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I : Abstract 

Jrotein-DNA interactions are eJsential to a cell as they control all vital cellular functions such as 
I ! . 

IDNA replication:, repair, recombination and transcription. In order to understand the dynamics of 

I I 

these fundamental biological prf cesses, it is important to know kinetic parameters for all steps 

i~volved in the formation and dissociation ofrelevant DNA-protein complexes. We propose 

Kinetic Capillary ElectrophoreJis (KCE) as a conceptual platform for development of kinetic 

tomogenous affinity methods ~or measuring kinetic parameters of such interactions. KCE is 

defined as the ciipillary electroJhoresis (CE) separation of species that interact during 
I I 

I I 

electrophoresis. All KCE metheds are described by the same mathematics: the same system of 
I I 
I I 

partial differential equations with only initial and boundary conditions being different. One of the 

I I j 

advantages of KCE is that matllematical modeling is not necessary for some of them. Here, I i) 

~resent the theoretical bases oflKCE and propose a multi-method KCE toolbox as an integrated 

I ; 

kinetic technique, ii) develop a1new KCE method with simplified mathematical approach, iii) 

I I 

rtroduce a predictive mixing iarameter that is essential for diffusion-based mixing in general 

rd to KCE in particular, iv) dimonstrate the advantage of the proposed concept for studying 

bomplex protein-DNA interact~ons. Being based on CE separation, KCE is a powerful tool for 

lesting different hypotheses of !interactions and accurate! y calculating multiple binding 

barameters such as i) high-amLty (specific) and low-affinity (non-specific) interactions that 

recur within the same protein-PNA pair ii) disassembly of DNA-multiple proteins complexes. 

The concept of KCE allows fot the creation of an expanding toolset of powerful kinetic 
I 

homogeneous affinity method~, which will find their applications in studies of biomolecular 

I 

interactions, quantitative anal~ses, and selecting affinity probes and drug candidates from 

!complex mixtures. 

ii 
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Chapter 1. Introduction 

The presented material was published previously. Parts of the text and figures with and 
~thout modifications were taken from the following article: 
Berezovski, M.; Okhonin, V.; Petrov, A.; S.N. Krylov. Kinetic methods in capillary 
1electrophoresis and their applications. Proc SP IE-Int Soc Opt Eng 2005, 5969, 203-215. 

~Contribution to the article: performed SSB-DNA KCE experiment, NECEEM aptamer selection 
.experiments. 

1.1 Biological Importance of Protein-DNA Interactions 

DNA in one of the molecules that are vital for a cell, as it contains all the necessary 

: information to facilitate cell growth, differentiation, housekeeping activities and ultimately cell 

death. However, by itself the DNA is just a storage of information, which needs to be decoded 

and maintained in order to be useful. For that, DNA depends on non-covalent affinity 

interactions with other molecules present in a cell, such as proteins. Proteins participate in such 

vital processes as: DNA replication, repair, recombination and transcription, but in order to 

perform these tasks, proteins must interact with DNA. These interactions can be specific when a 

protein binds to the defined sequence and non-specific when a protein can bind to any site 

available on the DNA. 1 

An example of proteins exhibiting non-specific protein-DNA interactions is the family of 

Single-Stranded Binding (SSB) proteins. They bind to single stranded DNA (ssDNA) regions 

that arise during normal cellular activities, such as replication and transcription. SSB proteins' 

functions include stabilization of ssDNA regions as well as preventing undesired reactions with 

the exposed DNA region.2 Additionally, SSB proteins can recruit partner proteins and initiate 

their binding to ssDNA3
-
5 as well as stimulate their biochemical activities6

-
8

. 
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An example of proteins that interact with DNA in a specific manner is a broad group of 

proteins called transcription factors. A transcription factor is a protein that binds the specific 

DNA sequence located upstream of the translation initiation site and regulates gene 

transcription.9 This regulation can occur through interactions with either RNA polymerase itself 

or with other transcription factors. A transcription factor can either repress or activate 

transcription of a certain gene. 10 To activate transcription a transcription factor may, upon 
I 

binding, promote assembly of a transcriptional complex10
-
12 or induce a conformational change 

in an already bound complex stimulating the activity and/or stability10
' 

13
' 

14
• To repress 

transcription, a transcription factor may bind to a regulatory element preventing the activating 

transcription factor from binding to a DNA element10
• 

15
• 

16 or. by binding to the activating 

transcription factor directly and inhibiting its ability to stimulate transcription10
' 

17
' 

18
. 

It is clear that the interplay between proteins and DNA, that involves both protein-DNA 

and protein-protein non-covalent interactions, is fundamental to biology. A prime example is the 

discovery in 2006 of four transcription factors that could transform adult differentiated skin cells 

into pluripotent stem cells, 19 that enabled use of induced stem cells instead of embryonic stem 

cells. While use of novel genome-wide methods such as next generation sequencing combined 

with chromatin immunoprecipitation have demonstrated the importance of protein-DNA 

interactions, 20 they provide only the part of the story. While the identified proteins and their 

respective DNA sequences form a molecular basis for a biological model, there is still much 

speculation about the mechanism of interactions between them. The detailed in vitro studies are 

1required to test proposed models and confirm the role that protein-protein and protein-DNA 

2 



interactions are playing in regulation of replication, repair, recombination and transcription 

processes. 

To do that, one needs to study affinity interactions between the protein of interest and the 

,corresponding DNA sequence. The simplest affinity interaction between DNA and a protein (P) 

can be described by the following equation: 

kon 
P+DNA< >P•DNA 

koff 
1.1 

where k00 is rate association constant, koff is rate dissociation constant, while the affinity of a 

protein to DNA can be defined by equilibrium dissociation constant, Kd = k0 rr!k00 • Although Kd is 

a useful parameter for determining whether an interaction is likely to take place, Kd alone 

provides no information on the dynamics of interactions. For example, a decrease in Kd could be 

caused by a protein binding more readily to a DNA element (kon increases) or when a protein-

DNA complex is stabilized and dissociates more slowly (koff decreases), two very different 

scenarios. Similarly, an increase in Kd may represent a protein not binding as readily (kon 

decreases) or more rapid dissociation (koff increases). The changes in kinetic parameters are 

typically caused by a protein interacting with other proteins, DNAs or small molecules. Thus, the 

kinetics of interactions provide invaluable information for determining the mechanisms that 

underlie processes such as cooperative binding of proteins to DNA, allosteric regulation and 

steric hindrance. 
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:1.2 Methods for Analysis of Protein-DNA Interactions 

l.2.1 General Classification 

Methods for measurement of equilibrium and rate constants can be classified into two 

:categories: mixture-based and separation-based (see Figure 1.1). The first category includes 

'light absorption, fluorescence spectroscopy, Nuclear Magnetic Resonance (NMR), Fourier 

Transform Infrared spectroscopy (FTIR), Mass Spectrometry (MS), Raman spectroscopy, 

potentiometry, calorimetry and Surface Plasmon Resonance (SPR). The separation-based 

methods include dialysis, ultrafiltration, ultracentrifugation, chromatography (liquid 

chromatography and thin-layer chromatography) and electrophoresis (planar and capillary 

electrophoresis). Separation-based methods can detect individual interacting components and/or 

complexes, thus avoiding the interference of other components. Though some conventional 

methods, such as dialysis, ultrafiltration, ultracentrifugation, chromatography, and planar 

electrophoresis, are widely used to study interactions, they are constrained by a number of 

factors, such as Donnan effect, nonspecific adsorption, leakage of bound molecules through 

membrane, excessive analysis time, large sample size, as well as errors due to sedimentation and 

viscosity. 

4 



I' 

Methods for Measurement of Binding Parameters 

Mixture-Based 

Heterogeneous 
(SPR, electrochemical 

biosensors) 

Homogeneous 
(UV-VIS absorption, 

NMR, FTIR, MS, 
Ran:rnn spectroscopy, 

calorimetry) 

Separation-Based 

Heterogeneous 
(chromatography, 

gel-electrophoresis, 
ultrafiltration, dialysis) 

Homogeneous 
(ultracentrifugation, 

gel-free electrophoresis) 

: Figure 1.1 Methods for measurement of binding parameters 

Mixture-based and separation-based methods can be subdivided into two broad 

; categories: heterogeneous and homogeneous binding assays. In heterogeneous assays, one of the 

: components is affixed to a solid substrate, while the other one is dissolved in a solution and can 

bind the component affixed to the surface. 

Heterogeneous binding assays have certain advantages and drawbacks. The most serious 

, drawback is that affixing a molecule to the surface may change the 3-dimentional (3D) structure. 

' The extent of such change will depend on the method of immobilization, and can potentially 

· affect binding. In addition, the immobilization on a surface may be time-consuming and 

1 

expensive, and non-specific interactions with the surface are always a concern. 

In homogeneous binding assays, components are mixed and allowed to form a complex 

1 in solution; neither of the molecules are affixed to the surface. Complex formation is followed by 

i monitoring the changing physical-chemical properties of components upon binding. Such 

1 properties can be optical (absorption, fluorescence, polarization) or separation-related 

(chromatographic or electrophoretic mobility). 

5 



As previously mentioned, it is desirable to obtain not only the equilibrium constants for 

protein-DNA interactions, but also the kinetic constants. A brief review of kinetic-capable 

I 
:methods along with their respective advantages and limitations is given below. 

1

1.2.2 Electrophoretic Mobility Shift Assay 
I • 

I The first classical method for measuring the affinity of a protein binding to DNA is 

1 Electrophoretic Mobility Shift Assay (EMSA), introduced back in 1981.
21 

In this method the 
I 

: equilibrium mixture of protein and DNA is subjected to non-denaturing gel electrophoresis. The 

: individual components of the equilibrium mixture are then separated based on the size to charge 

. ratio. As the complex typically has a smaller net negative charge than DNA and is bulkier, it 

produces more friction with the gel matrix, and migrates through the gel slower than DNA, 

! creating a "shift" of a DNA band compared to the DNA-only control as shown in Figure 1.2.
22 

I 

: . i I 

F 1•••• 11: .. -~, -~-.'~---~I 
, Figure 1.2 Titration of a 16-residue single-stranded DNA with human AGT protein. As the protein 
, concentration increases more and more DNA shifts from free (F) fraction to bound (B) fraction. Adopted 

from Hellman et al, 2007 

The DNA of interest can be labelled and after the separation the bands that correspond to 

, DNA and protein-DNA complex are quantitated using radioactive, fluorescent or 

chemiluminescent detection modes.22 Alternatively, components can be visualized by silver 

! staining23 after the electrophoresis. As the amounts of protein-DNA complex, unbound DNA and 

stoichiometry of interactions can be deduced from the number of bands and their intensity, the Kd 

values can be calculated. 
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l' 
I 

This method is applicable to a wide range of proteins from relatively small peptides to 

;transcription complexes and is compatible with both purified proteins and cell lysates. 24 A wide 
I 

: range of nucleic acid sizes can be used from several nucleotides to several thousands of 

nucleotides of either single or double-stranded nucleic acids. 24 EMSA can also be used for 

determination of stoichiometry of interactions.25 The method is very robust, easy to perform and 

: works under a wide range of binding .conditions. 
I 

Theoretically, the method is capable of directly measuring not only equilibrium 

·constants, but also dissociation rate constants of protein-DNA interactions. To do that, the area 
I 

' between the bands of complex and free DNA should be quantified and knowing the separation 

' time, the half-life of a complex could be estimated. Practically, however, it is not feasible as 

, there are a number of limitations. 

The major limitation of the EMSA technique is that complexes tend to be more stable in a 

. gel than in a free solution.26 The major factor in stabilizing the interactions is likely the volume 

exclusion effect of the gel matrix.27
• 
28 In some cases, the separation between the dissociated 

DNA and the protein does not occur fast enough to prevent rebinding. Thus, multiple 

association/dissociation events may occur during the separation, making analysis of dissociation 

, kinetics a non-trivial task. The same effect can lead to an error in estimation of kon in time-

progression studies, where the amount of complex is determined at different time points. 

Despite the limitations listed above, that make the method semi-quantitative and suitable 

1 only for measuring equilibrium constants, it is still widely used due to its simplicity and low cost 

of necessary equipment and consumables. 
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I 

, 1.2.3 Stopped-Flow Technique 

An alternative method to study kinetics of interactions is the stopped-flow method. The 

' stopped flow method was first introduced by Chance in 1940. 29 A typical instrumental setup is 
I 

1 
shown in Figure 1.3 and consists of several syringes, depending on the number of species to be 

I 

,

1 

mixed, a mixer and a flow stopper. Conceptually, the technique is very simple, the solutions 
I 

; containing molecules of interest are rapidly mixed in a specific mixing chamber by a high speed 
I 

: flow. Once mixed, the mixture is rapidly introduced into an observation chamber and the flow is 
I 

I 

; abruptly stopped. The mixing is fast and the dead time between the mixing and the start of 

monitoring is typically on the millisecond scale.30 The stopped-flow instrument can be interfaced 

with a number of different detectors: absorbance, fluorescence, conductivity, calorimetry, 

circular dichroism and light scattering.31
' 
32 The data is presented as a change in optical signal vs. 

time. The resulting kinetic curve can be fitted and both k00 and koff constants can be determined. 

The method can also be used to determine the effect of the extrinsic factors, such as temperature 

H h . . ki . 31 or p , on t e mteractlon netlcs. 

Detection area 

Motor 

Motor 

Figure 1.3 Diagram of a stopped-flow instrument 

The advantage of this technique is that since the dead time between the initiation of the 

reaction by mixing and observation is on the millisecond level, the reactions with fast kon can be 

studied. Andreeva et al. 33 used the stopped flow method combined with anisotropy detection to 

study the interactions between the Rep A helicase and DNA. The study showed that the reaction 

8 



occurred through the four-step sequential mechanism with the protein-DNA complex undergoing 

multiple conformational transitions.33 A similar study was done by Fedorova et al. 34 for the 

~nzymatic reaction between E. Coli Fpg protein and corresponding DNA substrate containing 

pxidized DNA residues. Using stopped-flow technique and monitoring the change in intrinsic 

fluorescence the authors were able to see four discrete stages that comprised the binding and 

enzymatic steps of the reaction and determine the rate constants for each step. 34 

One of the major limitations of the stopped flow technique is the requirement that a 

'reaction between molecules of interest should produce a detectable difference in optical signal, 

which is not always the case.31 This can be improved by using fluorescence quenching or Forster 

resonance energy transfer (FRET) probes, but it requires some a priori information about 3D 

structure to design a probe the fluorescent intensity of which would change. The most significant 

drawback is that there is no separation between interacting molecules and therefore 

association/dissociation reactions that occur simultaneously will give rise to a single kinetic 

curve, which described a combination of multiple kinetic processes. Additional complications, 

such as high experimental noise or unknown number of reacting species, make it impossible to 

deconvolute the individual kinetic parameters from such a curve. 35 

1.2.4 Surface Plasmon Resonance 

The most comprehensive method that can measure kinetic constants is SPR. The SPR 

method is based on the physical phenomenon of partial light absorption that occurs, when a light 

' beam of polarized light shines on a metal film at a certain incidence angle. The angle at which 

the maximum adsorption of light occurs is called the SPR angle. The SPR angle is dependent on 

refractive indices on both sides of a metal, thus if a protein is in proximity of a gold surface the 

9 
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refractive index would change and so would the SPR angle. So by monitoring changes in the 

SPR angle, it is possible to monitor kinetics of protein binding to the surface or molecules 

~mmobilized on the surface.36 A change in the SPR angle is described in terms of Resonance or 

Response Units (RU), the plot of signal in RU over time is called a sensorgram. 
I 

The gold surface of an SPR chip is essential for plasmon resonance phenomenon, but is 

not well suited for the biomolecular interactions, thus the surface is typically covered with a 

polymer matrix. The matrix provides a hydrophilic environment suitable for interaction studies, 

serves as an anchor for the attachment of molecules to the surface and increases a surface 

1capacity by adding a third dimension. 36 

To study interaction kinetics, one of the molecules of interest, typically DNA, is 

immobilized in a matrix. A buffer that contains a protein of interest is introduced into an SPR 

detection cell as shown in Figure 1.4, left.37 Once in proximity of immobilized DNA, a protein 

can bind to it. This changes the refractive index and respectively the SPR angle. This 

corresponds to the association part of a sensorgram schematically depicted in Figure 1.4, right. 37 

Once the steady state is reached, the wash with plain buffer containing no protein commences. 

This disrupts the equilibrium and the dissociation of the protein bound to DNA begins, giving the 

: dissociation part of a sensorgram. By fitting the resulting graph, both k0n and koff rate constants 

can be determined. 

10 
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Q) 

~ 

T1 T2 Time 

! Figure 1.4 General concept of SPR. On the left is a schematic depiction of SPR detection cell. The green 
I 

; spheres binding to red diamonds immobilized on the gold surface producing the change in SPR angle. As 
; the time progresses the angle shifts from blue (buffer control) to red T1 and then T2. The corresponding 
1 sensorgram is shown on the right. Adopted from Wilson, 2002 
I 

SPR is a popular method and is frequently used for kinetic studies of protein-DNA 

interactions3840 as the commercial instrumentation and developed methodologies for such studies 

are readily available. 

The method has several drawbacks such as the requirement for DNA immobilization on a 

chip. While the chemistry for DNA immobilization is relatively simple and straightforward, 

special care should be taken with the amount of the immobilized DNA. If density of DNA would 

be too high, the rate of protein binding to the immobilized DNA could exceed the rate at which it 

is delivered with the flow. In such a case, the measured value for the k0 n constant would be lower 

than the true value.41 Similarly, during the dissociation phase, the dissociated protein could 

rebind before completely diffusing out of a matrix and being washed away by a buffer flow. 

Thus, the obtained koff value would be smaller than the real value.
41 

The method cannot 

accurately measure fast k00 rates that approach 106 M-1 s-1 (the actual upper limit depends on the 

. f . ) 41 size o a protem . 
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The major problem, however, is the lack of separation between the reacting molecules of 

interest. An SPR instrument would register any binding event that causes a change in the 

I 

~efractive index and is not able to discriminate between specific and non-specific protein-DNA 

interactions. For that purpose, a minimal DNA fragment is used for binding studies to minimise 

I 

the non-specific interactions that may occur.42 Similarly, multiple association/dissociation 

reactions occurring on the surface of a chip would generate a single kinetic curve that is 

composed of a sum of several exponential curves. In many cases, such a cumulative curve cannot 

be used to reliably determine the individual rate constants.35 

1.2.5 Single-Molecule Spectroscopy 

Recent advances in nano fabrication allowed for creation of nanophotonic confinement 

structures such as Zero-Mode Waveguides (ZMWs). A ZMW is essentially a circular well of 50-

200 nm diameter formed by a metal film deposited on a solid, transparent substrate.43 Use of 

ZMWs allows observation of volumes in the zeptoliter range, reducing the background signal 

and allowing observation of reactions between a single molecule that is immobilized on a surface 

and other molecules that are present in a well. 

ZMW s have been used to observe the binding of individual transfer RN As to the 

translating ribosome.44 Another study by Tsai et al. 45 studied possible pathways in the formation 

of ribosomal preinitiation complex. By using ZMW s, it is possible to monitor the binding of 

individual molecules, which makes it a powerful tool for studying heterogeneous biological 

pathways. 45 

One of the limitations of the method is that multiple experiments are required in order to 

calculate rate association/dissociation constants, since rate constants are statistical parameters 
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that involve statistically significant number of binding/dissociation events. This method is 

relatively new and there are no commercial instruments available, thus the methodology is not 

readily transferable between labs and the use of such devices requires significant background 

~ow ledge of photonics. The method requires individual labelling of reacting molecules, in such 

a way, that the attached label does not affect biochemical properties of the molecule of interest, 

which may not be always possible. 

1.2.6 Conclusions 

While methods for studying protein-DNA interactions do exist, there are only two 

comprehensive methods for kinetic studies and each has a number of important limitations. The 

described methods either require complex labeling of reacting components and/or 

:immobilization on a surface. To address these limitations and increase the number of methods 

that are available to researchers in the field of protein-DNA interactions, we decided to develop 

our approach based on separation in Capillary Electrophoresis (CE). 

1.3 Introduction to Capillary Electrophoresis 

CE is a family of analytical techniques that separate molecules of interest in a small bore 

glass tube. Conceptually, a typical CE instrument consists of a capillary with both ends 

immersed in buffer reservoirs and a high voltage power supply as shown in Figure 1.5. The 

sample can be introduced into a capillary by inserting the inlet end of a capillary into a vial 

·containing a sample and applying either a pressure pulse or voltage potential. CE can be 

i interfaced with a variety of detectors including: fluorescence, absorbance, conductivity, 

. electrochemical and mass spectrometry. Depending on the separation mode, molecules of 

interest can be separated based on differences in: molecular weight, size-to-charge ratio, 

isoelectric point and hydrophobicity. 
13 



One of the CE separation modes that can be used for studies of protein-DNA interactions 

is Capillary Zone Electrophoresis (CZE). It is the simplest form of CE, where separation of 

molecules occurs due to differences in their size-to-charge ratios in the absence of any matrix 

and in a homogeneous buffer solution. One of the phenomena that accompanies CZE is the 
I 

Electroosmotic Flow (EOF). EOF is the movement of buffer cations that are attracted to the 

negatively charged silanol groups on the inner surface of a glass capillary, which is exposed to a 

buffer solution. Once an electric field is applied to a capillary, cations start to move in the 

direction of the negatively charged electrode dragging the bulk of solution with them, as shown 

in Figure 1.5. The presence of EOF allows one to analyse molecules regardless of their charge, 

assuming that the EOF speed is fast enough to overcome the mobility of the negatively charged 

molecules in the opposite direction. The unwanted effect of EOF may be that the molecules of 

interest are eluted before separation between them is achieved, making accurate quantification 

impossible. 
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Figure 1.5 Diagram of a CE system 

CE methods have a number of advantages. The heat dissipation is very efficient as the 

ratio between the volume and the surface area of a capillary is very small. This allows the 

1 application of electric fields of up to 1000 V /cm, resulting in fast and efficient separation. As a 

capillary diameter is on a micrometer scale, the sample consumption is equally small, and is 

typically on a nanoliter scale, which is important for proteins and ligand libraries that are not 

available in high volumes. The commercial availability of robotic instruments, allows for 

1 automation of analysis and decrease the cost and human error factor. 

' 1.3.1 Existing Capillary Electrophoresis Methods 

Despite the potential of CE there was little effort to use CE for kinetic studies of protein-

DNA interactions prior to introduction of two kinetic CE methods: Non-Equilibrium Capillary 

Electrophoresis of Equilibrium Mixtures (NECEEM)46 and Sweeping Capillary Electrophoresis 

(SweepCE).47 All prior CE methods assumed equilibrium conditions during the separation with a 

single exception by Whiteside et af8
, and, as a result of such assumption it is impossible to find 
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rate constants of observed interactions. NECEEM was the first method that allowed to find both 

Kd and koff from a single experimental graph.46 In turn, SweepCE was the first non-stopped-flow 

method that allowed direct measurements of k00 constant from a single experiment.
47 

The goal of this dissertation was to unify the existing KCE methods by developing a 

,single conceptual platform. Such platform would simplify the design of new kinetic methods for 

studies of protein-DNA interactions, and would be tailored to suit the experimenter's needs, 

depending on which parameters one would with to study. To achieve this we introduced a 

concept that we call Kinetic Capillary Electrophoresis. 
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Chapter 2. Kinetic Capillary Electrophoresis 

The presented material was published previously. Adapted with permission from Petrov, A.; 
:Okhonin, V.; Berezovski, M.; Krylov, S. N., Kinetic capillary electrophoresis (KCE): a 
1conceptual platform for kinetic homogeneous affinity methods. J Am Chem Soc 2005, 12 7 ( 48), 
17104-10. Copyright 2005 American Chemical Society. 

~Contribution to the article: performed all KCE experiments, participated in data analysis, 
1

prepared figures, participated in manuscript writing. 

:2.1 Introduction 

Affinity methods play a crucial role in modem life sciences. In addition to affinity 

,purification, their applications include: quantitative analyses of biomolecules,49 studies of 

biomolecular interactions, 50 and selection of affinity probes and drug candidates from complex 

mixtures, such as combinatorial libraries51
. Conceptually, all affinity methods are based on non-

covalent binding of a Ligand (L) and a Target (T) with the formation of a ligand-target Complex 

(C): 

2.1 

where kon and koff are rate constants of complex formation and dissociation, respectively. The 

stability of C is typically described in terms of the equilibrium dissociation constant, Kd = k0 trlkon· 

This work is concerned with separation-based affinity methods, which are based on the 

physical separation of free L from C. Depending on how separation is carried out, these methods 

can be classified as heterogeneous or homogeneous. In heterogeneous methods, 52 T is affixed to 

a solid substrate, while L is dissolved in a solution. The complexes are formed on the surface 

while free L remains in solution, thus allowing for separation of L from C. Heterogeneous 

methods often suffer from non-specific binding of L to the surface and changes in the affinity 
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caused by the immobilization ofT.53 In homogeneous methods, both T and Lare dissolved and 

the complexes are formed in a solution. 54 Separation of L from C is then achieved based on 

qifferences in the mobility of L and C in the homogeneous phase (e.g. by electrophoresis). 

Separation-based affinity methods can also be classified as kinetic or non-kinetic. Kinetic 

I 

i;nethods are those that do not assume equilibrium in reaction 2.1 and can thus be used for: 
I 

~i) quantitative affinity analyses with "weak" affinity probes (high k0tI), (ii) measuring kon and 

kotI, and (iii) selection of binding ligands with pre-determined kon and koff· Non-kinetic methods, 

in contrast, assume equilibrium and, thus, cannot serve for these tasks. The assumption of 

equilibrium in non-kinetic methods is not conceptually required; moreover, equilibrium cannot 

be maintained in separation-based affinity methods. Thus, all non-kinetic methods can be 

converted to kinetic methods by changing conditions and approaches for data analysis. 

In general, homogeneous methods are preferable due to their simplicity and kinetic 

methods are preferable due to their enabling kinetic features. Until recently, the only method 

with comprehensive kinetic capabilities was SPR, a heterogeneous method. 37 We introduced the 

first two separation-based homogeneous methods with comprehensive kinetic capabilities: Non-

Equilibrium Capillary Electrophoresis of Equilibrium Mixtures (NECEEM),46 and Sweeping 

Capillary Electrophoresis SweepCE 47
. The spectrum of their applications already includes: 

(i) measuring k0n, Kd, and kotI,46
' 

47
' 

55
-
57 (ii) quantitative affinity analyses of proteins, 56

-
58 

(iii) measuring temperature inside the capillary,59 (iv) studying thermochemistry of affinity 
I 

1

interactions,60 and (v) kinetic selection ofligands from combinatorial libraries.61 This work was 

:inspired by the insight that NECEEM and SweepCE are based on the same conceptual platform, 
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which we call Kinetic Capillary Electrophoresis (KCE). It was further driven by the idea that the 

concept of KCE can be used to design new kinetic homogeneous affinity methods. 

2.2 Theoretical Bases of KCE 

We define KCE as CE separation of species, which interact during electrophoresis. Thus, 

KCE involves two major processes: affinity interaction of L and T, described by equation 2.1, 

,and separation of L, T, and C based on differences in their electrophoretic velocities, v1 , VT, and 

vc. These two processes are described by the following general system of partial differential 

equations: 

aL(t,x) aL(t,x) __ -k L( )T( ) k C( ) ---+ vL t,x t,x + ff t,x 
at ax on ° 

aT(t,x) aT(t,x) __ -k L( )T( ) k C( ) ---+vT t,x t,x + ff t,x 
at ax on ° 

2.2 

aC(t,x) aC(t,x) = -k C( ) k L( )T( ) + vc ff t,x + t,x t,x 
at ax 0 

on 

where L, T, and C are concentrations of L, T, and C, respectively; t is time passed since the 

beginning of separation; xis the distance from the injection end of the capillary; at and ax are 

partial derivations by time t and spatial coordinate x, respectively. System 2.2 describes the two 

basic processes, which are always present in KCE. Depending on species studied and a specific 

analytical setup, other processes, such as binding with complex stoichiometry, diffusion, 

adsorption to capillary walls can play significant roles in KCE. In such cases, mathematical 

terms, describing additional processes, must be added to system 2.2. The solution of system 2.2 

depends on the initial and boundary conditions: initial distribution of L, T, and C along the 

'capillary and the way L, T, and C are introduced into the capillary and removed from the 
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capillary during separation. This solution can be found non-numerically for specific sets of initial 

and boundary conditions and specific assumptions.62
' 

63 For KCE to be a generic approach, it is 

, required that system 2.2 be solved for any set of conditions; such solutions can be found only 

, numerically . 

. 2.3 KCE Methods 

We state that every set of unique initial and boundary conditions for system 2.2 defines a 

unique KCE method. Table 2.1 compares 6 KCE methods: NECEEM, SweepCE, and the four 

new methods. The following unique and descriptive names were given to the new methods: 

continuous NECEEM (cNECEEM), short SweepCE (sSweepCE), plug-plug KCE (ppKCE), and 

short SweepCE of Equilibrium Mixtures (sSweepCEEM). The new methods were defined by 

arbitrarily selecting new qualitatively different sets of initial and boundary conditions. The table 

contains drawings, which schematically illustrate initial and boundary conditions for each 

method. It also contains representative functions L(t), T(t), and C(t) for a fixed x for each 

method. The notion of "equilibrium mixture" refers to the mixture of L, T, and C at equilibrium, 

typically prepared outside the capillary. The concentrations of the three components, 

- - -
T, L, and C, in the equilibrium mixture are interconnected through the equilibrium dissociation 

-- -
constant, Kd, as Kd =(TL) IC. As an example, we assume than vr > VL. 
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KCE 
method 

NE CE EM 

SweepCE 

cNECEEM 
(new) 

sSweepCE 
(new) 

ppKCE 
(new) 

Schematic representation of initial 
and boundary conditions 

Inlet 
reservoir 

Capillary Run .__...,..... _______ _., 
bufre.r ____ ...;.;...........:..;:R~un:.;..;;;.;bu;;;..;ff.;;;;.e;.:..r ___ -.J 

Run' "'iilllililit!ilililili~ buffer• 

Run ~lliiii'iiii"""--:R-un--=-bu-:ff::-e-r ___ _, Run 
buffer buffer 

sSweepCEEM Run ~-••m•••IJ 
(new) buffer• 

Simulated 
concentration profiles 

- Ligand 
- Target 
- Complex 

C(t) 

Migration time to the detector 

!Table 2.1 Summary of KCE methods. T = Target, L = Ligand, C = Complex, EM = Equilibrium Mixture 
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In NECEEM, a short plug of the equilibrium mixture is injected into the inlet of the 

capillary, which is pre-filled with the run buffer. Separation is carried out with both inlet and 

' outlet reservoirs containing the run buffer only. C continuously dissociates during 

electrophoresis. If separation is efficient, re-association of T and L can be neglected. The 

resulting concentration profiles (time dependencies of concentrations for a fixed x) contain three 

peaks of T, C, and Land two exponential "smears" of Land T, which occur from the 

dissociation of C. 

In SweepCE, the capillary is filled with L, while the inlet reservoir contains T and the 

outlet reservoir contains a run buffer. During electrophoresis, T continuously moves through L, 

causing continuous binding of T to L. Although binding is a prevalent process in SweepCE, 

dissociation of C can also contribute to the resulting concentration profiles, which contain a 

single peak of C and plateaus of T and L. 

In cNECEEM, the inlet reservoir is filled with the equilibrium mixture while the capillary 

and the outlet reservoir contain the run buffer. During electrophoresis, C is separated from T, 

which moves faster, and from L, which moves slower. As a result, C continuously dissociates 

inside the capillary. Although dissociation is a prevalent process in cNECEEM, re-association 

can also contribute to the resulting concentration profiles, which are represented by smooth 

functions of T(t), L(t), and C(t) with no pronounced peaks. 

In sSweepCE, a short plug of Tis injected into the capillary pre-filled with L. Both inlet 

and outlet reservoirs contain the run buffer. T moves through L during electrophoresis causing 
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both association of T and Land dissociation of resulting C to occur. The concentration profiles 

of T and C are peak-like, while that of L is a smooth function. 

In ppKCE, the plugs of Land Tare injected into the capillary pre-filled with the run 

, buffer. The inlet and outlet reservoirs contain the run buffer as well. During electrophoresis T 

' moves through L causing the formation of C. When the zone of T passes L, C starts to dissociate. 

ppKCE can be considered as a functional hybrid ofNECEEM and sSweepCE. The resulting 

concentration profiles resemble those ofNECEEM with a smaller peak of C and "smears" ofT 

andL. 

In sSweepCEEM, a short plug of Tis injected into the capillary pre-filled with the 

equilibrium mixture. Both inlet and outlet reservoirs contain the run buffer. During 

electrophoresis, an intricate interplay of dissociation of C and association of T and L occur 

resulting in sophisticated concentration profiles, which contain peaks and plateaus. 

The extents of complex formation and dissociation differ in different KCE methods. KCE 

methods, therefore, have different accuracies of determination of k0n and koff· For example, in 

NECEEM, complex dissociation prevails over complex formation, thus, making it more 

"sensitive" to koff than kon· In SweepCE, in contrast, complex formation can prevail over complex 

dissociation, making it more sensitive to kon than koff· The plug-plug KCE method can be tuned to 

have comparable accuracy of both kon and koff determination. The most accurate determination of 

all constants can be achieved if multiple KCE methods are combined in a single kinetic tool (see 

the next section). 
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Using the general concept ofKCE, other KCE methods can be defined by simply 

selecting new sets of initial and boundary conditions. Importantly, this approach requires no 

serendipity but, rather, a rational (or irrational) design of conditions, which can be performed in 

an intuitive way schematically depicted in Table 2.1. 

2.4 Multi-Method KCE Toolbox 

Here we introduce the simultaneous use of multiple KCE methods as an integrated tool 

for kinetic studies of biomolecular interactions. The approach can be used for testing hypotheses 

about the mechanisms of interaction and finding kinetic parameters of the interaction. 

Conceptually, experimental electropherograms are obtained by multiple KCE methods first. A 

hypothetical model of interactions between L and T is suggested and the system of differential 

equations (system 2.2) is built. The experimental KCE electropherograms are fitted with 

simulated electropherograms simultaneously to obtain the best fits with one of the criteria used 

for non-linear regression analysis (e.g. minimum chi-square). If the quality of fitting is not 

satisfactory, a new hypothesis is suggested for the interaction. The procedure is repeated until a 

satisfying hypothesis is found. The best fits for the accepted hypothesis lead to the determination 

of stoichiometric and kinetic parameters of the interaction. Figure 2.1 summarizes the general 

approach to the development and analytical utilization of a multi-method KCE toolbox. 
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'. Figure 2.1 Flow chart depicting the general approach to the development and utilization of a multi-method 

i KCE toolbox 
I 

We tested this approach using six KCE methods depicted in Table 2.1 and a well-studied 

'.experimental system: interaction between SSB protein and ssDNA.46
' 
47

' 
62

' 
64 Since the velocity 

I of SSB in electrophoresis is greater than that of ssDNA, we assign L to ssDNA and T to SSB. 

: Only L was fluorescently labeled in our study, so that Twas not detectable while both Land C 

; were detectable but optically indistinguishable. Simulated electropherograms, therefore, were 

I 
calculated as dependencies ofL(t) + C(t) for x equal to the distance from the injection end of the 

1 
capillary to the detector. Such simulated electropherograms could be directly compared with 

1 experimental ones. 

We first tested a hypothesis that SSB and DNA interaction is described by equation 2.1. 

! The best fit of six experimental KCE electropherograms for this hypothesis was obtained for kon 

~ = 6 x 106 M-1s-1 and koff = 9 x 10-4 s-1 (Figure 2.2A). Deviations between experimental and 

; simulated electropherograms were unacceptably high for cNECEEM, sSweepCE, and 

: sSweepCEEM, as the model was not able to reproduce the shape of fronts and peak heights, thus 

: suggesting that the hypothesis was not valid. 
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Figure 2.2 Application of the KCE toolbox to: (i) testing hypotheses about the nature of biomolecular 
interactions and (ii) finding rate constants of interactions. Black traces show experimental 
electropherograms for six KCE methods, while red traces show simulated electropherograms 
corresponding to the best fitting using the minimum chi-square criterion. Experimental electropherograms 
are identical in both panels; simulated electropherograms differ in panels A and B. Panel A presents 
simulated electropherograms for the unsatisfactory model, which assumes one type of interaction only. 
Circles indicate areas of fitting .with unacceptably great deviations between experimental and simulated 
electropherograms. Panel B shows simulated electropherograms for the satisfying model, which 
assumes two types of interactions (equation 2.3). Rate constants obtained by fitting with the satisfying 
model are shown in expression 2.5 

Second, we modified the hypothesis based on existing empirical data about protein-DNA 

interactions. Two types of interactions are possible between a protein and DNA: high-affinity 
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specific binding and low-affinity non-specific binding.65
• 

66 Non-specific binding was 

hypothesized to occur due to electrostatic attraction between SSB and DNA, which does not 

necessarily involve the DNA-binding site of SSB. To account for two types of binding we 

modified reaction 2.1 to include two types of complexes and two sets of rate constants: 

L+T< 
skon ) sc 
Skoff 

2.3 
L+T< 

Nkon >NC 
Nkoff 

where "S" and "N" denote specific and non-specific interactions, respectively. The system of 

differential equations similar to system 2.2 was built for model 2.3: 

aL(t,x) aL(t,x) = -(sk Nk )L( )T( ) sk sc Nk NC 
at +VL ax on+ on f,X f,X + off + off 

aT(t,x) aT(t,x) = -(sk Nk )L( )T( ) sk sc Nk NC 
at +VT ax on+ on f,X f,X + off + off 

asC(t,x) asC(t,x) = _sk sc sk L( )T( ) 
+Ve off + on f,X t,X 

at ax 

2.4 

aNC(t,x) aNC(t,x) = _Nk NC Nk L( )T( ) 
----+Ve off + on f,X f,X 

at ax 

Experimental KCE electropherograms were then fitted with simulated ones for the new 

model. The best fit was found to be in acceptable quantitative agreement with the experimental 

data (Figure 2.2B), which allowed us to accept model. The values of rate constants obtained 

from the non-linear regression analysis were: 
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2.5 

The determined sets of rate constants well fit the definition of specific and non-specific 

interactions. Specific binding requires a specific orientation of molecules during binding, while 

non-specific binding occurs independently of the orientation.67 Accordingly, sk00 is an order of 

magnitude lower than N k00 • When specific binding occurs, it is more stable than non-specific. 

Accordingly s koff is two orders of magnitude below N k0 ff. As a result, the equilibrium dissociation 

constant for specific interactions, s Kd = 1.2 x 10-9 M, is an order of magnitude lower than that of 

non-specific interactions, N Kd = 1 o-8 M. 

The multi-method KCE toolbox allowed us, for the first time, to determine kinetic 

parameters of specific and non-specific protein-DNA interactions. To the best of our knowledge, 

such a toolbox represents the most powerful approach to kinetic studies of biomolecular 

interactions. 

2.5 Discussion and Conclusions 

The majority of previous attempts to utilize chromatography and electrophoresis for 

studying biomolecular interactions were limited to assuming equilibrium between interacting 

molecules.68
' 
69 Not only does such an assumption limit applications to measuring equilibrium 

constants, but also this assumption is conceptually mistaken since separation disturbs 

equilibrium. We state that kinetics must be appreciated when separation methods are used for 
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:studies of non-covalent interactions. This appreciation can dramatically enrich analytical 

capabilities of the methods. 

To prove the benefits of the appreciation of kinetics, we introduce the concept of KCE. 

:capillary electrophoresis was chosen as a methodological platform as it allows separation in 

:solution (without a solid-phase), thus, making kinetic analysis simple and accurate. KCE is 

,defined as CE separation of molecules, which interact during electrophoresis; KCE is not a 

method but a general concept. To design practical KCE methods, we need to define initial and 

boundary conditions for interactions. The first KCE methods, NECEEM and SweepCE, were 

"discovered" by chance. The general concept of KCE provides a "recipe" for rational design of 

KCE methods. In this work, we used this recipe to define four new KCE methods. 

Using a numerical modeling approach allowed us to build a multi-method KCE toolbox 

for kinetic studies. Different KCE methods have different accuracies for different kinetic 

parameters. When used together as an integrated tool, KCE methods provide a powerful way of 

testing hypotheses and accurately calculating binding parameters. 

To conclude, we foresee that KCE methods will find multiple applications in 

fundamental studies of biomolecular interactions, designing clinical diagnostics, and the 

development of affinity probes and drug candidates. New applications will emerge with further 

development of KCE. 
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2.6 Materials and Methods 

2.6.1 Chemicals and Materials 

Single-stranded DNA binding protein (SSB) from E.coli and buffer components were 

from Sigma-Aldrich (Oakville, ON). A fluorescently-labeled 40-mer DNA (F AM-5'­

CTTCTGCCCGCCTCCTTCCTTCCAACCTTCA TCAGCCACC-3 ') was custom-synthesized 

by IDT (Coralville, IA, USA). Fused-silica capillaries were purchased from Polymicro (Phoenix, 

AZ). All aqueous solutions were made using the Milli-Q quality deionized water and filtered 

through a 0.22 µm filter (MiHipore, Nepean, ON). 

2.6.2 Instrumentation 

All CE procedures were performed using the following instrumentation and common 

settings and operations unless otherwise stated. CE was carried out with a P/ACE MDQ 

apparatus (Beckman Coulter, Mississauga, ON) equipped with a fluorescence detector; a 488-nm 

line of an Ar-ion laser was utilized to excite fluorescence. A 50-cm long ( 40 cm to the detection 

window) uncoated fused silica capillary with an inner diameter of 75 µm and outer diameter of 

360 µm was used. The run buffer for electrophoresis was 50 mM Tris-HCI at pH 8.2. The 

capillary was rinsed with the run buffer for 2 min prior to each run. Electrophoresis was carried 

out for a total of 10 min by an electric field of 400 V /cm with a positive electrode at the injection 

end of the capillary; the direction of the electroosmotic flow was from the inlet to the outlet 

reservoir. The temperature of the capillary and samples was maintained at 20 ± 0.1 °C. At the 

end of each run, the capillary was rinsed with 0.1 M NaOH for 2 min, followed by a rinse with 

deionized water for 2 min. 
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2.6.3 Solutions of SSB and DNA 

Solutions of 100 nM SSB and 200 nM DNA as well as equilibrium mixtures (total of 100 

nM SSB and 200 nM DNA) were prepared in the CE run buffer (50 mM Tris-HCI, pH 8.2). 

;2.6.4 NECEEM 
I 

The inlet and outlet reservoirs contained the run buffer, and the capillary was pre-filled 

with the run buffer. A plug of the SSB-DNA equilibrium mixture was injected into the capillary 

by a pressure pulse of 5 s x 0.5 psi; the length and volume of the injected equilibrium mixture 

were 7 mm and 30 nL, respectively. 

2.6.5 SweepCE 

The capillary was pre-filled with the solution of DNA. The inlet reservoir contained the 

solution of SSB. The outlet reservoir contained the run buffer. 

2.6.6 Continuous NECEEM (cNECEEM) 

The outlet reservoir contained the run buffer, and the capillary was pre-filled with the run 

buffer. The inlet reservoir contained the SSB-DNA equilibrium mixture. 

2.6. 7 Short SweepCE (sSweepCE) 

The capillary was pre-filled with a solution of DNA. The inlet and outlet reservoirs 

contained the run buffer. A plug of the SSB solution was injected into the capillary by a pressure 

pulse of 5 s x 0.5 psi; the length and volume of injected plug were 7 mm and 30 nL, respectively. 

2.6.8 Plug-plug KCE (ppKCE) 

The inlet and outlet reservoirs contained the run buffer, and the capillary was pre-filled 

~ith the run buffer. First, a plug of the DNA solution was injected into the capillary by a 
! 

I 

pressure pulse of 10 s x 0.5 psi. The length and volume of the plug were 14 mm and 60 nL, 

31 

( 



respectively. Second, a plug of the SSB solution was injected into the capillary by a pressure 

pulse of 5 s x 0.5 psi. The length and volume of the plug were 7 mm and 30 nL, respectively. 

2.6.9 Short SweepCE of Equilibrium Mixture (sSweepCEEM) 

The inlet and outlet reservoirs contained the run buffer, and the capillary was pre-filled 

with the equilibrium mixture. A plug of the SSB solution was injected into the capillary by a 

pressure pulse of 5 s x 0.5 psi; the length and volume of injected plug were 7 mm and 30 nL, 

respectively. 

2.6.10 Numerical Modeling 

A computer program for numerical simulation of KCE electropherograms was written in 

Pascal. Rate constants were determined by non-linear regression analysis using the minimum 

chi-square method. 
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Chapter 3. Plug-Plug Kinetic Capillary Electrophoresis 

The presented material was published previously. Adapted with permission from Okhonin, V.; 
1 Petrov, A. P.; Berezovski, M.; Krylov, S. N., Plug-plug kinetic capillary electrophoresis: method 

for direct determination of rate constants of complex formation and dissociation. Anal Chem 
2006, 78 (14), 4803-10. Copyright 2006 American Chemical Society. 

Contribution to the article: performed all ppKCE experiments, participated in data analysis, 

prepared figures, participated in manuscript writing 

3.1 Introduction 

Non-covalent molecular interactions play a key role in all regulatory biological processes, 

for example: cell recognition, immune response, signal transduction, gene expression, DNA 

replication, and others.70
-
72 Finding molecules capable of non-covalently binding therapeutic 

targets is the principle approach in modem drug development. 73 Furthermore, many analytical 

techniques and devices used in research and disease diagnostics (e.g. immunoassays, biosensors, 

and DNA hybridization analysis) are based on the formation of non-covalent molecular 

complexes. 74 Hence, efficient methods for studying non-covalent interactions are pivotal to our 

progress in many areas of modem physical and life sciences. 

The formation and dissociation of a non-covalent complex C between molecules A and B 

are characterized by a bimolecular rate constant k00, and a unimolecular rate constant, k0 ff, of the 

forward and reverse reactions, respectively: 

3.1 

Knowledge of k00 and koff is essential for: (i) understanding the dynamics of biological 

processes, (ii) determining the pharmacokinetics of target-binding drugs, and (iii) designing 

quantitative affinity analyses. 
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Lately, we have focused on capillary electrophoresis-based kinetic methods for studies of 

non-covalent molecular interactions. These efforts are based on the insight that if A is allowed to 

interact with B during electrophoresis, the resulting electropherograms will have a memory of 

:this interaction. Thus, we concentrated on defining different ways of interaction and developing 

approaches to retrieving kinetic parameters from electropherograms. We term this area of 

research Kinetic Capillary Electrophoresis (KCE) and define KCE as CE separation of species, 

which interact during electrophoresis. 

The aim of the present work was to design a KCE method capable of directly measuring 

both kon and koff without the need for non-linear regression analysis. The new method is termed 

.plug-plug Kinetic Capillary Electrophoresis (ppKCE). Conceptually, short plugs of solutions of 

A and Bare injected into the capillary sequentially; the component with lower mobility is 

injected first. When the voltage is applied, the faster moving component passes through the 

slower moving component resulting in complex formation. Eventually, the electrophoretic zones 

of A and B are separated and the complex starts dissociating. The resulting electropherogram is 

qualitatively similar to that ofNECEEM: it has peaks of A, B, and C and "smears" of A and B 

dissociated from C. However, since ppKCE does not start with the equilibrium mixture of A and 

B, the resulting electropherogram does not have a "memory" of Kd but rather has a memory of 

kon and koff· Both kon and koff can, thus, be calculated from a single ppKCE electropherogram 

using areas of peaks and smears and migration times of peaks. The mathematical analysis uses 

three simplifying assumptions for reaction 3 .1. First, we assume a simple 1: 1 stoichiometry of 

interaction between A and B; for higher-order stoichiometries, numerical modeling of KCE data 

has to be used. 75 Second, we assume that only the forward reaction occurs when the zone of B 
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moves through that of A. Finally, we assume that only the reverse process in reaction 3.1 occurs 

: after the zones of A and B are separated. In this work, the ppKCE method was used to calculate 

Icon and koff for interaction between a single-stranded DNA-binding protein and DNA. The new 

method is simple, fast, and informative. It does not require expertise in mathematical modeling 

and, thus, can be used by a broad community of researchers. 

3.2 Plug-Plug KCE 

We define ppKCE as the method in which A and B are introduced into a capillary as a 

1 sequence of two short plugs when the capillary is pre-filled with the run buffer and both inlet and 

1 outlet reservoirs also contain the run buffer (Figure 3.1 ). A slower moving component is injected 

first. In this work we assume that A is slower than B. A spacer plug of a bare buffer can be 

introduced between the plugs A and B to prevent mixing of A and B and the start of reaction 3 .1 

before the beginning of electrophoresis. 

Inlet 
reservoir 

Run 
buffer 

.... 
0 
0 
Q) 

Qi Outlet 
Cl reservoir 

Capillary 
Run 

....,_.:..;::R~u.:.:.n..=b:.::u.:.:.ff.=er=----- b ff 
~ ·u er 

Figure 3.1 Schematic representation of initial and boundary conditions in ppKCE 

3.3 Numerical Simulation of ppKCE 
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1 ! 

i 

To demonstrate qualitative features of ppKCE, we simulated A(t,x), B(t,x), and C(t,x) 

I numerically for a fixed x as described elsewhere. 76 These dependencies were used to build 

! simulated ppKCE electropherograms, which represent a superposition of A(t), B(t), and C(t) for x 

I 

: which is equal to the distance from the capillary inlet (x = 0) to the detector. 

Figure 3.2 shows simulated electropherograms (dependencies of A(t), B(t), and C(t)) for 

i different koff and kon· Please, note the difference in scales of they-axes in Figure 3.2. 

, Figure 3.2a demonstrates the influence of koff on electropherograms for a constant kon· Since kon 

i is constant, the amount of C formed by the time when the zones of A and B are separated does 

: not change with changing koff· The variation in koff changes only the rate with which C 

1 dissociates after the zones of A and Bare separated. Accordingly, increasing koff leads to 

' decreasing heights of the peak of C(t) and increasing areas of the smears of A(t) and B(t). 

' Figure 3.2b illustrates the influence of kon on ppKCE electropherograms for a constant koff· 

1 Increasing Icon results in an increasing amount of C formed, leading to decreasing peaks of A(t) 

, and B(t) and a growing peak of C(t). 
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Figure 3.2 Simulated ppKCE electropherograms for: constant kon and three different kott (panel a) and for 
constant kott and three different k0 n (panel b). Red, green and blue colors correspond to A(t), C(t) and B(t) 
respectively 

Electropherograms in ppKCE are qualitatively similar to those in NECEEM. The 

difference between NECEEM and ppKCE is in the amount of C. NECEEM uses the equilibrium 

mixture of A and B, which has the highest possible amount of C for given concentrations of A 

and B. To measure kon, ppKCE has to be performed so that quasi-equilibrium is not reached 

during the passage of the zone of B through the zone of A. As a result, the amount of C in 

ppKCE is lower than that inNECEEM. As was previously demonstrated for NECEEM,63 A(t) 

and B(t) consist of two parts (Figure 3.3a): 

A(t) = ~ee {!) + Adis (t) 

B(t) = Bfree {!) + Bdis {!) 

Arree(t) and Brree(t) correspond, respectively, to A and B which do not form the complex during 

3.2 

the mixing of the zones of A and B. Adis(t) and Bdis(t) correspond, respectively, to A and B, which 
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' result from the dissociation of C after the zones are separated. Areas of peaks and smears in the 

electropherogram, Afree, Adis, Bfree, Bdis, and C, are proportional to the amounts of corresponding 

species (Figure 3.3b ). 

Bmie(t) 

c 
0 

~ c 
~ 
c 

Btree 0 
(.) 

C(t) 

tc 
Migration time 

a 

Arree(t) 

b 

Figure 3.3 Panel a shows simulated ppKCE concentration profiles with functions A(t) and B(t) being 
presented as a superposition of free and dissociated components (see equation 3.2). Panel b illustrates 
measurable parameters (areas of peaks and smears and migration times of A, B, and C), which are 
used for the determination of kon and kott without non-linear regression analysis 

The goal of this work was to develop a means of calculating k00 and kotr using only 

parameters easily measurabie from a ppKCE electropherogram. These parameters are Afree' Adis, 

Bfree, Bdis, C and migration times of A, B, and C: f A, fB and tc, respectively. 

3.4 Determination of Rate Constants in ppKCE 

3.4.1 Determination of korr 

The complex dissociation process is identical in NECEEM and ppKCE; therefore, 

approaches developed for the calculation of koff in NECEEM are applicable to ppKCE as well. 46
' 

62
• 

63 The most practical approach uses the areas and migration times (Figure 3.3b ): 
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3.3 

This non-numerical approach to the determination of koff requires the assumption that no re-

: binding of A and B occurs when the electrophoretic zones of A and B are separated. 

3.4.2 Determination of kon 

Determination of k00 in ppKCE without non-linear regression analysis requires the 

development of a new mathematical approach. The details on development and validation of 

such approach can be found elsewhere. 75 When the zone of B passes through the zone of A, the 

forward reaction (the formation of C) occurs. For the approach to work, we make a simplifying 

assumption that the reverse reaction (the dissociation of C) is negligible during this time. 

When the abovementioned assumption is satisfied the kon can be calculated from the 

following expression 75
: 

The value of ecan be determined from equation 3.5,75 using the Microsoft Excel program as 

described in section 3.8. 

3.4 

Afree I (Afree + Adis + C) = 1/ t: x In { ( exp(t:)- t)exp{-e x {[B]/8 I ([A]IA))) + 1} 3.5 

1 In this equation, all parameters but e are either controlled or measurable. The velocities in 

equation 3 .4 can be replaced by the effective capillary length L, divided by corresponding 

migration times (IB or IA): 

39 

l ·1 



3.6 

: This allows determination of k0 n when Arree, Adis, C, ts, and f A are determined from a ppKCE 

electropherogram. The other four parameters, [B], [A], ls, and /A, are controlled by an 

: experimentalist. 

3.4.3 Satisfying the Model Assumptions 

Table 3.1 can be used to identify a range of experimental conditions that satisfy the 

assumptions of the model. 75 Table 3.1 lists upper suitable limits for koff as a function of kon, time 

of zones of A and B passing through each other (!pass), and the highest of the concentrations of A 

and B (Max (A, B)). To test whether the experimental conditions are acceptable for the model, 

the user has to choose the column with the concentration closest to the highest of the two 

concentrations ([A] and [B]) used in experiment, then choose the row with the kon value closest 

to the anticipated kon value and finally choose the subrow with !pass which correspond to the given 

experimental conditions. The corresponding value in the column would give the upper 

acceptable limit of the koff vc;tlue for the mathematical model to work. If the dissociation is faster 

than the found upper limit of acceptable k0 ff, one should choose more appropriate conditions to 

satisfy the assumptions. First, a separation buffer can be found, which facilitates a greater 

differential velocity of A and Band, thus, a shorter !pass· Second, the initial concentrations of A 

and B can be decreased. Finally, the lengths of the plugs of A and B can be decreased. We 

anticipate that suitable conditions will be found for most types of biomolecular interactions. 

The conditions found from Table 3.1 to satisfy the assumptions for the model also 

guarantee that the equilibrium is not reached. In addition, the fact that the equilibrium is not 

reached can be confirmed by comparing NECEEM and ppKCE data. If the Cl Arree ratio is 
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smaller for ppKCE than that for NECEEM then the equilibrium is not reached (the maximum 

ratio is achieved at equilibrium). 

Table 3.1 Upper limits for k0 tt values as function of concentrations, time of electrophoretic zones passing 
through each other (tpass), and ken values 

kon (M-1s-1
) fpass (s) 

Max (A, B) (M) 

10-4 10-=> 10-ti 10-/ 10""° 10-9 -10-12 

1 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00x10° 1.00 x 10 ° 

10 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 

103 

40 1.25 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 

80 3.13 x 10-3 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 

1 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 

10 2.00 x 10-2 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 

104 

40 1.25 x 10-3 1.25 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 

80 3.13 x 104 3.13 x 10-3 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 

1 2.00 x 10-1 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 1.00 x 10 ° 

10 2.00 x 10-3 2.00 x 10-2 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 

105 

40 1.30 x 104 1.25 x 10-3 1.25 x 10-2 2.50 x 10-2 2.50 x 10-2 2.50 x 10-2 

80 3.13 x 10-0 3.13x1ff4 3.13 x 10-3 1.25 x 10-2 1.25 x 10-2 1.25 x 10-2 

1 2.00 x 10-2 2.00 x 10-1 1.00 x 10 ° 1.00x10° 1.00 x 10 ° 1.00 x 10 ° 

10 2.00 x 10-4 2.00 x 10-3 2.00 x 10-2 1.00 x 10-1 1.00 x 10-1 1.00 x 10-1 

106 

40 1.30 x 10-5 1.30 x 10-4 1.25 x 10-3 1.25 x 10-2 2.50 x 10-2 2.50 x 10-2 

80 3.13 x 10-6 3.13 x 10-5 3.13 x 104 3.13 x 10-3 1.25 x 10-2 1.25 x 10-2 

1 2.00 x 10-3 2.00 x 10-2 2.00 x 10-1 1.00 x 10° 1.00 x 10° 1.00 x 10 ° 

10 2.00 x 10-0 2.00 x 10-4 2.00 x 10-J 2.00 x 10-2 1.00 x 10-1 1.00 x 10-1 

107 

40 1.30 x 10-6 1.30 x 10-5 1.30 x 104 1.25 x 10-3 1.25 x 10-2 2.50 x 10-2 

80 3.13 x 10-7 3.13 x 10-6 3.13 x 10-s 3.13 x 10-4 3.13 x 10-3 1.25 x 10-2 

41 



1 3.5 Application of ppKCE to Protein-Ligand Complexes 

To demonstrate the practical application of the method, we used interaction between SSB 

' protein and ssDNA. DNA was fluorescently labeled to facilitate sensitive detection. SSB did not 

have a fluorophore and was not detectable; the complex of SSB with fluorescently labeled DNA 

was detectable. Under separation conditions that were chosen, DNA was migrating slower than 

SSB, so we will be referring to DNA and SSB as A and B components, respectively, to be 

' consistent with the previous theoretical consideration. An experimental ppKCE 

electropherogram for the SSB-DNA interaction is shown in Figure 3.4. All experimental values 

presented below without deviations correspond to the data in this figure. To determine the left 

, boundary of the peak of A tree, the ppKCE electropherogram was compared with a control 

' electropherogram with DNA only. The boundary between C and Adis can be accurately 

, determined using fluorescence anisotropy as we described earlier. 62 Relative deviations of peak 

, areas associated with uncertainties of the boundaries are typically within 10%. The values of Adis 

and Afree, the apparent value of C (Capp), and the migration time of C and A were obtained from 

I the electropherogram: Adis = 121, Afree = 128, Capp= 15.9, and le= 204 s. Capp differs from C by 

a relative fluorescence quantum yield q of C with respect to that of free A: Capp = C x q. The 

value of q was calculated by measuring the total areas in two electropherograms. The first was 

, obtained from A in the presence ofB (Figure 3.4) and the second was in the absence of B (not 

shown). The total area in the absence of B was A= 294. The total areas in the 2 

electropherograms should be identical if Capp is divided by q: 
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3.7 

From this equation we can find q: 

q = Capp/ (A - A dis - A free ) 3.8 

The relative quantum yield calculated from equation 3.8 was: q = 0.35. This allowed us to 

obtain C = Capp/q = 45. This value along with the above values for Adis, Afree and le were used in 

: the following calculation of the rate constants. For simplicity, we assumed that only one effective 

kon and koff constants exist. 

The average koff value and its experimental deviation, koff = (6.4 ± 0.8) x 10-3 s-1
, were 

1 calculated using equation 3.3 from 5 consecutive experiments similar to the one depicted in 

1 Figure 3.4. 

To determine k0 n, we used the same values of Adis, Afree, C, as well as [A]= 2.0 x 10-7 M, 

[B] = 2.0 x 10-7 M, lA = 0.40 cm, ls= 0.40 cm, IA= 400 s, ls= 138 s, and L = 40 cm. The value 

10 

0 

2 fc 4 6 

Migration time (min) 

8 10 

Figure 3.4 Experimental electropherogram for 200 nM SSB with 200 nM fluorescently labeled DNA 
interaction using ppKCE method. The areas used in analysis are color-coded: green for the complex, 
pink for the decay and red for the unreacted DNA 
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of & was calculated from expression 3.5 using the "Goal Seek" procedure in Excel (see section 

3.8). For the electropherogram depicted in Figure 3.4, the value of & was equal to 1.23. 

The values of koff and k0n determined by ppKCE were found to be in good agreement with 

' those obtained by other KCE methods.46
' 

47
' 

62 The previously reported koff is slightly higher 

because CE separations in the earlier works were performed at higher temperatures using CE 

instrumentation with no temperature control. It is instructive to compare our data on SSB-DNA 

binding with those published by others. LeCaptain et al. 77 used CE coupled with single molecule 

fluorescence correlation spectroscopy to measure Kd = 2 nM. This result is close to ours: 

Kd = k0 frlk0n = 6.4 x 10-3/2.9 x 106 
= 2.2 x 10-9 M. The data for kon and koff for SSB-DNA 

interactions are scarce, but those, which are available, show tremendous differences depending 

on substrates and experimental conditions used. SPR data show that in the non-cooperative mode 

of binding, SSB binds DNA with the following rate constants: koff = 1.34 x 10-4 s-1 and 

kon = 1.1 x 106 M-1s-1
. This result is comparable with ours in terms of k0 n; the koff obtained by 

SPR is lower, most likely due to the lower pH.78 The stopped-flow measurements on long DNA 

revealed the kon value of2.1 x 108 M-1s-1
, which differs two orders of magnitude from SPR and 

ppKCE data. This difference is most likely due to the fact that SSB exhibits highly cooperative 

binding for long DNA substrates. 79 Kozlov and Lohman reported that depending on the substrate 

and experimental conditions kon for SSB-DNA interaction can vary between 103 and 108 

M-1s-1
.
80 Our own data and the results by others indicate that the kinetic parameters ofprotein­

DNA interactions are so sensitive to change in experimental conditions, such as temperature and 

pH, that it is imperative that the rate constants be measured de novo when experimental 

conditions change. This emphasizes the need for simple, reliable, sensitive, and fast methods for 
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kinetic studies of protein-DNA interactions. The methods of KCE augment the arsenal of tools 

available for such studies. 

3.6 Conclusions 

In this work, we developed a novel KCE method for direct determination of rate 

constants of complex formation and dissociation from one experimental electropherogram 

without performing non-linear regression analysis so that the method does not require expertise 

in mathematical modeling. The method presented is simple and robust. It requires only nanoliter 

volumes of reagents and can be readily adjusted for different ranges of both constants. We 

believe that this method will be useful for screening large libraries for drug candidates as well as 

the development of novel research and diagnostic tools. 

3. 7 The use of Microsoft Excel for Calculations of k0 0 and k0 rr 

It is possible to find &from equation 3.5, using the embedded standard procedure "Goal 

Seek" in the "Tools" menu of Microsoft Excel. Before calling the procedure, all experimental 

values required for calculations have to be entered in individual cells on an Excel spreadsheet. In 

addition, the initial value of & for the first iteration has to be entered; E = 1 can be used as a 

default number. Another cell should contain the difference between the left hand side and the 

right hand side of equation 3.5. To increases the accuracy of numerical calculations, this 

difference can be multiplied by a large number, for example 1000. The "Goal Seek" procedure 

can be then called. The parameters in the "Parameter" menu should be setup in the following 

: way. The cell containing the difference between the left hand side and right hand side of 

· equation 3.5 should be chosen for the "Set Cell" parameter. The "To Value" parameter should be 

set to 0. The "By changing cell" parameter should be referenced to the cell containing the initial 
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value of s.The "Goal Seek" function would then give the value of &required for the 

'determination of kon with equation 3.6. An example of such Excel spreadsheet can be found in 
I 

:the Research section of the following web page: www.chem.yorku.ca/profs/krylov. 

For routine work, such as screening large libraries of compounds for their ability to bind 

: a target, it is possible to construct a family of diagrams of the Afreel(Afree + Adis + C) dependence 

' on 6 at fixed Bin/ Ain ratios from which 6 can be determined. An example of such diagrams is 

shown in Figure 3.5. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Figure 3.5 Example of diagrams which can serve for rapid determination of 6 

3.8 Materials and methods 

, 3.8.1 Chemicals and Materials 
Single-stranded DNA binding protein (SSB) from E. coli and buffer components were 

from Sigma-Aldrich (Oakville, ON). A fluorescently-labeled 15-mer DNA (fluorescein-5'-

GCGGAGCGTGGCAGG-3') was a gift of Dr. Y. Li (McMaster University, Canada). Fused-

silica capillaries were purchased from Polymicro (Phoenix, AZ). All aqueous solutions were 
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made using the Milli-Q quality deionized water and filtered through a 0.22 µm filter (Millipore, 

Nepean, ON). 

3.8.2 Instrumentation 

All CE procedures were performed using the following instrumentation and common 

settings and operations unless otherwise stated. CE was carried out with a P/ACE MDQ 

apparatus (Beckman Coulter, Mississauga, ON) equipped with a fluorescence detector; a 488-nm 

line of an Ar-ion laser was utilized to excite fluorescence. A 50-cm long ( 40 cm to a detection 

window) uncoated fused silica capillary with an inner diameter of 75 µm and outer diameter of 

360 µm was used. The sample buffers and the electrophoresis run buffer were identical: 25 mM 

sodium tetraborate at pH 9.3. The capillary was rinsed with the run buffer for 2 min prior to each 

run. Electrophoresis was carried out for a total of 10 min by an electric field of 600 V /cm with a 

positive electrode at the injection end of the capillary; the direction of the electroosmotic flow 

was from the inlet to the outlet reservoir. The temperature of the capillary was maintained at 15 ± 

0.1 °C. At the end of each run, the capillary was rinsed with 0.1 M NaOH for 2 min, followed by 

a rinse with deionized water for 2 min. 

3.8.3 Plug-Pllug KCE (ppKCE) 

The inlet and outlet reservoirs contained the run buffer, and the capillary was pre-filled 

with the run buffer. Injections were carried out by voltage so that plug lengths depended on both 

the velocity of the electroosmotic flow (common for all species) and electrophoretic velocities of 

injected specie. First, a plug of the DNA solution was injected into the capillary by a voltage 

pulse of 6 s x 10 kV. The length and volume of the plug were 2 mm and 8 nL, respectively. 

Second, to prevent the pre-mixing caused by the differential electrophoretic mobility of DNA 

47 



and SSB, we injected a short plug of the bare run buffer. The injection was carried out by a 

. voltage pulse of 8 s x 10 kV. Third, a plug of the SSB solution was injected into the capillary by 

: a voltage pulse of 3 s x 10 kV. The length and volume of the plug were 3 mm and 12 nL, 

respectively. The differences in plug lengths are caused by the differences in electrophoretic 

1 mobilities of SSB and DNA. The ends of the capillary were inserted in the inlet and outlet 
I 

'. reservoirs, and the electric field was applied to run electrophoresis. Areas of electrophoretic 

peaks were divided by migration times of corresponding species to ensure that areas are 

proportional to the amounts of the species. 

3.8.4 Determination of kon and korr 

The k00 and koff values were determined by inputting experimentally measured parameters 

into the Microsoft Excel software program, which uses the formulas, provided in sections 3 .4.1 

and 3.4.2 
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Chapter 4. Predictive measure of quality of micromixing 

:The presented material was published previously. Parts of the text and figures with and 
~without modifications were taken from the following article: 
1Petrov, A. P.; Dodgson, B. J.; Cherney, L. T.; Krylov, S. N., Predictive measure of quality of 
1

micromixing. Chem Commun 2011, 47 (27), 7767-7769. 

!Reproduced by permission of The Royal Society of Chemistry 

I 

1Contribution to the article: performed all experiments, performed data analysis, prepared figures, 
participated in manuscript writing 

4.1 Introduction 

As mentioned before, one of the advantages of capillary electrophoresis is the nanoliter 

consumption of reagents. To fully take advantage of nano liter consumption the mixing of 

reagents outside of a capillary should be avoided. Premixing in a test tube requires a minimum of 

a micro liter volume thus 90-99% of the premixed sample would not be used for capillary 

analysis. To solve this problem, the reactants should be sequentially injected and mixed inside a 

capillary. In such a scenario, only nano liter volumes of reactants would be consumed. This is 

important for expensive reagents, such as proteins or combinatorial libraries, which cannot be 

obtained in high amounts. 

Recently, our group has introduced a generic method for mixing of reagents inside a 

capillary termed Transverse Diffusion of Laminar Flow Profiles (TDLFP). 81 The concept of 

mixing ofreagents by TDLFP is shown in Figure 4.1. To mix reactants, they are sequentially 

injected into a capillary by pressures high enough to make the injection flow parabolic. The 
! 

~njection time is short enough, so that the flow front stays parabolic and does not diffuse out to 

the walls. In such a case, every injected plug would penetrate the previously injected plug. The 

*"ansverse diffusion would then mix the reactants by eliminating the concentration profiles in this 

direction. 
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Distance from capillary inlet 

i Figure 4.1 Schematic representation of in-capillary mixing of two solutions, blue and red, by TDLFP. The 
: top panel shows the two steps in mixing: sequential injection of the solutions and their transverse diffusion. 
: The bottom panel shows the concentration distribution after this mixing 

For KCE methods, the TDLFP effect can be both advantageous and disadvantageous. 

I 

1 

While the described effect allows mixing of reagents inside the capillary and allows automation 
I 

1 

of mixing and low sample consumption it is not always a desirable one. In some KCE methods, 

I 

: such as the previously described ppKCE, no premixing of reactants should occur prior to 
I 

: separation. In this method, the TDLFP effect is undesirable and should be either avoided or 

1 accounted for in subsequent analysis of the data. 

This, however, presents a problem since there was no parameter that could quantitatively 

describe the quality of mixing in a capillary and predict the product yield. This problem is not 

I 

: limited to the in-capillary mixing, but concerns mixing in microreactors in general. 
I 

I 

1 4.2 Micromixing vs Macromixing 

Reaction parameters, such as reaction rate and product yield, depend on the quality of 

reactants' mixing; therefore, the understanding and optimization of reactions require predictive 

quantitative measures of the quality of mixing, which can predict the reaction parameters. In 

macroreactors, mixing by mechanical agitation (macromixing) is used to randomly break 
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solutions into microvolumes and, thus, aid the final mixing of reactants by diffusion 

.(micromixing). The random nature of macromixing usually makes the entire process of mixing in 

imacroreactors stochastic. Therefore, stochastic approaches are applicable to characterizing the 

:quality of mixing in macroreactors. A number of such approaches have been developed and 

iextensively reviewed. 82
' 

83 A classical example is the Danckwerts approach, which introduces the 

intensity of segregation, a predictive stochastic measure of mixing, linearly related to the 

reaction rate. 84 Microreactors are an attractive media for chemical synthesis85
-
95 and analysis96

• 
97

, 

which have become practical due to technological advances in their manufacturing. Technical 

difficulties of mechanical agitation in small volumes make macromixing in microreactors 

combersome. 98 On the other hand, micromixing in such reactors may be sufficiently fast, which, 

. ak . . 99 100 M" . . . d . h 1 m turn, m es macrom1xmg unnecessary. ' 1crom1xmg 1s not a ran om process m t e sea e 

of the microreactor - the deterministic nature of diffusion leads to well-defined non-random 

distributions of the reactants throughout the microreactor's volume.98
' 

101 As a result, the 

predictive stochastic measures of mixing developed for macromixing are not applicable to 

tnicromixing. The quality of micromixing in microreactors was addressed in significantly fewer 

works. A standard statistical function, coefficient of variation, and some empirical functions, 

were used as quantitative measures of micromixing. 102
' 

103 However, these measures have never 

been shown to predict any reaction parameter, e.g. the rate or product yield of the reaction. 

4.3 Parameter for CharacteriZing Efficiency of Micromixing 

Here we introduce the first predictive quantitative measure of micromixing, Quantitative 

Overlap (QO) and demonstrate its predictive ability. In this proof-of-principle work, QO was 

experimentally examined for a bimolecular reaction conducted in a capillary microreactor with 

discontinuous mixing. This theoretically calculated measure turned out to be proportional to the 
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experimentally determined relative product yield. Due to the generic nature of QO, it can be used 

to characterize micromixing for different reactions in various microreactors, with some 

restrictions specified below. One of the potential practical applications of QO is obvious: the 

theoretical optimization of microreactors for maximized product yield. Other applications are 

still to be indentified. We also foresee that new quantitative characteristics of micromixing could 

be introduced to predict reaction parameters other than product yield. 

For a quantitative measure to be suitable for comparing efficiencies of micromixing in 

different systems (reactions and reactors), it should change within the same interval (for 

example, between 0 and 1) regardless of the system specifics. To correlate with product yield, 

the parameter has to be maximum for similar distributions of the reactant through the reactor and 

minimum when there is no non-zero volume in which all reactants are present. The definition of 

the measure's behavior between these two extremes can vary; therefore, different measures can 

be introduced to be predictive of the product yield in different systems. We present one such 

parameter, named quantitative overlap (QO), that is defined for a general case of N reactants, 

Ri, ... , RN, in the following way: 

4.1 

Here R1, • •• , RN are concentrations of the corresponding reactants, Vis the volume of the reactor, 

r: is a vector of the spatial coordinate, and t is time. I I Vf designates an operation of finding the 

spatial average of a function over volume Vofthe reactor. The "min" function in 4.1 denotes a 
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minimum calculated.from a set of the arguments separated by the commas. Equation 4.1 depends 

:on the number of the reactants rather than on the order of the reaction. QO is solely defined by a 
I 

!spatial distribution of reactants throughout the reactor and can change with time whenever the 
I 

idistribution changes with time. It can be strictly proved that QO defined by equation 4.1 satisfies 
I 

Jthe following: (i) 0 ~ QO ~ 1, (ii) QO = 0 if and only if there is no a non-zero volume in the 

!reactor where all reactants are present, (iii) QO = 1 is and only if all concentration profiles are 

•

1 similar to each other, and (iv) QO does not change if an empty volume is added to the system. 

: Detailed proofs of these properties of QO are given elsewhere. 104 For example, if all 

concentrations are similar to each other then values of all arguments of the "min" function in 4.1 

: are the same in each point. This allows the "min" function to be replaced with a value of the first 

argument. Then, integration in 4.1 leads to QO = 1. lFigur<e 4o2 illustrates the change in QO for 

. the changing distribution of 2 reactants in a quasi- I-dimensional reactor, including the two 

extreme cases of QO = 1 and QO = 0. 

Reactant distribution Concentration profiles Quantitative Overlap 

• I I §h d QO=O 

II § I.___.____ _____ ___, 0 < QO < 1 

~1------ QO= 1 

IFDIQJlUlli'te 4.2 Illustration of changes in QO as defined by equation 4.1 with changing reactant distribution 

1 

through the reactor 

QO can be calculated by solving equations of diffusion (or another process driving 

micromixing, e.g. differential mobility). The solutions will be functions R;( r) defined by initial 
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distributions of the reactants and the reactor's geometry. These functions are then used in 

equation 4.1 to calculate QO. 

4.4 CorrelatiOil between the QO Parameter and Product Yield 

To examine whether or not QO correlates with the product yield, we used a system, in 

which the reaction and diffusion are uncoupled due to different characteristic times of diffusion 

and reaction. The reactor was a capillary in which reactants were mixed by TDLFP.96
• 

101
• 

105 Due 

to a very high ratio between the length and the diameter of such a reactor, transverse diffusion 

establishes concentration profiles of the reactants much faster than longitudinal diffusion. If the 

characteristic time of reaction is intermediate to those of transverse and longitudinal diffusions, 

then the reaction and diffusion are uncoupled. Diffusion in the longitudinal direction can be 

neglected in the time scale of the reaction, and the reaction can be neglected in the time scale of 

diffusion in the transverse direction. This allowed us to avoid working in meso-scales. 106 The 

concentration profiles established after TDLFP mixing were used to calculate QO, which we 

then tested for its correlation to the reaction product yield. 

The reaction we considered was hybridization of 2 complementary single-strand DNA 

molecules, R1 and R2• The characteristic time of this reaction, r react, satisfies the following 

condition 104 
:. 

'trans <<'react << 'iongit' 'trans = r 2 ID, '1ongit = L2 ID 4.2 

Here, r trans and r fongit are characteristic times of diffusion in transverse ·and longitudinal 

directions, r is the inner radius of the capillary, Lis the length of the injected reactant plugs, and 

D is the diffusion coefficient. For example, Ttrans = 6 s and 'liongit = 106 s for typical parameters of 
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'r = 25 µm, L = .1 cm, and D = 10-6 cm2/s. Different degrees of TDLFP-based mixing were 

~chieved by varying: (i) inner capillary diameter, (ii) pressure used for injection of R1 and R2, 
I 

i 

~d (iii) duration of pressure pulses as shown in Table 4.1. 

The after-mixing profiles of linear concentrations, R 1 (x) and R2(x ), where x is the distance 
i 
I 

from the capillary inlet, were calculated for 6 sets of experimental parameters, using an approach 
I 

~escribed elsewhere107 and are shown in Figure 4.3. The values of QO were calculated using 
I 

these profiles and equation 4.1 and are also shown in Figure 4.3. The reactor's volume was 
I 

pefined as a volume where at least one reactant is present. The next goal was to find product 

I 

yields for different degrees of mixing. 
I 

0.6 QO = 0.088 
~---

0.6 Q0=0.155 
0.4 0.4 

0.L 0.2 

0.0 0.2 'J.4 0.6 u.u U.~ 

~ 
0.6 ::i. - QO= 0.262 

1)...15 QO::: 0.354 
c:: 0.4 .Q 0.3:> -~ 0.2 - 0.15 
c:: 
B 
c 0.0 
0 

0.3 0.6 0.!'.) 0.0 1.1 2.2 3.3 

c..> 0.45 0.3 
QO= Q.450 

0.3{) 0.2 

0.15 0.1 

0.0 2.4 4.~ 7.2 0.0 2.0 4.0 6.0 

Position in a capillary (cm) 
I 

Figure 4.3 Calculated concentration profiles of two reactants, R1 and R2 , after mixing inside a capillary by 
I 

!fDLFP. The corresponding values of QO are shown inside the panels. Capillary diameters, as well as 
~eactant orders, pressures, and times used for the calculations (and experimental injections) are shown 
I 

in Table 4.1 
I 
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To determine the yield of the hybridization reaction product, P, we fluorescently labeled 

reactant R1 so that P was also labeled. After TDLFP-based mixing of R1 and R2, the reaction was 

allowed to proceed to completion, and P was separated from the unreacted R1 by capillary 

electrophoresis (see Figure 4.4). 

40 

30 

~ 20 
0::: 

10 

ssDNA 

o~--------------• 
15 16 17 

Time (min) 

18 19 

Figure 4.4 Electrophoretic separation of ssDNA (blue area) from dsDNA (red area) . 

Peak areas in capillary electrophoresis are proportional to amounts of corresponding 

analytes. Therefore, the yield of.P relative to the amount of injected R1 was calculated as 

Ared/(Ared + Ablue), where Ared and Ablue are peak areas corresponding to P and unreacted R1, 

respectively. The product yield was determined for all of the mixing scenarios shown in Figure 

4.3. The experiments were done in triplicates. By plotting the experimentally'."'determined relative 

product yield versus the theoretically calculated QO, we found that, remarkably, the two 

parameters linearly correlate, with an intercept very close to 0 and a slope of approximately 1 

(Figure 4.5} 
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Figure 4.5 Dependence of product yield on QO. See the text for details 

1 4.5 Conclusions 

This correlation between QO and the product yield is not circumstantial. QO is based on 

the minimum of the normalized reactant concentrations in any given point of the reactor (see 

, Equation 4.1). If the amounts of all reactants in the reactor (defined by denominators in Equation 

4.1) are similar, then this minimum identifies the reactant in deficiency in every point, and QO 

can be approximately calculated as an integral of this reactant concentration divided by A, where 

A is the amount of one of the reactants. The choice of such a reactant cannot significantly affect 

QO since all the reactant amounts are similar. 104 On the other hand, the local product yield 

cannot exceed the amount of the reactant in deficiency in every point. As a result, the ratio of 

total product yield to· the amount A (i.e. relative yield) should be approximately proportional to 

QO if the reaction proceeds to completion almost everywhere in the reactor. 

It should be noted that the choice the experimental example, a capillary with sequentially 

injected reactants, is only a matter of convenience. QO is applicable to different geometries of 

microreactors and different scenarios of micromixing. It is applicable, in particular, to 

continuous-flow microreactors, which are widely used by synthetic chemists. 8~-95 We introduce 
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QO, the first predictive quantitative measure to characterize the degree of micromixing. We 

experimentally prove that QO is predictive of relative product yield by using an example of a 

bimolecular reaction in a capillary microreactor. The generality of the parameter. makes it 

applicable to different types of reactions and reactors as long as micromixing is a sole means of 

mixing. QO can be used to optimize micromixing for maximum product yield by simply 

maximizing a single easily calculated parameter (a goal that has, so far, remained very difficult 

to achieve). Other predictive quantitative measures of micromixing can be designed to serve 

varying needs. 

4.6 Materials and Methods 

4.6.1 Materials 

The HPLC-purified, fluorescently-labeled 15-mer DNA (5'-Alexa488-GCG GAG CGT GGC 

AGG), and complimentary 15-nucleotide DNA (5'-CCT GCC ACG CTC CGC) were purchased 

from IDT DNA Technology Inc. (Coralville, IA, USA) and dissolved in a TE buffer (10 mM 

Tris-HCl, 0.1 mM EDTA, pH 7.5) to have 100 µM stock solutions that were stored at -20 °C. All 

other chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada). Uncoated fused­

silica capillaries with 75, 50, and 20 µm inner diameters (375 µm outer diameter) were 

purchased from Polymicro (Phoenix, AZ, USA). The capillary was mounted on a capillary 

electrophoresis (CE) instrument (P/ACE MDQ, Beckman Coulter, Fullerton, CA, USA), which 

·was equipped with temperature-controlled sample storage and thermal control of the capillary. 

: All solutions were made using deionized water filtered through a 0.22 µm filter (Millipore, 

Nepean, ON, Canada). 
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: 4.6.2 Instrument Modifications 

To accurately record pressure profiles, the CE instrument was modified with a 

,commercially-available pressure transducer (MadgeTech PRTranslOOOIS Pressure Data Logger). 

The transducer was attached to the pressure line that feeds the pressure to the capillary inlet. To 

! protect the transducer from excessive pressure, a pressure valve was installed upstream of the 

'.transducer. The valve was controlled by a pressure sensor that was set up to close the valve once 

: the pressure was higher than a selected threshold value. The transducer was recording the 
I 

: injection pressure as a function of time and the obtained data was downloaded from the 

;transducer via a USB cable onto a computer using the software provided with the transducer. 

• 4.6.3 Experimental Procedure 

The DNA working solutions were prepared separately at a concentration of 500 nM in 

100 mM TES buffer pH 7.5. The prepared solutions were injected into a 50-cm capillary, using 

parameters outlined in Table 4.1. The injected reactants were incubated in the capillary at room 

temperature for I min to facilitate formation of dsDNA hybrid. The separation in 100 mM TES 

buffer pH 7 .5 was then performed as outlined in Table 4.1. The separation modes were different 

to prevent overheating of the capillary and DNA hybrid dissociation. 
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Table 4.1 Experimental parameters used for TDLFP-based mixing of two reactants and their calculated 
post mixing concentration profiles 

Mixing Scenario Final Reactants Distribution 
0.6 

Capillary Diameter: 20 µm 0.4 

1 Injection Sequence: 1) DNA B: 1 psi x 15 s 
2) DNAA: 1 psi x 25 s 0.2 

Separation : 30 kV, 15 min 

0.00 0.25 0.5 0.75 1.00 
0.6 

Capillary Diameter: 20 µm 
Injection Sequence: 1) DNA B: 1 psi x 15 s 0.4 

2 2)-DNAA: 1psix15s 
0.2 3) Buffer: 1 psi x 25 s 

Separat.ion: 30 kV, 15 min 
0.0 0.3 0.6 0.9 1.2 

0.6 
Capillary Diameter: 50 µm 
Injection Sequence: 1) DNA B: 0.5 psi x 15 s 0.4 

3 2) DNAA: 0.5 psi x 15 s 
3) Buffer: 0.5 psi x 15 s 0.2 

Separation: 1 ) 10 kV, 10 min 
2) 30 kV, 10 min 

0 2 3 4 

Capillary Diameter: 50 µm 
0.45 

Injection Sequence: 1) DNA B: 0.5 psi x 15 s 0.30 

4 2) DNAA: 0.5 psi x 14 s 
3) Buffer: 0.5 psi x 35 s 0.15 

Separation: 1 )10 kV, 10 min 
2) 30 kV, 10 min 

0.0 4.5 6.0 

Capillary Diameter: 75 'µm 
0.45 

Injection Sequence: 1) DNA B: 0.3 psi x 14 s 0.30 

5 
2) DNAA: 0.3 psi x 14 s 
3) .Buffe.r: 0.3 psi x 28 s 0.15 

Separation: 1) 7.5 kV, 10 min 
2) 20 kV, 15 min 

0 3 6 9 12 

Capillary Diameter: 75 µm 
0.3 

Injection Sequence: 1) DNA B: 0.3 psi x 14 s 0.2 

6 2) 'DNAA: 0.3 psi x 13 s 
3) Buffe·r: 0.3 psi x 35 s 0.1 

Separation: 1) 7 .5 kV, 10 min 
2) 20 kV, 15 min 

0 3 6 9 12 
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Chapter 5o Separation-based approach to study dissociation kinetics of non­
cova.lent DNA-multiple protein complexes 

The presented material was published previously. Adapted with permission from Petrov, A. P.; 
' Cherney, L. T.; Dodgson, B.; Okhonin, V.; Krylov, S. N., Separation-Based Approach to Study 
, Dissociation Kinetics ofNoncovalent DNA-Multiple Protein Complexes. J Am Chem Soc 2011, 
' 133 (32), 12486-12492. Copyright 2011 American Chemical. Society. 

Contribution to the article: performed all experiments, participated in data analysis, prepared 

some of the figures, participated in manuscript writing 

5.1 Introduction 

Non-covalent 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. 70
• 

108 In order to understand the dynamics of these 

fundamental biological processes, it is important to know kinetic parameters for all steps 

involved in the formation and dissociation of the relevant DNA-multiple protein complexes. 109
-

111 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. 112 Complete kinetic analyses are rarely performed for DNA 

interaction with a single protein113 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 experimental approach.es_ capable of 

distinguishing kinetics of the multiple interconnected processes involved in 

assembly/disassembly 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 
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separated. Here we present the first separation-based approach for studying kinetics of 

dissociation of DNA-multiple protein complexes. 

In general, to study the dissociation kinetics of DNA-multiple protein complexes, the 

following 2-step operation should be performed. In the first step (equilibration step), multiple 

I 

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 detection standpoint. When dissociation is initiated by removing free 

i;>roteins, all DNA-protein complexes start dissociating simultaneously, which results in multiple 

(>verlapping single-exponential kinetic curves of the same nature. The resulting signal is the sum 

of all individual kinetics as conceptually shown in Figure 5.1, left. 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.35 

Errors can become unacceptably large if some components have close (or very different) powers 

a:nd/or intensities, and if the number of components is unknown (in the other words, the 

mechanism of reaction is unknown).35 
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Figure 5.1 Schematic illustration of simultaneous dissociation kinetics of DNA-multiple protein 
complexes without separation (left) and with separation of the complexes. In each panel, three colour 
traces show three individual single-exponential kinetics, and a black trace shows their sum 

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 

1 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 

1 complexes moving with different velocities would be shifted with respect to each other as 

conceptually shown in Figure 5.1, right. It is clear that the sum of such shifted kinetics is more 

"informative" about its components than the sum of the non-shifted 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-

1 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 

1 dissociation. We then demonstrated experimental use of our approach in the study of dissociation 
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kinetics of complexes of DNA with multiple molecules of the single-stranded DNA-binding 

iprotein. 114 As a practical means of introducing differential mobilities of different DNA-protein 

!complexes we used capillary electrophoresis (CE).46 CE simply provides an efficient way to 

I 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 
I • .• ' • • •.• 

I 

;approach will be also developed to study the kinetics of the formation of DNA-multiple protein 

complexes. 

5.2 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 complexes. We first specify 

the difference between the no-separation and separation approaches. In the no.::separation 

approach, all complexes are spatially co-located and dissociation is detected due to "mass-loss" 

upon the dissociated components' leaving the point oflocalization. Sensor-based methods, such 

as surface plasmon resonance (SPR),36 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 maintained by continuously removing free proteins from the 

. solution and observing mass loss on the surface due to proteins leaving the surface. The resulting 

·signal is a sum of non-shifted exponential curves similar to those depicted in Figure. 5.1, 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 direction, 
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(ii) dissociation of complexes during their separation, and (iii) following spatial 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 conceptually similar to spatially shifted exponentialcurves depicted in Figure 5.1, 

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 first step, N DNA-protein complexes (DP1, ••• , DP1 •• • PN) are 

formed by incubating free DNA (D) with N proteins (Pi, ... PN), ideally, long ~nough to 

approach equilibrium: 

D 5.1 

where Kd,h Kd,2, ... Kd,N are equilibrium dissociation constants of N sequential processes and the 

index also denotes the reverse order of dissociation (see Equation 5.2 below). If all proteins are 

the same, indexes 1, 2, ... N can he omitted as it is done in Mechanisms 1 and-2 below. In the 

second step, unbound proteins are continuously removed from the complexes so that the rates of 

the forward processes in Reaction 5.1 become zero and the complexes are forced to dissociate: 

koff,N-1 > DP 
••• 1 

k 
off.1 >D 5.2 

where koff,N, koff,N-I, ... koff,I 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 5.1 was to define the initial concentrations 
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of complexes before dissociation. Reaction 5.2 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: 

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

1

equations: 

d,CN = -koff,NCN, 

d,CN-1 = koff,NCN - koff,N-ICN-1 

d,C1 = koff,2C2 - koff,1C1 

d,Co = koff,1C1 

5.3 

5.4 

The separation-based approach is described by a system of partial differential equations: 

8,CN +VN8:iPN = -koff,NCN 

8,CN-1 + VN-18xCN-I = koff,NCN -koff,N-ICN-1 

a,cl + vlaxcl = koff,2c2 -koff,lcl 

apO + Vo8xCO = koff,ICI 

In equations 5.4 and 5.5, Cn and Vn are a concentration and a migration velocity of a 

5.5 

complex with n proteins (0::::;; n::::;; N), respectively; d1 is ordinary derivation by time t; 81 and ax are 

partial derivations by time t and spatial coordinate x, respectively. It is easy to see that Equation 

1

5.4 is a degenerate case of equation 5.5 when all velocities are equal to zero. 

N equations in 5.4 and 5.5 describe N independent pathways of sequential multi-stage 

dissociations of N complexes. For example, if DNA can bind at most three proteins, there are 
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three complexes (plus unbound DNA) in the initial mixture produced by Reaction 5.1. Hence, 

the 3 equations .in either system of differential equations describe three independent pathways 

starting at N = 3, 2, and 1, respectively. 

The solution for equations 5.5 and 5.4 can be found by an approach described 

elsewhere.35 By using the found solutions of 5.4 and 5.5 we simulated a sum of kinetic traces 

(also called simulated experimental traces) for the no-separation and separation approaches for 

two hypothetical 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. 115 Non-linear 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 fundamental processes (dissociation and migration) are considered. Hence, no 

other processes (e.g. diffusion, convection, interaction 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. 

5.3 Comparison of No-Separation and Separation Approaches 

Figure 5.2 shows an example of a comparison between the no-separation and separation 

approaches for a reaction mechanism in which one DNA molecule (D) sequentially binds up to 

three molecules of the same protein (P): 
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D P,Kdl 'DP P,Kd2 'DPP~P_,K_d_3 -' DPPP 
(Mechanism 1) 

DPPP koff,J ) DPP kolf, 2 ) DP ko1r.1 > D 

Velocities ofDPPP, DPP, DP, and Din the separation-based approach were chosen to be: 

VoPPP = 0.32, Vopp = 0.28, vnp = 0.17, and vn = 0.12. Figure 5.2 shows simulated experimental 

, and model traces for this mechanism of dissociation. Note that the units are not essential in 

numerical experiments. 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 5.2). Indeed, only the 

·rate constant of the slowest process was found accurately. The other two rate constants were 

determined with poor accuracy. The no-separation approach also led to large errors in initial 

concentrations of the complexes (see Table 5.1). In contrast, the separation approach determined 

all three rate constants with high accuracy (lower table in Figure 5.2) even though the level of 

computer-generated random noise was setup at a much higher level. The separation approach 

also accurately deterinined the initial concentrations of the complexes (see Table 5.1). It is 

instructive to compare the imaginary separation-based trace in Figure 5.1 with the simulated 

separation-based trace in Figure 5.2. 
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IN OUT Error 
% 

kott1 1.00 0.99 1 
koff2 3.00 17.43 481 
kott3 5.10 3.42 33 

Simulated "experimental" trace IN OUT Error 
-- Simulated "experimental" trace with noise % 
-- Best-fit of the blue trace f-----+---+--__,f--3----1 

2 
ca Separation 2 
c: 
tJ) 

en 

Time 

Figure 5.2 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 complexes. Such a signal would be generated if the dissociation 
kinetics of DNA-multiple protein complexes was studied by sensor-based techniques, 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 

Due to the interplay between the three processes in dissociation Mechanism 1, the 

simulated trace in Figure 5.2 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. 
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I Table 5.1 Comparison of the quality of determination of kott and initial concentrations for the no­
! separation and separation-based approaches. The red color is used to highlight the values of 
I determined parameters that deviate from the values used for simulation by a factor of 2 or more 
I 

Parameter 

koff,l 

koff,2 

koff,3 

[DPPP]ini 

[DPPP]ini 

[DPP]ini 

[D]ini 

Value used for 
simulation 

1.00 

3.00 

5.10 ' 

2.000 

0.500 

0.200 

0.0200 

Value obtained with no- Value obtained with 
separation method separation-based method 

0.99 0.97 

17.43 2.94 

3.42 5.00 

1.784 1.155 

0.000 0.498 

1.844 0.243 

Not determined 0.122 

The determination of rate constants by any method is very difficult even for known 

1 mechanisms. It would be very useful if the same method could also test a hypothetical 

mechanism for correctness. Therefore, as our next simulation experiment we compared the no-

1 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: 

D P,Kdi DP 
' ' ' 

P,Kd3 
DP*P* ....... , ---' DP*P*P 

(Mechanism 1 ') 
k.itJ.J > DP*P* 

' 
DP koff,I ) D DP*P*P 
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Here, protein molecules P* are assumed to form a very stable complex (Kd ~ 0) with DNA; as a 

1 result, the P* molecules cann.ot dissociate from DNA. Even though an incorrec;t model does not 

have to be biologically relevant for our test, Mechanism 1' may describe a real mechanism in 

cells when two protein molecules become cross-linked due to a free radical reaction. 

m 
c: 

.Q> 
en 

Simulated "experimental" trace 

Simulated "experimental" trace with noise 
Best fit with the wrong model 

· Figure 5.3 Numerical illustration of the best fit with an incorrect model. Simulated signal corresponds to 
i Mechanism 1 with a noise level of 10% (it is similar to the signal at the bottom of Figure 5.2) whereas the 
I model corresponds to Mechanism 1' 
I 

The result of using the incorrect Mechanism 1' for fitting the simulated experimental 

:trace constructed with Mechanism 1 is shown in Figure 5.3. 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 ten-fold increase in the sum-of-least-squares (compare with fitting the same trace 

1with the correct model in Figure 5.3). 

To confirm that the above example is not unique, we studied a simpler mechanism 2-

~tage dissociation of the complexes of one DNA with one or two molecules of the same protein: 
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,! 

11 I 

DPP koff,2 ) DP koff,I ) D (Mechanism 2) 

I 

: Velocities of DPP, DP, and Din the separation-based approach were chosen to be: Vopp = 0.28, 
I 

1 

Vop = 0.17, and v 0 = 0.12. The simulated "experimental" traces and the best fits of them are 
I 

! shown in IFiigumrce §Al. 
i 

== Simulated experimental trace with noise 
== Best-fit of the "experimental" trace 

Separation 

Time 

! fo@!Ulli'<e !Si.~ Numerical illustration of rate constant determination for simultaneous dissociation of two 
1 complexes of DNA with the same protein by no-separation and separation-based approaches. The 

dissociation process is described by Meclhla1111osm 2. Both traces have a noise level of 30%. The 
parameters used to simulate the "e.xperimental" traces and the determined parameters are assembled in 

lailb>~ce ~.2 

The parameters used for simulating the "experimental" traces and the determined parameters are 

shown in 'IrtailtDilce §.2. 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 

determined all 5 parameters. 
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Table 5.2 Comparison of the quality of determination of kott 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 Valtie obtained with no- Value obtained with 
simulation separation method separation-based method 

koff.I 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 

As a further test of our method we compared a simulated electropherogram generated by 

Mechanism 2 with a model generated by the following mechanism: 

DP*P* koff,2 > D DP 
' 

koff,1 > D (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, Figure 5.5 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. 
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Figure 5.5 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 sign~I at the bottom of 
Figure 5.4) whereas the model is given by Mechanism 2' 

To further test the separation approach we challenged it with a very complex branched 

, mechanism with 16 unknown parameters and 30% noise (see Mechanism 3); · 

(Mechanism 3) 

' The velocities of the species in the separation-based approach were arbitrarily chosen to be: 

I Vo2P2 = 0.28, Vo2P = 0.22, VoP2 = 0.20, Vop = 0.19, Vp2 = 0.17, Vo2 = 0.16, Vo= 0.18, and VB= 0.12. 

1 Here index 2 denotes the number of molecules of DNA or protein in complexes.· We assume that 

, complexes have different charge to size ratios though charge to mass ratios may be the same for 

1 D2P2 and DP (similarly for D2 and D). As a result, different velocities were chosen for all 
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I 

complexes since migration velocities in capillary electrophoresis are determined by charge to 

size ratios. The simulated "experimental" trace and the best fit of it for the separation-based 

1 approach are shown in Figure 5.6 (the traces for the no-separation approach are similar to those 

1 in Figure 5.4 and not shown). 

co 
c: 
C> 

en 

-- Simulated "experimental" trace with noise 
-- Best-fit of the "experimental" trace 

e 

Figure 5.6 Numerical illustration of rate constant determination for simultaneous dissociation of six 
complexes ofDNA with the protein (Mechanism 3) by the separation-based approaches. The 
11experimental" trace has a noise level of 30%. The parameters used to simulate the 

11

experimental" traces 

and the determined parameters are assembled in Table 5.3 

The parameters used· for simulating the "experimental" traces and the determined parameters are 

shown in Table 5.3. The data show that even for such a complex mechanism, the separation-

based approach determined most parameters accurately. 
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! Table 5.3 The quality of determination of kott and initial concentrations for a complex mechanism with 17 
1 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 

koff,I 3.00 
koff,2 2.50 
koff,3 1. 70 
koff,4 2.00 
koff,5 2.30 
koff,6 1.50 
koff,7 0.600 
koff,8 1.00 
koff:9 0.500 

[D2P2]ini 1 .160 
[D2P]ini 0.140 
[DP2]ini 0.250 
[DP]ini 0.015 
[D2]ini 0.050 
[P2]ini 0.090 
[D]ini 0.080 
[P]ini 0.070 ___ ___....----"'-"-'"-----'-~~~ 

Value obtained with 
separation-based 

method 
0.304 
3.53 
1.33 
0.82 
2.27 
1.11 

0.619 
0.96 

0.431 
1.202 
0.013 
0.287 
0.061 
0.06 

0.096 
0.086 
0.095 

The separation approach allowed us to accurately determine 8 rate constants out of 9 and 

5 initial concentrations out of 7. 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 

1 

for complex mechanisms. Consistent results from the multiple experiments would also ensure 

that the hypothetical _mechanism is correct. 
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The results allow us to conclude that, in general, the separation approach allows both 

' testing hypothetical mechanisms of dissociation for their feasibility and finding rate constants of 

1 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. 

' 5.4 Test of Separation-Based Method 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 complexes 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 clis.sociation. The 

three conditions can be satisfied by capillary electrophoresis (CE).61 Due to the high negative 

charge of DNA, its velocity in gel-free electrophoresis changes significantly upon binding to a 

protein.61 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 labelled 

' 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-nt long single 

stranded DNA and SSB protein from E. coli. SSB proteins bind to single-stranded DNA with 
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high affinity and are important in DNA replication, recombination, and repair. 116
-
118 SSB from E. 

,coli is composed of four identical subunits and is implicated in DNA metabolism and was shown 

:to stimulate DNA polymerase activity by interacting with it. 7' 
116 To facilitate the equilibration 

:step, DNA was mixed with the protein and incubated for 10 min (longer incubation did not 
I 

I 

1

influence the results). A short plug of the equilibrated mixture was then injected into the 
I 

'capillary by pressure. To facilitate the dissociation 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 labelled with fluorescein atthe 5' 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 accoun(by multiplying a 

modelled concentration of each complex by its corresponding quantum yield. Then, such 

modelled signals from all complexes are combined to produce a modelled electropherogram 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. Non-linear regression was used to find the best fit of the 

experimental electropherogram with a modelled 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. 
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Figure 5.7 Experimental (black lines) and best-fit model (red lines) electropherograms. Experimental 
electropherograms were obtained for the interaction of fluorescently labeled ssDNA (200 nM) with SSB at 
varying concentrations. Experimental values of the total protein concentration (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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Figure 5. 7 shows representative experimental electropherograms (black traces) for 

varying concentrations of the protein. The number and combination of peaks in the 

1 electropherograms change with changing protein concentration. The right-most peak corresponds 

to unbound DNA that migrates slower than the complexes. The 2 peaks to the left of it 

1 

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 5. 7 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 concentration 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 I 0 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. 
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SSB is known to exist in solution predominantly as a tetramer. 116 Depending on 

conditions (buffer composition, pH, temperature) SSB can bind from 35 to 60 nucleotides per 

, tetramer.
114

• 
119

• 
120 

The DNA used in the experiments was 80 nucleotides long, so at least two 

SSB tetramers should theoretically be able to bind to it. Based on this information and on the 

i observation of 2 peaks corresponding to DNA-protein complexes in Figure 5.7, we consider the 

: following mechanism for the determination of rate constants: 

D P,Kdl 'DP..--P_,K_d_2 -' DPP 

DPP koff,2 ) DP kotI,I ) D 
(Mechanism 4) 

where P represents a tetrameric protein. 

Mechanism 4 does not include peak broadening, as in our particular case the effect of 

various mechanisms of peak broadening was negligible35 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 experimental data by this model are shown in Figure 5. 7 by 

red traces. The quality of the fits is high which suggests that Mechanism 4 satisfactorily 

describes the experiment. Our calculations returned koff and Kd values shown for convenience in 

the reaction mechanisms below: 

D Kd =90±57 nM ' D pp 

DPP kotI,2 =(l .45±0.13)x10-3 s-1 

DP 
(Mechanism 4a) 

>D 
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The determined Kd values are in the range of Kd values typically observed for this 

protein. 121 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. 

It should be emphasized that we do not claim that Mechanism 4 of the experimental 

example is adequately detailed. For instance, DNA can bind a single protein octamer instead of 

two protein tetramers. 114 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. 

5.5 Conclusions 

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. Separation 

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. 

, 5.6 Materials and Methods 

5.6.1 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-im filter (Millipore, Nepean, ON). 
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SSB protein was from Interscience (Markham, ON, Canada). A fluorescently labelled 80-mer 

oligonucleotide (5-F AM-

CTCCTCTGACTGTAACCACGTGCCTAGCGTTTCATTGTCCCTTCTTATTAGGTGATAA 

TAGCATAGGTAGTCCAGAAGCC-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 mM Borax, pH 10). Fused silica capillaries were 

purchased from Polymicro (Phoenix, AZ). 

5.6.2 Capillary Electrophoresis 

CE experiments were performed with a CE instrument (P/ACE MDQ, 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) .46 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 x 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. 
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5.6.3 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 10 min. The fact that the 

equilibrium was reached was confirmed by not seeing changes in experimental results for 

, incubation times longer than 10 min. The CE analysis was started immediately after that. 

5.6.4 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. 35 The model took into account chemical equilibrium at the pre-

electrophoresis stage and complex dissociation at the stage of electrophoresis. Minimum mean-

square deviation between the experimental and simulated 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 electropherograms, 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. 
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Limitations 

While KCE is a powerful approach to studies of protein-DNA interactions it has a 

number of limitations. One of the general limitations of KCE, as of an in vitro method, is that the 

obtained kinetics of interactions cannot be transferred to in vivo directly. Any in vitro 

i experimental system is a simplification, as it deals with a limited set of reacting species, which 

are freely accessible for reactions. In vivo systems are much more complex and interactions 

observed in vitro experiments can occur with different kinetics or may not occur at all. The 

primary reason for this is the presence of other factors, such as proteins or small molecules in a 

cell, that are likely to change kinetics of interactions. For example, a DNA element that a protein 

may readily bind in vitro, may not be readily accessible in a cell, as it could be bound by other 

proteins such as histones. Alternatively, the studied protein may be allosterically regulated and 

require interactions with other proteins and/or small molecules to bind to the target DNA with 

high affinity, while.in the absence of interacting partners the measured affinity may be quite low, 

suggesting that the protein is unlikely to bind this particular DNA element. Thus, while in vitro 

' methods such as KCE can and should be used to test hypotheses about mechanisms of 

interactions, they should be based on or verified by data obtained by in vivo methods, such as 

chromatin immunoprecipitation with next generation sequencing. 

The major limitation of the KCE approach is the requirement for separation ofreacting 

species. All of the presented methods require separation between reacting species in order to 

: facilitate determination of kinetic constants. While it is possible for simple systems that involve a 

1 single protein and DNA, due to significant difference in mobilities, it becomes more challenging 

for complex systems that involve more than one protein. As the bulkiness of protein-DNA 
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complexes increase with additional proteins, the mobility of the complex approaches the 

mobility of the electroosmotic flow, due to increase in the friction coefficient of the complex. 

This presents a challenge, as it decreases the elution time of the higher order complexes, thus 

, decreasing the separation between them. In such a case the speed of EOF needs to be optimized 

to allow separation between complexes, which may be challenging. 
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Concluding Remarks 

Most of the previous attempts to study affinity interactions using the separation based 

' methods such as chromatography and electrophoresis assumed an equilibrium during the 

separation. This assumption is conceptually wrong as it is impossible to physically maintain 

equilibrium during the separation. Additionally, such an assumption makes it impossible to study 

and determine the rate constants. However, since the association/dissociation reactions always 

': occur during the separation, the experimental graphs maintain the "memory" of such interactions. 

Thus we concentrated on defilling different ways of how interactions can occur and developing 

·approaches to retrieve kinetic parameters from CE electropherograms. We term this area of 

research kinetic capillary electrophoresis and define it as CE separation of species that interact 

. during electrophoresis; KCE is not a method but a general concept. 

The proposed KCE concept unifies existing kinetic capillary electrophoresis methods and 

1

allows a rational design of new kinetic capillary methods tailored to researchers' requirements. 

KCE methods can be used individually, with the choice of KCE method based on experimenters' 

;~eeds, as different methods have different accuracies for different kinetic parameters. 

Alternatively, KCE methods can be used together as an integrated tool - called a multi-method 

KCE toolbox, which provides a powerful way of testing hypotheses of interactions and 

accurately calculating binding parameters. One of the major advantages of KCE methods is that 

some of them can use simplified math for determination of kinetic parameters. 

The ppKCE method, introduced in this work, uses the simplified math approach to find 

both k00 and koff constants. Conceptually, in ppKCE the short plugs of reactants are injected into 
I 

the capillary sequentially; the reactant with lower mobility is injected first. When the voltage is 
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applied, the faster moving component passes through the slower moving component, resulting in 

complex formation. The resulting electropherogram has a memory of kon and k0 ff, thus, both 

constants can be calculated from a single ppKCE electropherogram using areas of peaks and 

smears and migration times of peaks without nonlinear regression analysis. The ppKCE method 

is simple and robust, requires only nanoliter volumes of reactants and can be readily adjusted for 

different ranges of rate constants. 

To fully take advantage of the in-capillary mixing method, previously introduced, we 

developed a predictive parameter to characterize the process of mixing by diffusion. We 

experimentally proved that the developed parameter is predictive of relative product yield by 

using an example of a bimolecular reaction, hybridization of two complimentary single-stranded 

DNA molecules in a capillary. The generality of the parameter makes it applicable to different 

types of reactions and reactors as long as diffusion is the sole means of mixing. The developed 

parameter can be used to optimize mixing for maximum product yield by simply maximizing a 

single easily calculated parameter - a goal that has, so far, remained very difficult to achieve. 

As the biologically relevant protein-DNA affinity interactions are typically complex and 

involve multiple proteins binding to a single DNA molecule, we have applied our developed 

KCE approach to measure the disassembly kinetics of such complex systems. Our separation­

based KCE approach was compared with a conventional no-separation approach by using 

: computer simulation of dissociation kinetics. The KCE approach proved to be much more 

, accurate than the no-separation approach and to be a powerful tool for testing hypothetical 

, mechanisms of the disassembly of DNA-multiple proteins complexes. The interaction between 

an 80-nucleotide long ssDNA and SSB protein was studied. DNA-protein complexes with one 

88 



and two proteins were observed, and rate constants of their dissociation were determined. In this 

: work, we proved in principle that separation-based kinetic methods can facilitate the study of 

: dissociation kinetics of DNA~multiple protein complexes. 

In this work we have developed a novel separation-based approach for analysis of 

• protein-DNA affinity interactions. We have demonstrated that separation methods such as CE 

1 can be used for studying kinetics of both simple and complex protein-DNA affinity interactions. 

' We foresee that KCE methods will find multiple applications in fundamental studies of 

biomolecular interactions, designing clinical diagnostics, and the development of affinity probes 

. and drug candidates. New applications will emerge with further development of KCE. 
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Future Plans 

1) The effect of small molecules on protein-DNA interactions. 

Small molecules are important effector molecules that can regulate protein-DNA 

1 

interactions. Regulation by small molecules can be naturally occurring or artificially induced by 

! small molecules selected from combinatorial libraries as drug candidates. In order to understand 

! the mechanism of regulation by small molecules or its pharmacological effect, it is important to 

i measure changes in the kinetic parameters between protein and corresponding DNA molecule 
I 

I that occur when a small molecule is present. KCE methods are a good choice for such 
I 

1 comparative studies as both the incubation and separation buffers can be supplemented with a 

: small molecule of interest. In such a case, the difference in kinetic parameters between the 

, experiments with and without the small molecule would indicate the effect of the small molecule 

as well as the mechanisms of action. 

2) Addition of the adsorption/desorption processes to the KCE theory 

Protein adsorption/desorption is a relatively common phenomenon in capillary 

electrophoresis and can significantly contribute to the shape of the experimental graph. In such 

cases KCE should account for the phenomenon of adsorption/desorption. To understand if the 

' kinetic measurements are possible under such circumstances we need to perform model 

; experiments. A protein exhibiting a significant adsorption to the capillary walls and with 

! previously characterized affinity towards DNA would be used in these model experiments. The 

adsorption/desorption constants for this particular protein would be determined from a separate 

set of experiments by propagating the protein through the capillary. The equations describing 

adsorption/desorption would be included into the KCE system of equations to accommodate the 

adsorption/desorption phenomenon. The protein-DNA interactions would then be studied using 
I 

i KCE approach, the data would be fitted and the obtained kinetic parameters would be compared 

. with the previously published. Once kinetic constants obtained by KCE would be in agreement 

•with kinetic constants obtained by an alternative method it would indicate that the developed 

1 approach correctly accounts for the adsorption phenomenon. 
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