (IN) and determined
(OUT) rate constants as well as the deviations of the determined from
the actual ones.
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simple mechanism, the no-separation approach led to large error
in one rate constant and two initial concentrations despite good
quality of fitting. The separation approach correctly determined
all unknown parameters.
To further test the separation approach, we challenged it with a

very complex branchedmechanismwith 16 unknown parameters
and 30% noise (see Mechanism 3 in the Supporting Information).
The separation approach allowed us to accurately determine
eight rate constants out of nine and five initial concentrations out
of seven. As any practical approach, the separation-based one has
its limitations. Accurate determinations of all parameters may be
impossible with a single experiment; a number of experiments
with different concentrations of proteins may be required for
complex mechanisms. Consistent results from the multiple
experiments would also ensure that the hypothetical mechanism
is correct.
The determination of rate constants by any method is very

difficult even for known mechanisms. It would be very useful if
the same method could also test a hypothetical mechanism for
correctness. Therefore, as our final simulation experiment, we
compared the no-separation and separation approaches in their
ability to distinguish between correct and incorrect mechanisms.
For this purpose, simulated experimental traces obtained with
Mechanism 1 were used. As an incorrect mechanism, we chose
the worst-case-scenario mechanism with the same number of
complexes and the same migration velocities as in Mechanism 1.
In this case, the incorrect mechanism cannot be distinguished
from the correct one based on a pattern of peaks in the model
trace. The incorrect mechanism was the following:

DsFRs
P,Kd, 1

DP, DP�P�sFRs
P,Kd, 3

DP�P�P
DP�P�Psfkoff , 3

DP�P�, DPsf
koff , 1

D
ðMechanism 10Þ

Here, protein molecules P* are assumed to form a very stable
complex (Kd f 0) with DNA; as a result, the P* molecules
cannot dissociate from DNA. Even though an incorrect model
does not have to be biologically relevant for our test, Mechanism
10 may describe a real mechanism in cells when two protein
molecules become cross-linked due to a free radical reaction.
The result of using the incorrect Mechanism 10 for fitting the

simulated experimental trace constructed with Mechanism 1 is
shown in Figure 3. Though the peaks in the model trace perfectly
match those in the simulated experimental one, the best fit is
strikingly poor and results in a 10-fold increase in the sum-of-
least-squares (compare with fitting the same trace with the
correct model in Figure 2). We also applied the same incorrect
mechanism to simulated experimental traces built with Mechan-
ism 2 in the Supporting Information. The quality of fitting was
also evidently unacceptable revealing that the tested mechanism
was not feasible. The results allow us to conclude that, in general,
the separation approach allows both testing hypothetical me-
chanisms of dissociation for their feasibility and finding rate
constants of dissociation. Thus, the separation approach can be
used to create a practical method for studying dissociation
kinetics of DNA�multiple protein complexes. In addition, our
numerical experiments also confirmed that the mathematical
approach used for rate constant determination was also correct
and could be reliably applied to rate constant determination from
the experimental data even if such data have high level of noise.
Test of Separation-BasedMethod in Experiment.To create

a practical separation-based method for studying dissociation

kinetics of DNA�multiple protein complexes, three technical
issues should be addressed. First, different DNA�protein com-
plexes should be separated. Second, free proteins should be
continuously removed from the vicinity of the complexes. Third,
the concentration of the complexes and free DNA should be
measured at a detection point distant from the point of initiation
of dissociation. The three conditions can be satisfied by capillary
electrophoresis (CE).16 Due to the high negative charge of DNA,
its velocity in gel-free electrophoresis changes significantly upon
binding to a protein.17 Binding to additional proteins should
introduce additional changes in velocity. When the equilibrium
mixture of DNA and proteins is subjected to an electric field, the
DNA�protein complexes are separated from each other and
from free proteins. Finally, if DNA is labeled fluorescently, the
concentrations of all complexes and free DNA can be measured.
We used a commercial CE instrument with fluorescence detection.
As a test experimental model, we used the interaction between

an 80 nucleotide long single-stranded DNA and a single-strand
DNA binding (SSB) protein from Escherichia coli. SSB proteins
bind to single-stranded DNAwith high affinity and are important
in DNA replication, recombination, and repair.18�20 SSB from
E. coli is composed of four identical subunits and is implicated in
DNA metabolism, and it was shown to stimulate DNA poly-
merase activity by interacting with it.18,21 To facilitate the
equilibration step, DNA was mixed with the protein and in-
cubated for 10 min (longer incubation did not influence the
results). A short plug of the equilibrated mixture was then
injected into the capillary by pressure. To facilitate the dissocia-
tion step, a high voltage was then applied to continuously remove
free protein from the vicinity of the DNA�protein complexes
and to move the complexes with different velocities. DNA was
labeled with fluorescein at the 50 end to allow for detection. A
single-point detector was used to record an electropherogram
with the sum of dissociation kinetics of all complexes. Sometimes
the quantum yield of fluorescently labeled DNA changes upon
binding with proteins. This fact can be taken into account by
multiplying a modeled concentration of each complex by its
corresponding quantum yield. Then, such modeled signals from
all complexes are combined to produce a modeled electropher-
ogram that is used in fitting the experimental electropherogram.
In the present study, we calculated the quantum yields for DPP
and DP based on the change in total fluorescence, and they were
found to be 0.3 and 0.6, respectively. Nonlinear regression was
used to find the best fit of the experimental electropherogram

Figure 3. Numerical illustration of the best fit with an incorrect model.
Simulated signal corresponds to Mechanism 1 with a noise level of 10%
(it is similar to the signal at the bottom of Figure 2) whereas the model
corresponds to Mechanism 10.
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with a modeled electropherogram (similar to how it was done in
the numerical experiments described above). As the protein
concentration mixed with DNA was known, the calculations
revealed both koff and Kd values.
Figure 4 shows representative experimental electrophero-

grams (black traces) for varying concentrations of the protein.
The number and combination of peaks in the electropherograms
change with changing protein concentration. The right-most
peak corresponds to unbound DNA that migrates slower than
the complexes. The two peaks to the left of it correspond to
different DNA�protein complexes. The peak with the shortest
migration time is that of the complex with the greatest number of
proteins molecules per DNA, which is confirmed by both faster
migration time and increase in peak prominence with increasing
concentration of the protein. There is pronounced exponential

tailing between the left and middle peaks, which suggests that
there is significant dissociation of the complex corresponding to
left peak. The exponential tailing in Figure 4 is directed from the
smaller complex to the larger complex it is formed from. This can
be briefly explained in the following way. The highest rate of
complex dissociation is in the very beginning, when the concen-
tration of the complex is the highest. A smaller complex (or free
DNA), which is generated as a result of the dissociation of a larger
complex, will be produced in the largest amount in the very
beginning and will migrate close to the peak of the smaller
complex (or free DNA). The amount of the smaller complex
produced decreases with time while these smaller “portions” will
migrate closer to the peak of larger complex. This behavior
defines the direction of the tail from the smaller complex to the
larger one. There is no detectable tailing between the middle and
right peaks even when the dissociation time is increased 10 times
by decreasing the electric field strength. This fact indicates that
the complex corresponding to middle peak does not dissociate
significantly in the time scale of our experiment.
SSB is known to exist in solution predominantly as a

tetramer.18 Depending on conditions (buffer composition, pH,
temperature), SSB can bind from 35 to 60 nucleotides per
tetramer.12,22,23 The DNA used in the experiments was 80
nucleotides long, so at least two SSB tetramers should theoreti-
cally be able to bind to it. Based on this information and on the
observation of two peaks corresponding to DNA�protein com-
plexes in Figure 4, we consider the following mechanism for the
determination of rate constants:

DsFRs
P,Kd, 1

DPsFRs
P,Kd, 2

DPP

DPPsf
koff , 2

DPsf
koff , 1

D
ðMechanism 2Þ

where P represents a tetrameric protein.
Mechanism 2 does not include peak broadening, as in our

particular case, the effect of various mechanisms of peak broad-
ening was negligible (see the Materials and Methods Section),
and therefore, the model with no peak broadening was used in
fitting.
The procedure of building simulated traces was similar to that

described above for Mechanism 1. The best fits of the experi-
mental data by this model are shown in Figure 4 by red traces.
The quality of the fits is high, which suggests that Mechanism 2
satisfactorily describes the experiment. Our calculations returned
koff and Kd values shown for convenience in the reaction
mechanisms below:

DsFRs
Kd ¼ 102 ( 28 nM

DPsFRs
Kd¼ 90 ( 57 nM

DPP

DPPsf
koff , 2 ¼ð1:45 ( 0:13Þ�10�3 s�1

DPsf
koff , 1 < 10�4 s�1

D

ðMechanism 2aÞ
The determined Kd values are in the range of Kd values

typically observed for this protein.24 The detection limit of the
instrument and limited time of the experiment did not allow us to
accurately measure the koff value for the dissociation of DP; we
could only estimate its upper limit. The entire experiment was
repeated, and the new calculations returned identical values of
the constants.
For these experiments to be successful, the effect of the reverse

possesses of DNA�protein association on concentrations of
complexes should be small. This effect will be small if each

Figure 4. Experimental (black lines) and best-fit model (red lines)
electropherograms. Experimental electropherograms were obtained for
the interaction of fluorescently labeled dsDNA (200 nM) with SSB at
varying concentrations. Experimental values of the total protein con-
centration (including bound and free protein) are shown. The calculated
values of the free protein are 0, 79, 289, 449, and 455 nM, respectively.
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complex is separated from the protein with a relative velocity
Δν = |νc� νp| that satisfies the tsep, tass condition. Here, νc and
νp are velocities of the complex and protein, tsep = W/Δν and
tass = Kd/(koffPfree) are the characteristic times of separation and
association;W is the width of the initial plug of complexes; Pfree is
the concentration of free protein. One can readily verify that the
condition tsep , tass is valid for all found values of Kd and koff
(shown in Mechanism 2) and for corresponding concentrations
Pfree (mentioned in Figure 4) if Δν∼ 0.1 cm/s andW < 0.5 cm.
Such values ofΔν andW are typical for CE experiments and lead
to tsep < 5 s. For example, we have tass∼ 200 s. 5 s in the case of
dissociation of the DPP complex (Kd ≈ 100 nM, koff ≈ 1.5 �
10�3 1/s, Pfree ≈ 450 nM).
It should be emphasized that we do not claim that mechanism

(eq 5) of the experimental example is adequately detailed. For
instance, DNA can bind a single protein octamer instead of two
protein tetramers.12 Such DNA�protein complexes are identical
in their size and charge and cannot be easily distinguished with
electrophoresis-based experiments. Thus, the detailed study of
complex mechanisms may require a combination of the method
suggested here with other techniques.
To conclude, in this work, we proved in principle that

separation-based kinetic methods can facilitate the study of
dissociation kinetics of DNA�multiple protein complexes. Se-
paration solves the virtually impossible problem of “extracting”
individual single-exponential curves from their sum. Separation
can potentially facilitate studying the assembly kinetics of
DNA�multiple protein complexes. Further, our approach can
be extended to studies of protein�protein interactions if a generic
means of separation of multiple protein complexes is found.

’MATERIALS AND METHODS

Chemicals, Solutions, and Materials. All buffer components
were from Sigma-Aldrich (Oakville, ON). All aqueous solutions were
made with deionized water and filtered through a 0.22 μm filter (Millipore,
Nepean, ON). SSB protein was from Interscience (Markham, ON,
Canada). A fluorescently labeled 80-mer oligonucleotide (5-FAM-
CTCCTCTGACTGTAACCACGTGCC TAGCGTTTCATTGTCC-
CTTCTTATTAGGTGATAATAGCATAGGTAGTCCAGAAGCC-3)
was custom synthesized by IDT Technologies Inc. (Coralwille, IA,
USA). The protein and DNA stock solutions as well as equilibrium
mixtures were prepared in the incubation buffer (25 mMBorax, pH 10).
Fused silica capillaries were purchased from Polymicro (Phoenix, AZ).
Capillary Electrophoresis. CE experiments were performed with

a CE instrument (P/ACEMDQ, Beckman-Coulter, USA) with thermo-
stabilization of the capillary (the outer walls of the capillary were washed
with a liquid heat exchanger maintained at 20 �C) and sample vials. The
CE method used was Non-Equilibrium Capillary Electrophoresis of
Equilibrium Mixtures (NECEEM).13 The instrument employed laser-
induced fluorescence detection with a 488 nm line of an argon-ion laser
for fluorescence excitation. An uncoated fused silica capillary was used
with the following dimensions: 50 cm total length/20 μm inner
diameter/350 μm outer diameter. The length L from the injection
end to the detection window was 40 cm. Electrophoresis was run with a
positive electrode at the injection end and an electric field E of 600 V/cm.
The run buffer for all NECEEM experiments was the same as the
incubation buffer: 25 mM Borax, pH 10. The samples were injected into
the capillary by a pressure pulse of 15 s � 2 psi; the length W of
corresponding sample plug was∼0.6 cm. Prior to each run, the capillary
was rinsed with deionized water for 2 min, 100 mM HCl for 2 min,
100 mM NaOH, and then, the run buffer solution for 2 min. All
NECEEM experiments were performed in two repeats.

Equilibrium Mixtures. Equilibrium mixtures of the samples were
prepared by mixing the protein and DNA in the incubation buffer and
incubating at room temperature for 10min. The fact that the equilibrium
was reachedwas confirmed by not seeing changes in experimental results
for incubation times longer that 10 min. The CE analysis was started
immediately after that.
Peak Broadening Effects. Peak broadening δW caused by

molecular diffusion can be estimated as δW ∼
√
(DL/ν), where

ν ∼ 0.1 cm/s is the migration velocity and D is the molecular diffusion
coefficient. The latter is of the order of (2�10)� 10�6 cm2/s for DNA
and (3�10) � 10�6 cm2/s for proteins.25,26 Hence, δW/W < 10�1 (at
W ∼ 0.6 cm), and peak broadening due to pure molecular diffusion is
negligible. Another source of a peak broadening could be Joule heating.27

The amount of heat Q can be estimated as Q = σE2 ∼ 102 J/(cm3 s)
where σ ∼ 10�3 A/(V cm) stands for buffer conductivity. Capillary
cooling with a sufficient rate of heat transfer was provided to maintain
the temperature at 15( 2 �C and to exclude potential peak broadening
due to heating.28,29 Peak broadening due to interactions of charged
DNA�protein complexes with the wall was also negligible. Indeed, such
interactions (adhesion to the walls) would lead to the peak tailing.30�32

However, Figure 4 clearly shows that the peak tailing is much smaller
than the peak fronting in experimental electropherograms. The pattern
of observed peak fronting is consistent with broadening due to dissocia-
tion of DNA�protein complexes. Finally, pureDNAwas ran as a control
(Figure 4) to evaluate peak broadening that could be caused by stacking
and antistacking. No such a phenomenon was observed (the peak of
DNA was perfectly symmetrical), and thus, stacking and antistacking
were not included in the model. The absence of stacking/antistaking is
consistent with the fact that the sample buffer was not different from the
run buffer.
Determination of Experimental Rate and Equilibrium

Constants. To determine the rate and equilibrium constants of
complex dissociation, experimental electropherograms were fitted with
simulated electropherograms obtained using the mathematical model.
The model took into account chemical equilibrium at the pre-electro-
phoresis stage and complex dissociation at the stage of electrophoresis.
Minimum mean-square deviation between the experimental and simu-
lated electropherograms was used as a criterion of acceptance of rate
constants and equilibrium constant. A computer program, which built
simulated electropherograms for varying rate constants and calculated
mean-square deviation of the simulated and experimental electrophero-
grams, was written in Excel using Visual Basic and Excel Solver. This
program was not optimized for high-speed routine use but was
sufficiently productive for the proof-of-principle work.
Assessment of Errors and Reproducibility for the Separa-

tion-Based Method. It is worth noting that systematic errors in
determination of rate constants using the separation-based approach are
relatively small in simulated experiments. In the presence of 30% noise,
these errors are∼3% forMechanism 1 as shown in the insert in Figure 2.
They are ∼10% for Mechanism 2 with two complexes and two rate
constants (see Table S2 in the Supporting Information). Errors become
smaller (2% for 10% noise and 1% for 5% noise) if the noise level
decreases. Even in the case of very complicated (branched) Mechanism
3 with nine stages and a noise level of 30%, systematic errors remained
less than 40% for seven rate constants (see Table S3 in the Supporting
Information). These results were produced in single simulations where
the starting values of the rate constants were determined by graphical
guess-and-check. The guess-and-check procedure was performed by
varying the rate constant and concentration parameters of the simulated
electropherogram by orders of magnitude until the characteristic peaks
and decays of the experimental data were reproduced as closely as
possible. The starting values of the parameters need only be “good
guesses”, so the relative heights of the peaks and decays did not have to
match the data exactly. To ensure that our results were reproducible and
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did not depend on the choice of starting values, two “worst guess”
simulations were run to fit Mechanism 1 to the simulated data from the
separation-based trace in Figure 2. The first simulation underestimated
all rate constants to be zero and the second overestimated them to
be >1� 102 s�1. Convergence to the correct values was always observed,
and it was found that underestimating the rate constants gave final errors
<10% while overestimating them gave errors <7%. All simulated tests of
the separation-based approach suggest that, in real experiments, errors in
determination of rate constants should mainly depend on errors in
experimental data used in the fitting procedure. To find such errors
for electropherograms shown in Figure 4, these experiments were
repeated 4 times with errors of ∼27%, 63%, and 9% for Kd,1, Kd,2, and
koff,2, respectively.
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Solution of Equations (5) and Comparison of koff Determination by “No-
Separation” and Separation-Based Approaches 
 

We simulated “experimental” traces of dissociation of DNA-multiple proteins complexes 
expected from “no-separation” and separation-based methods. The simulations were based on general 
equations for the kinetic processes (see equations (5) in the main text). This model has been applied to 
simulate multistage dissociation of each complex present at timer zero. For the separation-based 
approach, equations (S1) were first solved by using the Fourier transform in the case of an extremely 
narrow (singular) distribution of each initial complex. As a result the following fundamental solution 
was found: 
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Here Xs  x  vst (s = j, p), 0

NA  is the total amount of the initial complex N added at t = 0, (y) is Dirac’s 

-function, θ(y) is the θ-function (θ(y) = 1 at y > 0 and θ(y) = 0 at y < 0). For q = N  1, q = N  2, and 
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jpQ  are found from the following linear algebraic equations (for short, subscript 
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were we used a notation ν(AkB) = νAkB + νBkA. The system of three equations in (S3) has a simple explicit 
solution:  
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A similar explicit solution for the system of six equations (S4) was too cumbersome. In this case, it was 
easier to find coefficients Q N numerically directly from (S4). Then, the fundamental 

solution (S1), (S2) for each pathway was used to obtain concentrations of all complexes in that pathway 
and its initial  - function was approximated by the corresponding Gaussian distribution. Finally, for 
each possible complex its concentrations resulting from all pathways were summed up to obtain the 
total concentration of this complex. 

A similar explicit solution for the system of six equations (S4) was too cumbersome. In this case, it was 
easier to find coefficients numerically directly from (S4). Then, the fundamental 

solution (S1), (S2) for each pathway was used to obtain concentrations of all complexes in that pathway 
and its initial  - function was approximated by the corresponding Gaussian distribution. Finally, for 
each possible complex its concentrations resulting from all pathways were summed up to obtain the 
total concentration of this complex. 
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In the separation-based method, the processes included not only complex dissociation but also 
migration of species (complexes and free DNA) with different velocities in the same direction. DNA 
was considered to be detected. Accordingly, the “signal” in the traces was associated with: (i) the 
cumulative concentration of intact DNA-protein complexes for the “no-separation” approach and (ii) 
the concentration of DNA (free or within the complexes) in the separation-based approach. A random 
noise was added to such “experimental” traces to mimic the real experimental data. Three reaction 
mechanisms of different complexity with arbitrarily-chosen values of koff, initial concentrations of 
complexes, and velocities of species were studied. The “experimental” traces were fitted with the 
simulated “theoretical” traces obtained for exactly same mechanisms with varying rate constants and 
initial concentrations. Non-linear regression was used to find the best fit and, thus, determine the values 
of rate constants and initial concentrations. The determined values were compared with the ones used 
for simulating the “experimental” traces. The criterion of correct determination was the deviation of the 
determined value from the correct one by a factor of no more than 2. 

In the separation-based method, the processes included not only complex dissociation but also 
migration of species (complexes and free DNA) with different velocities in the same direction. DNA 
was considered to be detected. Accordingly, the “signal” in the traces was associated with: (i) the 
cumulative concentration of intact DNA-protein complexes for the “no-separation” approach and (ii) 
the concentration of DNA (free or within the complexes) in the separation-based approach. A random 
noise was added to such “experimental” traces to mimic the real experimental data. Three reaction 
mechanisms of different complexity with arbitrarily-chosen values of koff, initial concentrations of 
complexes, and velocities of species were studied. The “experimental” traces were fitted with the 
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initial concentrations. Non-linear regression was used to find the best fit and, thus, determine the values 
of rate constants and initial concentrations. The determined values were compared with the ones used 
for simulating the “experimental” traces. The criterion of correct determination was the deviation of the 
determined value from the correct one by a factor of no more than 2. 
  
  
Additional Information for Mechanism 1-3 Additional Information for Mechanism 1-3 
  

Mechanism 1. We studied a mechanism of 3-stage dissociation of complexes of one DNA (D) 
with one, two, and three molecules of a protein (P): 

Mechanism 1. We studied a mechanism of 3-stage dissociation of complexes of one DNA (D) 
with one, two, and three molecules of a protein (P): 

off,3 off, 2 off,1DPPP DPP DP Dk k koff,3 off, 2 off,1DPPP DPP DP Dk k k     (Mechanism 1) 
Velocities of DPPP, DPP, DP, and D in the separation-based approach were chosen to be: vDPPP = 0.32, 
vDPP = 0.28, vDP = 0.17, and vD = 0.12. Equations (S1) – (S5) were applied using the following 
parameters: N = 3, 2, 1 and koff,0 = 0. The simulated “experimental” traces and the best fits of them are 
shown in Fig. S1 (similar to Fig. 2 in the main text). The parameters used for simulating the 
“experimental” traces and the determined parameters are shown in Table S1. The data show that the 

Figure S1. Numerical illustration of rate 
constant determination for simultaneous 
dissociation of three complexes of DNA with a 
protein (Mechanism 1) by no-separation and 
separation-based approaches. The separation 
trace has a noise level of 30% while the no-
separation trace has a noise level of 5%. The 
parameters used to simulate the 
“experimental” traces and the determined 
parameters are assembled in Table S1. 
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“no-separation” approach failed to determine 4 parameters out of 7, while the separation-based 
approach determined all 7 parameters, even though the level of noise was considerably lower in the 
former case.  

Table S1. Comparison of the quality of determination of koff and initial concentrations for the no-separation 
and separation-based approaches. The red color is used to highlight the values of determined parameters 
that deviate from the values used for simulation by a factor of 2 or more. 
 

Parameter Value used for 
simulation 

Value obtained with no-
separation method 

Value obtained with 
separation-based method 

koff,1 1.00 0.99 0.97 
koff,2 3.00 17.43 2.94 
koff,3 5.10 3.42 5.00 

[DPPP]ini 2.000 1.784 1.155 
[DPPP]ini 0.500 0.000 0.498 
[DPP]ini 0.200 1.844 0.243 

[D]ini 0.0200 Not determined 0.122 
 

 
Mechanism 2. We then studied a simpler mechanism of 2-stage dissociation of the complexes 

of one DNA (D) with one or two molecules of the same protein (P): 
 

off,2 off,1DPP DP Dk k    (Mechanism 2) 
 
Velocities of DPP, DP, and D in the separation-based approach were chosen to be: vDPP = 0.28, 
vDP = 0.17, and vD = 0.12. Note that the units are not essential in numerical experiments. Equations (S1) 
– (S3) and (S5) were applied with the following parameters: N = 2, 1 and koff,0 = 0. The simulated 
“experimental” traces and the best fits of them are shown in Fig. S2. The parameters used for 
simulating the “experimental” traces and the determined parameters are shown in Table S2. The data 
show that even for this simple reaction mechanism, the “no-separation” approach failed to determine 3 
parameters of 5, while the separation-based approach determines all 5 parameters. 
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Figure S2. Numerical illustration of r
constant determination for 
simultaneous dissociation of two 
complexes of DNA with the same 
protein by no-separation and 
separation-based approaches. The 
dissociation process is described by 
Mechanism 2. Both traces have a n
level of 30%. The parameters used to
simulate the “experimental” traces an
the determined parameters are 
assembled in Table S2. 
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As a further test of our method we compared a simulated electropherogram generated by Mechanism 2 
with a model generated by the following mechanism: 

Table S2. Comparison of the quality of determination of koff and initial concentrations for the no-separation 
and separation-based approaches. The red color is used to highlight the values of determined parameters 
that deviate from the values used for simulation by a factor of 2 or more. 
 

Parameter Value used for 
simulation 

Value obtained with no-
separation method 

Value obtained with 
separation-based method 

koff,1 0.500 0.586 0.567 
koff,2 2.00 15.97 2.05 

[DPP]ini 1.000 0.498 1.155 
[DP]ini 0.130 1.350 0.155 
[D]ini 0.0800 0.0200 0.0920 

 

 
off,2 off,1DP*P* D, DP Dk k   (Mechanism 2’) 

 
Here, as in Mechanism 1’, protein molecules P* are P proteins that form a very stable dimer that decays 
from DNA in one step. The similar charge-to-size ratio of the dimer complex and the two-protein 
complex of Mechanism 2 gives equal peak migration times for both mechanisms. However, Fig. S3 
shows that the model gives a poor fit to the data, as the sum-of-least-squares increases by almost 70% 
when compared to a fitting that uses the correct mechanism.  

 
Mechanism 3. We finally challenged the separation-based approach with a very complex 

mechanism of branched dissociation of protein-DNA complexes according to the following scheme: 
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The velocities of the species in the separation-based approach were arbitrarily chosen to be: 
vD2P2 = 0.28, vD2P = 0.22, vDP2 = 0.20, vDP = 0.19, vP2 = 0.17, vD2 = 0.16, vD = 0.18, and vB = 0.12. Here 

 
 
 
Figure S3. Numerical illustration of the 
best fit with the use of an incorrect 
model. Simulated signal corresponds to 
the Mechanism 2 with a noise level of 
10% (it is similar to the signal at the 
bottom of Fig. S2) whereas the model 
is given by Mechanism 2’. 

 S4



 

 S5

index 2 denotes the number of molecules of DNA (D) or protein (P) in complexes. We assume that 
complexes have different charge to size ratios though charge to mass ratios may be the same for D2P2 
and DP (similarly for D2 and D). As a result, different velocities were chosen for all complexes since 
migration velocities in capillary electrophoresis are determined by charge to size ratios. The brunched 
reaction (Mechanism 3) was mathematically presented as a linear combination of several sequential 
dissociation reactions. Then equations (S1) – (S5) were applied (at values of N = 3, 2, 1 and koff,0 = 0) 
to obtain concentrations of all complexes. The simulated “experimental” trace and the best fit of it for 
the separation-based approach are shown in Fig. S4 (the traces for the no-separation approach are 
similar to those in Fig. S2 and not shown). The parameters used for simulating the “experimental” 
traces and the determined parameters are shown in Table S3. The data show that even for such a 
complex mechanism, the separation-based approach determined most parameters accurately.  
  
 
 
 
 
 
 
 
 
 
 

Figure S4. Numerical illustration of rate 
constant determination for simultaneous 
dissociation of six complexes of DNA with the 
protein (Mechanism 3) by the separation-
based approaches. The “experimental” trace 
has a noise level of 30%. The parameters 
used to simulate the “experimental” traces a
the determined parameters are asse
Table S3. 
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Table S3. The quality of determination of koff and initial concentrations for a complex mechanism with 17 
parameters by the separation-based approach. The red color is used to highlight the values of determined 
parameters that deviate from the values used for simulation by a factor of 2 or more. 
 

Parameter Value used for 
simulation 

Value obtained with 
separation-based 

method 
koff,1 3.00 0.304 
koff,2 2.50 3.53 
koff,3 1.70 1.33 
koff,4 2.00 0.82 
koff,5 2.30 2.27 
koff,6 1.50 1.11 
koff,7 0.600 0.619 
koff,8 1.00 0.96 
koff,9 0.500 0.431 

[D2P2]ini 1.160 1.202 
[D2P]ini 0.140 0.013 
[DP2]ini 0.250 0.287 
[DP]ini 0.015 0.061 
[D2]ini 0.050 0.06 
[P2]ini 0.090 0.096 
[D]ini 0.080 0.086 
[P]ini 0.070 0.095 

 
 


