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ABSTRACT 

 Transcription factors and DNA repair enzymes find their target sites among 

billions of nonspecific sites on the genomic DNA. The mechanisms that allow proteins to 

rapidly scan DNA have been the subject of considerable interest in molecular biophysics 

since the early 1970s. However, experimental and theoretical limitations have precluded 

the field from advancement in some key issues. For example, intersegment transfer on 

DNA scanning, interplay of distinct DNA scanning mechanisms, and trapping by 

nonspecific DNA sites and those similar to the target sequences are not well understood. 

As a result, the current knowledge of DNA-scanning mechanisms remains qualitative and 

conceptual.  The overall goal in my dissertation work was to address this problem by 

quantitative characterization of DNA-scanning mechanisms.  Through the biophysical 

studies of DNA scanning by the inducible transcription factor Egr-1, we sought answers 

to the following fundamental questions: What dictates the efficiency in DNA scanning? 

Can we modulate it? What are the atomic determinants of target DNA search? This work 

has provided quantitative insights into the DNA-scanning mechanisms and their 

interplay. Our data suggest that intersegment transfer is a major pathway of DNA 

scanning by Egr-1, while nonspecific DNA interactions are primarily responsible for 

strong attenuation of target search. We found that the domain dynamics of Egr-1 plays an 

important role in DNA scanning, and that by modulating the dynamics, it is possible to 

alter the kinetic properties of the protein. We also gain some insights into how Egr-1 

displaces other proteins from its target DNA. Lastly we developed NMR tools to 

characterize DNA scanning at atomic level. Our methodology is applicable to other DNA 
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binding proteins. Our work has significantly improved theoretical and experimental 

framework for investigating mechanisms of DNA scanning by proteins, and thereby 

advanced our understanding of molecular and sub-molecular mechanisms of DNA 

scanning by proteins.  
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CHAPTER 1 

Introduction 

1.1. TARGET DNA SEARCH BY PROTEINS 

 The proper function of transcription factors (TF) and DNA repair enzymes is 

critical for maintaining genomic integrity, proper cell proliferation and defense from 

hazardous environmental factors.1-11  These proteins operate on their specific sites on the 

DNA and are instrumental for executing such vital functions as DNA repair and rapid 

gene activation/regulation. To execute their function, TFs and DNA repair enzymes scan 

vast "sea" of genomic DNA, find their specific sites, and bind them with high specificity 

and affinity. DNA repair enzymes and TFs exhibit fast target association in vivo (2-

3min).12 Some proteins have target association rates that exceed the 3 dimensional (3D) 

diffusion limit for the molecule corresponding to their size.13,14 This observation is 

somewhat counter intuitive, as trapping by nonspecific DNA, low target sites occupancy 

on genomic DNA (10-6-10-8)13,14  and redundancy of target search, should slow target 

association rates to the order of days.15 So then, how are proteins able to achieve such 

extraordinary efficiency of translocation on DNA? And what are molecular and atomic 

determinants that make target search so fast?   

 Answering aforementioned questions would provide  a deeper understanding of 

the DNA repair and gene regulation. Mechanistic understanding of these biological 

processes could be used for designing diagnostics and treatment for various TF11,16-20 and 

DNA repair enzymes 21-23 associated diseases. 
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 Rational modulation of target search efficiency could be beneficial for 

development of  Zinc Finger Nuclease (ZFN) based gene therapy.24-26 This approach is 

based on introduction of nonpathogenic mutation into T-cell receptors CXCR4 and 

CCR5. These mutations abolish the ability of HIV virus to bind and infect the cell, thus 

providing a sort of a vaccine against the HIV.27 This technology has also been actively 

studied in attempts to develop vaccines against HSV128 and Hepatitis B29. So far, low 

(10%) success rate of proper mutation introduction, renders this technology somewhat 

ineffective.30,31 The reason seems to be  affinity based selection of ZFN-s,29,32,33 which 

results in diminished target search, consequently reducing enzyme activity. 

Understanding the atomic mechanisms of target search and DNA recognition could be 

valuable resources for engineering ZFN-s with optimum target search efficiency.  

 

1.2. MECHANISM OF PROTEIN TRANSLOCATION ON DNA 

 The  problem of understanding the inner workings of fast target search has been 

around since early 1970s, when Lac repressor was found to have specific site association 

rate  103 fold exceeding its 3D diffusion limit. This finding by Riggs et al.34 started the 

field dedicated to explanation of the nature and mechanism of fast target search by 

proteins. In later studies Berg and von Hippel gave the first theoretical and experimental 

insights into mechanisms of protein-DNA translocation35-39, and proposed four major 

mechanisms of facilitated target search36: 

 Uncorrelated dissociation/re-association mechanism (Figure 1.1.A.) - when 

protein randomly dissociates from DNA and after spending some time free in solution, 

binds DNA again. The new binding site can be any place on DNA, even millions of base 
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pairs away from the initial site. Uncorrelated dissociation/re-association mechanism is a 

fully random diffusional search of target site on DNA. 

 Correlated dissociation/re-association mechanism (hopping) - is a special case 

of random diffusional target search.  Protein translocates by full dissociation from DNA 

and then re-association to a site that is in close vicinity of its initial position. The protein 

is considered to be constrained by effective electrostatic field of the DNA during such 

excursion. Never leaving close proximity of the DNA,  protein has significantly limited 

sampling space available compared to the 3D diffusion ("hops" on DNA), which 

facilitates the rebinding of the protein back to DNA.40 Such representation of diffusion is 

crude, because electrostatic potential is a smooth function of distance from DNA, and 

thus there is no distance cutoff within which protein is "sensed" and held by DNA. 

Various MD41-43 and theoretical44-46 studies characterizing hopping have been published 

in last few decades. However no direct evidence of hopping is available, and while such 

pathway of target search may exist, it should be a case of dissociation/re-association 

rather than a distinct target search mechanism.47 

 Strongly correlated 1D diffusion also termed as sliding (Figure 1.1.B.) is a 

target search process during which protein performs 1D diffusion on the DNA strand 

while being bound to it. With the exception of the motor proteins translocation is usually 

bi-directional. During sliding protein consecutively scans DNA before it randomly 

dissociates. Various modes of sliding have been observed including motion along major 

and minor DNA groves. The typical length of sliding is 35bp. The magnitude of 1D 

diffusion ( 3x103 bp2/s - 4.6 x106 bp2/s) seems to be independent of the molecular size.48-

C 

B 

A 
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50 Generally sliding works in conjunction with other target search mechanisms, such as 

3D diffusion and/or intersegment transfer. 3,35,36,51 

 Protein sliding on DNA can be envisioned in two major ways: 1) Protein slides on 

"surface" of nonspecific DNA and gets trapped in the "well" of specific site. The strength 

of nonspecific interactions on DNA can be regarded as "roughness" of the "surface". The 

stronger the nonspecific interactions are the rougher is the surface that protein has to 

traverse. Naturally moving on the rough surface would slow down sliding (continuum 

model)35.  2) Because large number of contact ion pairs in the protein DNA interface 

need to brake for protein to slide from one site to another52, we may envision protein as a 

centipede moving on the rod: The faster the ion pair dynamics the quicker centipede 

moves its legs. Obviously, this would speed protein "walk" on DNA as well (Discreet 

Stochastic Search).51,53,54  

 In recent years, single molecule studies yielded  a lot of information, including 1D 

constants for a number of proteins48-50,53-55, direct visualization of protein sliding56-60, and 

role of protein conformations during sliding.61-64 However due to specifics of 

experimental setup, it is usual to see 10 fold discrepancies between the measurements by 

single molecule and bulk solution techniques.65,66 Also the resolution of single molecule 

techniques is not enough to characterize atomic and sub-molecular mechanisms of 

sliding.  

 Intersegment transfer (IT) also called direct transfer (Figure 1C) is a complex 

process of protein-DNA translocation, and the mechanisms behind it are not well 

understood.  Following two models are equally viable:  First model requires a protein to 

have more than one DNA binding site.36,41 Thermal fluctuations in solution  
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Figure 1.1. Target search mechanisms of Egr-1 on DNA. A. Intersegment transfer 

mechanism, as observed in coarse grain molecular dynamics (CGMD) simulations. Note 

that the protein is binding two different  DNA strands forming the bridged (bridging) 

intermediate. B. sliding of protein on DNA (as observed in CGMD). Protein maintains 

contact with DNA strand while undergoing various dynamic motions. C. Uncorrelated 

dissociation-re-association mechanism of target search. 

 

 
may create a state where all but one of DNA binding domains are in contact with DNA. 

A dissociated domain can then effectively capture a DNA strand that is in close 

proximity. Intermediate when protein is simultaneously bound to DNA in aforementioned 
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way is called a bridging (bridged) intermediate.41,69,70 Once such intermediate is formed 

there exists a possibility of transfer from one position to another. Tight packing of 

chromatin in nucleus where the DNA concentration can reach 100g/L67 would facilitate 

the formation of bridging complex, as DNA strands are readily available for protein to 

capture. Utilizing such mechanism of transfer, protein can effectively explore 3D 

structure of chromatin without the need of dissociating into the solution,13,68-71 such 

reduction of sampling space accelerates target search. In second model of intersegment 

transfer bridging complex is formed momentarily through electrostatic interaction 

between protein and DNA strands.72 Protein may then jump from one DNA strand to 

another. 

 Only one study  has reported direct observation of the bridging intermediate.66 

Short life time of the bridging complex  (10-3-10-4s) and its low population (up to several 

percent)73 significantly complicates its detailed structural characterization. So far most of 

quantitative data on IT process has been provided by NMR line shape broadening 

analysis.73-75 But even then no structural information on bridging intermediate was 

obtained. 

 

1.3. CURRENT PROBLEMS IN THE FIELD OF FACILITATED TARGET SEARCH 

 Though significant effort was put into dissecting the mechanisms of facilitated 

target search, our understanding of this processes remains conceptual. The currently 

available bulk solution techniques for investigation of sliding with proccesivity76-78, gel 

mobility and filter binding assays78 provide only qualitative description of facilitated 

target search. Quantitative study of IT is difficult by conventional methods. For example: 
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NMR can reliably measure direct transfer rate up to 3x10M-1s-1, but needs high protein 

concentration samples, which reduces applicability of the method. Proccesivity assays 

can only be used for DNA cleaving enzymes. Gel mobility assays and single molecule 

studies are strongly affected by experimental setup, etc. 

 Theory and data analysis methods for target search are not well established as 

well. Recent studies have provided some semi-analytical models and methods for 

analysis of experimental data70,79-81 but they are mostly case specific, and cannot readily 

be used for other protein systems. Finally, due to the lack of appropriate tools and fast 

nature of protein translocation on DNA very little experimental data is available to argue 

structural basis of target search mechanisms, and the structural knowledge that we have is 

primarily based on MD simulations.  

 

1.4. INDUCIBLE TRANSCRIPTION FACTOR EGR-1 AS A MODEL SYSTEM 

 In this work we study DNA scanning by inducible TF Egr-1. Egr-1 is well 

characterized.12,82-85 It plays a key role in formation of long term memory, through 

glutamate signaling in the brain 86,87 (Figure 1.2.A.) and in defense of cardiovascular 

system from stress 10,88-90 (Figure 1.2.B.). These processes are regulated through specific 

binding of Egr-1 to its specific DNA sequence GCGTGGGCG,91 through a three zinc 

finger DNA binding domain (Figure 1.2.C.). Egr-1 has only one DNA binding domain,91 

which we will refer to as Egr-1 from now on. The zinc fingers of Egr-1, are of His2-Cis2 

type and chelate zinc which is essential for its proper function. Each of the zinc fingers 

recognize their specific 3 bp long sequence through recognition helix, (Figure 1.2.D.) 
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which docks into major grove of the DNA.91 The binding affinity of Egr-1 to specific site 

at physiological salt concentration is as strong as 100 pM.51 

Considering the time for protein synthesis and translocation into the nucleus, Egr-1 

must find its target in crowded DNA environment within 2-3min.12 recruit RNA 

polymerase II, and initiate transcription.10,11,96,97  Such fast target search is intriguing, 

especially if we consider that strong, ~1.3µM51 nonspecific, DNA binding of Egr-1 is 

expected to trap it by nonspecific DNA interactions.51 Low levels of expression (~ 

100nM) and short in vivo lifetime of ~ 1h.10 also suggest that Egr-1 has to locate its 

promoter sequence quickly. In fact we have demonstrated that Egr-1 displays remarkable 

DNA scanning efficiency (Chapters 2 and 3).  

Egr-1 and its mutants behave well under wide range of conditions in our NMR and 

fluorescence based experiments. This combined with the strong biological relevance of 

its target search  makes Egr-1 a suitable system for our studies. 

 

1.5. QUESTIONS TO BE ANSWERED 

 In this research our goal is to advance the field of facilitated target search by 

filling the knowledge gaps presented in section 1.C. To do so we seek answers to the 

following questions: 

1. What are major pathways of facilitated target search?  

 Facilitated target search processes involve several distinct mechanisms that work 

simultaneously to accelerate protein-DNA translocation.40,51,77,92,93 Separation of their 

contribution to the overall target search is a necessary step for gaining understanding on 

the importance of separate target search processes.51 Since in general, sliding, 
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intersegment transfer and 3D diffusion coexist, we need to account for the presence of 

each during experimental design and data analysis. Only several papers describe IT 

quantitatively51,74,94-96, and theoretical models available, usually describe sliding 

combined with 3D diffusion and neglect IT. Furthermore, most of these models do not 

reproduce experimental observations well.45,57,58,79,94,99-101 

 To advance our knowledge of facilitated target search, we have devised a 

comprehensive assay system and  analysis software package for qualitative, simultaneous 

characterization of sliding, 3D diffusion and intersegment transfer in bulk solution 

(Chapter 2)51. Our in vitro assay mimics in vivo like environment. Such design aids us to 

at least partially extrapolate our observations for the in vivo scenario. In addition we have 

determined the contributions of distinct target search mechanisms to global target 

association rate.  

 

2. Can we rationally modulate target search efficiency through mutagenesis?  

 To execute their functions effectively DNA repair enzymes and TFs need to scan 

DNA quickly. 15,36,51 Slow target search would reduce the protein activity (as was 

observed for ZFNs). Generally DNA repair enzymes and TFs have a relatively large 

DNA interaction interface1,91,97-103 , and it is natural to expect strong specific/nonspecific 

binding.1,51,109-111 Nonspecific sites can slow down the target search process, by acting as 

effective traps of the proteins. Thus a compromise between target search efficiency and 

specific binding should exist.15 Formulating strategy to rationally design proteins with 

these properties balanced, could improve ZFN technology. 
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Figure 1.2. Model system Egr-1. A. Long term memory formation in brain by Egr-1. B. 

Defensive response of cardiovascular system mediated through induction of Egr-1. C. 

Egr-1 DNA binding domain, the recognition helixes are marked as rectangles. D. Crystal 

structure of Egr-1 bound to specific DNA (2.1 Å resolution). Individual zinc fingers are 

color coded according to sequence on panel A. Chelated zinc atoms are presented by 

magenta spheres.  
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 In Chapter 3 we investigated the effect of affinity modulation on target search. 

Our findings indicated that protein has to trade its specific binding affinity for fast target 

search. This observation is also consistent with the findings reporting, that increasing 

specificity of ZFNs results in loss of enzymatic activity29,32,33. Thus fine-tuning between 

target search efficiency and DNA binding affinity could be an important factor of TF and 

DNA repair enzymes target search and activity. 

 

3. How do proteins displace obstacles during target search?  

 In the nuclei, chromatin is packed with numerous proteins such as, transcription 

factors, histones and DNA repair and replication enzymes, which cooperate to maintain, 

proper cell function.49,104-108 As a result in many circumstances TF and DNA repair 

enzymes target sites could be occupied by other protein(s). In such a case the 

displacement of undesirable protein is necessary to access the target site for gene 

activation or DNA repair. It has been demonstrated that such displacement is in fact 

crucial, particularly for the gene activation.19,109-112 Thus the TF's efficiency of displacing 

other proteins from the target site could be a rate limiting step for its function in vivo.110 

Although the displacement processes were qualitatively addressed by cellular and 

molecular means10,11,82,89,113, quantitative and structural information is still inadequate. 

 We have developed assay system to study the mechanisms of protein 

displacement (Chapter 4). We demonstrate that the introduction of naturally occurring 

Egr-1 blocker Sp1111 slows target search by up to 50 fold. We also demonstrate, that Sp1 

displacement by Egr1 occurs 6 fold faster than the intrinsic dissociation of Sp1 from the 

overlapping site. This points towards a "facilitated" form of  obstacle displacement by 
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Egr1. Finally, based on our experimental data we propose possible mechanism of 

facilitated obstacle displacement by Egr-1.  

 

4. What atomic properties define fast target search? 

  Understanding the molecular and atomic mechanisms of target search and 

recognition is one of the main prerequisites for achieving full understanding of these 

processes.  To achieve this goal theoretical studies and computational simulations have 

been actively used 41,42,74,114-122: bridging intermediate for intersegment transfer was 

observed by Coarse Grain Molecular Dynamics (CGMD) simulation. 41 Stochastic target 

search mechanism has been described as well.51,118,119 Despite these theoretical advances, 

we have very limited experimental data to discuss, what atomic and molecular properties 

define target search efficiency.  

 Hydrogen bond networks as seen from numerous crystal structures1,91,97-103, 

stabilize protein-DNA complexes. Thus the dynamics of hydrogen bond network should 

be important in defining efficiency of target search.52,128,129 Based on our recent studies 

(chapter 3 and 5) we suggest that the disruption of such networks is needed for protein 

translocation on the DNA.  We have developed NMR tools to quantitatively characterize 

hydrogen bond dynamics. We also provide the insight into the connection between the 

ion par content in the protein DNA interface and the kinetics of target search.  

 

  Overall the research presented here is aimed to provide better and more in-depth 

understanding of DNA scanning by proteins (Figure 1.3.). This work provides scientific 

community with a new stepping stone to further develop the field of facilitated target 
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search. By providing the strategies for creating enhanced ZFN proteins for improved 

gene therapy, we expect our findings to benefit medical community as well. 

 

 

 

Figure 1.3. Overview of current work. 
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CHAPTER 2: 

Kinetics of Egr-1's translocation on DNA: Roles of Sliding, 

Intersegment Transfer and 3D diffusion. 

2.1 INTRODUCTION 

In 1970 faster than diffusion limited target association rate by E. coli lac repressor 

to its target DNA sequence was discovered.34 To explain this phenomenon three major 

mechanisms of target search (sliding, IT and 3D diffusion) were introduced36 (see 

Chapter 1). These mechanisms of facilitated target search have been extensively studied 

both experimentally and theoretically.15,48,130-135 Because, the distinct translocation 

mechanisms can coexist, experimental characterization of a particular translocation 

mechanism is difficult.  

Though recent advancements in single-molecule biophysics48,55,129-134 and 

biochemical methods37,46,78,135-139 significantly improved our understanding of 1D sliding 

of proteins on DNA, experimental data on other target search mechanisms is still limited. 

The interplay between distinct target search mechanism and their contribution to global 

target search is not well understood as well. Particularly little is known on the mechanism 

of intersegment transfer. Many theoretical studies on protein-DNA translocation do not 

consider IT even though recent experimental studies have clearly shown the significance 

of intersegment transfer.72,74,75,92,95,140-143 The importance of kinetic contribution of IT to 

the target association process still needs to be quantitatively addressed. The theoretical 
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model that takes into consideration all three major mechanisms of target search also 

needs to be developed.  

The effect of protein trapping by nonspecific DNA interactions is another 

important but poorly understood phenomenon. Nonspecific interactions near target site 

(antenna effect, Chapter 1) have been shown to facilitated target association rates through 

pathways that involve 1D sliding.13,36,48,124-128,144,145 However the same interactions with 

distant sites decelerate the target search process by effectively trapping the protein.13,37 

This effect should be particularly significant in the nucleus, where the total concentration 

of accessible DNA segments of ~50bp (average distance between nucleosomes) is 

estimated to be as high as ~0.5 mM.67,146 This concentration is far higher than both the 

nonspecific DNA affinity of Egr-1 and free Egr-1 concentration in the nucleus. Because 

of this Egr-1 is expected to be 'absorbed' by such nonspecific interactions, thus reducing 

the global target association rate. Though such phenomenological consideration is 

straightforward, the quantitative effect of target search attenuation due to the trapping 

effect needs to be addressed. 

In this chapter, we present a new theoretical framework and experimental 

approaches for quantitative investigation of kinetics of IT and sliding in the target 

association process. Using this methodology, we study the target search kinetics of the 

inducible transcription factor Egr-1. Based on our initial theoretical approach we 

extended the model to take into account 1D sliding, dissociation-re-association, IT and 

trapping effect caused by non-specific DNA interactions. Using this framework we study 

the interplay between distinct target search processes. To investigate how modulation of 
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nonspecific DNA interaction affects target search mechanisms, we studied the 

dependence of target search kinetics of Egr-1 on ionic strength as well.  

We found that our theoretical framework and experimental assay system are well 

suited for rigorous investigation of target search kinetics, and quantitative 

characterization of target search mechanisms and pathways. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Expression and quantification of Egr-1 

 The DNA-binding domain of human Egr-1 comprising three zinc fingers (residues 

335–432) was expressed in E. coli BL21(DE3) and purified as described in our previous 

papers.74,147 The Egr-1 solution was treated with 3 mM tris(2-carboxyethyl)phosphine at 

4 °C overnight to completely reduce the protein, and the buffer was extensively 

exchanged to 10 mM Tris–HCl (pH 7.5), 300 mM KCl, 1 mM 2-mercaptoethanol, and 

200 nM ZnCl2. The protein was quantified using UV absorbance at 280 nm and an 

extinction coefficient of 1490 M-1 cm-1 this result was consistent with the one obtained 

from BCA assay kit (Pierce). The protein solution was kept at 4 °C and under argon gas 

until further use. 

 

 

  51Adopted with permission from  "Esadze, Alexandre & Iwahara Junji. (2014). Stopped-flow fluorescence 
kinetic study of protein sliding and intersegment transfer in the target DNA search process. J Mol Biol 426, 
230-244." 
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2.2.2. Fluorescence-labeled probe DNA preparation for stopped-flow kinetics 

 To prepare the DNA duplexes shown in Figure 2.1.A, we purchased 33-mer 

single-stranded DNA with a FAM attached to the 5′ -terminus from Integrated DNA 

Technology. Of the 33 bases, the first 12 bases contain an Egr-1 target sequence (9 bp) 

and the last 21 bases can hybridize with positions 1160–1180 of the pUC-19 plasmid. 

The DNA duplexes of 63, 88, 113, and 143 bp were prepared via PCR using Vent DNA 

polymerase (New England), the FAM-labeled 33-mer primer, a reverse primer, and pUC-

19 as the template. The 48-bp duplex was prepared via hybridizing the FAM-labeled 33- 

mer and a single-stranded DNA, followed by base filling with DNA polymerase. The 33-

bp duplex was prepared via annealing of equimolar amounts of individual 

complementary strands. The FAM-labeled 33-bp duplex was purified via polyacrylamide 

gel electrophoresis (PAGE) using 4–20% gradient polyacrylamide/TBE gels (Invitrogen). 

The other duplexes (i.e., 48, 63, 88, 113, and 143 bp) were purified through the following 

three procedures. First, the reaction mixture was loaded onto a Resource-Q anion-

exchange column (GE Healthcare), and the DNA was eluted with a gradient of 0–1.5 M 

NaCl in a buffer of 50 mM Tris–HCl (pH 7.5) and 1 mM ethylenediaminetetraacetic acid. 

The fractions containing the desired reaction product were buffer exchanged to 10 mM 

Tris–HCl (pH 7.5) and 40 mM KCl buffer, concentrated and subjected to PAGE 

electrophoresis with 4–20% gradient polyacrylamide/TBE gels. The band of the desired 

PCR product was excised, crushed, and shaken at room temperature in a buffer of 10 mM 

Tris–HCl (pH 7.5) and 40 mM KCl for 24–36 h to extract the DNA from the gel. The 

extracted DNA duplexes were further purified via a PCR purification kit (Qiagen) and  



18 

buffer exchanged to 10 mM Tris–HCl (pH 7.5) and 40 mM KCl. Figure 2.1.C 

demonstrates the relative position of all FAM labeled probes. 

 

 

Figure 2.1. DNA duplexes used in the current study on the Egr-1 zinc-finger protein. A. 

DNA duplexes used for kinetic measurements. The solid lines indicate chemically 

synthesized nucleotides, whereas the dotted lines indicate enzymatically extended 

nucleotides. B. DNA duplexes used for affinity measurements. C. PAGE of the 

fluorescent DNA duplexes, which were visualized via fluorescence from the covalently 

attached FAM or TAMRA. 

 

2.2.3. Competitor DNA 

 The 28-bp nonspecific competitor DNA used for the kinetic experiments was the 

same as that used for the NMR studies of the Egr-1-nonspecific DNA complex. This 

DNA was synthesized and purified as described previously74. 
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2.2.4. Fluorescence anisotropy-based affinity measurements 

 The two 12-bp DNA duplexes with a 3′ -terminal TAMRA were prepared for 

affinity measurements (Figure 2.1.B). HPLC-purified DNA strands from 250-nmol scale 

syntheses were purchased from Integrated DNA Technology. The complementary strands 

were mixed and annealed by gradual cooling from 85 °C to room temperature, and then 

the duplex was purified by PAGE using 4–20% gradient polyacrylamide/TBE gels. The 

protein-titration experiments were performed at various concentrations of KCl in a buffer 

of 10 mM Tris–HCl (pH 7.5). The fluorescence anisotropy of the TAMRA-labeled DNA 

was measured at an excitation wavelength of 533 nm and an emission wavelength of 580 

nm using an ISS PC-1 spectrofluorometer. Because the Kd for specific complexes at low 

ionic strength was lower than the detection limit of the fluorescence method, we 

measured the Kd at higher ionic strengths (150, 200, 250, 300, 350, and 400 mM KCl) 

and extrapolated to the Kd at 80 mM KCl under the assumption of a linear relationship 

between log[KCl] and logKd based on the counterion condensation theory.156,157 

 

2.2.5. Stopped-flow fluorescence-based assay of target association kinetics 

 The kinetics of target association was measured at 20 °C with an ISS PC-1 

spectrofluorometer equipped with an Applied Photophysics RX.2000 stopped-flow 

device. The following two solutions were mixed: (Solution A) 10–200 nM protein in a 

buffer of 10 mM Tris–HCl (pH 7.5), 40-400 mM KCl, and 200 nM ZnCl2 and (Solution 

B) 5 nM FAM-labeled DNA and 1000–16000 nM 28-bp competitor DNA in the same 
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buffer. The mixing ratio was 1:1; thus, the final concentrations of the protein and DNA 

became halved. The spectrofluorometer has two emission channels in a T-format: one 

with and the other without an emission-light monochromator. In the stopped-flow 

kinetics experiments, we used the emission channel with no monochromator for better 

sensitivity. The FAM fluorophore was excited at 460 nm, and the emission light that 

passed through a long-pass filter with a cutoff at 515 nm (Edmund Optics) was recorded. 

Immediately after stopping the flow for mixing, the time-course data of the fluorescence 

intensity were collected for 4–10 s with a time interval of 20–50 ms. Each experiment 

was repeated 8 to 10 times. As expected from the ODE-based numerical simulations, the 

time-course data of the fluorescence intensity were found to be mono-exponential. The 

apparent pseudo-first-order rate constant kapp for target association was determined from 

the experimental data via nonlinear least-squares fitting with f(t) = f∞ + (f0 – f∞)exp(–

kappt), where f0 (fluorescence intensity of free DNA probe), f∞ (fluorescence intensity of 

Egr-1 bound probe), and kapp (apparent rate of Egr-1 association on target site) are 

optimized, and f(t) represents the fluorescence intensity time dependence during Egr-1 

binding. 

 

2.2.6. Determination of the rate constants for protein translocation 

 Using the Levenberg-Marquardt algorithm of MATLAB, we determined the rate 

constant ksl,N for sliding from the length-dependent kapp data (Figure 2.8.) via nonlinear 

least-squares fitting with Eqs.  (7), (8), (9), (10), (11), (12) and (13). The total numbers of 

binding sites, L for the probe DNA and M for the competitor DNA, were calculated as A 
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– B + 1, where A is the total number of base pairs and B is the number of base pairs 

covered by a protein molecule. Based on structural information74,91 B = 9 was used. 

Based on the sequences of the probe DNA duplexes (Figure 2.1.), m = 2 was used. The 

values of koff,N, and kIT,N were determined from the Ctot-dependent kapp data (Figure 2.8.) 

via nonlinear least-squares fitting with Eqs.  (7), (10), (11), (13), (17), (18), (19) and (20). 

These calculations used ϕ = 2 and k on,N = koff,N/Kd,N. This model has been farther 

expended and we have also obtained a framework that is free of assumption of quasi-

equilibrium upon the mixing of protein and DNA solutions, our final equations are of 

exact analytical form that described kapp dependence of probe length and Ctot. The 

MATLAB scripts for the ODE-based simulations of the target search kinetics and those 

for determination of the kinetic parameters via fitting to experimental data are available 

as the “TDSK” (target DNA search kinetics) package upon request to Dr. Junji Iwahara. 

 

2.3. THEORY 

2.3.1 Model 

Here we provide the theoretical framework for our stopped-flow kinetic method 

that is applicable to proteins that form a stable complex with their target DNA site. The 

studied systems involve three macromolecular components: the probe DNA, protein, and 

nonspecific competitor DNA (Figure 2.2.A.). The probe DNA contains a target site and a 

fluorescent group that is tethered to a position near the target. The fluorescence from the 

probe changes upon binding of the protein to the target site. The time course of the 

change is monitored immediately after a solution of the protein is rapidly mixed with a 
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solution containing the probe DNA and the competitor DNA. We specifically will deal 

with systems in which the total concentrations of the protein, the probe DNA, and the 

competitor DNA (Ptot, Dtot, and Ctot, respectively) satisfy the following: 

Dtot « Ptot « Ctot.        [1] 

These conditions can be used only for proteins that exhibit high specificity to their target. 

Because of these inequalities, the relevant second-order processes occur in a pseudo-first-

order manner, which simplifies the kinetic analysis of experimental data.148 The 

fluorescence time-course data are used to determine an apparent pseudo-first-order rate 

constant, kapp, for binding of the target to the protein. Due to the large excess of 

competitor DNA, only one protein can bind to the probe DNA, which allows for accurate 

kinetic measurement of sliding without interference due to the presence of multiple 

protein molecules on the same DNA. Moreover, the target DNA search in the presence of 

a large excess of competitor DNA represents a more realistic case and provides insights 

into the search processes in vivo.  

 

2.3.2. Intersegment transfer as a phenomenological second-order process 

Intersegment transfer of a protein between two DNA duplexes can be represented 

by: 

      [2] 
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where PD represents a protein-DNA complex; DbPDa, the DNA-bridging intermediate; 

kf1 and kf2, second-order rate constants for formation of the intermediate; and kd1 and kd2, 

first-order rate constants for dissociation of the intermediate into a protein-DNA complex  

and free DNA. If the intermediate is a transient and low populated, the intersegment 

transfer appears to be a second-order process: 

       [3] 

Using a steady-state approximation51, the apparent second-order rate constants kIT,ab and 

kIT,ba are given by: 

        [4] 

                   [5] 

If kd1 = kd2 and the duplexes Da and Db exhibit the same affinity, then kIT,ab = kIT,ba = ½kfI 

= ½kf2. Because of the second-order nature, the overall rate for intersegment transfer is 

proportional to the free DNA concentration. Which has been essential in the experimental 

detection of intersegment transfer.72,74,75,92,140,141,143,147,149   

The overall rate for translocation via dissociation and re-association is virtually 

independent of the free DNA concentration. When the DNA concentration is higher than 

the dissociation constant Kd. This translocation is represented by: 

    [6] 
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Figure 2.2. Experimental design and kinetic model used in this study. A. Stopped-flow 

fluorescence assay of the target DNA search kinetics. B. Discrete binding sites on the 

probe and competitor DNA duplexes. C. Rate constants involved in our kinetic model for 

the target association process. The rate constants ksl,N and ksl,S for sliding and the rate 

constants koff,N and koff,S for dissociation are first-order rate constants (units, s-1), whereas 

the rate constants kIT,N and kIT,S for intersegment transfer and the rate constants kon,N and 

kon,S for association are second-order rate constants (units, M-1 s-1). A rate constant for 

sliding is defined for sliding from one site to an adjacent site (i.e., translocation by 1 bp 

along DNA contour). 

 

 

Because [D] » Kd inequality is equivalent of koff « kon[D], the rate limiting step for this 

scheme is  a first-order process of dissociation. In this case, an increase in [D] does not 

affect the overall rate because the rate-limiting step is of first order. Thus, intersegment 
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transfer can be distinguished experimentally from translocation via dissociation and re-

association.  

 

2.3.3. Discrete-state kinetic model for target DNA search 

Our kinetic model for the target DNA search assumes discrete states in 

nonspecific protein-DNA association and is similar to the model used by Veksler and 

Kolomeisky.119 The use of this model is supported by recent solution NMR studies on 

nonspecific protein-DNA complexes.74,141,150-152 The probe DNA in our model contains a 

total of L sites (Figure 2.2.B.), of which only the m-th site from an edge is a target, and all 

the others are nonspecific sites. Competitor DNA contains a total of M nonspecific sites. 

Our kinetic model addresses dissociation, association, sliding, and intersegment transfer 

(Figure 2.2.C.). Based on the above mentioned considerations, our kinetic model treats 

intersegment transfer as a second-order process between a protein-DNA complex and 

free DNA. Possibility of intra-molecular intersegment transfer is eliminated here by using 

shorter than persistence length (150 bp) DNA duplexes. The model utilizes intrinsic rate 

constants for dissociation/re-association kon,N,, kon,S, koff,N, koff,S, first-order rate constants 

ksl,N and ksl,S for sliding, and second-order rate constants kIT,N and kIT,S for intersegment 

transfer (annotations N and S are for nonspecific and specific sites, respectively). These 

kinetic rate constants are schematically summarized in Figure 2.2.C. Numerical 

integration of the rate equations, which is performed with a standard ordinary differential 

equation (ODE) solver, provides the populations of the individual species as a function of 
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time.51 The difference between the simulated results and analytically obtained solution 

will be used to judge the appropriateness and usability of analytical expression for kapp.  

In the following sections of this chapter we will start building our theoretical 

model of target search from relatively simple case and then take into consideration the 

effect of competitor DNA, intersegment transfer and derive a more general form of 

analytical expression. 

 

2.3.4. Mean search time of the Veksler-Kolomeisky model  

For systems involving neither competitor DNA nor intersegment transfer, Veksler 

and Kolomeisky derived a general analytical expression for the mean time TP for a 

protein, which is initially in the free state, to reach the target:119  

       [7] 

In this expression, the relevant parameters are:  

          [8] 

           [9] 

 { }))()(1(/))(1( 11 LmmLmmLL yyyyyyyyyS −−+−− ++−−+=    [10] 

    [11] 

where kin is the rate constant for the free protein to bind to any site on the probe DNA; 

kout, the rate constant for the bound protein to leave the probe DNA; (Note, that these rate 

constants are generally different from  kon,N and koff,N, they represent a total flux of the 

protein in and out of the DNA probe. In simple case like this these flux rates coincide 



27 

with rate constants of dissociation and association.) L, the total number of sites; and m, 

the target position. Hereafter, this general analytical expression is referred to as the VK 

model.  

 

2.3.5. kapp for systems involving competitor DNA in the absence of intersegment 

transfer 

Now we address the systems involving competitor DNA under the conditions of 

Dtot « Ptot « Ctot. Owing to these inequalities, the association of proteins with the 

competitor DNA reaches quasi-equilibrium well before the association with the target. 

Based on this assumption and the VK model, the apparent pseudo-first-order rate 

constant kapp for the target to bind to the protein in the absence of intersegment transfer is 

given by:51  
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where fp is the fraction of the protein in the free state: 

       [13] 

Kd,N (= koff,N / kon,N) is the dissociation constant for each nonspecific site, and Kd,S 

is the dissociation constant for the target. The parameter φ is the number of possible 

orientations for each nonspecific site. Due to structural pseudo-C2 symmetry for DNA, φ 

= 2 for proteins that bind as monomer; In this case microscopic parameters (e.g., Kd,N, 

koff,N, kIT,N) are defined for each orientation. The kapp constants from Eq. 12 agree well 

with those from the ODE-based simulations (Figure 2.3.A.). This observation supports 
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the appropriateness of the model so far. When the target site is in the middle of long 

DNA probe, Berg's approximation36 and Eq. 12 results agree well. Berg’s approximation  

provides an accurate kapp only if the target is located at m ≈ L / 2. This limitation occurs 

because Berg’s expression assumes that the antenna effect (i.e., enhancement of target 

association via association with nonspecific sites followed by sliding)13,153 applies to the 

same degree for both sides of the target. When the target is located near the edge of the 

DNA, only one side provides a significant degree of the antenna effect, and therefore the 

search kinetics can slow down by up to ~2-fold.119 The VK-model-based expression (Eq. 

12) provides an accurate kapp for any m value, because this model accounts for different 

antenna effects for the two sides. This property of the VK-model-based expression is 

especially important when an extrinsic fluorescent group in close proximity to the target 

is used to detect the formation of the specific complex. 

 

2.3.6. kapp for systems with competitor DNA in the presence of intersegment transfer 

 Under the condition of Dtot « Ptot « Ctot, the fraction of the protein bound to the 

competitor DNA (fCP) is given by: 

       [14] 

If intersegment transfer is efficient, a major pathway in the target association kinetics can 

be the pathway from the competitor DNA to the target via intersegment transfer and 

subsequent sliding. Using the mean time TCP for the search via this additional pathway, 

the kapp constant is approximated by: 
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       [15] 

Because the VK model does not assume any particular mechanisms for protein’s arrival 

to and departure from the probe DNA, TCP is given in the same form as TP (i.e., Eqs 7-

11), but with kin and kout substituted to: 

        [16] 

       [17] 

kout,CP and kin,CP now involve terms accounting for IT. In Eq. 14 a pseudo-first-order rate 

constant  accounts for the presence of IT and the first term accounts for 3D 

diffusion. As shown in Figure 2.4., the kapp constants calculated using this analytical 

expression (Eq. 12) agree well with those from the ODE-based numerical simulations. 

 

2.3.7. Competitor concentration dependence of target search  

Although some previous studies used the DNA-length dependence of target 

association to investigate sliding,38,47,78,139,154 the previous analytical expressions36  were 

applicable only to systems involving neither competitor DNA nor intersegment transfer. 

With our analytical form of kapp, we can determine the rate constant ksl,N for sliding from 

experimental data for systems involving competitor DNA and intersegment transfer. In 

Eq. 12, the dependence of kapp on ksl,N arises from TP and TCP. Note that TP and TCP share 

exactly the same S (Eq. 10) and y (Eq. 11), which are the only parameters containing the 

rate constant ksl,N  for sliding. Because of this similarity, the length dependence for Eq. 12  
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with kout substituted to kout,CP is virtually indistinguishable from that for Eq. 15. The rate 

constants ksl,N can be accurately determined from length-dependent kapp data via  

nonlinear least-squares fitting with Eq. 12, even for systems involving intersegment 

transfer. Which is convenient for experimental research. An additional important 

parameter for sliding is the effective sliding length λ given by:119 

 
Figure 2.3. Validation of the VK model-based analytical form of kapp (Eq. 12) for 

systems involving competitor DNA but no intersegment transfer involved. A. Rate 

constant kapp for target association as a function of the total number of sites L. The 

position of the target was set to m = 2. The dashed lines were obtained from the ODE-

based numerical kinetics simulations. The solid lines were obtained using Eq. 12. ksl,N = 

103, 104, 105, and 106 s-1 and koff,N = 10 s-1 were used. Under these conditions, effective 

sliding lengths λ are 10 (black), 32 (red), 100 (magenta), and 316 (blue) bp. B. Rate 

constants kapp as a function of the target position m for probe DNA with L = 90. For this 

panel, ksl,N = 104 s-1 and koff,N = 10 s-1 (an effective sliding length λ = 32 bp) were used. 

The dotted line is from the ODE-based numerical simulations; the solid line, from the 

VK model-based analytical form of kapp (Eq. 12); and the dashed line, from the modified 

Berg’s approximation (Eq. 16). For both panels A and B, Dtot = 2.5 nM; Ptot = 50 nM, 

Kd,N = 4 µM; Kd,S = 0.1 nM; Ctot = 2 µM; φ = 1; and M = 20. 
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                          [18] 

Again, kout should be substituted to kout,CP if intersegment transfer is involved. As is 

evident from Eq. 11 λ is directly relevant to the length dependence of kapp. When L < λ, 

kapp is virtually proportional to L because of the extended antenna effect. As noted 

previously, an increase in L beyond 2λ does not enhance the antenna effect.13 In fact 

extending antenna to infinity would enhance target binding effect only by 5%. Because 

this asymptotic length dependence is important for determining ksl,N and λ, the length L 

should be varied with the maximum being larger than (or at least comparable to) 2λ. 

 

2.3.8. Intersegment transfer and dependence of kapp on concentration of competitor 

DNA 

In the absence of intersegment transfer, the kapp constant is virtually proportional to Ctot
-1 

when φMCtot » Kd,N (Lin and Riggs).155 This proportionality is obvious from Eqs. 12 and 

13. At a higher concentration of competitor DNA, the protein can be trapped at 

nonspecific sites more easily, which slows down the target association process. However,  

intersegment transfer can partially counteract this trapping effect. In the presence of 

intersegment transfer, the escape of a protein from competitor DNA becomes facilitated 

at higher concentrations of competitor DNA. Which is obvious considering intersegment 

transfer is a second-order process with the rate proportional to the concentration of the 

DNA in the free state.  

When the fCP / TCP term in Eq. 15 is significantly larger than the fP / TP term, the 

dependence of kapp on Ctot becomes substantially weaker than the proportionality to Ctot
-1. 
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By measuring kapp as a function of Ctot, the rate constant kIT,N for intersegment transfer 

can be determined via nonlinear least-squares fitting with Eq. 15.  

 

 

Figure 2.4. Validation of the VK model-based analytical forms of kapp for systems 

involving competitor DNA and intersegment transfer (Eq. 15). (A) Rate constant kapp for 

target association as a function of the total number of sites L. A single orientation per site 

(i.e., φ = 1) was assumed. The sliding rate constant ksl,N = 105 s-1 was used. The other 

conditions are exactly the same as those for Figure 2.3.A. except that intersegment 

transfer is taken into consideration. The rate constants for intersegment transfer are 

indicated. (B) Rate constant kapp for target association as a function of the total number of 

sites L under conditions identical to those for the panel A, except that 2 orientations per 

site are assumed (i.e., φ = 2). The kinetic and thermodynamic parameters are defined for 

each orientation. For both panels, the dashed lines were obtained from the ODE-based 

numerical kinetics simulations, whereas the solid lines were obtained with Eq. 15. 

 

 

The term involving fCP / TCP in Eq. 15 corresponds to the contribution of the pathway that 

involves intersegment transfer followed by sliding to the overall target association 
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kinetics. Thus, the role of intersegment transfer in the target association process can be 

directly assessed. Note that this approach for intersegment transfer characterization has 

its own limitations. When the  

contribution of the IT is relatively small (<40%) the dependence of kapp on Ctot at lower 

Ctot concentrations (1-16 µM) becomes almost indistinguishable from the case when IT is 

present. As a result experiments need to be carried out in a very wide range of Ctot 

concentrations (1-100 µM) which might be difficult to execute. 

 

2.3.9.  Analytical expression for kapp in the presence of IT, sliding and 3D diffusion 

without the assumption of preexisting quasi-equilibrium 

Above (Eq. 15) we derived kapp expression that assumes the conditions Dtot << Ptot 

<< Ctot and quasi-equilibrium for nonspecific protein-DNA interactions prior to the 

equilibrium of target association. Now we will present an exact analytical form of the 

second-order rate constant ka for protein-target association: 

 

                      [19] 

The parameters involved in this equation are as follows:  

                    [20] 

 { } 2/1422 )4/1()2/1(1 −−− +−+= λλλy                                 [21] 

                          [22] 
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The parameter λ is the effective sliding length in units of bp; D1, the one-dimensional 

diffusion coefficient for sliding in units of bp2 s-1; τN, the mean lifetime of a nonspecific 

complex. Other parameters are same as for Eq. 15. If intersegment transfer does not 

occur, the mean lifetime τN is given by: 

                        [23] 

If intersegment transfer between two DNA molecules occurs than:  

                     [24] 

Eq. 19 was derived without assuming the quasi-equilibrium for nonspecific protein-DNA 

interactions, and therefore, is more general. By fitting with Eqs. 19-23, values of D1 and 

λ can be determined from experimentally obtained Kd,N and length-dependent ka data. By 

fitting with Eqs. 19-24, values of the kIT,N and koff,N constants can be determined from 

experimentally obtained Kd,N, D1, and competitor DNA concentration-dependent ka data. 

The total numbers of binding sites, L for the probe DNA and M for the competitor DNA, 

is same as for Eq. 15. Although practically it is simpler to use the equations in form of 

19-24 for the fitting to determine the parameters D1, λ, kIT,N, and koff,N. A physically 

clearer form of the ka constant in terms of the antenna and trapping effects is discussed in 

detail in section 2.4.4.  

 

2.4. RESULTS 

We investigate the target search kinetics for the DNA-binding domain of human 

Egr-1. Using probe DNA length, competitor concentration, protein concentration, and 

ionic strength dependences of Egr-1-target association rates, together with our derived 
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analytical expressions for kapp and ka (Eqs. 15 and 19) we determine the sliding, 

intersegment transfer and 3D diffusing rate constants as well as contributions to the 

global target search process by distinct target search pass ways.  

 

2.4.1. Dissociation constants for nonspecific and specific complexes  

Analyses of sliding and intersegment transfer based on the discrete kinetic model 

require the equilibrium constants for the nonspecific and specific complexes. We 

measured the affinities using 12-bp nonspecific and specific DNA duplexes with 

tetramethylrhodamine (TAMRA) attached to the 3’-terminus (Figure 2.1.). The apparent 

Kd constants were determined from the fluorescence anisotropy as a function of protein 

concentration. TAMRA was used for the Kd measurements because it exhibits a large 

change in fluorescence anisotropy upon binding of the protein to DNA. We measured the 

apparent Kd for the 12-bp nonspecific DNA to be 0.58 ± 0.08 µM at 80 mM KCl (Figure 

2.2). Previous structural studies for the specific and nonspecific DNA complexes of Egr-1  

showed that Egr-1 binds to DNA as a monomer and covers 9 bp,74,91 thus 12-bp 

nonspecific DNA has 8 [= 2 × (12 – 9 + 1)] overlapping sites (this number corresponds to 

φM). Assuming that the apparent Kd can be approximated by koff,N / (φMkon,N) in this case 

where only one protein molecule can bind to the 12-bp DNA, the dissociation constant 

Kd,N for each nonspecific site was calculated to be 4.6 µM (= 0.58 × 8). This value was 

used in the calculations to determine ksl,N and kIT,N (see below). For the 12-bp specific 

DNA containing the target site, the affinity at 80 mM KCl was too strong to measure 
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directly. Thus Kd,S was approximated to be ~0.1 nM by linear  extrapolation (counterion 

condensation theory156,157) of Kd,S at higher ionic strengths (Figure 2.5.).  

 

2.4.2. Change of FAM fluorescence intensity upon Egr-1 target association  

To detect the binding of Egr-1 to the target site on the probe DNA duplexes, we 

monitored the change in fluorescence intensity of 5’-terminal fluorescein amidite (FAM), 

which was located near the Egr-1 target (Figure 2.1.). We chose this fluorescent probe for 

our stopped-flow kinetic experiments, because the FAM-labeled DNA exhibited strong 

fluorescence intensity. The FAM emission spectra recorded for the 113-bp probe DNA in 

the presence and absence of the Egr-1 zinc-finger protein and competitor DNA are shown 

in Figure 2.6.A. Although no spectral change was observed upon the addition of 

competitor DNA to the solution of probe DNA, a significant (up to ~18%) reduction in 

the fluorescence intensity was observed when the Egr-1 zinc-finger protein was added. 

This change in FAM fluorescence is presumably due to its close proximity to the DNA-

bound protein, as observed for other proteins.158,159 Varying the concentration of the Egr-

1, we measured the FAM fluorescence intensity from the probe DNA (2.5 nM) in the 

presence of 2 µM competitor DNA at equilibrium (Figure 2.6.B.). The titration data 

clearly show a high affinity protein-DNA interaction with Kd « 1 nM at 80 mM KCl. This 

high affinity is consistent with the above mentioned data for the 12-bp DNA containing a 

target site. Thus, these results indicate that the change in the FAM fluorescence intensity 

reflects the association of Egr-1 with the target (rather than other sites) on the probe 

DNA.    
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2.4.3. Target association kinetics for the Egr-1 zinc-finger protein 

 Using a stopped-flow device, we recorded the time courses of FAM fluorescence 

intensity immediately after mixing the protein solution with a solution containing the 

probe and competitor DNA duplexes. In this experiment, the emission light that passed 

through a long-pass filter (515 nm cutoff) was detected without using monochromator. 

Although this configuration allowed higher sensitivity, the percentage change in the 

emission intensity upon the target association was smaller due to a higher non-fluorescent 

background and leak of Rayleigh scattering. Figure 2.6.C. shows the fluorescence time-

course data obtained under conditions of Dtot = 2.5 nM, Ptot = 50 nM, and Ctot = 2 µM. 

Under these conditions together with the above mentioned equilibrium constants,  

 

Figure 2.5. Dissociation constant Kd for nonspecific and specific complexes between the 

Egr-1 protein and 12-bp DNA at various concentrations of KCl. These data were obtained 

by measuring the TAMRA fluorescence anisotropy as a function of protein concentration. 

For each complex, the solid line represents a linear extrapolation assuming a linear 

relationship (solid lines) between logKd and log[KCl], which is based on the counterion 

condensation theory.156,157 
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more than 95% of the protein molecules are bound to the 28-bp competitor DNA at the 

quasi-equilibrium that occurs immediately after mixing, and 96% of the target on the 

113-bp DNA is bound to the protein at the conclusion of the binding reaction. To analyze 

the kinetics of distinct translocation mechanisms, we measured the apparent rate constant 

kapp using various settings of L, Ptot, and Ctot (all satisfying Dtot « Ptot « Ctot). In all cases, 

the fluorescence intensity changed in a mono-exponential manner, and an apparent 

pseudo-first-order rate constant kapp was determined via mono-exponential fitting. Figure 

2.6.D. shows the dependence of kapp on Ptot in the presence of competitor DNA (Ctot = 2 

µM). As our analytical forms (i.e., Eqs. 12 and 15) predict, the rate constant kapp was 

proportional to Ptot. The slope of the plot corresponds to an apparent second-order rate 

constant ka for target association (ka = 4.5 × 107 M-1 s-1 for Figure 2.6.D.). Although ka 

was used in some previous studies of protein translocation on DNA,37,38,78 we used the 

pseudo-first-order rate constant kapp instead when investigating sliding and intersegment 

transfer, as demonstrated below. This makes the investigations quicker yet remains 

equivalent to the use of ka because kapp was found to be proportional to Ptot for all other 

conditions tested (Figure 2.7.). All the following experiments used Ptot = 50 nM, because 

at this concentration, kapp was typically less than 5 s-1 and could be measured precisely 

(with errors ≤5%) with our current method.  

 

2.4.4. Dependence on the length of the probe DNA 

To investigate the sliding kinetics of Egr-1 using dependence of kapp on the length of the 

probe DNA, we prepared 33-, 48-, 63-, 83-, 113- and 143-bp DNA duplexes, each 

containing a single target site and a FAM probe, as shown in Figure 2.1. With the 

stopped-flow fluorescence method, the rate constant kapp for target association was  
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Figure 2.6. FAM fluorescence data for the target association of the Egr-1 zinc-finger 

protein with the 113-bp probe DNA (Dtot = 2.5 nM) in the presence of 28-bp competitor 

DNA (Ctot = 2 µM). The buffer conditions were 10 mM Tris•HCl (pH 7.5), 80 mM KCl, 

and 200 nM ZnCl2. (A) Change in the FAM emission spectra upon protein binding. The 

black solid line is the spectrum recorded for the probe DNA only; the green dotted line, 

for the probe DNA plus competitor DNA; and the magenta solid line, with the probe 

DNA, competitor DNA, and protein (Ptot = 100 nM). (B) FAM fluorescence intensity 

measured as a function of Ptot in the presence of the competitor DNA. (C) Stopped-flow 

time-course data of the FAM fluorescence intensity immediately after mixing the protein 

solution (Ptot = 50 nM) with the solution containing the probe and competitor DNA 

duplexes. The red curve represents the best fit to a mono-exponential function. (D) 

Protein-concentration dependence of the apparent pseudo-first-order kinetic rate constant 

kapp for target association. The apparent second-order rate constant for association was 

determined to be 4.5 x 107 M-1 s-1. The error bars represent the standard deviations for 8 – 

10 replicates. 

 

measured with 50 nM protein, 2.5 nM probe DNA, and 2,000 nM nonspecific DNA 

duplex (28 bp) at 80 mM KCl (Figure 2.8.). As predicted in Figures 2.3. and 2.4., our 
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experimental kapp data showed that the length dependence was an increasing function 

with a steeper slope for shorter lengths and an obvious asymptote for longer lengths. For 

example, the kapp constant for the 63-bp probe DNA was 64% larger than that for the 33-

bp probe DNA, whereas the kapp constants for the 143-bp and 113-bp probe DNA 

duplexes were identical within experimental error. Qualitatively, these results suggest 

that the effective sliding length λ is comparable to the DNA lengths used in this 

experiment. 

 

2.4.5. Kinetic rate constant for sliding of Egr-1 on DNA  

 The analytical form of the kapp constant (Eq. 12) allows us to determine the sliding 

rate constant ksl,N from the length-dependent kapp data for Egr-1 in the system involving a 

large excess of competitor DNA. As described above, the determination of ksl,N does not 

require accurate information on intersegment transfer. For a DNA length > 30 bp, the 

effective diffusion coefficient (Dprotein + DDNA), which is relevant to the Smoluchowski 

limit, should be dominated by the three-dimensional diffusion coefficient Dprotein for the 

Egr-1 (10 kDa; hydrodynamic radius, ~15 Å). Therefore, the length dependence of the 

diffusion coefficient DDNA for DNA does not have to be taken into consideration in the 

analysis of the length-dependent kapp data for the investigation of sliding.36 Because Egr-1 

binds to DNA as a monomer, Eq. 12 with φ = 2 was employed for nonlinear least-squares 

fitting to determine the rate constant ksl,N. The parameter L was set to A – B + 1, where A 

is the total length of DNA in bp and B is the length of each nonspecific site. As 

mentioned above, B was set to 9 bp. Thus, the values of L were 25, 40, 55, 80, 105, and 

135 for the 33-bp, 48-bp, 63-bp, 88-bp, 113-bp and 143-bp probe DNA duplexes,  
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Figure 2.7. Dependence of kapp on concentration of Egr-1at different Ctot. kapp is directly 

proportional to the Egr-1 concentration regardless of the competitor concentration. This 

justifies the use of kapp over ka for following reason: ka=kapp/Ptot can be readily obtained 

from single kapp measurement. Measurement of ka directly is more time-consuming and 

yields non additional information 

 

 

Figure 2.8. DNA-length dependence of the target association kinetics measured for the 

Egr-1 at 80 mM KCl (Dtot = 2.5 nM; Ptot = 50 nM; and Ctot = 2 µM). kapp for target 

association is plotted as a function of the total number of sites on the probe DNA. The 

blue curve represents the best fit to Eq. 12. The effective sliding length λ is given by Eq. 

21. The error bars represent the standard deviations for 8 – 10 replicates. 
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Figure 2.9. A. Competitor DNA concentration (Ctot) dependence of the apparent rate 

constant kapp measured for Egr-1 (Ptot = 50 nM) at 80 mM KCl. The circles represent the 

experimentally measured kapp. The error bars represent the standard deviations for 8 – 10 

replicates. The solid red lines are the best-fit curve to Eq. 15, which accounts for 

intersegment transfer. The dotted green lines are the best-fit curve to Eq. 12, which does 

not account for intersegment transfer. B. Contributions of major target association 

pathways under the current experimental conditions. 

 

respectively. The target position was m = 2 for all the probe DNA duplexes. Calculation 

of kapp using Eq. 12 requires four parameters: ksl,N, kout, Kd,N, and Kd,S. In the current case 

with Kd,S / (fCPPtot) << 1, information about Kd,S is not essential in the calculation (see Eq. 

12). With the experimentally obtained dissociation constant Kd,N, the rate constant kon,N 

was treated as koff,N / Kd,N, while the other two parameters, ksl,N and kout, were optimized 

via nonlinear least-squares fitting. The resultant best-fit curve is shown in Figure 2.8. The 

rate constant ksl,N was determined to be (2.1 ± 0.2) ×105 s-1 for the sliding of the Egr-1 at 

80 mM KCl. This rate constant corresponds to D1 = (2.4 ± 0.1) ×10-2 µm2 s-1. Using Eq. 

21, we determined λ to be 50 ± 2 bp.  
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2.4.6. Dependence on the concentration of the competitor DNA  

Using the 113-bp probe DNA, we measured the apparent rate constant kapp for target 

association at six different concentrations of competitor DNA (Ctot = 0.5, 1.0, 2.0, 4.0, 6.0 

and 8.0 µM). The results are shown in Figure 2.9.A. The kapp constant was found to 

decrease upon increasing Ctot. As described above, kapp should be proportional to Ctot
-1 

if intersegment transfer is not involved in the target search process and φMCtot » Kd,N. 

Although this inequality was satisfied, our data for the Egr-1 zinc-finger protein showed 

that kapp constant was not proportional to Ctot
-1. For example, our experiment showed that 

the ratio of the kapp constant at Ctot = 2.0 µM to that at Ctot = 8.0 µM was only 1.3, instead 

of 4. These results qualitatively suggest that intersegment transfer contributes 

significantly to the target association process.  

 

2.4.7. Kinetic rate constant for intersegment transfer of Egr-1 

 Using the Ctot dependence of kapp data, we determined the rate constant 

kIT,N for intersegment transfer. The analytical form of kapp for systems involving 

intersegment transfer (Eq. 15) was employed for nonlinear least-squares fitting to 

determine kIT,N. The calculation of kapp with Eq. 15 requires five parameters: kIT,N, koff,N, 

ksl,N, Kd,N, and Kd,S. Again, in the current case with Kd,S / (fCPPtot) << 1, information about 

Kd,S is not essential in the calculation. As described above, kon,N was treated as koff,N / Kd,N. 

Because ksl,N was determined from the length-dependent kapp data, only two parameters, 

kIT,N and koff,N, were optimized in the fitting calculation. This procedure provided an 
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excellent fit to the experimental Ctot-dependence data (Figure 2.9.A; solid curves). In 

contrast, using Eq. 12 (no intersegment transfer) experimental Ctot-dependence data 

cannot be fitted (Figure 2.9.A; dotted curves). Because these two models for fitting differ 

in the degree of freedom, Akaike’s Information Criterion (AIC) was used for model 

assessment. The AIC values for the fittings with Eqs. 12 and 18 were 187.9 and 7.4, 

respectively. These results clearly indicate that the model that accounted for intersegment 

transfer describes the Ctot-dependent kapp data much better. The rate constant kIT,N for 

intersegment transfer was determined to be (1.0 ± 0.1) × 106 M-1 s-1 for the Egr-1 zinc-

finger protein at 80 mM KCl. This result is in agreement with previous NMR studies that 

demonstrated very efficient direct transfer of Egr-174. The kinetic parameters determined 

in our current study are summarized in Table 1. 

 

2.4.8. Intersegment transfer followed by sliding is the major pathway for facilitated 

target association of Egr-1 

Using Eq. 15 we can now directly examine the role of intersegment transfer in the 

target association process. The analytical form of kapp (Eq. 15) for the system involving 

competitor DNA and intersegment transfer includes the contributions of two major 

pathways for target association (Figure 2.9.B). The  term in Eq. 15 represents 

the contribution from the pathway involving the association of the free protein with a 

nonspecific site on the probe DNA and the subsequent sliding to the target (“Pathway 

1”). The  term in Eq. 15 represents the contribution from the pathway 

involving the intersegment transfer of competitor-bound protein to a nonspecific site on 
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the probe DNA and the subsequent sliding to the target (“Pathway 2”). From the obtained 

kinetic rate constants, the relative contribution of Pathway 2 in the presence of 2 µM 

competitor DNA was calculated to be 92%. This result clearly indicates the importance of 

intersegment transfer in the presence of a large excess of competitor DNA at given 

experimental conditions. However in section 2.2.10. we will demonstrate that at higher 

salt concentrations the contributions of IT decreases, even though the kIT rate increases. 

 

Table 1        Kinetic parameters for translocation of the Egr-1 zinc-finger protein on 
nonspecific DNA sites determined from the stopped-flow fluorescence data. 

 
Parameters Values and uncertainties a) 
- Sliding -  
ksl,N (s-1) b) (2.1 ± 0.1) × 105 
D1 (µm2 s-1) c)  (2.4 ± 0.1) × 10-2 
- Intersegment transfer -   
kit,N (M-1 s-1) d) (0.9 ± 0.1) × 106 
- Dissociation -  
koff,N (s-1) f) 10 ± 4 
kout (s-1) g) 83 ± 3 
- Association -  
kon,N (M-1 s-1) h) (2.3 ± 0.8) × 106 
- Effective sliding length -  
λ (bp) i) 50 ± 2 

 

a) Uncertainties in reported values were estimated with a 68% confidence interval in 
fitting. 
b) From the data shown in Figure 2.8. 
c) From ksl,N determined from NslklD ,

2
1 = .  

d) From the data shown in Figure 2.9.  
f) From the data shown in Figure 2.9. 
g) From the data shown in Figure 2.8. This actually corresponds to kout,CP because of the 
strong presence of intersegment transfer. 
h) From koff,N and Kd,N. 
i) From  ksl,N and kout along with Eq. 15. 
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2.4.9. Ionic strength dependence of target search by Egr-1 

Using the stopped-flow fluorescence assay described above, we measured the 

target search kinetics for the Egr-1 at 40, 60, 80, 110, 150, 190, 230, 300, and 400 mM 

KCl. Figure 2.10.B. shows logarithmic plot of the ka data as function of KCl 

concentration for the 113-bp probe DNA in the presence of 2 µM nonspecific 28-bp 

competitor DNA. We found that the ka constant strongly depends on ionic strength and  

ranged from 0.055 x 108 to 1.98 x 108 M-1 s-1. Interestingly, Egr-1 exhibited the fastest 

target search kinetics at 150 mM KCl, a typical physiological ionic strength. But with 

completely altered contribution of distinct target search pathways to global ka. 

 

2.4.10. Ionic strength dependence of sliding  

Using the stopped-flow fluorescence kinetic data for 33-, 48-, 63-, 88-, 113-, and 

143-bp probe DNA, we determined the one-dimensional diffusion coefficient D1 (bp2 s-1) 

and the effective sliding length λ (bp; Figure 2.11.C.) at various ionic strengths (Figure 

2.11.). We found that the sliding length λ strongly depends on ionic strength: For 

example, λ = 122 ± 2 bp at 40 mM KCl and λ = 38 ± 3 bp at 150 mM KCl. As noted 

above13,51, DNA-length dependence of the target association kinetics should be an 

increasing function with an asymptote for DNA lengths > 2λ. Such asymptotic length-

dependence for 33-143 bp DNA duplexes was clear at higher ionic strengths, whereas the 

length dependence at lower ionic strengths was more linear due to 2λ longer than the 

DNA lengths used in the experiments (Figure 2.11.A.).  
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The D1 coefficient for the Egr-1 zinc-finger protein was found to significantly 

depend on ionic strength (Figure 2.11.B.). However, the magnitude of the ionic-strength  

 

 
Figure 2.10. Target search kinetics of the Egr-1 zinc-finger protein as a function of ionic 

strength. A. The stopped-flow fluorescence assay of the target search kinetics. In this 

assay, the change of the fluorescence intensity was monitored upon mixing two solutions: 

1) the Egr-1 zinc-finger protein (10 – 200 nM); and 2) FAM-labeled DNA probe DNA 

(2.5 nM; 33, 48, 63, 83, 113, and 143 bp) and 28-bp competitor DNA (2,000 nM). Both 

solutions were in the same buffer containing 10 mM Tris•HCl (pH 7.5), 100 nM ZnCl2, 

and the indicated concentrations of KCl. Each probe DNA contains a single target 

sequence, whereas the competitor DNA does not. Shown fluorescence time-course data 

were obtained using 20 nM protein at three different ionic strengths. B. Apparent second-

order rate constants ka for target association measured using 113-bp probe the Egr-1 zinc-

finger protein at 40, 60, 80, 110, 150, 190, 230, 300, and 400 mM KCl. The data are 

shown as a logarithmic plot. The solid line represents a best fit obtained using Eqs 1-5 

along with the counterion condensation theory for Kd,N and koff,N constants (i.e., log-log 

linear relationship with the cation concentration; 
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Figure 2.11. Ionic-strength dependence of sliding. A. Length dependence of ka constants 

at 40, 60, 110, and 150 mM. Solid lines are the best-fit curves obtained with Eqs. 1-5. 

One-dimensional diffusion coefficient D1 and the effective sliding length λ were 

optimized in the fitting calculations. Dtot =2.5 nM and Ctot =2 µM were used in the 

measurements.  B. The one-dimensional diffusion coefficient D1 for sliding of the Egr-1 

zinc-finger protein as a function of KCl concentration. C. The effective sliding length λ 

as a function of ionic strength. The error bars represent standard error of mean (SEM) 

estimated from 6 – 10 replicates. For data point with no error bars, SEMs were smaller 

than the size of symbols. 

 

 

dependence was far weaker than those for intersegment transfer and dissociation. Some 

previous studies assumed that sliding of proteins on DNA, is virtually independent of 

ionic strengths 37,138,160,161. Our experimental data show that this assumption is invalid for 

the Egr-1 zinc-finger protein. Bonnet et al. also showed significant ionic-strength 
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dependence of the D1 coefficient for the restriction enzyme EcoRV as well 45. These 

results suggest that energy barriers of electrostatic nature are present in the sliding 

process, at least for these proteins. Based on the following facts, we may argue that this 

kind of energy barriers are general. First, for most proteins, sliding on DNA is far slower 

than diffusion expected using the Stokes-Einstein relation126. Second, D1 data available in 

literature show that D1 is virtually independent of molecular size45,51,130,132,138,161. If 

sliding is barrierless diffusion, the D1 coefficient should be a relatively simple function of 

the hydrodynamic radius as is the case for three-dimensional diffusion in such solutions. 

These observations suggest that sliding of proteins on DNA involves electrostatic energy 

barriers and differs from what Winter et al. referred to as “movement on an isopotential 

surface”37. 

 

2.4.11. Ionic strength dependence of intersegment transfer and dissociation 

Varying the concentration of the 28-bp nonspecific competitor DNA between 0.5 

and 16 µM, we measured the rate constant ka for the association to the target on the 113-

bp probe DNA (Figure 2.12.A.). Using this DNA concentration-dependence data, we 

determined the rate constants kIT,N for intersegment transfer between nonspecific sites on 

two different DNA molecules (Figure 2.12.B.) and the rate constants koff,N for dissociation 

from a nonspecific site (Figure 2.12.C.) at various KCl concentrations. A remarkable 

finding was that ionic-strength dependence of koff,N is extremely strong: For example, 

koff,N = 0.20 ± 0.26 s-1 at 40 mM KCl and koff,N = 920 ± 240 s-1 at 150 



50 

mM KCl. As shown in Figure 2.12.C., the ionic-strength dependence of koff,N appears to 

obey the log-log linear relationship in accordance with the kinetic theory of Lohman162, 

and counter-ion condensation theory156,157. We found that the rate constant kIT,N for 

intersegment transfer also significantly depended on the ionic strength, but to a lesser 

degree. Due to this difference, the pseudo-first-order rate constant kIT,NCtotM >>  koff,N at  

 

 

Figure 2.12. Ionic-strength dependence of the dissociation and intersegment transfer of 

the Egr-1 zinc-finger protein. A. Dependence of the kapp constant on the concentration Ctot 

of the 28-bp nonspecific DNA. Solid lines are the best-fit curves obtained using a model 

with intersegment transfer (i.e., Eqs. 1-5), and dotted lines are the best-fit curves using a 

model without intersegment transfer (i.e., Eqs. 1-5 with kIT,N = 0). B. The rate constant 

koff,N for dissociation from a nonspecific site as a function of KCl concentration. C. The 

rate constant kIT,N for intersegment transfer between two nonspecific DNA molecules as a 

function of KCl concentration. 
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low ionic strengths, makes intersegment transfer more efficient than translocation via  

dissociation and re-association, whereas  kIT,NCtotM << koff,N at higher ionic strengths, 

makes dissociation and re-association more efficient. In fact, at the KCl concentration of 

150 mM KCl or higher, the rate constant kIT,N could not be  accurately determined due to 

the predominant effect of translocation via dissociation and re-association followed by 

sliding. Nevertheless, due to the second order nature of IT the contribution might still be 

significant at in vivo Ctot concentration of ~0.5mM.  

 

2.5. DISCUSSION 

2.5.1. Egr-1’s kinetic properties are well tuned to efficiently scan DNA 

 Our kinetic data show that Egr-1 exhibits the optimal search efficiency at the 

physiological ionic strength (i.e., 150 mM KCl). In addition to this observation, two other 

findings in our study suggest that Egr-1 has characteristics that enable efficient scanning 

of DNA in the nuclei. First, the effective sliding length λ = 38 bp for the Egr-1 zinc-

finger protein at 150 mM KCl seems to be almost ideal for scanning accessible regions of 

chromosomal DNA. According to theoretical consideration by Mirny et al. 13, proteins 

can scan DNA most efficiently when 2λ is comparable to the lengths of linker DNA 

between nucleosomes. In human cells, linker lengths are widely distributed with the 

average being ~56 bp 146. Because the lengths are comparable to 2λ for the Egr-1, the 

properties of sliding and dissociation of this protein seem suitable for scanning of linker 

DNA in vivo. Second, our data also indicate that intersegment transfer of Egr-1 is very 
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efficient at physiological ionic strengths. In the previous work74, the coarse-grained 

molecular dynamics simulations suggested that Egr-1 can carry out intersegment transfer 

between two DNA duplexes apart by 60 Å. Because this corresponds to the distance 

between two DNA ends of a nucleosome particle 163, intersegment transfer could allow 

Egr-1 to efficiently bypass nucleosome particles and facilitated DNA scanning 51,74. Thus, 

our data collectively suggest that the kinetic properties of Egr-1 are well tuned for 

efficient scanning of DNA in vivo. 

 

2.5.2. Efficient intersegment transfer of Egr-1 between nonspecific DNA sites 

 Our current study shows that intersegment transfer of Egr-1 between nonspecific 

DNA sites is extremely efficient. The intersegment transfer rate constant kIT,N is only two-

fold smaller than the association rate constant kon,N  (Table 1). In our previous NMR 

study, the second-order rate constant for the intersegment transfer of Egr-1 between two 

different 28-bp nonspecific DNA duplexes was measured at 20 mM KCl to be 3.6 × 106 

M-1 s-1.74 This value corresponds to kIT,N = 1.8 × 105 M-1 s-1, assuming that the number of 

sites is M = 20 in 28-bp DNA (note that kIT,N is defined for each pair of departure and 

arrival sites). The value of kIT,N = 1.74 ×105 M-1 s-1 from our current study at 40mM KCl, 

is in excellent agreement with NMR studies. While we did expect ~ 2 fold faster IT at 

40mM KCl, slower process is probably due to the difference in temperatures for stopped 

flow and NMR experiments (20 vs. 35 oC). Interestingly, the intersegment transfer of 

Egr-1 between the target DNA sites is > million-fold slower (kIT,S = 0.8 M-1 s-1),147 

presumably due to the extremely strong binding to the target site ( ~ 10-11 M-1).  Our 
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current fluorescence data and the previous NMR data are consistent in that both indicate a 

very efficient intersegment transfer of Egr-1 between nonspecific DNA sites.  

 

2.5.3. Bridging intermediate and intersegment transfer 

 Intersegment transfer was defined as direct transfer between two DNA chains via 

a transient DNA-bridging intermediate (Scheme 2), this intermediate has never been 

directly observed experimentally, as far as we know. Only coarse-grained molecular 

dynamics (CGMD) simulations directly inferred the DNA-bridging intermediates in 

intersegment transfer.41,74,164,165 If the breakage of the bridging intermediate is the rate-

limiting step, intersegment transfer should appear to be a first-order process that cannot 

be detected by DNA concentration-dependence experiments. In such a case, the DNA-

bridging intermediate should be a stable species. Intersegment transfer should appear to 

be a second-order process (Scheme 3) when the formation of the bridging intermediate 

via collision of a nonspecific complex and free DNA is the rate-limiting step. In this case, 

the DNA-bridging intermediate is a transient, low-population species. Intersegment 

transfer observed in the current and previous72,74,75,92,95,140-143 studies are of this kind. Our 

previous studies using NMR spectroscopy and CGMD simulations suggested that local 

dissociation of one of the three zinc-fingers could allow Egr-1 to transiently bridge two 

DNA duplexes during intersegment transfer.74,166  

 Sidorova et al. recently suggested,72 the phenomenological second-order nature of 

intersegment transfer can be explained without assuming the presence of DNA-bridging 

intermediates. Regardless of whether the DNA-bridging intermediates are actually 
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involved or not, the second-order nature of intersegment transfer is important because it 

allows the protein to counteract trapping by nonspecific sites at a high concentration of 

DNA. However the positive effect of IT countering the trapping effect has to have its 

upper limit. Indeed the formation of transient intermediate is a prerequisite of executing 

IT, and is limited by regular 3D diffusion. Thus phenomenological second-order IT 

cannot exceed the diffusion limit defined for given macromolecules.  

 

2.5.4. Influences of the antenna, trapping effects and intersegment transfer on target 

search 

Our data show that the target search by the Egr-1 zinc-finger protein is fastest at 

the physiological ionic strength. But what is the origin for the optimal kinetic efficiency 

at the physiological ionic strength? To give theoretical explanation to this question, here 

we provide a general expression for the kinetics of target location by DNA-binding 

proteins. This is done by transforming Eq. 19 into the form that shows relationship of ka 

to the intrinsic association rate constant kon,N: 

                         [25] 

here parameters ρ and  η are given by: 

                      [26] 

 .                      [27] 
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Eq.25 quantitatively explains how the target association kinetics is influenced by the 

antenna effect, the trapping effect, and intersegment transfer, which are represented by 

the parameters S, ρ, and η, respectively. The parameter S given by Eq. 25 corresponds to 

the effective size of the antenna. Nonspecific sites near the target on the same DNA serve 

as the antenna and make the target association S-fold faster. This is equivalent to S sites 

serving as the target, the term φL-S in Eq. 26 corresponds to the number of nonspecific 

sites outside the antenna on the target-containing DNA duplex. Because the overall 

concentration of the nonspecific sites on DNA is (φL-S)Dtot + φMCtot, the parameter ρ 

(Eq. 26) corresponds to the fraction of protein molecules that are not trapped by any 

nonspecific sites during the target search process. If (φL-S)Dtot << MCtot (which is usually 

satisfied, and becomes false only if the probe DNA length is many thousands of bp), then 

the parameters ρ and η become independent of S and the expression becomes equivalent 

to what we derived (Eq. 15) under the assumption of the quasi-equilibrium for the 

nonspecific interactions 51. If the target position is around the middle of the DNA duplex 

(i.e. m ≈ L/2), the parameter S (Eq. 20) becomes independent of m and is reduced to: 

        [28], 

which corresponds to the expression for the antenna effect given in previous literature 

13,36. Eq. 27 shows that intersegment transfer considerably enhances the target search 

kinetics (i.e., η >> 1) when (and only when) the pseudo-first-order rate constant for 

intersegment transfer is substantially larger than the dissociation rate constant of 

nonspecific complexes. As indicated by Eq. 25, the ratio of ka to kon,N is given by ρηS, in 

which ρ represents an attenuation factor (0 < ρ < 1) due to the trapping effect; η, an 
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enhancement factor (η > 1) due to intersegment transfer; and S, an enhancement factor (1 

< S < 2λ) due to the antenna effect. As will be discussed below the Eq. 19 (25) provide 

almost same results as Eq. 15. but are superior due to their simplicity and generality. 

 

2.5.5. Comparison of ka from Eq. 15 and 19 (25).  

 Expression 15 was obtained for discrete-state stochastic kinetic model, under the 

assumption of pseudo-first-order conditions due to Dtot << Ptot << Ctot. This inequality 

imposes conditions on the system when the equilibrium between nonspecific competitor 

bound and free protein is established much faster than proteins' association to target site. 

Eq. 19 (Eq. 25) was derived without the assumption of such pre-existing quasi- 

equilibrium process and thus is more general. 

 Despite the difference in appearance, Eq. 15 and Eq. 19, give almost same result 

under our experimental conditions (Figure 2.13.). Values calculated with the two 

expressions agree well because the inequalities Dtot << Ptot << Ctot, which are assumed to 

be correct for both approaches, make the assumption of quasi-equilibrium valid. Eq. 15 

allows us to separate the contribution from IT and 3D mediated pathways, however it is 

impossible to assess the enhancement effect due to antenna effect directly, same is true 

for the attenuation factor due to nonspecific competitor. These effects are indirectly 

embedded in Eq. 15 through fp and Tp. Eq. 25 clearly separates all the aforementioned 

effects that influence target association kinetics.  The new analytical expression (Eq. 25) 

is superior in the sense that it provides easy to understand physical explanations of the 

impact of the antenna, trapping and intersegment transfer effects. Using this expression 
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with experimentally determined kinetic parameters allows us to better understand the 

synergy between distinct target search processes, and their contribution to ka. 

 

 

Figure 2.13. Comparison of the rate constants ka calculated with Eq. 1 and with Eq. s20. 

A. DNA length-dependence. B. Competitor concentration-dependence for the probe 

DNA. For both panels, the following parameters were used: Dtot = 2 nM; Kd,N = 5 µM; 

koff,N = 100 s-1; φ = 2; M = 20 bp; and m = 2. In addition, kIT,N = 105 M-1 s-1 was used for 

the panel a, and L = 100 bp and D1 = 5 x 105 s-1 were used for the panel B. 

 

 

2.5.6. Egr-1’s sliding on DNA: Comparison with other proteins 

 The one-dimensional diffusion coefficient D1 for sliding on DNA is known for 

some proteins. For example, D1 = 4.8 x 106 bp2 s-1 (0.55 µm2 s-1) for OGG1;130 D1 = 2.6 × 

106 bp2 s-1 (0.30 µm2 s-1) for p53;161 D1 = 4.9 × 105 bp2 s-1 (5.7×10-2 µm2 s-1) for 

MutSα;132 D1 = 9.5 × 104 bp2 s-1 (1.1×10-2 µm2 s-1) for EcoRV;45 and D1 = 3.0 × 104 bp2 



58 

s-1 (3.5×10-3 µm2 s-1) for EcoRI.138 In most of these studies, sliding on DNA was directly 

observed with single-molecule fluorescence techniques. As noted previously,125,161 the 

single-molecule techniques could overestimate D1 due to their limited spatial resolution, 

which makes it difficult to distinguish sliding and hopping. Thus, D1 measurements with 

completely different principles are of practical importance. Our current bulk-solution 

study shows that D1 = 2.1 × 105 bp2 s-1 (2.4 × 10-2 µm2 s-1) for the Egr-1 zinc-finger 

protein (Table 1). This value is within the typical range for the D1 coefficients. Unlike 

three-dimensional diffusion coefficients in solvent, the one-dimensional diffusion 

coefficient D1 for proteins sliding on DNA appears to be virtually independent of the 

molecular size.  

 

2.5.7. Optimal target search by Egr-1 at physiological ionic strengths 

 Based on the above mentioned analytical expression of ka, now we can explain the 

ionic-strength dependence of the target search kinetics in terms of the antenna and 

trapping effects as illustrated in Figure 2.14. At higher ionic strengths, the antenna effect 

is weak (i.e. S is small) and the trapping effect is also weak (i.e. ρ is large). The 

parameters S and ρ are decreasing and increasing functions of ionic strength, respectively 

(Figures 2.14B and 2.14C). The enhancement factor n due to intersegment transfer is 

significantly bigger than 1 only at relatively low ionic strengths because the ionic-

strength dependence of rate constant koff,N (Figure 2.12.B.) is stronger than that of kIT,N 

(Figure 2.12.C.) and dissociation becomes faster than intersegment transfer at ionic 

strengths > 150 mM KCl. As described previously, the rate constants of electrostatically 
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assisted macromolecular association are typically a decreasing function of ionic strength 

167,168. The rate constant ka as the product of the parameters ρ, η, S, and kon,N (Eq. 25) thus  

 

Figure 2.14. Effect of trapping IT and sliding to total target association rate of Egr-1 as a 

function of salt concentration. The attenuation factor ρ due to the trapping effect (red), 

the enhancement factor η due to intersegment transfer (magenta), and the enhancement 

factor S due to the antenna effect (blue) for the target association kinetics of the Egr-1 

zinc-finger protein. These parameters were calculated from the current experimental data 

on the rate constants koff,N and kIT,N, the one-dimensional diffusion coefficient D1, and the 

dissociation constant Kd,N for the Egr-1 zinc-finger protein along with Eqs 2, 7 and 8. The 

following conditions were used: Dtot = 2.5 nM; L = 105 bp; Ctot = 2,000 nM; and M = 20 

bp.  Ionic-strength dependence represented by  was assumed for 

koff,N, kIT,N, D1, and Kd,N, and the parameters a and b were calculated from the current 

experimental data. 

 

should have a maximum at certain ionic strength. This is indeed the case for the Egr-1. 

Our data indicate that the Egr-1 zinc-finger protein achieves the optimal kinetic 
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efficiency at ~150 mM KCl via the compromise between the antenna and trapping 

effects. 
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CHAPTER 3: 

Kinetic and thermodynamic roles of Egr-1's search and recognition 

modes in DNA scanning 

3.1. INTRODUCTION 

 In our recent work 51,169 we have characterized protein-DNA translocation of Egr-

1 and found that it exhibits extremely efficient target search and strong binding affinity 

for its target site (Chapter 2). The crystal structures of the DNA complex show that 

protein-DNA interaction interface is as large as (2870 Å2)91,170, involving a large number 

of interactions that stabilize protein-DNA complex.  While this would be beneficial for 

strong specific binding13,171 the target search of  Egr-1 would be expected to be slow, 

because all the extensive interactions would need to be transiently broken for protein to 

transfer from one DNA site to another. 51,52,118,119,164,165 How do proteins like Egr-1 

achieve strong specific (and nonspecific) DNA binding and very fast target search?  

 To explain this counterintuitive phenomenon some theoretical studies have 

proposed a so-called 'conformational switch model'13,171-173. In this model, protein that is 

bound to DNA is assumed to have two major states, termed search and recognition 

modes. The search mode of the protein is supposed to have a shallow and smooth free-

energy landscape on DNA, which facilitates translocation. In contrast, the energy 

landscape of the recognition mode is ragged, but allows the protein to strongly bind to 

target. These states are assumed to co-exist while the protein is scanning DNA. The 

populations of search and recognition modes are at equilibrium, which is strongly shifted 
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toward search mode if protein is on nonspecific DNA, or toward the recognition mode if 

the protein is on specific DNA.  

 Previous NMR studies from our laboratory demonstrated that fast target search 

process can be explained remarkably well by the conformational switch model that 

involves a dynamic search mode and a rigid recognition mode of Egr-115,169. These 

findings immediately imply that modulation of target search process can be done by 

altering the populations of search and recognition modes. But to be able to do this we 

would need to know what molecular determinants define the population of 

search/recognition modes.   

 In Chapter 2 we have demonstrated that target search efficiency increases 

dramatically (~50 fold) with the increase of ionic strength of solution (40-150 mM KCl). 

One of the strong determinants of the enhancement was the decrease of trapping effect by 

nonspecific competitor (Eq. 25). This effect primarily originates from the electrostatic 

nature of Egr-1 DNA interaction. In fact, binding strength with the DNA decreases at 

higher salt concentrations (Figure 2.5.). As the transition state theory174 or Kramers 

theorem175 suggests, thermodynamics and kinetics are only loosely related in general. 

This means that modulation of specific/nonspecific binding alone cannot be used for 

rational improvement of target search. Computational studies have provided some sub-

molecular insights on possible determinants of target search efficiency41,164,176-178. One of 

the major processes that facilitated target search was found to be transient dissociation of 

protein domains from DNA. In other words proteins that formed more 'dynamic/loose' 

complexes with DNA would exhibit faster target search41. Qualitatively this is easy to 

understand: a more dynamic protein-DNA complex means presence of weaker interaction 



63 

network with the DNA. Because breakage of this network is essential for protein to 

transfer from one DNA site to another, more 'dynamic' protein should scan DNA faster. 

These findings are consistent with the results of our previous work169, where it was 

demonstrated that restriction of domain dynamics of Egr-1 results in significant decrease 

of protein-DNA translocation. This implies that rational modulation of target search 

could be done by alteration of dynamic properties of protein domains in nonspecific 

protein-DNA complex. 

 In this chapter we demonstrate that engineering of Egr-1 with enhanced target 

search properties is possible.  We show that modulation of the balance between search 

and recognition modes alters target search kinetics in a predictable manner. We also 

demonstrate that there is a strong anti-correlation between the search efficiency and the 

DNA binding strength for  Egr-1. These observations allow us to examine the 

conformational switch model, as well as the relationship between Egr-1/DNA 

interactions. Our rigorous kinetic and thermodynamic data together with our recent NMR 

data on nonspecific complexes of Egr-1, suggests that protein domain dynamics in 

nonspecific complex play an important role in efficient target search by this inducible 

transcription factor. 

 

  

 

  

Partially adopted with permissions from "Levani Zandarashvili, Dana Vuzman, Alexandre Esadze, 
Yuki Takayama, Debashish Sahu, Yaakov Levy, and Junji Iwahara. Asymmetrical roles of zinc fingers in 
dynamic DNA-scanning process by the inducible transcription factor Egr-1. Proc Natl Acad Sci. 2012; 
109(26):E1724-32. © National Academy of Sciences, USA." 
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3.2. MATERIALS AND METHODS 

3.2.1. Fluorescence spectroscopy 

 Fluorescence experiments were performed at 20 ˚C with an ISS PC -1 

spetrofluorometer. Specific/nonspecific binding  and kinetics of target search was 

measured as described for WT Egr-1 in Chapter 2. In stopped-flow experiment for 

measuring the dissociation rate constant koff for nonspecific complex of Egr-1 with NS28, 

the time courses of fluorescence arising from TAMRA-labeled DNA were monitored 

upon mixing two solutions: 1) 40 nM TAMRA-labeled DNA and 400 nM protein; and 2) 

2000 nM unlabeled DNA duplex NS28169. The excitation wavelength was 500 nm and 

the emission light was detected using a channel with a 560 nm cutoff long pass filter 

(Edmun Optics) and no monochrometer for a higher sensitivity. The dissociation rate 

constant koff was determined via nonlinear least-squares fitting with a mono-exponential 

function.179 

 

3.2.2. NMR experiments for Egr-1/DNA complexes 

 All NMR experiments described below were carried in our laboratory. The 

experimental procedures and data analysis is described in detail in our previous work. 169 

 

3.2.3. Gel super shift assay 

 100nM of TAMRA-labeled specific 28bp DNA was pre-incubated with 200nM 

wt Egr-1 (or appropriate constructs) and 100 fold excess of nonspecific competitor 
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(Chapter 2) on ice for another 2h In buffer containing 10 mM Tris-HCl pH 7.5 and 40 

mM KCl. Than 80% glycerol was added to mixture to final concentration of 10% v/v and 

immediately loaded onto 4-20% TBE gel and subjected to page electrophoresis. Because 

Egr-1 misfolds and aggregates (becomes inactive) when the zinc coordination atom is 

removed, the TBE gel was equilibrated with standard 1x TB running buffer that 

contained no EDTA. 

 

3.2.4. Structure based rational enhancement of Egr-1 dynamics 

In previous studies ZF1 of Egr-1 was found to undergo a substantial degree of 

motions in nonspecific complex. Suppression of these motions resulted in significant 

decrease of target search. This suggests that increasing the dynamics motions of Egr-1 in 

nonspecific complex should enhance the target search process. 

 Based on dynamics information from our previous NMR studies on Egr-1 in 

specific and nonspecific complex and X-ray crystallographic data (Figure 3.1.), we  

designed two mutants of Egr-1. To achieve desired domain mobility, we essentially 

"copied" the interaction patterns from one Egr-1 domain to another. Such strategy was 

possible because there is high degree of homology and identity between the sequences 

and structures of ZF1, ZF2 and ZF3, and our previous studies and X-ray crystallographic 

data provided insights into key interactions that define domain dynamics of Egr-1. The 

detailed strategy on Egr-1 engineering is given below: 

Type 1 mutant of Egr-1 was created by coping protein-DNA and inter domain 

interactions observed for ZF3 into ZF1. Namely ZF3 forms a contact ion pair with DNA 
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through K79 and additionally restricts its flexibility through electrostatic interaction 

between E60 and R55 in its linker. Based on this structural information we introduced 

T23K and  Q32E mutations into ZF1. K23 is expected to restrict ZF1's flexibility by 

formation of contact ion pair with DNA, just like K79 does for ZF3. 32E should form 

hydrogen bonding with R27 and decrease flexibility of domain even further, (equivalent 

to E60-R55 interaction in ZF3). Type 1 mutant based on its design should exhibit lowest 

degree of flexibility because even domain 1 is now tethered to DNA and restricted in its 

mobility.  

Type 3 mutant of Egr-1 was created by coping protein-DNA and inter domain 

interactions observed for ZF1 into ZF3. E60Q mutation is introduced to disrupt the 

hydrogen bonding between E60 and R55 in the linker and K79T mutation terminates 

contact ion pair formed by K79 and DNA. Thus type 3 Egr-1 should have both flexible 

ZF1 and ZF3 domains. 

Type 2 mutant was created by coping protein-DNA and inter domain interactions 

from ZF1 to ZF3 and from ZF3 to ZF1 . For this purpose quadruple T23K / Q32E 

E60Q/K79T mutation was introduced. As discussed above the first pair of mutations 

suppresses the motion of ZF1 domain while second pair mutations enhances the motions 

of ZF3 domain. This effectively creates a mutant which has "reversed" dynamic 

properties of wt Egr-1.  

 In our recent work Zandarashvili et al.169 demonstrated that R1 distribution 

patterns are good indicatives of relative domain flexibility/dynamics for Egr-1 in 

nonspecific complex. Using this methodology, other members of our laboratory 

confirmed, that ZF domains of Egr-1constructs exhibited expected dynamic patterns. 
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Figure 3.1. Strategy for engendering more efficient DNA scanning by Egr-1. Domain 

interaction patterns of WT Egr-1 "copied" to create type1, type 3 and type 2 mutants (see 

section 3.2.4.). 

 

 

3.3. RESULTS  

3.3.1. Specificity of Egr-1 mutants 

 To confirm that the mutants of Egr-1 retain their strong DNA binding affinity and 

specificity we performed sires of gel super shift assays (Figure 3.2.). We found that Egr-1 

forms very stable complex with specific DNA. This was evident from the fact that 

complete super shift occurred even in the presence of 100 fold excess of nonspecific 

competitor. The results are in good agreement with our studies that showed 0.1x10-12-
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100x10-12 M binding affinity to specific site for Egr-1 constructs (see below). Retention 

of specificity especially for type 3 mutant after removing essential ionic interaction with 

DNA through K79 indicates that Lys mediated protein-DNA interactions and domain 

flexibility are not sole determinants of strong specific binding. Indeed, 5 Arg make 

contact with DNA bases and stabilize the specific DNA complex of Egr-1.91,180  

 

3.3.2. Effect of Egr-1 mutations on global target search kinetics 

 To assess whether or not the modulation of domain dynamics affected the 

populations of search and recognition modes (and consequently target search kinetics) we 

carried out standard stopped flow experiments for all mutants of Egr-1. We than 

compared the results of mutant Egr-1 target search kinetics with that of the wt protein at 

40, 80 and 150 mM KCl salt concentrations. Figures 3.2. and 3.3. and Table  2 

summarize the results of our kinetic experiments for all constructs of Egr-1.  

 As it is clearly seen, that type 1 mutant displays the slowest target search kinetics 

while type 3 displays the fastest target search. Type 2 and wild type proteins show 

intermediate target search efficiency. These results are in a good agreement with our 

predictions (section 3.2.4.). Interestingly, difference in target search kinetics was larger 

between Egr-1 constructs at lower salt concentrations. Indeed the difference between kapp 

of type 1 and kapp of type 3 is 16 fold at 40 mM KCl, while at 80 mM KCl this difference 

is 5.5 and only 3.8 at 150mM.  
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Figure 3.2. Gel super shift assay of Egr-1 constructs.  A. Lane 1 free specific 28bp DNA, 

lane 2 wt Egr-1+specific DNA, lane 3 wt Egr-1+specific DNA+100 fold excess of 28bp 

nonspecific competitor, lane 4 type 1 Egr-1+specific DNA, lane 5 type 1 Egr-1+specific 

DNA+100 fold excess of 28bp nonspecific competitor. B. Lane 1 free specific 28bp 

DNA, lane 2 wt Egr-1+specific DNA, lane 3 wt Egr-1+specific DNA+100 fold excess of 

28bp nonspecific competitor, lane 4 type 2 Egr-1+specific DNA, lane 5 type 2 Egr-

1+specific DNA+100 fold excess of 28bp nonspecific competitor C. Lane 1 free specific 

28bp DNA, lane 2 type 3 Egr-1+specific DNA, lane 3 type 3 Egr-1+specific DNA+100 

fold excess of 28bp nonspecific competitor. 

 

3.3.3. Effect of Egr-1 mutations on the target search pathways. 

 To assess to which extent different target search kinetics are affected we 

carried out extensive measurement of sliding and intersegment transfer rate constants for 

all Egr-1 mutants at 80 mM KCl. As expected, for type 1 mutant we observed 

significantly weaker dependence of kapp on the length of the probe, while kapp dependence 

on Ctot   was stronger. For type 3 we observed exactly opposite behavior. These  
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Figure 3.3. Correlation between thermodynamics and kinetics of target search by Egr-1. 

A. Target search kinetics of all Egr-1 constructs at 40mM KCl. Type 1 displays slowest 

target search kinetics while type 3 displays fastest. This correlates well with expectations 

of type 3 having highest target search mode population and type 1 having slowest. B. 

Comparison of association rates versus specific binding for all proteins at 40 mM KCl. 

note how fastest target searcher type 3 mutant displays weakest binding, while type 1 is 

completely opposite case. 

 

 
observations qualitatively suggest that type 1 has both slower sliding and IT rate than wt 

Egr-1, while for type 3 mutant both of these rate constants are faster than for wild type. 

For type 2 the dependence on probe length suggests same sliding rate as for wt protein, 

faster but kIT. We then performed quantitative rigorous analysis of the probe length 

dependence and competitor concentration dependence of target search kinetics for all 

Egr-1 constructs, as described in Chapter 2 (Table 2; Figure 3.4.). 

 The kIT for type 3 was 5.5 fold and ksln was 9 fold faster than that of type1. 

Interestingly, while type 2 demonstrated almost identical ksln rate as wild type Egr-1, 
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(which was expected because target search modes of wt and type 2 Egr-1 should be 

almost equivalent) however the intersegment transfer rate was almost two fold faster, 

which is consistent with our previous NMR data.  

 

3.3.4. Effect of mutagenesis on specific/nonspecific DNA binding 

 Because the increase of dynamics of Egr-1 in protein-DNA complex implies the 

disruption of interaction networks in protein-DNA interface Egr-1 type 3 is expected to 

have reduced binding affinity towards both specific and nonspecific DNA. Based on the  

Table 2         Kinetic parameters for translocation of the Egr-1 zinc-finger protein on 
nonspecific DNA sites determined from the stopped-flow fluorescence data. 

 
Parameters Values and uncertainties a) 
- Type 1 Egr-1 -  
ksl,N (s-1) (1 ± 0.2) × 105 
kit,N (M-1 s-1)  (6.0 ± 1.0) × 105 
koff,N (s-1) 0.1±0.1 
- Type wt Egr-1 -  
ksl,N (s-1) (2.4 ± 0.4) × 105 
kit,N (M-1 s-1)  (10 ± 1) × 105 
koff,N (s-1) 1.1±2.6 
- Type 2 Egr-1 -  
ksl,N (s-1) (2.3 ± 0.4) × 105 
kit,N (M-1 s-1)  (21.0 ± 3.0) × 105 
koff,N (s-1) 15±7 
- Type 3 Egr-1 -  
ksl,N (s-1) (9.0 ± 1.3) × 105 
kit,N (M-1 s-1)  (34.0 ± 4.2) × 105 
koff,N (s-1) 7±2 

 

a) Data collection and analysis has been performed as described in Chapter 2. 
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same logic Type 1 Egr-1 should exhibit stronger specific/nonspecific binding with the 

DNA due to enhanced interaction network in protein-DNA interface. To test our 

predictions we measured the specific and nonspecific binding affinities for all Egr-1 

constructs (Figure 3.5.; Table 3). As expected the specific binding of Egr-1 type 1 is 

stronger than the binding of wt Egr-1 (~ 30) fold. Type 3 demonstrated weakest binding 

constant to specific DNA (~30 fold weaker then wt Egr-1). Both type 2 and wt Egr-1 

exhibited intermediate specific and nonspecific binding. Interestingly we found that off 

rates from specific sites were altered significantly (~25 fold) as well (Figure 3.6.). For 

nonspecific dissociation differences between individual mutants were much less than for 

specific binding (Figure 3.7.) nevertheless the koff for type1 was slowest and for type 3 

was fastest while wt Egr-1 demonstrated intermediate koff.  

 

3.4. DISCUSSION 

3.4.1. Dynamic mechanism for rapid target DNA search 

 Our  current study shows, that the target search efficiency is closely related to the 

dynamic properties of domains in nonspecific Egr-1/DNA complex. ZF1 of Egr-1 in the 

nonspecific complex undergoes independent domain motions on a nanosecond timescale 

while ZF2 and ZF3 are bound to the nonspecific DNA.169 The dynamic nature of the 

nonspecific complexes seem to substantially enhance target search by Egr-1. Indeed the 

Egr-1 mutant with enhanced domain dynamics (type 3) demonstrated substantially 
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Figure 3.4. Target search kinetics of Egr-1 constructs 80 mM KCl A. Ctot dependence of 

target search for wt Egr-1 (green) and for type 1 (blue). B. Ctot dependence of target 

search for type 3 (Red) and type 2 (purple). C. Probe length dependence of target search 

for wt Egr-1 (green) and for type 1 (blue). D. Probe length dependence of target search 

for type 3 (Red) and type 2 (purple). 

 

faster (~20 fold; Figure 3.3.B.) specific target search as compared to type 1, which 

had its dynamic motions suppressed.  Different target search properties of the mutant 

Egr-1 can be explained from the structural view point of the dynamic intermediates, that 
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modulate the balance between recognition and search modes: In the present case, the 

dynamic state of Egr-1 on nonspecific DNA with only ZF2 and ZF3 being bound 

corresponds to the search mode, whereas the state seen in the crystal structure of the 

specific complex, with all of the three zinc-finger domains being bound to DNA, 

corresponds to the recognition mode. The domain motions of ZF1 in the nonspecific 

complex occur on a nanosecond timescale. These transitions are much faster than the 

translocation of the protein between sites (see Chapter 2). As predicted by the theoretical 

studies such  rapid conformational switch between the two modes should promote target 

search by Egr-1. Indeed dynamic nature of the search mode implies the presence of 

weaker interaction in the protein-DNA interface which should promote translocation via 

sliding, at the same time the domain motions of ZF1 of wt Egr-1 bound to nonspecific 

DNA can promote intersegment transfer via a transient bridging of two DNA molecules 

in a close proximity as seen in the CGMD simulations74. 

 

Table 3         Nonspecific binding affinity (Kd) for all Egr-1 constructs at 80mM KCl 

Parameters Values a) 
-  For Egr-1 constructs -  
Kd type 1 (nM) 170 
Kd wt (nM) 580 
Kd type 2 (nM) 1100 
Kd type 3 (nM) 1500 

 

a) Experimental direct Kd determination was carried out in standard buffer of 10mM Tris-
HCl pH 7.5 80 mM KCl 200nM ZnCl2. 
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Figure 3.5. Specific and nonspecific binding of Egr-1 to DNA. Red - type 3 specific 

binding; Blue - wt specific binding; Green - type 2 specific binding; Pink - type 1 specific 

binding; Yellow - wt nonspecific binding. Note that Wt and type 3 Egr-1 exhibit almost 

same slopes of the Kd dependence on ionic strength indicating that almost same number 

of ion pairs are formed in both cases. Type 2 and type 1 exhibit largest slopes, slightly 

stronger binding of type 2 at lower salt concentrations can be due to larger contribution 

from entropic effect due to ZF3 motions.  

 

 

While ZF2 and ZF3 are bound to the original DNA site and act as anchors, ZF1 explores 

3D space in close vicinity of Egr-1 to capture the DNA. As we have shown in Chapter 2 

Egr-1 does indeed display a remarkably fast intersegment transfer at physiological salt 

concentrations.  

For type 1 mutant ZF1 motions are suppressed and the dynamic pattern resembles the one 

found for specific complex. The stronger protein-DNA interaction should reduce the 

population of the search mode and thus decrease the target search kinetics as it was in 

fact observed. Stronger interactions with DNA reduces the sliding rate constant. 
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Figure 3.6. koff rates of all Egr-1 constructs from specific DNA site. 

 

 

Figure 3.7. koff from nonspecific DNA for Egr-1 constructs. Red - type 1; Brown - type 3 ; 

Blue - wt. 
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  The suppressed motions of ZF1 also implies less efficient exploration of 

adjacent 3D space and thus slow intersegment transfer rate. As a result global target 

search efficiency of type 1 Egr-1 is lowest among all four constructs. 

For type 3 mutant, domain motions are enhanced for ZF1 and ZF3 which makes it 

the most dynamic Egr-1 construct. Thus it should have highest population of search mode 

among all Egr-1 constructs. Weaker protein-DNA interactions should promote faster 

sliding on DNA. At the same time ZF3 domain, which is now dynamic can also 

effectively explore neighboring 3D space to bind adjacent DNA and execute IT. Thus 

type 3 Egr-1 also should demonstrate faster IT transfer. Because the number of flexible 

domains that can actively participate in IT is doubled compared to wt Egr-1, we 

qualitatively would expect at least doubling of IT rate for type 3 Egr-1. Indeed, the 

measured kIT rate was 34x106 M-1s-1 for type 3 Egr-1 (compare with 10x106 M-1s-1 for wt 

Egr-1; Table 3). As a result type 3 Egr-1 has the fastest target search efficiency. 

 

3.4.2. Egr-1 sacrifices  specific/nonspecific binding affinity for increase in DNA 

scanning efficiency.  

 The kinetic and thermodynamic studies of Egr-1 interaction with DNA provides 

an interesting relation between DNA binding properties and DNA scanning efficiency. 

The decrease in specific binding is accompanied by increase in DNA scanning efficiency 

(Figure 3.3.). Vise versa if the specific binding is enhanced than target search kinetics is 
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slowed. This observation can be explained from the perspective of conformational switch 

model: 

 Stronger DNA binding results in more extensive interactions with the DNA, 

increase in these interactions make it harder for protein to transfer between DNA sites 

(increases the 'rigidity' of energy landscape for protein-DNA interaction) this corresponds 

to increase in recognition mode population, and target search becomes slower. In the 

same way decrease in DNA binding affinity enhances the target search mode. Thus for 

Egr-1 direct anti correlation between DNA binding affinity and target search efficiency is 

observed.  

 However  a more important value that defines increase or decrease in populations 

of search and recognition modes, could be kinetic parameter koff, because this parameter 

is directly related to the lifetime (τ= koff -1) of the protein-DNA complex and thus its 

stability. Since both Kd and koff increase with increase of target search kinetics, it is not 

straightforward to conclude which of these parameters reflect the recognition/search 

mode populations better. This consideration becomes even more complicated when IT is 

considered as the observable dissociation rated from DNA will increase in its presence.   

 

3.4.3. Strong dependence of target search enhancement on ionic strength 

 In our stopped-flow assay we discovered a strong dependence of difference of 

target search on ionic strength of solution for mutant Egr-1 proteins. Maximal difference  

observed was ~ 20 at 40mM KCl and only 3.8 at 150mM KCl (Table 4). One explanation 

for this observation could be following:  The attenuation factor of target  
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Table 4         Kinetic parameters for translocation of the Egr-1 zinc-finger protein 
constructs on nonspecific DNA sites determined from the stopped-flow 
fluorescence data. 

 
Parameters Values a) 
- Type 1 Egr-1 -  
kapp 40mM KCl (s-1) 0.043 
kapp 80mM KCl (s-1) 1.45 
kapp 150mM KCl (s-1) a) 2.0 
- Type wt Egr-1 -  
kapp 40mM KCl (s-1) 0.22 
kapp 80mM KCl (s-1)  2.5 
kapp 150mM KCl (s-1) a) 5.75 
- Type 2 Egr-1 -  
kapp 40mM KCl (s-1) 0.49 
kapp 80mM KCl (s-1) 3.7 
kapp 150mM KCl (s-1) a) 7 
- Type 3 Egr-1 -  
kapp 40mM KCl (s-1) 0.96 
kapp 80mM KCl (s-1) 8.0 
kapp 150mM KCl (s-1) a) 2.7 

 
a) Values reported are compared for the condition of Ctot=8000 nM which is necessary to 
slow down association kinetics for precise measurement of kapp for type 2 an type 3 Egr-
1. All other values are reported for Ctot=2000 nM. 
 
 
 
 
 
search due to the nonspecific interactions with DNA is ionic strength dependant. This 

effect becomes significantly weaker at salt concentration higher than 100 mM KCl, as the 

result the fraction of the free protein increases. This in turn increases the contribution of 

target search through 3D diffusion. However, this target search pathway is equivalent (in 

terms of target search speed) for all Egr-1 constructs. Thus  the higher contribution from 

this process is present, the smaller will be the difference between global target association 

constants of different Egr-1 constructs. Other explanation could be that mutations result 
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in slight variation in recognition of DNA sequences, and some mutants may encounter 

more weak semi-specific sites. This may promote global slowdown of target search in 

case of type 1 Egr-1. In fact we have tested the effect of strong semi-specific sites on the 

DNA and observed significant decrease in target search kinetics for all Egr-1 mutants 

(Figure 3.8.). While this observation supports hypothesis on the attenuation of target 

search through strong semi-specific binding, effect of weak semi-specific sites could be 

substantially smaller. Further studies are necessary to address the attenuation of global 

target search kinetics by semi-specific sites. 

 

3.4.4.  Target search of Egr-1 in vivo like environment. 

 The 4 billion bp human genome displays significant diversity in the sequences to 

which many different proteins and protein complexes bind. For Egr-1 which recognizes 9 

bp sequence, it is possible to often encounter partially matching sequences. In fact 

assuming completely random sequence distribution on genomic DNA we encounter >106 

6bp matching sequences. It is quite natural to expect that the binding to such partially 

matching sites is stronger than to fully nonspecific DNA. In fact if the binding to such 

semi-specific sites is quite strong than the target search efficiency would be governed by 

koff  rate from such semi-specific site. This would slow down target search considerably.  

This assumption is well supported by our experimental finding that introduction of only 

one semi-specific site in DNA probe in our stopped flow experiments significantly 

slowed down the target association rate (Figure 3.8.). This suggests that proteins with  
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Figure 3.8. Effect of semi-specific sites on target search kinetics of Egr-1. Because the 

effective antenna length at 40 mM KCl is ~ 110bp which is almost same as the length of 

probe DNA used, protein gets effectively adsorbed on such sites which decreases overall 

target search rate. Effect of semi-specific site on target search for type 3 and wt Egr-1 is 

presented in red for 113 bp DNA probe. Notice that the decrease for type 3 is less than 

for wt, the reason being shorter antenna length for type 3. Overall the presence of semi-

specific sites alters global target search kinetics and the shape of length dependence of 

target search considerably. 

 
 
 
weaker DNA binding affinity should be more efficient at DNA scanning, as they will be 

trapped on large number of semi-specific sits to a lesser degree.   

Protein sliding can also be blocked by histones and other DNA binding proteins. If this 

restriction results in significant shortening of effective sliding from ideal 2λ, global target 

search rate will be affected as well (Chapter 2). This however could be compensated by 

increase in IT rate. In fact because bending of the DNA by histone has been shown to 
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align DNA strands within 60 Å distance, intersegment transfer should be particularly 

effective in bypassing such obstacles at least for Egr-1 (Figure 3.9).   

 Another effect that could slow down target search or completely restrict it, is the 

case when two or more proteins share (fully or partially) their binding sites on DNA. For 

example Sp1 and Egr-1 transcription factors share their specific sites for many promoters 

that regulate the defense machinery of cardio vascular system. Displacement of Sp1 is 

absolutely necessary for Egr-1 to execute its function. In such case if no additional 

mechanisms of displacement are involved,  the rate limiting step for target association 

may become a dissociation of competing protein from the shared site. This could 

considerably slow down target association especially if the binding of competing protein 

to DNA is as strong as for Egr-1.   

 Overall, further studies involving more complex systems that consider above 

mentioned mechanisms of target search attenuation are necessary for better understanding 

of protein-DNA translocation processes in vivo. 
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Figure 3.9. Hypothetical mechanism of nucleosome bypass by Egr-1. When DNA is 

wrapped around nucleosome the distance between the free DNA strands according to 

crystal structure is ~ 60 Å. Because this distance is same through which IT was observed 

in MD simulations, presence of  nucleosome may facilitate IT by making the neighboring 

strand available for Egr-1 to capture. This could suggest that presence of nucleosomes 

and DNA bending proteins may in fact enhance overall target search process. 
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CHAPTER 4 

Insights into mechanisms of Sp1 displacement by Egr-1 

4.1. INTRODUCTION 

 Chromosomal DNA is packed with DNA binding proteins.181-183 These include 

transcription factors, DNA repair and replication enzymes, nucleosomes, chromatin 

remodeling complexes etc. Presence of this cellular machinery is curtail for proper cell 

function.49,104-108 The presence of large amount of proteins in nucleus in many cases 

causes TF and DNA repair enzymes sites to be occupied by other proteins that need to be 

displaced. 10,11,82  Thus protein-DNA translocation in vivo is an extremely complex 

process, influenced by many different effects, such as chromatin remodeling,49,184 DNA 

sequence inhomogenity185 (presence of semi-specific binding sites, see Chapter 3) and 

molecular crowding.186-189 In order to fully understand target search kinetics in vivo, these 

effect on DNA scanning  should to be investigated.   

 Molecular crowding has been reported to strongly influence target search process 

and also to be crucial in gene regulation processes. 190-193 The total concentration of 

proteins in the cell nucleus is estimated to be 100-200 g/L194. Because of the large 

concentration of the proteins the macroscopic 3D diffusion process could be slowed 

down181,195. Since the maximal rate of DNA association (including phenomenological 

second order intersegment transfer) is limited by 3D diffusion, this effect may slow down 

target search rate by proteins as well. Many of the proteins present in the nucleus are 

DNA binding proteins. This implies that molecular crowding occurs not only in three 

dimensional environment around the DNA, but also on the DNA as well. In fact, histones 
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alone occupy ~ 90%196 of the DNA at any given time forming obstacles for other 

proteins. In the same way, other TFs, DNA repair enzymes and strong DNA-binding 

proteins create obstacles for other proteins on DNA. TFs are known for strong DNA 

binding. Most of the time during target search they spend on nonspecific DNA from 

which dissociation is relatively fast (Chapter 3). However, because of DNA sequence 

diversity a TF may get trapped by sites similar to the target sequences (Figure 3.8.). This 

would form an obstacle for other proteins' translocation. In some cases proteins may fully 

or partially share the recognition sequence on the DNA89,111,197. In such a case target 

association should require displacement of other proteins from the target site. In fact, 

displacement of competing protein Sp1 from its target sequence is essential for regulation 

of various genes in cardiovascular system by the inducible TF Egr-1.89,196,198,199 Sp1 

consensus sequence is 5'-(G/T)GG GCG G(G/A)(G/A) (C/T)-3'200, which has 6bp overlap 

with Egr-1 specific sequence 5'-GCG TGG GCG-3'. This means that Sp1 and Egr-1 

compete for the binding for their specific sequence in vivo. Sp1 has relatively high 

basal201,202 expression level in the cell, while Egr-1 is expressed only in response to 

certain stimuli. This means that before Egr-1 is expressed, Sp1 already occupies Sp1/Egr-

1 overlapping sites. Thus, Egr-1 needs to displace Sp1 from cis-regulatory DNA. Indeed, 

the displacement of Sp1 by Egr-1 has been shown to be instrumental during activation of 

cardio-vascular defense process in response to various stresses.10,92-94 However, because 

the level of Egr-1 expression is low (~100nM) and its life time is short (0.5-1h),10 Egr-1 

must displace Sp1 quickly. How does Egr-1 quickly and efficiently displace Sp1? 

 Assessment of the effect of molecular crowding and protein competition for the 

same DNA targets in gene regulation/target search has been a target of investigations for 
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some  decades. The displacement processes were qualitatively addressed by means of 

cellular and molecular biology.10,11,50,82,89,113,129 Although some computational and 

theoretical studies71,81,182,195,203-205 have discussed the effect of molecular crowding on 

target search, results are controversial and models suffer from over simplification. The 

kinetic determinants of protein displacement on DNA at a molecular level remains to be 

addressed experimentally. 

 In this work we investigate the displacement of Sp1 by Egr-1. Using our stopped-

flow fluorescence technique we assess the kinetic influence of Sp1 on target association 

of Egr-1. We examine the effect of directionality on protein displacement (in other words 

whether or not displacement of Sp1 occurs more efficiently when Egr-1 approaches from 

one side or another). We also study the effect of Egr-1's dynamics in the displacement 

process by examining the displacement kinetics by wt and mutant Egr-1 proteins 

(Chapter 3). Finally, based on our finding propose a possible mechanism of Sp1 

displacement by Egr-1. 

 We observed that the displacement of Sp1 by Egr-1 is significantly faster than 

intrinsic dissociation rate of Sp1 and strongly varies from one mutant of Egr-1 to another. 

Overall our findings suggest the presence of facilitated mechanism of displacement.  

 

4.2. MATERIALS AND METHODS. 

4.2.1. Expression, purification and quantification of Sp1. 

 The DNA-binding domain of human Sp1 comprising three zinc fingers was 

expressed in E. coli BL21(DE3) and purified employing following procedures: The 
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soluble supernatant of Sp1 was loaded on cation exchange fast flow SP column (GE 

healthcare) and eluted with the gradient of NaCl (0.2-1.5M) in the buffer of 50mM Tris-

HCl pH.8.0 200μM ZnCl2 10% glycerol 3mM 2-mercaptoethanol over 200ml (10 column 

volumes). The fractions containing Sp1 were identified from the chromatogram of the 

elution profile, and then confirmed by SDS gel electrophoresis. Fractions containing Sp1 

were then pulled and subjected to gel filtration (HiPrep 26/60 Sephacril S-100, GE 

Healthcare)  using following buffer: 50mM Tris-HCl pH.8.0 200μM ZnCl2 10% glycerol 

3mM 2-mercaptoethanol and 1M NaCl. Fractions containing Sp1 were then pulled once 

again and purified via cation exchange chromatography (ResourcQ 6ml, GE Healthcare) 

in buffer of 50mM Tris-HCl pH.8.0 200μM ZnCl2 3mM 2-mercaptoethanol and gradient 

of NaCl (0.2-1.5M). Final purity of the product was confirmed by SDS gel 

electrophoresis and was found to be ~95%. Fractions containing Sp1 were combined  and 

stored at 4 °C till further use. Note that prolonged storage (~6 month) even at 4 °C results 

in formation of insoluble oligomers of Sp1 that can be easily removed by gel filtration 

chromatography. 

 For stopped-flow and gel super shift assay experiments, Sp1 solution was treated 

with 3 mM tris(2-carboxyethyl)phosphine at 4 °C overnight to completely reduce the 

protein, and the buffer was extensively exchanged to 10 mM Tris–HCl (pH 7.5), 300 mM 

KCl, 1 mM 2-mercaptoethanol, and 200 nM ZnCl2. The protein was quantified using UV 

absorbance at 280 nm and an extinction coefficient of 14000 M-1 cm-1.  
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4.2.2. Gel super shift assay 

 To confirm that Sp1 retains strong target binding affinity and specificity, we 

carried out gel super shift assay under the same conditions  as in section 3.2.3. for Egr-1. 

The specific DNA used for Sp1 was same as for Egr-1 5’-GTA CCG ATT GCG TGG 

GCG GAA CCT TCA G-3’ (Specific site of Sp1 is highlighted in red). 

 

4.2.3. Preparation of 117bp DNA with overlapping Sp1/Egr-1 sites. 

 The preparation of 5'-FAM labeled 117 bp DNA duplexes was done as described 

in Chapter 2. The overlapping Sp1/Egr-1 site was introduced through the 37bp 5'-FAM 

labeled primers (Figure 4.1.). The probes with the inverted site of Sp1/Egr-1 (Figure 

4.1.A.) and with non inverted site  (Figure 4.1.B.) hereafter will be termed as A type and 

B type probes.  

 

4.2.4. Measurement of Sp1 dissociation from specific DNA 

 Dissociation of Sp1 from specific 117bp FAM labeled DNA was measured by our 

standard disruption assay: 50nM Sp1 was pre-incubated with the mixture of 2000nM 

28bp nonspecific DNA (to suppress multiple Sp1 binding to the probe DNA) and 2.5nM 

of 117 bp specific FAM labeled B type DNA in buffer of 10mM Tris-HCl pH 7.5 200nM 

ZnCl2 80mM KCl for 10 min at room temperature. The pre-incubated mixture was then 

rapidly mixed with 2000nM of 28bp Sp1 specific unlabeled DNA with stopped flow 

device Rx.2000 (Applied Photophysics). Because the specific unlabeled competitor was 
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in large excess (800fold), the dissociated Sp1 from the 117 probe DNA would not rebind 

back to the labeled DNA upon mixing and will stay trapped on the competitor. Thus upon 

mixing the fraction of free specific labeled DNA increased. This increase is accompanied 

by the fluorescence recovery, which is recorded as function of time. Fitting to single 

exponent yields apparent dissociation rate of Sp1 from specific site.  

 

4.2.5. Stopped-flow displacement assay of Sp1 

 Displacement of Sp1 by Egr-1 was carried out by mixing Sp1 pre-bound probe 

DNA (Figure 4.1.)  with 50nM of Egr-1 (or appropriate Egr-1 construct). The DNA 

probes are designed so that in B type probe the Egr-1 binding site is immediately next to 

the fluorophore  and Sp1 binding site is 4bp away from the probe (Figure 4.1.). In such 

case the binding of Sp1 causes only 2-3% fluorescence intensity change because it binds 

DNA far from the fluorophore. Egr-1 has to displace Sp1 and bind next to FAM label, 

this results in fluorescence quenching (18% see chapter 2). For A type probe case Sp1 

binding site is located next to FAM label and Egr-1 binding site is located 4bp away from 

the fluorophore, in this case we observe fluorescence recover upon displacement of Sp1. 

This occurs, because displacement of Sp1 by Egr-1 frees 4bp long position next to FAM 

label which results in fluorescence recovery. 
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4.3. RESULTS. 

4.3.1. Recombinant Sp1 displays high DNA binding affinity and specificity. 

 In order to confirm that purified Sp1 displays strong DNA binding affinity and 

specificity we carried out gel super shift assay in the same way as for Egr-1 mutants in 

Chapter (3). Our results indicate that in the absence of competitor DNA Sp1 strongly 

 

 

Figure 4.1. Designing probes for determination of directionality effect on efficiency of 

Sp1 displacement.  A. Displacement of Sp1 will result in fluorescence recovery because 

Egr-1 will be located far away from the FAM label to induce significant fluorescence 

quenching. B. Fluorescence intensity will be quenched upon Sp1 displacement, because 

Sp1 is located far from FAM label to induce significant changes and once Egr-1 displaces 

Sp1 and binds to its specific site it will be next to FAM labeled that will quench the 

fluorescence. 
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Figure 4.2. Gel super shift assay of Sp1.  Lane 1 free specific 28bp DNA, lane 2 

Sp1+specific DNA+100 fold excess of 28bp nonspecific competitor, lane 3 

5xSp1+specific DNA+100 fold excess of 28bp nonspecific competitor, lane 4 

Sp1+specific DNA, competitor. 

 
binds to the specific DNA and full super shift is observed (Figure 4.2, lane 4). However 

when 100 fold competitor DNA is introduced a visible fraction of free specific DNA is 

observed (Figure 4.2., lane 2). The increase of Sp1 concentration 5 fold (Figure 4.2. lane 

3) is sufficient to observe complete super shift even in the presence of competitor. 

Comparing these results with those of Egr-1 (Figure 3.2.), suggests that the binding 

affinity for the specific site for Sp1 is weaker than for Egr-1. Because our previous 

studies also indicated that Sp1 nonspecific binding is stronger than that of Egr-1, Sp1 

should have lower binding specificity as well. Overall these results are in agreement with 

koff measurement of Sp1 from its specific site (9x10-3 s-1), which is significantly faster 

(~50 fold) than that of Egr-1. 
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4.3.2. Displacement of Sp1 by Egr-1 

 To assess the displacement kinetics of Sp1 by Egr-1 we studied the target search 

kinetics of Egr-1 for a probe DNA, where the Egr-1 and Sp1 sites overlap (Figure 4.1).  

Because Sp1 is pre-bound to its specific site, Egr-1 has to fully displace Sp1 to bind to its 

specific site. In this experiment we observed dramatic, 50 fold decrease in target 

association rate of Egr-1 to its specific site in case of B type probe (Figure 4.3.). This 

indicates that Sp1 does indeed act as a blocker in this particular case (Figure 4.1).  

 

 
Figure 4.3. Sp1 blocking effect on Egr-1's target association. Yellow - target search by 

Egr-1 in absence of Sp1, red - target search by Egr-1 in presence of Sp1 (B type probe). 

Target search kinetics is significantly (50 fold) slower when Sp1, which partially blocks 

Egr-1 specific site, is present. 
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Interestingly the association time of Egr-1 to specific site was found to be ~6 fold faster 

than the dissociation rate of Sp1 from its specific site (50x10-3 s-1 vs. 9x10-3 s-1). This 

suggests the presence of 'aided' mechanism of displacement. Because  our NMR studies 

on Sp1/Egr-1 indicates no binding between these proteins. It is likely that the 

displacement process does not involve direct interaction of Sp1/Egr-1.  

 

4.3.3.  Displacement of Sp1 by Egr-1 mutants 

 Because in chapter 3 we found, that Egr-1 domain dynamics had significant 

kinetic and thermodynamic effect on specific site association and recognition we tested 

the displacement efficiency for all Egr-1 mutants as well (Table 5; Figure 4.4). We found 

that type 3 Egr-1 displaced Sp1 at least five fold faster than type 1 Egr-1 and two fold 

faster than wt Egr-1. These findings imply the importance of domain dynamics in the 

displacement process of Sp1 by Egr-1. 

 

4.3.4.  Effect of the directionality on Sp-1 displacement 

 Next we tested the effect of the directionality on Sp1 displacement by inverting 

the specific binding sites on the probe DNA (Figure 4.1.A.). The Egr-1's partial binding 

site that is not occupied by Sp1 is located on the 3' side relative to Sp1. In this case the 

displacement of Sp1 occurred 8 fold faster than for B type probe (Table 5). This is ~80 

fold faster displacement compared to the dissociation rate of Sp1 from its specific site. 
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4.3.5. Egr-1 concentration dependence of displacement  

 Because the displacement of Sp1 by Egr-1 occurs much slower than the target  

 

 

Figure 4.4. displacement of Sp1 by Egr-1 constructs. Green - type 1, blue - type 2, red - 

wt, purple - type3. Displacement of Sp1 by type 3 is fastest, while displacement by type 1 

is slowest. Smaller magnitude of the signal change of type 3 as opposed to other Egr-1 

constructs is because of significantly faster kinetics and relatively long dead time before 

data acquisition (8s). 
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association rate of Egr-1 to its site (2.5 s-1 for target association in the absence of Sp1 vs. 

0.05 s-1 in the presence of Sp1), target search should not be the rate limiting step for Sp1 

displacement. Thus rate of Sp1 displacement by Egr-1 should not depend on Egr-1 

concentration (if the pseudo first order conditions for experiment are maintained 

Ptot>>Dtot). We tested this hypothesis by studding the Egr-1 concentration dependence of 

target search kinetics for B type probe. Interestingly, we observed a strong Egr-

1concentration dependence of Sp1 displacement. rate in the range of 10-50nM, and very 

weak dependence in the range of 50-200nM (Figure 4.5.). 

 

4.4. DISCUSSION 

4.1. Facilitated displacement of Sp1 by Egr-1 

 If there is no interaction between proteins on the overlapping site of the DNA than 

the displacement process should not be faster than the intrinsic dissociation rate of the 

blocking protein, and should be limited by this first order process. In our experiments we 

observed the displacement of Sp1, which was significantly faster than the intrinsic 

dissociation of Sp1 from its specific site. This implies the presence of facilitated 

mechanism of Sp1 displacement by Egr-1.The displacement by type 1 Egr-1 was ~5 fold 

slower than by type 3. It is quite clear that this enhancement cannot be a result of faster 

target search properties of type 3 mutant. This is because the target search at given 

conditions is significantly faster (~ 6 s-1) than the displacement process (0.1 s-1), and thus 

cannot be a rate limiting step. It is thus more likely that the dependence of the 
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displacement rate of Sp1 is effected by the dynamic properties of Egr-1 constructs used in 

our experiments. The strong Egr-1 concentration dependence of the displacement kinetics 

in range of 12.5-50nM implies that displacement is controlled by second order process 

within this range of  Egr-1concentrations for B type DNA. In chapter 2 we have 

demonstrated that the rate of target association is directly proportional to the Egr-1 

concentration. This suggests that association to some particular site on the probe DNA 

could be a rate limiting step to the displacement process. Interestingly the displacement 

of Sp1 was significantly accelerated when the binding site was inverted for both Egr-1 

and Sp1 (~8 fold). This result implies that the directionality (i.e. weather Sp1 is 

approached from longer antenna side or short antenna side) meters. 

 

Table 5         Kinetic parameters for translocation of the Egr-1 zinc-finger protein 
constructs on nonspecific DNA sites determined from the stopped-flow 
fluorescence data. 

 
Parameters Values a) 
- Probe B -  
kapp wt Egr-1no Sp1 (s-1) 2.5±0.2b) 
kapp wt + Sp1 (s-1) 0.05± 0.01 
kapp Type 1 + Sp1 (s-1)  0.021± 0.003 
kapp Type 2 + Sp1 (s-1)  0.06± 0.01 
kapp Type 3 + Sp1 (s-1)  0.1± 0.01 
- Probe A -  
kapp wt + Sp1 (s-1)  0.4±0.05 

 
a) Values reported are carried out at the following buffer conditions: 80 mM KCl, 10 mM 
Tris-HCl pH 7.5, 200 nM ZnCl2. The concentration of Sp1 and Egr-1 is 50nM and Ctot 
concentration is 2000 nM. 
b) The target association of wt Egr-1 to specific DNA as reported in Chapter 2. 
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Figure 4.5. Egr-1 concentration dependence of Sp1 displacement rate. The solid line 

represents a single exponential fit to the data. Assuming the linearity of the initial slope, 

the ka=104 M-1s-1 for wt Egr-1. The saturation is reached at ~200nM wt Egr-1 indicating 

that the apparent association rate to the CGC target sequence is much faster than the 

displacement of Sp1. 

 

4.2. Model of Sp1 displacement by Egr-1 

 Based on our experimental findings we formulate following model of Sp1's 

displacement by Egr-1. Using this model we can rationally explain our observations. 

  In case of the B (Figure 4.6.A.) type probe Egr-1 can bind to long unoccupied 

antenna right to the Sp1 occupied site, then quickly slide along the DNA and be 

positioned right next to the Sp1. At this point due to domain dynamics of both Sp1 a 

portion of the sequence to which Sp1 is bound may become transiently free due to local 

dissociation of ZF3 of Sp1. This allow Egr-1 to "invade" this site restricting the rebinding 

of Sp1's ZF3. Overall this would decrease the binding affinity of Sp1 and facilitate 
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dissociation of the next (ZF2) domain of Sp1, which Egr-1 can again occupy, 

subsequently fully displacing Sp1 (Figure 4.6.A.). This scenario is unlikely because the 

expectancy of occurrence of transiently dissociated domain of Sp1 from its target should 

be on the order of seconds (based on the dissociation rate of Sp1 from the specific site). 

This is significantly longer then the residence time of Egr-1 on the DNA site (~10-3 s-1). 

Thus Egr-1 that approaches Sp1 from the right is expected to be gone long before the 

Sp1's ZF1 transiently dissociates. On the other hand if Egr-1 ZF1 associates to its specific 

sequence (GCG) which is exposed immediately left to Sp1 binding site, the semi-specific 

interactions may form a complex that is long lived enough to take advantage of 

spontaneous dissociation of Sp1's ZF1 (Figure 4.6.A.). It can than facilitate the 

displacement of Sp1 form its target in the same way as described above, but with one 

major difference: In this case when Egr-1 invades Sp1's binding site from the left every 

consecutive step of invasion increases the specificity and stability of Egr-1/DNA 

complex, while invading from the right will result in the presence of unstable non 

specific Egr-1/DNA complexes at every step. Thus the displacement from the left side 

should be much more favorable and efficient. This pathway of displacement can also 

explain the Egr-1 concentration dependence of the Sp1 displacement. Indeed, the antenna 

available for Egr-1 on the left side of Sp1 is only 4bp and association rate to this site 

should be significantly slower (15-20) than the observed association rate for Egr-1 on 113 

bp DNA (Chapter 2). Thus the association rate to its partial target becomes comparable to 

the displacement rate of Sp1. At lower concentrations of Egr-1 the association rate to the 

GCG sequence will become even slower. Thus association process of Egr-1 to the GCG 
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sequence will be rate limiting step for the Sp1 displacement, which explains the 

concentration dependence of Sp1 displacement (Figure 4.5.). 

 In case of A type probe Egr-1 can approach Sp1 only from the right site where the 

specific GCG sequence is exposed. Because the presence of the long antenna will 

significantly accelerate association process to the GCG sequence of ZF1 the formation of 

the stable semi-specific Egr-1 complex will happen faster than for B type probe. Thus the 

association to the GCG sequence should no longer be a rate limiting step of Sp1 

displacement, and overall increase in the displacement rate should be observed as well. 

Indeed we observed over 8 fold enhancement of displacement rate for the A type probe. 

 In the proposed model, the flexibility (dynamics) of Egr-1 domains may play 

crucial role in fast reorientation of the Egr-1 binding mode (Figure 4.7). Egr-1 constructs 

that are more dynamic may perform "invasion" attempts of the Sp1 specific sequence 

more efficiently. In fact in case of A type probe Egr-1 always approaches CGC specific 

sequence from the direction that ensures nonspecific binding, which is unfavorable. Fast 

domain dynamics may facilitate reorientation of ZF1 of Egr-1 to bind its specific site 
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Figure 4.6. Scheme of Sp1 displacement by Egr-1. A. Displacement of  Sp1 from B type 

probe. Sp1 can be displaced both from left and right. Because the left side offers specific 

binding for ZF1 of Egr-1 the efficiency of displacement should be more efficient, as more 

stable semi-specific complex gives Egr-1 more time to invade sequence occupied by Sp1. 

B. Displacement of Sp1 from A type probe with inverted specific site. Egr-1 can 

approach Sp1 form right only. CGC specific sequence of ZF1 can provide strong semi-

specific binding to facilitate Sp1 displacement. Note that with this pathway Egr-1 most 

likely binds the CGC sequence nonspecifically, however because its high degree of 

flexibility as shown in recent MD simulations Egr-1 should be able to readjust to proper 

orientation to form the specific complex with ZF1 domain. 
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quickly. In this particular case the degree of flexibility rather than the reorientation speed 

may be a more important factor because specific recognition of CGC sequence by ZF1 

requires transient reorientation of Egr-1 (around  the axis that are  perpendicular to DNA) 

by 180 degrees. This implies a very dynamic nature of Egr-1, which in supported by 

recent MD studies for Egr-1 nonspecific DNA complex. 

 Overall our model explains our observations reasonably well, however 

further investigations are necessary to confirm the proposed mechanism for Sp1's 

facilitated displacement. 
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Figure 4.7. Model of facilitated displacement of Sp1 by Egr-1. Without violating the 

generality we discuss the model for A type probe. A. Egr-1 bound to long antenna right 

of Sp1(purple) binding site (light green) locates the CGC sequence (orange), at this point 

the binding is nonspecific. B. Due to dynamic nature of nonspecific Egr-1/DNA complex 

Egr-1 reorients so that ZF1 (yellow) has proper orientation to recognize the specific site 

and form long lived semi-specific complex. C. Because of domain dynamics of Sp1 ZF3 

of Sp1 transiently dissociates exposing specific binding side of ZF2 of Egr-1 (green) 

which Egr-1 invades. D. Egr-1 ZF3 binds to the site of Sp1's ZF2 as described above and 

completes Sp1 displacement. 
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CHAPTER 5 

Insights into atomic determinants of efficient facilitated target search on 

DNA 

 

5.1. INTRODUCTION 

 Arg and Lys residues play important roles in defining strong protein-DNA 

interaction.1,91,97-103,206-209 They are often responsible for stabilization of the protein-DNA 

complex by formation of ion pairs/hydrogen bonds with DNA bases or  phosphate 

backbone.  Based on the model of stochastic target search51,52,118,119,164,165 (Chapter 1 and 

2) such interactions need to be transiently broken before protein can transfer from one 

DNA site to another.  Conceptually it is easy to understand that the number of ion pairs in 

protein-DNA interface, their strength and the frequency of their breakage and formation 

(dynamics) should be a major kinetic determinants of protein translocation on the DNA. 

 Large amount of studies on protein-DNA interaction have been published up to 

date210-216.  Many of these studies, provide thermodynamic insights into structural aspects 

of ion pairing, based on counterion condensation theory217-220 (CCT). CCT can be useful 

to assess number of ion pairs in protein-DNA complexes and thermodynamics that drive 

binding (usually entropy driven) by studying the ionic strength dependence221-229 of 

protein-DNA binding. However, CCT does not provide any information on the dynamics 

of the ion pair formation, nor does it yield any atomic resolution details on the ion pairs 

themselves. For example we distinguish two major states of ion pairs in solution: 
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Solvent-separated (SIP) and contact ion pairs (CIP)230-232. The SIP is a form of  ion pair 

when anion and cation interact through one or more separation water molecules while in 

CIP they interact directly. It is evident that CIPs are stronger interactions than SIPs, and 

thus are harder to brake. This means that large content of CIPs should be unfavorable for 

target search. Studying the effect of CIP/SIP populations and their dynamics on target 

search kinetics might provide a new atomistic insights into determinants of fast target 

search. Thus tools that can characterize ion pairs at an atomic resolution are needed. 

 X-ray crystallography is a powerful tool that offers a large amount of structural 

information on the ion pair content for many protein-DNA complexes at atomic level233-

239, however it is unable to provide information on their dynamics. Fortunately, 

advancements in the field of  MD simulations provided some insights (lifetimes of ion 

pairs and dynamic role of SIPs in protein-DNA binding interface) on the dynamics of ion 

pairs in protein-protein240-244 and protein-DNA245-249 complexes. Experimental 

investigations, however, have been primarily limited to small molecules250-252.  As a 

result the role of ion pair dynamics is not well understood for the macro molecular 

interactions. The development of new methods that can characterize ion pair dynamics in 

macro molecules at atomic level will not only deepen our knowledge on target search 

kinetics, but also could improve our understanding of enzymatic catalysis and target 

recognition that involves ionic interactions.  

 The side chain amino groups of Lys residues in proteins play an important role in 

many processes involving macromolecular interactions and reactions. With a typical pKa 

around 10.5, the Lys amino groups in proteins are predominantly protonated at neutral 

pH and thus can form ion pairs with acidic groups of other proteins and nucleic acids. 
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Such interactions may significantly contribute to protein stability and to both the strength 

and specificity of intermolecular interactions. Indeed, in previous chapters we have 

demonstrated that the mutations involving Lys had substantial effect on thermodynamics 

of DNA binding by Egr-1 as well as on the kinetics of its target search (Chapter 3). This 

once again suggests that the intermolecular ion pairs can also be a kinetic determinants of 

target search by Egr-1.  

 Despite their importance, very little is known about the dynamics of NH3
+ groups 

in proteins because of a lack of suitable tools for their experimental investigations. 

Though NMR is a particularly well suited tool for assessment of dynamics in complex 

biological systems,253,254 characterization of Lys side chains has been challenging due the 

difficulties associated with Lys side chain detection255-257. For NMR studies of Lys NH3
+, 

a major problem is their rapid hydrogen exchange with water. Hydrogen exchange rates 

for Lys NH3
+ exceeds 1000 s-1 at a physiological pH and temperature, making the direct 

1H NMR detection hard.258,259 Recently Iwahara et. al. developed a strategy for Lys side 

chain detection and assignment256. Utilizing a low pH conditions and unique 

Heteronuclear Inphase Single Quantum Coherence (HISQC) experiment, he 

demonstrated that the adverse effect of scalar relaxation can be effectively eliminated. 

This breakthrough allowed us to devise a methodologies for characterization of various 

properties of Lys side chains at atomic resolution.   

 In this chapter based on the theoretical framework originally developed for 13CH3 

groups, we developed HISQC based NMR experiments for quantitative characterization 

of Lys NH3
+ side chain dynamics in terms of model-free order parameters and associated 

correlation times. We assess conformational dynamics of Lys NH3
+ groups using human 
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ubiquitin as a model system257. Based on this methodology for Lys side chain 

characterization we then obtain a framework that allows us to get information on three 

bond J-coupling (h3JNP) between 15N of Lys NH3
+ group and 31P of DNA backbone. 

Comparing the magnitude of experimental J-coupling and the one obtained through 

quantum chemical calculations we can qualitatively discuss the properties of ion pairs in 

terms of relative SIP/CIP populations260. We can use this information to gain qualitative 

insights on the effect of ion pairs on DNA scanning efficiency. We demonstrate that 

above mentioned methodology is applicable for Egr-1and that, the qualitative dynamics 

information on Lys mediated ion pairs and strength of  

hydrogen bonding can be investigated. In fact we were able to carry out a rigorous  

 investigation of h3JNP constants for specific complexes of all Egr-1 constructs.  

 Overall our newly developed NMR methods for quantitative characterization of 

Lys side chain dynamics and qualitative characterization of the Lys mediated ion pairing 

provided insights into the roles of ion pairs during protein-DNA translocation.  

 

  257Adopted with permission from "Esadze, Alexandre,  Li, Da-Wei,   Wang, Tianzhi,   Brüschweiler, 
Rafael, & Iwahara, Junji (2011). Dynamics of lysine side-chain amino groups in a protein studied by 
heteronuclear 1H-15N NMR spectroscopy. J Am Chem Soc 133, 909-919." 
 
260Adopted partially with permission from " Anderson, Kurtis. M., Esadze, Alexandre, Manoharan,  
Mariappan, Bruschweiler,  Rafael., Gorenstein,  David. G. & Iwahara, Junji. (2013). Direct Observation of 
the Ion-Pair Dynamics at a Protein-DNA Interface by NMR Spectroscopy. J Am Chem Soc 135, 3613-
3619." 
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5.2. MATERIALS AND METHODS 

5.2.1. Ubiquitin Samples 

 Lyophilized powders of 15N-labeled or 13C/15N-labeled ubiquitin were purchased 

from VLI research. The buffer of the protein solution was exchanged to 20 mM d6-

succinate•NaOH (pH 5.0), 40 mM NaCl, and 0.4 mM NaF (as an antimicrobial agent) by 

using Amicon Ultra-4 (Millipore). The powder of d6-succinate was purchased from 

Sigma-Isotec. 

 

5.2.2. Preparation of  samples in coaxial tubes. 

 A 270-µl solution of 1 mM ubiquitin was sealed into an inner tube (diameter, 4.1 

mm) of a 5-mm co-axial NMR tube system (Shigemi). No D2O was used for the protein 

solution because the presence of the isotopomers NH2D+ and NHD2
+ should be avoided 

for the analysis of NH3
+ groups. The outer layer of the co-axial tube contained 100 µl of 

100% d4-methanol (Cambrdige Isotopes Laboratory) for NMR lock (100% D2O could not 

be used because its freezing point is higher than the measurement temperature).   

 

5.2.3. Egr-1 specific complex preparation 

 Egr-1 and its mutants were prepared and purified as described in chapter 2 and 3. 

The individual strands for 12bp specific DNA (5'-AGC GTG GGC GTA-3') were 

purchased from Integrated DNA Technologies. Annealing and purification was done as 

28bp DNA duplex in our previous work74.  Egr-1 complex  was made by mixing specific 
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12bp DNA with desired Egr-1 construct in buffer of 500mM KCl, 20mM potassium 

succinate pH 5.8 and 2mM ZnCl2. Because zinc is essential for proper folding of Egr-1 

and at lower pH the Kd for the zinc atom decreases, the supplemental zinc was necessary 

to maintain Egr-1 in soluble state. High salt concentration was necessary to prevent Egr-1 

from rapid binding to DNA and subsequent precipitation. The buffer was then exchanged 

to 40mM KCl 20mM deuterated potassium succinate first by exchanging to same buffer 

with 300mM KCl and then 100mM KCl, at 4 ˚C. This procedure was necessary to reduce 

complex precipitation. Finally sample was concentrated to ~ 300μl and subjected to cold 

centrifugation at 4˚C for 1h to pellet all insoluble particles. The supernatant of 290 µl was 

then carefully transferred into clean tube until further use. 

 

5.2.4. Preparation of  Egr-1 samples in coaxial tubes. 

 290μL of sample with typical concentrations of 0.8mM Egr-1 and 1.2mM specific 

DNA was placed into coaxial tube as described in 5.2.2.  Because Egr-1 is susceptible to 

oxidation, the air in the tube was replaced by argon. D2O was used as the lock solvent in 

this case. Final sample showed long term stability even at 35 ˚C.  

 

5.2.5. NMR Experiments for ubiquitin 

 All NMR experiments were performed at 2 ˚C with Varian 800 -MHz and 600-

MHz NMR spectrometers equipped with a non-cryogenic HCN triple resonance probe. 

13C/15N-labeled protein was used for the resonance assignment. Backbone and side-chain 
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resonances were assigned by using three-dimensional HNCA, HN(CO)CA, HNCO, 

HN(CA)CO, HNCACB, CBCA(CO)NH, H(CCO)NH, C(CO)NH, HCCH-TOCSY, and 

HCCH-COSY spectra261 measured at 2 ̊C.  Lysine NH 3
+ groups were assigned with 

lysine-specific triple resonance experiments H2CN, H3NCECD, HDHE(CDCE)NH3, and 

CCENH3.256,262,263  

 The 15N relaxation parameters for NH3
+ groups were measured at 1H frequencies 

of 600 MHz and 800 MHz for the 15N-labeled ubiquitin solution using the pulse 

sequences shown in Figure 5.2. Two-dimensional 1H-15N correlation spectra for the 

relaxation analyses were recorded typically with 100 and 512 complex points for the t1 

and t2 periods, respectively. The spectral widths for the 15N and 1H dimensions were 4.4 

ppm and 15.9 ppm, respectively. Relaxation rates were measured with eight different 

lengths of the delay T: 40, 320, 600, 880, 1160, 1440, 1720, and 2000 ms for 15N R1 rates; 

16, 33, 49, 66, 82, 98, 115, and 131 ms for 15N R2,ini; and 1, 3, 7, 13, 21, 31, 43, and 57 

ms for R(4NzHzHz). The 8-point measurement of R2,ini was performed with a CPMG 

effective field strength νCPMG = 122 Hz. Owing to the slow transverse relaxation of NH3
+ 

groups, a relatively long time can be used for the constant-time relaxation dispersion 

experiment, which permits sensitive detection of slow dynamics. In the present case, we 

used a 100 ms constant time CPMG period for the relaxation dispersion experiment with 

relatively small values of νCPMG (to avoid damage to the NMR probe). The CPMG 

relaxation dispersion experiment was carried out with a constant time CPMG period of 

100 ms with ten different νCPMG values ranging from 10 to 120 Hz. For the heteronuclear 

NOE measurements, it was found that the use of a long recycle delay (12 s at 600 MHz 

and 18 s at 800 MHz) was necessary for measurement accuracy. With a recycle delay 



110 

much shorter than this, the intensities of the signals in the reference spectrum become 

significantly weaker due to incomplete recovery of water magnetization and the rapid 

hydrogen exchange, and as a result, the absolute value of the heteronuclear NOE 

becomes substantially larger. The CLEANEX-HISQC experiments256 were performed at 

600-MHz 1H frequency for the analysis of hydrogen exchange for the lysine NH3
+ 

groups. The hydrogen exchange rates kex
water were calculated as described previously264. 

For determination of the molecular rotational correlation time τm of ubiquitin at 2 ̊C, 

backbone 15N R1 and R2 relaxation rates were also measured at 800-MHz 1H frequency. 

The value of τm and the anisotropy of the axially symmetric rotational diffusion tensor 

were determined from the backbone R1 and R2 data as described previously265. NMR data 

were processed with NMRPipe266 and analyzed with the software.267 

 
 

5.2.6. Determination of order parameters and internal motion correlation times 

from Lys side chains in ubiquitin.  

 15N relaxation rates R1 and R2,ini, heteronuclear NOE and R(4NzHzHz) measured at 

600 and 800 MHz proton frequencies were used for the calculation of order parameters 

S2
axis and correlation times τi and τf. Minimization of χ2 function of Eq. 19 was performed 

with the Mathematica 7 software (Wolfram). Based on neutron diffraction data,268 S2
f = 

0.111 for Jauto(ω) and JNHNH(ω), S2
f = 0.167 for JHHHN(ω), and rNH = 1.04 Å were used in 

the calculations. Errors of the fitting parameters were estimated by a Monte Carlo 

approach.  
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5.2.7. Effects of rapid hydrogen exchange on heteronuclear NMR of NH3
+ groups 

 The presence of hydrogen exchange with surrounding water, which is one of the 

major differences between CH3 and NH3
+ systems, causes rapid scalar relaxation269 of 

transverse magnetization that is anti-phase with respect to 1H. Hydrogen exchange 

occurring with a pseudo-first-order rate constant kex
water enhances relaxation of the 2N+Hz, 

4N+HzHz, and 8N+HzHzHz terms by kex
water, 2kex

water, and 3kex
water, respectively256. 

Hydrogen exchange also enhances relaxation of longitudinal multi-spin orders such as 

2NzHz, 4NzHzHz, and 8NzHzHz in the same fashion. Since kex
water > 20 s-1 is typical for 

NH3
+ groups even if the hydrogen exchange is slow enough for direct observation of the 

protons, scalar relaxation due to hydrogen exchange makes the relaxation of most 15N 

product operator terms (except Nx, Ny, and Nz) much faster than the 'intrinsic' 15N 

relaxation due to dipolar and CSA interactions. For this reason, most NMR techniques 

available for determination of order parameters of CH3 groups269 cannot be directly 

applied to NH3
+ groups. Use of the 15NHD2

+ (or 15NH2D+) isotopomers for the dynamic 

investigations is impractical because the rapid hydrogen exchange can convert them 

during the period for relaxation into different isotopomers, which makes the analysis 

difficult (note that the properties of different isotopomers differ both in terms of 

relaxation and chemical shifts). Thus, we measure the intrinsic 15N relaxation of 15NH3
+ 

groups in the absence of D2O, while a deuterium signal from a separated compartment is 

used as NMR lock (5.2.2.).   

 In the design of heteronuclear NMR experiments for NH3
+ groups, it is critical to 

maintain in-phase single quantum coherence N+ (= Nx + iNy) throughout the 15N evolution 

period256. Use of a single 1H 180˚ pulse for the decoupling in the evolution period results 



112 

in a very broad line-width of the 15N resonances of NH3
+ groups because during the half 

periods before and after the 180˚ pulse, anti -phase terms 2N+Hz, 4N+HzHz, and 

8N+HzHzHz are generated, which decay very quickly due to the hydrogen exchange. In 

the pulse sequences used in this work, the in-phase single quantum term N+ is maintained 

throughout the t1 period in the same way as in the HISQC experiment, which permits 

observation of NH3
+ signals with very narrow 15N line-shapes and high sensitivity.  

   

5.2.8. Lysine NH3
+ groups as AX3 spin systems 

 Because both 15N-1H3 and 13C-1H3 groups represent AX3 spin systems, the 

theoretical framework established for 13C relaxation of methyl groups in macromolecules 

can be directly adopted for 15N relaxation of the 15N-1H3
+ for the following reasons: 1) 

15N chemical shift anisotropy (CSA) defined as |σ|| - σ⊥| is small (15 ppm) for lysine 

NH3
+ groups270, which renders CSA relaxation and CSA cross-correlated relaxation 

negligible; 2) the covalent tetrahedral geometry of NH3
+ group is not perturbed even 

when forming an ion pair with an acidic group268,271. Judging from the previous NMR 

studies on 15NH3
+ groups of small compounds,250 the spin-rotation mechanism is also 

negligible for the NH3
+ groups in macromolecules at a high magnetic field257. Thus, the 

dipole-dipole (DD) relaxation terms and their cross correlations govern the 15N relaxation 

of lysine NH3
+ groups. For the DD auto-relaxation and DD / DD cross correlation, a 

general form of the spectral density function for pairs of interacting spins ij and kl in an 

AX3 spin system in a macromolecule is given by257: 
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where 

 

ζ ij = (6π /5)(µ0 /4π )γ iγ j rij
−3; µ0, the vacuum permeability; γ, a nuclear 

gyromagnetic ratio; rij, the distance between spins i and j; χij,kl, the angle between the ij 

and kl vectors; S2
axis is a generalized order parameter272 for the symmetry axis of the AX3 

spin system; S2
f,(ji,kl), an order parameter for bond rotation around the symmetry axis; 

 

P2(x) = (3x 2 −1) /2 ; τm, the overall molecular rotational correlation time; τ1
-1 = τm

-1 + τf
-1; 

τ2
-1 = τm

-1 + τi
-1; τ3

-1 = τm
-1 + τf

-1+ τi
-1 ; τi, a correlation time for reorientation of the 

symmetry axis; and τf, a correlation time for bond rotation around the symmetry axis. The 

motional model for a lysine N H3
+ group is depicted in Figure 5.1. For auto-relaxation , i 

= k  = N and j = l = H and the corresponding spectral density is denoted by Jauto(ω). For 

N-H / N-H cross correlation, the corresponding spectral density is denoted by JNHNH(ω), 

for which i = k = N, but j and l are different proton spins in the spin system. Likewise, the 

spectral density for H-H / H-N cross correlation is denoted by JHHHN(ω), for which i = j = 

H; k, another proton in the AX3 system; and l = N. S2
f,(ij,kl) is given by 

 

P2(cosβ ij )P2(cosβkl ) , where βij is the angle between the vector ij and the symmetry axis. 

The spectral density model Eq. 29 is a modification of Eq. 15 of Kay and Torchia, and is 

derived from the product of correlation functions for overall internal motions of 

symmetry axis, and bond rotation.273 The total number of parameters involved is identical 

for these equations and if τi >> τf, the equations become the same. We use Eq. 29 because 
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the inequality τi >> τf does not necessarily hold for NH3
+ groups, for example due to the 

possible presence of a hydrogen bond that may slow down the bond rotation.    

  

 

Figure 5.1. Model for internal motions of lysine NH3
+ groups in proteins. Assuming that 

the bond rotation A. and reorientation of the symmetry axis B. are not coupled, the 

spectral density function represented by Eq. 29 is derived from the product of correlation 

functions of overall motions, bond rotation, and reorientation of symmetry axis. 

Assuming ideal geometry for NH3
+ groups,18 S2

f = 0.111 for Jauto(ω) and JNHNH(ω) and S2
f 

= 0.167 for JHHHN(ω) were used in the present study. S2
axis, τf, and τi were determined 

from the NMR data. 

 

Effects of the rotational anisotropy on 15NH3
+ relaxation can be taken into consideration 

based on Woessner’s theory.274-278 As is evident from previous studies265, the effects are 

relatively minor if the relevant order parameters are small. Since the overall order 

parameters (S2
axisS2

f) for lysine NH3
+ groups satisfy S2

axisS2
f  << (1 – S2

axisS2
f), the 
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rotational anisotropy renders only very minor effects on 15NH3
+ relaxation. The effects 

for the NH3
+ groups are virtually negligible in the present case of ubiquitin, which has a 

small diffusion anisotropy (D/D⊥) of 1.17.  

5.2.9. 15N longitudinal relaxation for NH3
+ groups 

 Analogous to 13C longitudinal relaxation rate R1 for CH3 groups in proteins, the 

effect of the cross-correlation between N-H dipole-dipole interactions on 15N R1 of NH3
+ 

groups is negligible, and 15N R1 is given by: 

   

 

 

R1 = 3Jauto(ωN ) + 6Jauto(ω H + ωN ) + Jauto(ω H −ωN )                     [30] 

Figure 5.2.A. shows a pulse sequence to measure 15N R1 for lysine NH3
+ groups. In this 

pulse sequence as well as the other three pulse sequences in Figure 5.2., the delay τb was 

chosen such that 

 

3cos2(2πJNHτ b ) −1= 0 . In this way, the 2NyHz → 4NxHzHz transfer in 

the first 2τb period and 4NxHzHz → 2NyHz in the second 2τb period are avoided while the 

2NyHz → Nx and Nx → 2NyHz transfers are retained. For CH3 groups, the choice of the 

corresponding delays is known to be important for accurate 13C relaxation 

measurements.279 2NyHz and 8NyHzHzHz terms generated in the first 2τb period are 

eliminated by a 1H 90˚ (-x) pulse and a subsequent gradient, retaining Nz during the delay 

T for the longitudinal relaxation measurement. The rest of the pulse sequence is the same 

as in the HISQC experiment256.   
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5.2.10. 15N transverse relaxation for NH3
+ groups 

 As is known for 13C transverse relaxation for CH3 groups, the 15N transverse 

relaxation for NH3
+ groups should be bi-exponential due to the strong effects of DD/DD 

cross correlation between two 15N-1H pairs. The bi-exponential relaxation effects are 

manifested through:  

 

  

 

f (T) = (3/4)exp(−R2,slowT) + (1/4)exp(−R2, fastT),                                [31] 

 

with the relaxation rates given by280: 

            

 

R2,slow ≈ 2Jauto(0) − (4 /3)JNHNH (0)                                 [32] 

  

 

 

R2, fast ≈ 2Jauto(0) + 4JNHNH (0)                                  [33] 

 

In the energy level diagram of an AX3 spin system, the R2,slow rates are related to two 15N 

transitions in the I = 3/2 manifold and four transitions in the I = 1/2 manifolds, whereas 

the R2,fast rates are related to two transitions in the I = 3/2 manifold281.  

 Figure 5.2.B. shows the pulse sequence for the 15N transverse relaxation 

measurement, in which the CW-CPMG scheme282 is implemented for maintaining the in-

phase single-quantum coherence N+ and thereby effectively eliminating the scalar 

relaxation during the T period. Hansen et al. originally proposed the CW-CPMG scheme 

for the improvement of relaxation dispersion experiments of backbone 15N nuclei,282,283 

and the scheme has recently been incorporated into the CPMG experiment for 13C methyl 

groups as well.283 This scheme contains two CPMG blocks that sandwiches a refocusing 
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pulse, and the 1H continuous wave (CW) is applied during each of CPMG261 blocks. The 

application of 1H-CW makes the relaxation rates for the four 15N transitions associated 

with the I = 3/2 manifold become equal while the other four 15N transitions in the I = 1/2  

manifolds remain unaffected.279 As a result, the overall relaxation effect during the T 

period is given by: 

 

 

Figure 5.2. Pulse sequences for the 15N relaxation measurement for lysine side-chain 

NH3
+ groups. A. 15N R1 measurement. B. 15N R2,ini measurement. C. Heteronuclear 1H-

15N NOE measurement D. Measurement of R(4NzHzHz).257 

 

 

  

 

f (T) = (1/2)exp(−R2,aveT) + (1/2)exp(−R2,slowT),                                          [34] 

for which the average 15N relaxation rates R2,ave for the I = 3/2 manifold is (R2,slow + R2,fast) 

/ 2. The initial rate R2,ini for the 15N transverse relaxation is given by:  

 

 

 

R2,ini = f '(0) = (3/4)R2,slow + (1/4)R2, fast                                 [35] 
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for both Eq. 31 and Eq. 35. As evident from Eqs. 32, 33 and 35, R2,ini is independent of 

the N-H / N-H cross correlation.  It is a function of Jauto(ω) according to284: 

 

 

R2,ini = 2Jauto(0) + (3/2)Jauto(ωN ) + 3Jauto(ω H + ωN ) + 3Jauto(ω H ) + (1/2)Jauto(ω H −ωN )  [36] 

 

Thus, the R2,ini rates are useful for the analysis of the dynamics of the NH3
+ groups. As 

shown in the Supporting Information, the bi-exponential decay (Eq. 34) and single-

exponential decay according to exp(-R2,initT) are almost linear and virtually 

indistinguishable for the first 30% decay, for which the use of single-exponential fitting 

for determination of R2,init is valid. Owing to the intrinsically slow 15N transverse 

relaxation of NH3
+ groups, the validity range covers the entire range of practically 

available 15N-CPMG lengths (< 150 ms).257 

 

5.2.11. Heteronuclear NOE for NH3
+ groups 

 Although use of a train of 1H 120˚ pulses has been common in heteronuclear NOE 

measurements, recent studies have shown that the use of a train of 1H 120˚ pulses for 1H 

saturation could cause errors in heteronuclear NOE measured for protein backbone amide 

groups.285,286 Use of 180̊  pulses for the 1H saturation period was demonstrated to be an 

effective remedy.285,286 While the use of 180̊  pulses instead of 120˚ pulses is suitable for 

achieving an ideal steady state for 15N longitudinal magnetizations of NH3
+ groups as 

well, the way 180̊ pulses work for ideal steady state is quite different for NH 3
+ groups 

because the types of relevant cross correlation pathways present are different. When 
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<Hz> is saturated (i.e. <Hz> = 0) in the steady state, the behaviors of Nz and 4NzHzHz 

terms are given by the following differential equations with cross correlation taken into 

account.287 

 

 

 

d
dt

(< Nz > −N∞) = −R1(< Nz > −N∞) + σ NH (H∞
a + H∞

b + H∞
c ) − ΓNHNH (< 4NzHz

aHz
b >

+ < 4NzHz
bHz

c > + < 4NzHz
cHz

a >)

 [37] 

 

 

d
dt

< 4NzHz
aHz

b >= −R(4NzHzHz) < 4NzHz
aHz

b > −ΓNHNH (< Nz > −N∞) + ΓHHHN H∞
c

 [38] 

 

 

d
dt

< 4NzHz
bHz

c >= −R(4NzHzHz) < 4NzHz
bHz

c > −ΓNHNH (< Nz > −N∞) + ΓHHHN H∞
a

 [39] 

 

 

d
dt

< 4NzHz
cHz

a >= −R(4NzHzHz) < 4NzHz
cHz

a > −ΓNHNH (< Nz > −N∞) + ΓHHHN H∞
b ,

 [40] 

where H∞ and N∞ represent Boltzmann magnetizations; σNH, a heteronuclear cross 

relaxation rate; R(4NzHzHz), an auto relaxation rate for a 4NzHzHz term; ΓNHNH, N-H / N-

H cross correlation for longitudinal relaxation; and ΓHHHN,  H-H / H-N cross correlation 

within the AX3 spin system for longitudinal relaxation. N-H / N-H cross correlation inter-

converts Nz and 4NzHzHz, whereas H-H / H-N cross correlation inter-converts Hz and 

4NzHzHz. The rates for cross relaxation and cross correlations are:287 

 

 

 

σ NH = 2Jauto(ω H + ωN ) − (1/3)Jauto(ω H −ωN )                                        [41] 
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ΓNHNH = 2JNHNH (ωN )                                   [42]  

 

 

ΓHHHN = 2JHHHN (ω H )                                    [43] 

 

 Our pulse sequence for the heteronuclear NOE measurement are designed so that  

<4NzHzHz> terms are unperturbed by 1H pulses in the 1H saturation period, and thereby 

providing a better steady state for 15N longitudinal magnetization. The pulse sequence for 

the heteronuclear NOE measurement is shown in Figure 5.2.C.  By using 1H 180˚ pulses 

instead of 120̊ pulses, < Hz> is saturated without perturbing <4NzHzHz> in this pulse 

sequence. To compensate the pulse imperfection, 180̊ pulses along x and -x are applied 

alternately in the saturation period. With this pulse sequence, the heteronuclear NOE is 

given by: 

 

 

NOE =1+ 3 γ H

γN

 

 
 

 

 
 
σ NH R(4NzHzHz ) − ΓNHNHΓHHHN

R1R(4NzHzHz ) − 3ΓNHNH
2 ,                    [44] 

which is derived from Eqs. 37-40 with all time derivatives set to zero for the steady state. 

If the R(4NzHzHz) is much larger than the other rates involved in this equation, the 

heteronuclear NOE becomes: 

 

 

NOE =1+ 3 γ H

γN

 

 
 

 

 
 
σ NH

R1

,                       [45] 

which corresponds to the standard form for the case with no cross correlation involved.  

 Practically, the signal intensity for the reference spectrum in the heteronuclear 

NOE experiment is influenced by hydrogen exchange.  If the recovery level of water 

magnetization is not 100%, the signal intensity for the reference spectrum can become 

weaker.288-290 These effects can introduce substantial errors in the heteronuclear NOEs. In 

our heteronuclear NOE experiment, these problems were avoided by implementation of 
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the water-flip-back scheme288 and the use of a very long recycle delay (12 s and 18 s at 

600 MHz and 800 MHz, respectively).     

 

5.2.12. Relaxation of longitudinal three-spin order term 4NzHzHz 

 While cross relaxation rate σNH and cross correlation rates ΓNHNH and ΓHHHN in 

Eq. 44 are a function of the correlation times and the order parameters under the 

assumption that the geometry of NH3
+ groups is ideally tetrahedral, R(4NzHzHz) needs to 

be experimentally determined because it depends on other factors. The relaxation rate for 

4NzHzHz terms is given by: 

 

 

 

R(4NzHzHz ) ≈ R1 + 2(ρHH + kex
water )                                   [46] 

   

where R1 is defined in Eq. 30; and ρHH is the rate of auto relaxation for a 1H nucleus in 

the AX3 system via dipole-dipole interactions with external 1H nuclei.256,291 As is 

demonstrated below, for an NH3
+ group the hydrogen exchange rate kex

water typically 

dominates in R(4NzHzHz). Figure 5.2.D. shows the pulse sequence for the measurement of 

R(4NzHzHz) for lysine NH3
+ groups. In this pulse sequence, 4NzHzHz terms are created at 

the beginning of the delay T, and the peak intensities are measured as a function of T.  

Although the 4NzHzHz → Nz transfer via N-H / N-H cross correlation during the delay T 

in this pulse sequence can contribute to the change of the intensity as a function of T, the 

effect can be neglected in good approximation, because ΓNHNH is much smaller than 

R(4NzHzHz) for NH3
+ groups.  
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5.2.13. Calculation of order parameters and correlation times for internal motions 

of NH3
+ groups 

 The measurements of 15N R1, 15N R2,ini, heteronuclear NOE, and R(4NzHzHz) 

permit the determination of the order parameter S2
axis and correlation times τi and τf of 

internal motions for lysine NH3
+ groups via non-linear least-squares fitting based on Eqs.  

29, 30, 36, and 41-44. During fitting the following function that contains weighted 

squares for R1, R2,ini, and NOE is minimized: 

 

 

 

χ 2 =
(Yobs −Ycal )

2

Yobs
2∑ ,                                   [47] 

 

where Yobs and Ycal stand for observed and calculated quantities, of R1, R2,ini, and NOE. 

Since the overall molecular rotational correlation time τm can be accurately determined 

from the backbone 15N relaxation data, the number of fitting parameters in the non-linear 

least-squares fitting is three (i.e. S2
axis, τf, and τi), which makes the use of relaxation data 

at multiple magnetic fields desirable.  

5.2.14. NMR Experiments for specific Egr-1 complex 

 NMR experiments were performed using Bruker Avance III 600-MHz 

spectrometer, equipped with cryogenic probes. All experiments were performed at 10-

35˚C at UTMB NMR facility. h3JNP  experiments  and data analysis were performed as 

described before260. The data processing was done as described in section 5.2.4.  
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5.3. RESULTS 

5.3.1. Heteronuclear NMR of lysine NH3
+ groups in ubiquitin 

 At pH 5.0 and 2 ̊C, the 15N-labeled ubiquitin exhibited 6/7  well isolated signals 

from lysine amino groups in the HISQC spectrum (Figure 5.3.B.).  F1-1H-coupled HSQC 

spectrum for lysine amino groups255,256,292 clearly indicated that the spin systems for the 

observed amino groups are AX3 rather than AX2, and therefore, these amino groups are 

protonated (i.e. NH3
+ groups). Using the lysine-specific triple resonance spectra255,256,263 

as well as standard backbone and side-chain double/triple resonance spectra261, we 

unambiguously assigned the NH3
+ signals as shown in Figure 5.3.B. Under the current 

experimental conditions, Lys6 was not observed in the HISQC spectrum presumably due 

to faster hydrogen exchange with water. In fact, a previous study reported that Lys6 side 

chain exhibits more than 5-fold faster hydrogen exchange rates than the other lysine side-

chains in ubiquitin.259 The signal from Lys27 NH3
+ group is located at a unique position 

for which the 15Nζ chemical shift is 34.2 ppm. The unique 15N chemical shift of this 

group may be due to its two hydrogen bonds with Asp52 Oδ and Gln41 O found in the 

crystal structure.  
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Figure 5.3. A. Lysine side-chains in the crystal structures of human ubiquitin (PDB code: 

1UBQ). Nζ atoms of the lysine NH3
+ groups are shown in cyan. B. The HISQC spectrum 

recorded on lysine NH3
+ groups in 15N-labeled human ubiquitin (1 mM) at pH 5.0 and 2 

˚C. For avoiding isotopically different species for NH3
+ groups, no D2O was used in the 

protein solution. The deuterium signal from d4-methanol separately sealed in the outer 

layer of the co-axial NMR tube system was used for NMR lock. Signals from the NH3
+ 

groups were assigned using lysine-specific triple resonance experiments. environment. 

The slow R2,ini rates are responsible for very sharp 15N lineshapes of HISQC signals as 

seen in Figure 5.3.B. Since the CW-CPMG scheme is suitable for studding dynamics 

occurring on the µs – ms timescale,261,293 we also measured R2,ini using different CPMG 

field strengths νCPMG for investigating the slow dynamics of the lysine side- chains. The 

R2,ini rate for the NH3
+  groups of Lys27 was found to be faster when νCPMG is small 

(Figure 5.4.C), while R2,ini rates were virtually independent of νCPMG for all the other  
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Table 6         15N R1 and R2,ini rates for lysine NH3
+ groups in human ubiquitin. 

 
NH3

+               15N R1 [s-1]      15N R2,ini [s-1]              
   800 MHz      600 MHz  800MHz      600 
MHz 
Lys11  0.661 ± 0.010  0.776 ± 0.026  1.815 ± 0.089  1.629 ± 
0.167  
  (0.674) (0.770) (1.662) (1.724) 
Lys27  1.431 ± 0.018  1.773 ± 0.035  4.237 ± 0.072  4.065 ± 
0.132 
  (1.595) (1.979) (3.348) (3.650) 
Lys29  0.811 ± 0.003  0.933 ± 0.011  1.684 ± 0.034  1.852 ± 
0.082 
  (0.803) (0.948) (1.705) (1.816) 
Lys33  0.419 ± 0.001  0.458 ± 0.002  0.971 ± 0.012  1.105 ± 
0.024 
  (0.421) (0.467) (1.005) (1.032)  
Lys48  0.471 ± 0.001  0.504 ± 0.002  0.980 ± 0.010  0.915 ± 
0.021 
  (0.471) (0.512) (0.923) (0.949) 
Lys63  0.404 ± 0.001  0.458 ± 0.003  1.130 ± 0.013  1.066 ± 
0.026 
  (0.416) (0.463) (1.046) (1.073) 
   
Values in parentheses are back-calculated relaxation rates as computed from 
the derived order parameters and correlation times. 

 

5.3.2. 15N relaxation for lysine NH3
+ groups 

 Using the pulse sequences shown in Figure 5.2., we measured 15N R1, 15N R2,ini, 

heteronuclear 1H-15N NOE, and R(4NzHzHz) for lysine NH3
+ groups at 800 and 600 MHz 

1H frequencies. Table 6 shows lysine side-chain 15N R1, 15N R2,ini rates, whereas Table 7 

shows heteronuclear 1H-15N NOE and R(4NzHzHz) parameters for lysine NH3
+ groups. 

The hydrogen exchange rates kex
water measured at 600 MHz with CLEANEX-HISQC are 

also shown in Table 7. Examples of the relaxation data for the NH3
+ groups of Lys27 and 
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Lys48 are shown in Figure 5.4. 

 The most remarkable aspect of 15N relaxation of NH3
+ groups is their very slow 

transverse relaxation, for which the initial rates R2,ini range from 0.98 s-1 to 4.24 s-1 for 

ubiquitin at 2 ̊ C. The 15N R2,ini rates of lysine NH3
+ groups are 6 to 12-fold slower than 

backbone 15N R2 of the same residues. Owing to the small 15N gyromagnetic ratio, 15N 

R2,ini for NH3
+ group is substantially smaller than 13C R2,ini for a CH3 group in the same 

lysine NH3
+ groups. Provided that the slow dynamics observed for Lys27 NH3

+ is a two-

state exchange, the exchange rate for the process was calculated to be 93 ± 33 s-1 using 

expressions derived in previous studies.293  

 The 15N R1 rates for NH3
+ groups were found to be between 0.4 and 1.8 s-1. Field-

dependence of the 15N R1 rates were stronger than for that for R2,ini; the 15N R1 rates at 

800 MHz were 10-20% smaller than those at 600 MHz. Compared to the backbone 15N 

R1 rates for the same lysine residues (0.89 – 0.94 s-1 at 800 MHz), the 15N R1 rates for 

NH3
+ groups display larger variation. The slowest NH3

+ R1 rates (Lys63) was only ~2-

fold slower than backbone 15N R1 of the same lysine residues. As shown in Table 7, all 

values of the heteronuclear NOE measured for lysine NH3
+ groups were negative and 

ranged from -3.54 to -1.88. Despite the use of the very long recycle delay, 48 scans per 

FID at 600 MHz  and 32 scans at 800 MHz using a non-cryogenic probe was sufficient to 

measure the heteronuclear NOE owing to the slow decay during the t1 evolution period. 

R(4NzHzHz) rates were found to be ~40-200-fold larger than R1 for Nz and slightly larger 

than two times kex
water (Table 7). This indicates that the hydrogen exchange contribution 

dominates in Eq. 46. Although previous studies showed that lysine NH3
+ groups forming 

hydrogen bonds with a ligand exhibited slower hydrogen exchange with water,256,292 the 
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present data suggest that the lysine NH3
+ groups that do not form hydrogen bonds with 

other parts of the protein (i.e. Lys33, Lys48 and Lys63) exhibit slower hydrogen 

exchange rates and slower R(4NzHzHz) rates than those with hydrogen bonds (Lys11, 

Lys27, and Lys29). This might be because the hydrogen bond acceptors could catalyze 

hydrogen exchange under particular conditions.294 With the observed range of 

R(4NzHzHz) rates for lysine NH3
+ groups, the use of the Eq. 45 instead of Eq. 44 

introduces only < 3% error in heteronuclear NOE for the present case.  

 

5.3.3. Order parameters and correlation times for internal motions of lysine NH3
+ 

groups 

 Using the experimental 15N relaxation data and the spectral density model 

represented by Eq. 29, we determined the order parameters S2
axis, and correlation times τf 

and τi for the internal motions of NH3
+ groups. No exchange contributions to R2,ini were 

considered in the fitting procedure, because the CPMG relaxation dispersion data and the 

dependence of R2,ini on the magnetic field strength indicated absence of exchange 

contributions to the R2,ini rates. The resulting model-free parameters are shown in Table 8. 

The minimized χ2 value for each NH3
+ group is also shown.  

 The order parameters S2
axis extracted for the lysine NH3

+ groups in ubiquitin range 

from 0.192 to 0.709. The NH3
+ groups of Lys11, Lys27, and Lys29, which form 

hydrogen bond(s) with other residues in the 1.8-Å resolution crystal structure, exhibit 

relatively large S2
axis values (0.415, 0.709, and 0.378, respectively), suggesting that the  
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Table 7         Heteronuclear (1H-) 15N NOE, R(4NzHzHz) rates, and hydrogen exchange  

rates kex
water for lysine NH3

+ groups in human ubiquitin.   

 
 
NH3

+          NOE                     R(4NzHzHz) [s-1] 
 kex

water [s-1] 
         800 MHz          600 MHz 800 MHz 600 MHz 
Lys11  -2.72 ± 0.09  -2.92 ± 0.17 147.1 ± 6.5 153.7 ± 17.3
 71.0 ± 6.0 
  (-2.87) (-2.71) 
Lys27  -1.88 ± 0.05  -2.38 ± 0.13   59.2 ± 0.7   59.4 ± 1.4
 18.7 ± 1.6 
  (-1.94) (-2.37) 
Lys29  -2.88 ± 0.05  -3.01 ± 0.09 103.1 ± 1.1 109.8 ± 2.8
 43.1 ± 1.5 
  (-2.91) (-2.95) 
Lys33  -3.24 ± 0.03  -3.18 ± 0.04   42.5 ± 0.2   44.0 ± 0.2
 17.6 ± 0.1 
  (-3.28) (-3.00) 
Lys48  -3.29 ± 0.02  -3.54 ± 0.03   18.1 ± 0.1   19.5 ± 0.1   
8.8 ± 0.1 
  (-3.45) (-3.26) 
Lys63  -3.14 ± 0.02  -3.30 ± 0.04   40.8 ± 0.2   42.7 ± 0.2
 17.1 ± 0.2 
  (-3.24) (-2.92) 
   
Values in parentheses are back-calculated NOE as computed from the 
derived order parameters and correlation times. 
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Figure 5.4. 15N relaxation data for NH3
+ groups of Lys27 and Lys48 at 1H frequency of 

600 MHz. A. Relaxation of Nz measured with the pulse sequence shown in Figure 5.2. A. 

B. Relaxation of the longitudinal three-spin order term 4NzHzHz measured with the pulse 

sequence shown in Figure 5.2.D. C. Transverse relaxation of the in-phase single quantum 

term Ny measured with the pulse sequence shown in Figure 5.2.B.  D. Dependence of the 

initial transverse relaxation rate R2,ini on CPMG field strength νCPMG. 

 
  

hydrogen bonds restrict internal motions of NH3
+ groups. In fact, the Lys27 side-chain 

that forms two hydrogen bonds has an order parameter larger than those of lysine side- 
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chains that display a single hydrogen bond in the crystal structure.  The correlation times 

τf for NH3
+ bond rotations were determined to be 24 – 29 ps for Lys33, Lys48 and Lys68, 

whereas the correlation times τi for reorientation of their symmetry axes were determined 

to be 100 – 128 ps. The bond rotations of the NH3
+ groups that form a hydrogen bond 

with other part of the protein were found to be slower than those of NH3
+ groups with no 

hydrogen bonds. The bond rotation for Lys27 was found to be particularly slow with τf of 

341 ps. The slow bond rotation of this residue may be due to two hydrogen bonds with 

other residues as suggested by the crystal structure. However, the spectral density model 

for this NH3
+ group may not be as adequate as for the other NH3

+ groups, because the 

value of the minimized χ2 for Lys27 is significantly larger than those for the other lysine 

residues. The extracted values for τf for NH3
+ bond rotations are comparable to those for 

CH3 bond rotations, which are typically around 10-100 ps.295-298 This may be somewhat 

surprising as one might expect that hydrogen bonds that can be formed with water 

molecules and other protein parts would make the rotations of NH3
+ groups much slower 

than those of CH3 groups.  

 

5.3.4. Observation of Lys mediated ion pairs in protein-DNA interface. 

 Using experimental methods for Lys side chain detection and characterization 

presented above, we developed a new method to study the hydrogen bond scalar coupling 

h3JNP between Lys side chain 15N and DNA 31P nuclei in the ion pairs at the protein-DNA 

interface. Generally two types of ion pairs can be distinguished in solution: the Contact 

Ion Pair (CIP) and the Solvent-Separated Ion Pair (SIP).  As seen from Figure 5.5. CIP 
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ion pair is formed by direct contact between Lys NH3
+ group and phosphate backbone of 

DNA. The SIP on the other hand involves one or more solvent molecules through which 

the ion pairing with DNA mediated. Because of this  h3JNP constant is measurable for 

contact ion pairs. In case of SIP we would have to measure 5 bond (or higher order) J- 

coupling, which is impossible due to its very small magnitude.  Thus if h3JNP is 

measurable for a given Lys than it forms a contact ion pair with DNA. 

 To observe the h3JNP  transfer we devised 2-D heteronuclear correlation 

H3(N)P experiment (Figure 5.6.A.). Typically h3JNP < 1 Hz,  however  due to slow 15N 

transverse relaxation of NH3
+, use of a very long coherence transfer period299 and 

utilization of cryo-probe (sensitivity enhancement by factor of 2.5) we are able to observe 

the signals in the spin-echo difference spectrum. To determine the absolute values of 

h3JNP coupling constants, we designed the spin-echo h3JNP-modulation constant-time 

HISQC experiment (Figure 5.6.B.). Using signal intensities in the two sub-spectra 

recorded by this experiment, we determined the absolute values of the h3JNP coupling 

constants for the intermolecular ion pairs. The measured h3JNP are biased toward smaller 

values due to the partial self-decoupling effect300 arising from 31P longitudinal relaxation. 

But this effect can readily be corrected260.  

 

5.3.5. Direct observation of Lys mediated ion pairs in Egr-1/DNA complex 

 Utilizing spin-echo h3JNP-modulation constant-time HISQC experiment described 

in previous section, we identified the Lys mediated CIPs for Egr-1 and all its constructs. 

The results for the difference h3JNP spectra are presented in Figure 5.7. All Lys residues 
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Table 8         Order parameters S2
axis and correlation times τf  and τi for lysine NH3

+  rates  

groups in human ubiquitin. a   

 
NH3

+             S2
axis b             τf [ps] c  τi [ps] d

 χ2
min e  

Lys11 0.415 ± 0.039   38 ± 71 372 ± 207
 0.0195 
Lys27 0.709 ± 0.021 341 ± 11     0 ± 8
 0.0822 
Lys29 0.378 ± 0.017 199 ± 24   13 ± 66
 0.0014 
Lys33 0.248 ± 0.005   24 ± 1 114 ± 11
 0.0095 
Lys48 0.192 ± 0.005   29 ± 1 128 ± 8
 0.0133 
Lys63 0.267 ± 0.006   25 ± 1 100 ± 11
 0.0179 
   

a Fitting was carried out using the spectral density model of Eq. 29. molecular rotational 
correlation time τm = 8.0 ns, which was determined from backbone 15N R1 and R2 at 2 ˚C, 
was used for the calculation. The ideal tetrahedral geometry was assumed.  
b Order parameters for the symmetry axes 
c Correlation times for bond rotations  
d Correlation times for the internal reorientation motions of the symmetry axes  
e Minimized values of the χ2 function given by Eq. 47 
 

 
     

were observable for Egr-1. Interestingly, the difference spectra showed unique pattern of 

signals: wt Egr-1 demonstrated one peak in the difference spectrum which combined with 

the data on Egr-1 mutants was identified as K79 mediated CIP. For Egr-1 type 1 we 

observe extra signal for the difference spectra which corresponds to extra peak observed  
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Figure 5.5. The Lys NH3

+ group mediated CIP between protein and DNA backbone. In 

this particular case h3JNP constant can be measured. 

 

 

Figure 5.6. NMR experiments for analysis of h3JNP
 -coupling constants for lysine NH3

+ -

DNA phosphate / phosphorodithioate ion pairs. (A) The pulse sequence for the H3(N)P 

experiment. (B) The pulse sequence for the spin-echo h3JNP-modulation constant-time 1H-

15N HISQC experiment260. 

 

for the HISQC experiment. This means that the introduced K23 mutation not only 

increased net positive charge of ZF1 but also created an additional CIP with the DNA. 

Type 2 mutant demonstrated the absence of the peak corresponding to K79 indicating 

that the ion pair was deleted. Type 3 mutant showed no signals in the difference spectrum 

because no Lys mediated CIPs are present (K79 was removed).  

 



134 

5.3.6. Salt concentration dependence of h3JNP 

 The "strength" of CIP can be qualitatively judged by the magnitude of the |h3JNP|. 

Because the translocation of the protein on DNA induces additional decoupling effect, 

faster translocation would result in smaller observed values of  |h3JNP|.  Thus the |h3JNP| 

should be reverse proportional of target search speed. As demonstrated in Chapter 2 

target search kinetics significantly increases when ionic strength is increased from 40 to 

150 mM KCl. Thus increase in salt concentration should decrease |h3JNP| as well. We 

examined this hypothesis by measuring h3JNP for salt concentrations in range of 20-300 

mM KCl for type 1 Egr-1 (Table 9). Though the |h3JNP| values decreased,  we were able to 

observe measurable h3JNP even at 300mM KCl, indicating that the protein residence time 

on specific site is still > 10s. Unfortunately at higher salt concentrations, because of 

increase in the conductivity of the sample the uncertainties for |h3JNP| are large. This 

somewhat hinders the accurate quantitative characterization of CIPs. Nevertheless the 

results we obtained are in a good agreement with our experimental data, that 

demonstrated very strong sub pM binding  of type 1 to the target DNA with dissociation 

rate of 2x10-5 s-1 at 40mM KCl. Generally presence of such strong CIPs could result in 

decrease of population of the search mode (Chapter 3). In such case proteins with large 

CIP content might have slower target search. 

 

 

 

 



135 

5.4. DISCUSSION 

5.4.1. Dynamics of the functionally important NH3
+ groups in ubiquitin 

 The lysine NH3
+ groups are critically important for the function of ubiquitin, 

because they are linkage sites for ubiquitination (or ubiquitylation) involved in various 

cellular processes such as protein degradation,301 cell-cycle progression,302 and immune 

responses303. The ubiquitin-conjugating enzyme E2 covalently attach ubiquitin to a target 

protein in the complex with the ubiquitin ligase E3. A lysine side-chain amino group of 

the target and the terminal carboxyl group of ubiquitin is linked in this process. The 

E2/E3 enzyme complex further extends the ubiquitin chain by linking a lysine side-chain 

NH3
+ group of the conjugated ubiquitin to the terminal carboxyl group of the subsequent 

ubiquitin molecule. In this process, a polyubiquitin chain is formed and its conformation  

depends on the linkage site.304 

 Lys48-linked polyubiquitin chain is particularly important as a marker for 

proteasomal degradation.301 Our NMR data indicate that the NH3
+ group of precisely the 

same lysine is the most mobile amino group with an order parameter of 0.19. The NH3
+ 

group of Lys63 is the second most abundant linkage site.305 This NH3
+ group is also 

highly mobile with an order parameter of 0.27. Interestingly, a recent proteomic study 

showed that the sequence biases and structural preferences around ubiquitination sites on 

target proteins are similar to those of intrinsically disordered protein regions,306 which 

implicates that the lysine amino groups of the target proteins for the initial ubiquitination 

exhibit also a high degree of mobility. This property together with the solvent exposure 

of the substrate lysine NH3
+ group might be key determinants for the efficiency of 

ubiquitination by the E2/E3 enzyme complex. While immobilization of the highly 
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dynamic lysine side-chain by the ubiquitination process is obviously unfavorable in terms 

of entropy, it is difficult to estimate the actual free energy cost from a change of the NH3
+ 

order parameter alone. This is because, even if an ion pairing immobilizes the NH3
+ 

group, CH2 methylene groups of the same residue can still undergo substantial internal  

 

Figure 5.7. Conformation of the ion pair engineering for Egr-1 constructs. All mutants of 

Egr-1 including wild type protein exhibit excellent HISQC spectra. All Lys residues are 

clearly observed. The corresponding Spin-echo difference constant time HISQCs clearly 

demonstrate the presence of the Lys mediated ion pairs in Egr-1 WT, type 1 and type 2 

proteins. Type 3 Egr-1 shows no presence of the signals in the difference spectrum as all 

Lys mediated ion pairs have been removed through mutagenesis. The h3JNP constants 

under given experimental conditions ( 20mM KCl 20mM deuterated potassium succinate 

pH 5.8) were found to be 0.38±0.02 for K23 and 0.32±0.01 for K79. 
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Table 9         |h3JNP| salt dependence for Egr-1 type 1 mutant in specific complex 

|h3JNP| constants (Hz)b) Values and uncertainties (Hz) a) 
- at 20 mM KCL -  
K23  0.32 ± 0.01  
K79  0.38 ± 0.02 
- at 100 mM KCL -   
K23 0.30 ± 0.02 
K79 0.32 ± 0.02 
- at 200 mM KCL -  
K23 0.33 ± 0.07 
K79 0.32± 0.11 
- at 300 mM KCL -  
K23 0.32 ± 0.08 
K79 0.32 ± 0.10 

 
a) All experiments were carried out in 20mM deuterated potassium succinate pH 5.8, 
2mM ZnCl2 and appropriate KCl concentration. NMR samples contained 0.8mM type 1 
Egr-1 and 1.2mM specific DNA. 

b) |h3JNP| and corresponding errors are calculated as in our previous work260 

 

motions in a concerted way such that the side-chain end group is little affected, analogous 

to the situation encountered in Arg side-chains307. A quantitative assessment of the 

entropy changes of lysine side-chains would then need also to take into account changes 

in the dynamics of CH2 moieties.307 

 

5.4.2. Dynamics of Lysine NH3
+ groups involved in macro molecular ion pairing 

 The formation of the hydrogen bond between protein and DNA should require the 

breakage of  water mediated ion pair (or hydrogen bond with bulk water). Thus dynamics 

of the hydrogen bonding might be important determinants in formation of Lys mediated 

CIPs and could play important role in protein-DNA translocation and even specific site 

recognition. In this Chapter we provided experimental framework for quantitative 
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characterization of  intra molecular, Lys mediated, hydrogen bonding dynamics, and 

studied their properties for ubiquitin and Egr-1 proteins. 

 The ubiquitin NH3
+ groups of Lys33, Lys48, and Lys63 do not form hydrogen 

bonds with other parts of the protein in the crystal structure. Their exposure to the solvent 

suggests that they can form hydrogen bonds with water molecules. A previous molecular 

dynamics study suggested that lifetimes of hydrogen bonds between a protein side-chain 

and water are 2 – 4 ps. Our experimental data for the NH3
+ groups of Lys33, Lys48, and 

Lys63 are consistent with the computational result, because obtained values of τf are 

longer than the suggested lifetimes of the water-side-chain hydrogen bonds.    

 The motions of the NH3
+ groups of Lys11, Lys27 and Lys29 are restricted by 

hydrogen bond(s) with other protein parts. It is therefore not surprising that our 

experimental correlation times τf of these residues were longer than those for the other 

NH3
+ groups with no hydrogen bonds, considering that the lifetimes of intra-molecular 

hydrogen bonds are longer (15 – 60 ps) than lifetimes of hydrogen bonds between the 

protein and water molecules (2 – 4 ps). These altogether suggest that the ion pairing 

involving macro molecular interactions exhibits slower dynamics of formation and 

breakage. This can be explained by partial protection of hydrogen bonds from the bulk 

water in case of protein-protein or protein-DNA interaction. Such increase in ion pair 

stability should be essential for formation of stable complexes. Thus characterization of 

ion pair dynamics could lead to determination of key interactions responsible for protein-

DNA complex stability and protein-DNA translocation.  
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5.4.3. Potential role of ion pair content in DNA scanning process 

 Above we have discussed a possibility of protein-DNA ion pairs playing an 

important role in defining target search kinetics of proteins. Comparing results on target 

search for Egr-1 and its mutants (Chapters 2 and 3) with the spin-echo difference HISQC 

experiment presented above (Figure 5.7.; Table 9) we see a direct correlation between 

target search kinetics and the ion pair content of protein-DNA complex.  We can clearly 

see that increase in ion pair content enhances both specific and nonspecific binding of 

Egr-1 to DNA (type 1 Egr-1). Because the specific binding is enhanced more than 

nonspecific we conclude that specificity of the protein is enhanced as well. At the same 

time the target search kinetics is slowed ~4 fold compared to wt Egr-1. For type 3 mutant 

we observe exactly opposite effect: removing the ion pair mediated through K79 

enhances target search by a factor of 4 but significantly reduces specificity of the binding 

to DNA.  These observations demonstrate the importance of ion pairing in protein-DNA 

complexes for both target search and recognition. These findings further support our 

hypothesis on the presence of search and recognition modes for Egr-1. The type 1 Egr-1 

with most ion pair content, is the less dynamic one and displays slowest target search but 

strongest target site binding, which suggests highest recognition mode population. Vice 

versa type 3 mutant has the least amount of ion pair content. Being less constrained it has 

highest population of search mode. 

 Comparing the slopes of ionic strength dependence of specific binding constants 

for Egr-1 reveals an interesting phenomenon:  slopes for the type 2 and wt Egr-1 are 

almost the same. The slope for Type 1 is steepest while Type 3 Egr-1 shows almost same 

slope as observed for nonspecific complex. This suggests that the Lys mediated ion pairs 
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are very strong electrostatic interactions with DNA. This is intriguing because large 

number of Arg side chains (total of 12)  also form a network of hydrogen bonding with 

the DNA in the crystal structure. Currently further investigations are necessary to 

understand why presence of only 2 extra Lys residues (type 1 vs. type3) have such strong 

effect on both binding specificity and target search kinetics. 
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CHAPTER 6: 

Conclusion and Future Perspectives 

Facilitated target search is of paramount importance for proper functioning of many vital 

biological processes125,171,308. Inducible TFs and DNA repair enzymes, which have to 

scan millions of DNA base pairs, have to locate their specific sites quickly to perform 

their functions efficiently. The facilitated target search may accelerate association to the 

target site by up to 100 fold (compared to 3D diffusion).13,14 As the target search process 

in many cases could be a rate limiting step for DNA repair enzymes308-310 and TF111,112,309 

activity, faster target searches could improve protein's activity as well. Understanding the 

mechanisms and determinants of facilitated diffusion on DNA could provide new 

diagnostic and therapeutic means for diseases11,16-23 associated with DNA repair enzyme 

and TF dysfunction. The improvement of ZFN based gene therapy that suffers from low 

enzymatic activity due to slower target search of ZFN constructs would also be possible.    

 Dissecting the mechanisms of facilitated target search has been a subject of 

interest since early 1970s, when the process was first discovered34. Though many studies 

both experimental36,37,40,55,65,169,311-313 and theoretical41,70,71,81,114,117-119,121,176,203,204 have 

been published since then, our understanding of facilitated target search process still 

remains qualitative and conceptual. The interplay between different target search 

pathways is not well understood, and the theoretical studies have largely overlooked the 

presence of IT in the research.  

 The main goal of this work is to advance our understanding of facilitated target 

search process at a quantitative level, provide insights into sub-molecular and atomic 
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determinates of efficient target search and demonstrate that rational modulation of target 

pathways is possible. For this purpose we studied target search process of inducible 

transcription factor Egr-1.  

 

Egr-1 efficiently scans DNA through IT mediated target search pathway 

 IT has been observed in various experimental studies51,69,77,92,93,95,169. Because the 

process is second order51,169, the target search at DNA concentration close to in vivo can 

be primarily mediated through this process. Nevertheless IT transfer was widely ignored 

both in experimental and theoretical studies. Only several works that discuss the target 

search process via IT are available. However these studies only focus on description of 

phenomenological second order intersegment transfer and do not study/discuss it neither 

in case of presence of DNA target nor in conjunction with other mechanisms of target 

search. Because sliding, 3D diffusion and IT generally coexist, it is important to develop 

experimental techniques and theoretical framework for their simultaneous investigation51. 

Such information would provide better understanding of target search mechanisms at 

molecular level.  

In Chapter 2 our studies on the kinetics of Egr-1’s sliding and intersegment 

transfer in the target DNA search process are presented. The derived analytical forms of 

kapp, that take IT into account allowed us to determine not only sliding and IT rate 

constants but also the contribution of different target search pathways by Egr-1. The most 

important findings in this work are that intersegment transfer plays a major role in the 

target association process. Although this role has been speculated in previous studies on 
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intersegment transfer in the absence of the target72,147,169, those studies could not provide 

information on the extent to which intersegment transfer can actually contribute to the 

target association kinetics. Owing to the analytical expressions for kapp, our current 

methodology provides the relative contributions of distinct translocation pathways to 

target association. For the Egr-1 zinc-finger protein, the major pathway involves the 

intersegment transfer to a nonspecific site and the subsequent sliding to the target on the 

probe DNA. The relative contribution of this pathway is 92%. Thus IT transfer is 

extremely important for target search process (at least for Egr-1) and should generally be 

accounted for. 

An interesting phenomenon that we revealed was that Egr-1 displayed optimum 

target search at physiological ionic strength. We found that the bell shaped dependence of 

apparent target association rate is caused by target search rate attenuation due to Egr-1 

trapping by nonspecific competitor. This is another effect that is not considered in 

majority of theoretical and experimental studies. For example many studies make use of 

systems involving up to 5000037,45,311 bp DNA probes. The vast majority of such DNA 

represents nonspecific competitor, which is in excess of ~103. Such large amount of 

competitor can slow down target search considerably and thus the effect should be 

considered. 

 Overall in Chapter 2 we described the kinetic properties of target search by Egr-

1, which are well tuned for TF's efficient scanning of DNA in vivo like conditions. This 

provides insights into how the inducible transcription factor Egr-1 could rapidly activate 

the genes upon cellular stimuli. Our general theory allows quantitative understanding of 
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the interplay between the antenna and trapping effects and intersegment transfer in the 

target DNA search process.   

Our theory and experimental framework are useful for engineering of 

transcription factors and DNA repair/modifying enzymes as well. Indeed, because our 

theoretical and experimental framework allows characterization of individual 

mechanisms of target search it can be used to validate desired improvement of target 

search properties of the engineered proteins. Furthermore, because our approach can 

quantitatively characterize  target search pathways, it can provide insights into which 

distinct mechanism of target search is more beneficial to enhance.   

 

Engineering  Egr-1 with enhanced search modes 

  A deep understanding of the target search mechanism (and any type process in 

general) would mean predicting and free manipulation of the system. In other words 

being able to predict the target search behavior for different conditions and rational 

modulation of the DNA scanning efficiency would indicate a substantial progress in the 

field of facilitated diffusion. Rational engineering and characterization of TFs and DNA 

repair enzymes with better scanning efficiency would not only deepen our understanding 

of DNA repair and fast gene regulation processes in the cell, but could be useful for 

improvement of ZFN technology. 

In Chapter 3 we have demonstrated that the rational enhancement of target search 

is possible. The speed of target search process is directly correlated with the degree of 

flexibility (dynamics) of individual Egr-1 domains. The increase in domain dynamics 
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resulted in faster target search but weaker specific site binding. This "trade" of specificity 

of target binding for improvement of target search kinetics, supports the previously 

suggested conformational switch model for target site association115,171,173. The mutations 

we introduced altered the balance between the search and recognition modes. In our case 

type 1 Egr-1 favors the target recognition mode, probably because restricted dynamics of 

domain motions facilitate stronger hydrogen bonding network with DNA which needs to 

be transiently broken before protein transfers from one DNA site to another. Egr-1 type 3, 

on the other hand has increased search mode due to its highly dynamic nature in DNA 

complex, because the hydrogen bonding network is weaker and full breakage occurs 

more often. This means that protein can slide or dissociate from DNA faster and thus the 

target search rate is enhanced.  

Our findings can now explain why ZFN based technology of HIV treatment has 

relatively low success rate25,314,315  (low enzymatic activity). Because the ZFNs are 

selected on the basis of "affinity"316-318 (the stronger is the nonspecific binding the better) 

the target search process of these proteins on DNA is slow (Chapter 2 and 3), this not 

only gives more time to the intracellular mechanisms to degrade ZFN in the cell, but also 

increases the probability of semi-specific cleaving, which is hazardous. This hypothesis 

was confirmed in our laboratory. In the experiments the type 1 Egr-1 based ZFN 

demonstrated 16 times lower enzymatic activity than the type 3 based ZFN in vivo like 

conditions. Because Egr-1 type 1 is the strongest specific binder among all four Egr-1 

constructs, the affinity based selection criterion would pick this zinc finger protein as a 

more desirable one. However type 1 ZFN has worst enzymatic properties.  
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Thus we have demonstrated that the improvement of target search mode for Egr-1 

through rational engineering is possible. The reduced nonspecific DNA binding and 

improved domain dynamics enhance the population of search mode. Comparison of our 

results with those obtained for ZFN enzymatic activity assay, suggests that the current 

"affinity" based selection of ZFNs is not optimum, and  the "target search efficiency" 

based selection might be more efficient. Thus  the strategy for the Egr-1 engineering 

(Chapter 3) is directly applicable for improvement of ZFN technology. 

 

Egr-1 effectively displaces Sp1 from its specific site 

In the cell ~90%196 of the DNA is occupied by the histones, while the remaining 

exposed DNA is tightly packed by DNA binding proteins181-183. The efficient target 

search requires prompt displacement of these obstacles from the sliding pathway of TFs 

and DNA repair enzymes.10,11,82 In some cases proteins may fully or partially share the 

specific site sequence89,111,197 and then the displacement process may become very slow, 

particularly if it is limited by dissociation rate of the protein that occupies the site. In case 

of Egr-1, which has to regulate gene expression quickly, the displacement of the Sp1 TF 

from Egr-1's target site is a rate limiting step for gene activation89. Though various 

experimental studies qualitatively describe the importance of fast obstacle displacement 

on DNA,89,196,198,199 this process is not well understood neither quantitatively nor 

structurally. Understanding how Egr-1 can displace Sp1 is essential for understanding 

fast gene regulation mechanism by Egr-1, and also brings us closer to understanding fast 

gene regulation and target search processes in general. 



147 

In Chapter 4 our investigations of various aspects of Sp1 displacement by Egr-1 

are represented. Our studies indicate that displacement of Sp1 happens much faster than 

its dissociation from specific site in the absence of Egr-1. This means that the 

displacement is facilitated. Type 1 and type 3 Egr-1 constructs demonstrated slowest and 

fastest Sp1 displacement rates respectively. Since the target search process cannot be a 

rate limiting step in displacement of Sp1 (because target association is much faster than 

displacement process), the dynamic motions of the domains should play important role in 

Sp1's facilitated displacement. For example more dynamic domains of Egr-1 may be 

better suited for facilitated (Figure 4.7.) displacement of Sp1 from its specific DNA 

sequence. This could further accelerate the displacement of Sp1 through  attenuation of 

its binding affinity during the displacement process (Chapter 4).  

The most important finding in the study is that displacement of Sp1 can be up to 

60 fold faster than intrinsic dissociation of Sp1 under our experimental conditions. This 

could be particularly important in vivo scenario. Basically Egr-1 can efficiently displace 

obstacles on its path greatly reducing the time of association to its promoter sequence. 

Such mechanism could be crucial in defining fast gene regulation in the cell. Finally, we 

have formulated the possible mechanism of Sp1's displacement by Egr-1, and explained 

how domain motions may enhance the process of displacement.  

 

Structural determinants of fast target search by Egr-1 

In order to understand the very essence of the process of facilitated diffusion and 

to devise a general strategy for engineering of improved target search modes of the 
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proteins, it is necessary to understand the structural determinates of facilitated diffusion 

at an atomic level. The kinetic and thermodynamic studies do not provide such detailed 

description of the system. While X-ray crystallography can provide high resolution 

snapshots of protein-DNA complexes, it is not able to quantitatively characterize the 

protein dynamics that is essential during the target search process (Chapter 3,4 and 5). 

Furthermore the X-ray structures are available mostly for stable, specific, protein-DNA 

complexes while for facilitated diffusion process it is more important to study the 

nonspecific/semi-specific intermediate states. Fortunately, NMR spectroscopy is able to 

provide wide range of structural and dynamic information on the nonspecific/semi-

specific DNA complexes. Because NMR utilizes high concentration samples in 

experiments (~10-3 M) the conditions being investigated are also closer to those of in 

vivo. All these factors make NMR spectroscopy particularly well suited for investigation 

of structural and dynamic determinants of target search.  

In this work we focus on characterization of interactions mediated by Lys 

residues. The hydrogen bonding networks mediated by Lys  were shown to play major 

role in catalytic and DNA binding functions of many proteins1,91,97-103,206-209. Due to 

technical difficulties associated with Lys detection in NMR spectroscopy255-257 very little 

was known about dynamics or ion pair formation by this residue. We cleared this 

bottleneck by devising a set of NMR experiments that can provide extensive quantitative 

characterization of Lys side chain dynamics and qualitative information on Lys mediated 

ion pairs257,260. Our techniques allow direct observation of CIPs in protein-protein or 

protein-DNA complexes. Using these methods for Egr-1 we found that mutations that 

involved Lys residues directly affected the overall CIP content of Egr-1/DNA complex. 
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Furthermore the CIPs that are formed by Egr-1 are very stable and are present even at 

very high salt concentrations (400 mM). This suggests that Lys mediated CIPs are one of 

major determinants of strong Egr-1/DNA interactions. This statement is supported by the 

fact that decrease in contact ion pair content decreases DNA binding affinity for type 3 

Egr-1 and weakens hydrogen bonding network, which in turn facilitates protein transfer 

on the DNA.  Our methods can also provide semi-quantitative information on the 

stability and extent of hydrogen bond network alteration upon the protein mutation. The 

h3JNP can be back calculated from the X-ray structure of corresponding protein, since X-

ray data cannot account for the presence of SIP states the experimentally measured h3JNP 

will always be lower than back calculated one. This allows the estimation of CIP/SIP 

populations for individual ion pairs. This information can be particularly useful as a 

parameter characterizing hydrogen bond network of the protein-DNA complexes. 

Overall our NMR methods allow quantitative characterization of the ion pair 

content in the protein DNA complex. The semi-quantitative information on Lys mediated 

hydrogen bond network can be obtained as well. Using these methods we found 

important correlations between Egr-1's structural dynamics at atomic level and  target 

search kinetics and thermodynamics. The methodology presented here complements 

existing techniques by providing important atomic resolution data on determinants of 

target search and is useful for understanding target search process at atomic level. 
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Moving away from idealized model systems  

 While our developed methodology and theory described above can be used to 

provide a wealth of information on facilitated target search by proteins we should be 

aware of the limitations of our framework. Particularly important is to understand that our 

assays and theory do not take into consideration a multitude of effects that are usually 

present in the cell. This includes molecular crowding, chromatin remodeling, presence of 

semi-specific sites, presence of other proteins as the road blocks that need to be displaced 

and so on.49,104-108 Thus the further extensive studies are necessary to characterize the 

contribution of each of these processes to the target search. Thus it is important to start 

moving away from the idealized models and start introducing more of complexity to the 

systems that we study. Below we will discuss various studies that could be direct 

extensions of our work. 

 

Accounting for intermolecular transfer and DNA coiling  

  Our experimental setup mimics the presence of nonspecific DNA by relatively 

short 28bp competitor DNA strands51. This excludes various forms of interaction and 

physical behaviors that would be observed for long chromosomal DNA. For example for 

chromosomal DNA we would be expecting to observe large degree of IT to be inter 

molecular IT transfers due to DNA coiling. 319In fact the degree of coiling is affected by 

salt concentration and high degree of coiling at low salt might significantly increase the 

contribution of IT320 and significantly decrease it at in vivo like conditions, simply due to 

relaxation of DNA coil and reduction in local DNA concentration. Thus to get a more 

complete picture of target search, protein-DNA translocation should be studied for 
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relatively long DNA probes (>10000bp). This could be particularly challenging due to 

the difficulty of synthesis of fully nonspecific fluorophore labeled probe of such length. 

Alternatively experiments could be done with very long competitor DNA molecules that 

can be obtained by extraction of mammalian genomic DNA (calf thymus DNA).  

 

Target search attenuation due to semi-specific interactions 

  The amount of semi-specific strong binding sites on chromosomal DNA could be 

another determinant of target search kinetics in vivo. In chapter 3 we demonstrated that a 

single semi-specific site located at the far edge of 113bp DNA probe slows target search 

by up to 40%. On the 4 billion base pair long genomic DNA up to 106 number of such 

sites could exist. These sites could slow down target search considerably. Thus the effect 

of semi-specific sites on the target search should be studied more thoroughly.  

  Our stopped flow assay can be easily modified to introduce semi-specific sites by 

synthesis of new probe and competitor DNAs that include semi-specific sites. However 

the new analytical equations should take into consideration, the presence of multiple 

secondary binding sites. While the numerical parameter optimization algorithms can be 

used in such a case for data analysis, analytical form of the equations could be  

challenging to obtain.  
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Egr-1 - a cog in complex machinery of gene activation 

 So far we have discussed the mechanisms of facilitated target search and their 

possible role in fast gene activation. However, our system is significantly oversimplified 

and assumes that the first step in Egr-1 mediated gene activation, which is initial 

recruitment of Egr-1 on corresponding DNA promoter sequence is a rate limiting step in 

complex process of fast gene activation. Our experimental model does not account for the 

presence of many crucial proteins that are responsible for performing the transcription of 

the gene, and does not consider the formation of basal transcription complex, which is 

probably a true rate limiting step in the process of gene activation. Thus questions about 

the role of Egr-1's target search in recruitment of RNAPII on the DNA and the role of 

Egr-1's interaction with transcription complex in the consecutive steps of gene 

transcription need to be addressed.  

 Due to the complexity of the transcription complex, which involves over 100 

simultaneously interacting proteins (subunits), the detailed mechanism of fast basal 

complex recruitment by Egr-1 is not well understood. Nevertheless, various recent works 

have qualitatively described the RNAPII recruitment on DNA by Egr-1.10,321 The whole 

process of fast gene activation of Egr-1 can be broken into following sub-stages: 

 To activate its genes Egr-1 first has to locate its target site. In many promoters 

multiple Egr-1 sites are present and cooperative binding of Egr-1 to promoter increases 

the efficiency of gene transcription. Interestingly Sp1 and Egr-1 sequences are 

overlapping and the displacement of Sp1 in necessary for the efficient gene up 

regulation10,111. Once Sp1 is displaced, Egr-1 can bind to its specific sequence with strong 

sub-nonomolar affinity (chapter 2). Egr-1 than can associate with cAMP-response-
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element-protein (CPB) or alternatively bind to p300, both of which have been shown to 

strongly interact with Egr-1. p300 and CPB proteins can bind to the basal transcription 

complex as well as TATA box binding protein.322 Thus it seems that binding of multiple 

Egr-1s to the promoter region creates a platform for recruitment of p300 and CPB, which 

in turn facilitate the recruitment of TFIID through interactions with TBP. The formed 

complex has been shown to interact and facilitate the recruitment of  TFIIB as well and 

promote the assembly of basal transcription complex.321 From this point the assembly of 

the basal complex follows the general established pathway323: the Egr-1-CPB-TFIID 

complex recruits RNAPII. From this point on other essential and general transcription 

factors will interact with RNAPII complex. TFIIH then will unwind the DNA making the 

DNA template accessible for RNAPII. After the sires of short RNA strand synthesis and 

phosporilation of its CTD domain RNAPII will enter the elongation phase. In this stage 

RNAPII will be released from the cluster of general transcription factors and after sires of 

conformational changes will recruit other proteins that will stabilize RNAPII-DNA 

complex. 

 Considering the aforementioned stages of Egr-1's role in the formation of 

transcription complex we could address the role of target search in the fast gene 

activation from more biologically relevant point of view. For this purpose the kinetic 

study of the following key reactions would be necessary: displacement of Sp1 by Egr-1, 

cooperative binding of multiple Egr-1s to a promoter region, binding of CPB (p300) to 

Egr-1, binding of TFIID and TFIIB, binding of RNAPII. Through quantitative 

characterization of these complex multi-step process of  fast gene activation we would 
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significantly enhance our understanding of fast gene activation by Egr-1 at molecular 

level and get a clearer picture of the role of TF DNA scanning in rapid gene activation. 

 

Beyond Egr-1 system  

 In chapter 3 we have demonstrated that at least for Egr-1 the rational 

enhancement of target search is possible. To test the generality of the approach, we 

ideally would test our strategy on the multitude of the TFs and DNA repair enzymes, in 

order to rationally improve their target search properties. This is a monumental task to 

accomplish. Particularly, considering that TFs and DNA repair enzymes are structurally 

diverse entities, they require modification of the mutagenesis approach. For further 

extension of our work it would be appropriate to apply our strategy to study fast DNA 

scanning for other zinc-finger proteins. In fact we have already started working on 

modulation of target search kinetics of Sp1 zinc finger protein.   

Understanding sub-molecular and atomic mechanisms of Sp1 displacement. 

 The displacement of Sp1 by Egr-1 can be a rate limiting step in gene activation in 

cardiovascular system.89,196,198,199  While our finding provide enough basis to formulate 

possible mechanism of Sp1 displacement, more work in necessary to understand sub-

molecular and atomic mechanisms of displacement. NMR could be particularly useful 

tool for characterization of displacement process at atomic and sub-molecular levels.  
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Towards understanding atomic and sub-molecular determinants of target search 

 The formation of ion pairs is central to many biological processes. While our data  

strongly suggest that ion pair content and dynamics play an important role in defining fast 

target search kinetics, we have not quantitatively addressed this issue. The 

characterization of CIP dynamics and populations are necessary for further deepening our 

understanding of the role of CIPs in target search. For this purpose each of the Egr-1 

mutants free, specific and nonspecific complex needs to be investigated in detail.  The 

dynamics of Lys and Arg side chains need to be compared, and CIPs of ion pairs 

estimated for all these states. Additionally determination of Lys side chain rotation in CIP 

states could provide us with the estimates of the hydrogen bonding life time.  

 In chapter 3 we have discussed structure based rational mutagenesis of Egr-1. We 

found that enhanced dynamics of the domain motions improves target search efficiency. 

Because the mutations we introduced both affected the dynamics of the domains and ion 

pair content it is hard to say, which of these have stronger effect on target search.  

Generation of partial mutants that only incorporate ether linker or Lys mutant is needed 

to answer the question whether the domain dynamics is or is not the cause of fast target 

search or is just a signature of such.  

 Upon locating its target Egr-1 has to undergo structural rearrangement, forming 

hydrogen bond networks that stabilize specific complex and restrict domain dynamics. 

Seven Arg residues are taking part in recognition of the specific site. Three from these 

residues form intra-molecular ion pairs with the Asp residue (Arg18-Asp20, Arg46-

Asp48, Arg74-Asp76). Pre-formation of these interactions in the nonspecific complex 

could be necessary for fast target site recognition, and thus fast gene activation. 
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Understanding the roles of such Arg-Asp ion pair formation as well as roles of Arg 

residues in target search and recognition could contribute significantly to our 

understanding of facilitated target search in general.   

 

Final remarks 

The overall contribution of our studies to the field of facilitated target search is 

presented on Figure 6.1. We hope that despite the use of idealized model system and 

various simplifications in theoretical framework our present work has provided 

contribution to the field of facilitated diffusion, and will stimulate its fast development in 

the future. 
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Figure 6.1. Understanding the facilitated target search process. 
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