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ABSTRACT

Existence of a strong relationship between protein's dynamics and its functional
kinetics was suggested decades ago. Even though different groups investigated this
relationship, technical difficulties and lack of appropriate methodology make full
understanding of this relationship quite challenging. In this project we approach
investigation of this phenomenon from several different points.
In the first part of the project, we demonstrate NMR based approach to elucidate
lysine side-chain dynamics, as well as dynamics of hydrogen bonds in which they are
involved. Such methodology provides us with detailed information on protein's behavior
at atomic and pseudo-atomic resolutions. As amino acid side chains are involved in
macromolecular interactions, knowledge on side-chain dynamics allows better
understanding of the dynamic nature of such interactions. Presented data strongly
suggests that hydrogen bonds involving lysine NH3+ groups have a very dynamic and
transient nature.
In the second part, we investigated the role of domain dynamics in translocation
kinetics of human transcription factor Egr-1. Nature has designed Egr-1 in such a way, at
the same time with strong DNA binding affinity for high target specificity, that it is rapid
enough in translocation on the human genome to satisfy requirements of its biological
functions. Our data strongly suggests that Egr-1 is able to achieve rapidity and high
specificity due to the dynamic nature of its domains in the nonspecific complex with
DNA. We also demonstrated that nature's way of designing zinc-finger transcription
factors can be used to optimize activity of artificial ones.
In the final part of this project, we demonstrated novel NMR based in situ method
for elucidation of proteins' characteristics in various biological fluids. Using this method
we determined oxidation speed of HMGB1 protein in human blood serum and saliva, as
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well as in extracellular fluids. Different effect of these fluids on HMGB1's oxidation
clearly showed the importance of in situ experiments for better understanding of protein
function in its natural environment.
Studies presented here demonstrate that in order to understand the protein's
dynamics/functional kinetics it is essential to simultaneously use different orthogonal
approaches.
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CHAPTER 1
Introduction

Macromolecular interactions define biological processes. In order to explain and
predict the outcome of these complex processes, macromolecular interactions should be
understood at atomic and molecular levels. Proteins are the major players in these
interactions. They are very complex macromolecules, which take part in virtually all
biological processes. For over a half century since the first high-resolution crystal
structure of a protein was revealed in 1959, researchers in various biological fields
pursued mechanisms of biological processes via determination of three-dimensional
structures of proteins and their complexes with other molecules.1 The efforts through Xray crystallography, NMR spectroscopy, electron microscopy and other biophysical
methods2-27 have been remarkably successful, revealing the structural basis of various
macromolecular functions.
While protein structures are essential information for our understanding of
biological processes, it should be noted that, in reality, proteins are not rigid molecules
with a single defined structure as they are shown in biology textbooks.28-30 At any given
moment they undergo dynamic changes. Proteins have multiple states in solution and
each of these states might be essential for their biological function.5-9 Flexible loops and
side-chains often determine intra-molecular and inter-molecular interactions. There is an
increasing number of evidences supporting the notion that conformational dynamics is
the main determinant of proteins' ability to perform its functions, such as catalysis,
allosterism and signal transduction.6,17,28-30 For example, high importance of solution
dynamic studies was demonstrated for the hyaluronan (HA) receptor CD44 protein's
interactions with HA.15,31-35 Initial studies of CD44's structure were quite controversial as

NMR solution experiments indicated that the HA-binding domain (HABD) of CD44
becomes unstructured upon HA binding31-33, while the crystal structure showed that
overall conformation of the HABD did not change much upon HA binding35. This
controversy was resolved by additional solution NMR studies which showed that HAfree CD44 undergoes dynamic exchange between folded and partially unfolded states15.
In the partially unfolded state recognition loop of CD44 exhibited dynamic motions.
Populations of folded and partially unfolded states change from 86% for folded and 14%
for partially folded states to 8% and 92% upon HA binding. This result explained the
discrepancy between NMR and X-ray structures, indicating that only the folded state was
observed in X-ray studies. CD44 is used by lymphocytes for rolling adhesion on
endothelial cells, which plays an important role in the recruiting of the lymphocytes to
inflammatory sites. Studies by Ogino S. et al. strongly suggested that ligand mediated
dynamic exchange of CD44 between low-affinity (mainly folded) and high-affinity
(mainly unfolded) states is crucial for cell rolling on ligand-coated surfaces. This
observation was a direct evidence of the importance of CD44's recognition loop
dynamics in protein function. Therefore, CD44 is an excellent example of a relationship
between the protein's internal dynamics and its function. Recent works by D. Kern's
group on adenylate kinase (Adk) is another great example demonstrating the role of
protein dynamics in enzymatic function7,22. Adk catalyses conversion of ADP into ATP
and AMP, therefore playing vital role in cell functioning. Though Adk has been studied
extensively over the years, many important aspects of its function, such as the
determinant(s) of the rate-limiting step in its catalysis, were poorly understood. In 2004,
Wolf-Watz et al. demonstrated that Adk's nucleotide binding lid performs
opening/closing dynamic motions on us-ms timescale7. These motions are required for
the product release and are the rate-limiting step in protein's function. In their following
work (Henzler-Wildman et al., 2007) by combination of NMR relaxation, dynamics
simulation and fluorescence studies, they also demonstrated that ps-ns motions in key
17

positions facilitate slower, large-amplitude domain motions.22 This work suggests the
importance of protein's dynamic motions in its functional kinetics and once again
demonstrated the need for a deeper understanding of protein dynamics and its role in
macromolecular interactions.
Recent advances in molecular dynamics simulations give some promising results
and often help interpretation of experimental observations12,16,17. But computational
methods still remain premature for independent and reliable prediction of proteins'
dynamics and functions, especially those occurring on a timescale slower than 10-7 s.
Improvement of computational methods and models requires appropriate validation based
on experimental data regarding macromolecular behavior at an atomic level.
NMR spectroscopy is arguably the most powerful and versatile methodology for
studying macromolecular dynamics at an atomic level resolution9,11,14,19,20. Magnetic
resonances of 1H,

15

N and

13

C nuclei are extremely sensitive to their environment thus

enabling detection of even subtle difference in structure and dynamics. Owing to this
aspect, NMR spectroscopy permits analyzing protein structure and interaction with other
macromolecules. Also, methodological advancements over the last two decades made it
possible to analyze protein dynamics on an extremely wide range of timescales, from fast
pico- to nano-second, up to slow seconds and hours timescale (Figure 1.1).19,20 Literally
thousands of different proteins and their complexes have been studied using NMR
spectroscopy, providing information on their structure, ligand biding, folding, allostery,
enzymatic activity and other properties. NMR provides detailed information on specific
changes in protein at atomic and quasi-atomic resolution, and allows identification of
specific binding sites, regions undergoing dynamic changes, functionally important
amino acids and so on. Unlike X-ray crystallography, NMR experiments can be
performed in solution allowing proteins to undergo dynamic changes between multiple

18

Figure 1.1: NMR can be used to analyze protein dynamics on a very wide range of
timescales.
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states. Some of them might be low population (<5%) states that are virtually invisible for
conventional NMR as well as X-ray. But some new NMR methods, such as PRE and
CPMG allow detection and analysis of such low populated states, even if their population
is as low as 1%.36-38 For many proteins such low population states are functionally
important. Though NMR remains a major method for elucidating protein dynamics, it
still cannot provide all tools necessary to fully analyze protein dynamics for various
systems.
Although many significant steps have been made towards understanding the
dynamics–function relationship, many aspects of this relationship remain to be addressed,
mainly due to practical limitations of necessary experimental procedures. There are
several barriers for establishing the link between protein's dynamics and its functional
kinetics. One of the major bottlenecks is the lack of methods suitable for studying the
dynamics of functionally important moieties of macromolecules.4,39-43 The vast majority
of NMR methods for investigating dynamics are applicable only to protein backbone or
methyl groups. Although polar or ionizable moieties of side chains are crucial for protein
function, available methodology to study the dynamics of the functionally important
moieties is very limited. Another barrier for advancing the knowledge of proteins'
dynamics/functional kinetics relationship is difficulty in modulating particular motions.
Such engineering is possible only for well characterized molecules. Some research
groups have suggested that protein dynamics can be a major determinant in the kinetics
of protein functions, such as enzymatic activity, folding, target search kinetics and so on,
underlying the importance of proteins' internal motions.17,21,22,26,29 Unfortunately, due to
lack of sufficient research data on these systems, the role of protein dynamics remains
un-established, therefore more experimental data is necessary to fully understand the role
of dynamics in functional kinetics. The third barrier is the lack of kinetic information on
biological processes in actual biological fluids. Although nonspecific interactions in
molecular crowding environment has been a major subject in biological sciences for
20

decades,44-46 to date, there are only a few experimental methods that can provide pseudoatomic or atomic resolution data on proteins in their physiological environment.47,48 Lack
of appropriate methods to study protein dynamics on atomic level resolution in
physiological fluids leaves a shadow over reliability of data acquired using in vitro
experiments. Overcoming these barriers is critical for establishing the dynamics-function
relationship.
The overall goal of this project is to advance our understanding of the
relationship between protein dynamics and functional kinetics (Figure 1.2). To achieve
this goal, we should overcome the above-mentioned barriers. From this perspective we
pursued the following three specific aims:
Aim 1: Development of new NMR methodology for hydrogen bond dynamics
study involving side-chains. Hydrogen bonds play essential role in proteins' function.
They take part in protein folding, interaction with other macromolecules, such as drugs,
enzymes, DNA or other proteins. Due to the lack of suitable methods, dynamic properties
of hydrogen bonds and their role in function remains poorly understood.4,39-43 And it is
even harder to analyze hydrogen bonds when they are formed using protein side-chains,
as they are even more dynamic. Better understanding of protein side chain dynamics, as
well as understanding dynamics of hydrogen bonds in which they are involved, will aid
development of a wide range of biological fields. For example, different groups have
suggested that proteins form transient dynamic states during their folding process
stabilized by hydrogen bonds and side-chain interactions.49 Therefore, deeper
understanding the nature of hydrogen bonds, will enable us to better understand protein
folding process. It has been shown that different drugs or inhibitors interact with proteins
through hydrogen bonding networks. New knowledge will aid in the analysis of
protein/drug complex behavior in solution, as well as improving development of docking
softwares. In order to fill up the methodological gap preventing determination of protein

21

Figure 1.2: Three specific aims pursued in this project.
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side chain dynamics and their hydrogen bonds, we developed a new NMR method to
characterize lysine side-chain dynamics (CHAPTER 2).4 We demonstrate that this
method can be effectively used to analyze dynamics of lysine side-chains, as well as to
detect and characterize the hydrogen bonds involved in lysine NH3+ groups. In addition,
our method can also be used to characterize dynamics of lysine side-chains through
backbone nitrogen N-Cγ J-coupling, what presents very valuable information for
benchmark and optimization of MD simulation force fields.
Aim 2: Elucidation of dynamic mechanisms for target DNA search. To have
better understanding of relationship between protein dynamics and functional kinetics,
we investigated the role of domain dynamics in proteins' translocation on DNA.2 Some
DNA binding proteins utilize dynamic nature of hydrogen bonds to form transient
dynamic complexes with non-specific DNA sites.50-52 Such dynamic complexes allow
proteins to switch between two main conformations: search mode, and recognition
mode.50-52 In recognition mode protein forms number of ionic and hydrogen bonds with
DNA trying to identify its target site. Due to their dynamic nature, hydrogen bonds are
broken relatively easily, allowing proteins' fast translocation from one non-specific site to
another, where it again switches to recognition mode, repeating cycle until it finds its
target DNA sequence. To pursue this specific aim, I elucidated the domain dynamics of a
human transcription factor Egr-1 and the role of its domain dynamics in translocation on
DNA (CHAPTER 3). My data suggested the Egr-1's domain dynamics plays an
important role in its translocation, allowing rapid activation of target genes on DNA. By
pursuing this specific aim, I demonstrate the importance of protein dynamics in its
functional activity.
Aim 3: Exploring NMR studies of protein dynamics and kinetics in situ. In
order to investigate protein dynamics and function on molecular and atomic levels, we
have to perform experiments in in vitro conditions, shielded from "noise" of non-specific
interactions. Such simplification allows observation of only specific interactions, but
23

always raises questions: what happens in a cellular environment? what is the effect of
crowding? how do non-specific interactions affect kinetics and dynamics of observed
reactions? In specific aim 3 we developed unique NMR based method to investigate
proteins' behavior in biological fluids and observe its properties at molecular, submolecular and pseudo-atomic levels (CHAPTER 4).3 Here we studied oxidation of
HMGB1 (high-mobility group box 1) protein in different extracellular fluids, as well as in
human saliva and blood serum. By pursuing aim 3 we will be able to investigate protein
dynamics in situ and compare results for in vitro experiments. This will allow us to
better understand the effect of molecular crowding and non-specific interactions on
protein dynamics and function.
This work is directed towards filling up the gap linking together molecular
dynamics and functional kinetics. Only by detailed analysis of the system at cellular,
molecular and atomic levels can one truly understand the role of protein dynamics in its
function. By pursuing three specific aims we became one step closer to establishing a link
between protein dynamics and function (Figure 1.2). By using NMR and fluorescence
spectroscopy, along with other biophysical and biochemical approaches we a gained
deeper understanding of proteins' dynamics at pseudo-atomic and sub-molecular levels.
And only through this understanding we were able to control dynamics of Egr-1's zincfinger domains, and consequently modulate its translocation kinetics. Our in situ method
takes NMR to new step, allowing observation of the link between protein dynamics and
function in more cell-like conditions. Overall, this project brings us one step closer to
answering one of the most fundamental questions of biology, what is the connection
between proteins' dynamics at atomic and molecular levels, and its function in biological
processes.
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CHAPTER 2:
Development of New NMR Methodology for Hydrogen Bond Dynamics
Study Involving Side-Chains.
2.1 INTRODUCTION
Protein side chains play vital roles in molecular function, such as enzymatic
catalysis and protein-protein interactions53. Although structural biology has provided
important insights into the side-chain behavior of proteins and their complexes, the
functional role of side-chain dynamics is not well understood. Powerful NMR techniques
for the investigation of protein dynamics exist, but the vast majority are applicable only
to the backbone or methyl groups.19,20 The lack of specific experiments for characterizing
the dynamics of side chains involved in hydrogen bonds and electrostatic interactions
therefore

represents

a

bottleneck

in

understanding

structure/dynamics/function

relationships in proteins. Recently, Iwahara et al. developed new NMR methods to
characterize lysine side-chain amino groups, including the design of

15

N relaxation

experiments for the extraction of side-chain S2 order parameters.40-43 For ubiquitin, the
majority of the lysine NH3+ groups display notably low S2 order parameters, reflecting a
high degree of internal mobility for these functionally important entities, with correlation
times in the subnanosecond range for the NH3+ bond rotations. However, the origin of the
side-chain mobility could not be elucidated from experiment alone. On the basis of intraand interresidual long-range

15

N-13C scalar J-coupling constants, we have found in the

54

Adapted with permission from "Levani Zandarashvili, Da-Wei Li, Tianzhi Wang, Rafael Bruschweiler,
and Junji Iwahara. 2011. Signature of Mobile Hydrogen Bonding of Lysine Side Chains from Long-Range
15
N-13C Scalar J-Couplings and Computation. J. Am. Chem. Soc., 2011, 133 (24), pp 9192–9195".
Copyright 2013 American Chemical Society.
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present work that the mobility about the χ4 torsion angle of lysine side chains is generally
high. Hydrogen bonds formed by the NH3+ groups therefore have a highly transient
character. The experimental results have been quantitatively compared with an extended
molecular dynamics (MD) simulation.
2.2 MATERIAL AND METHODS
2.2.1 NMR samples and experiments
1

H/13C/15N labeled ubiquitin was purchased from VLI research. NMR

experiments were done in d6-succinate · NaOH (pH 5.0), 40 mM NaCl and 0.4 mM NaF
buffer, at 2 ºC. Thin and bold bars in black represent hard rectangular 90º and 180º
pulses, respectively. Unless indicated otherwise, pulse phases are along x. Carrier
positions: 1H, the position of the water resonance;

15

N, 33 ppm;

13

Cγ, 23 ppm;

Cε, 45

13

ppm; and 13C=O, 177 ppm. In (b), two data sets were recorded in an interleaved manner,
with the two

13

C IBURP-2 pulses6 located at either positions a or b. Pulsed field

gradients were optimized to minimize the water signal. Short bold bars represent waterselective soft-rectangular 1H 90º pulses (1.2 ms). Shaped pulses: 1H half-Gaussian 90º
pulse (2.1 ms);

15

N r-SNOB 180º pulse55 (1.03 ms); and

13

C IBURP-2 180º pulses (1.1

ms). Delays: τa = 2.7 ms, δ = 2.6 ms, T = 50 ms, and Td = 104 ms for the 3JNζCγ
experiments; T = 106 ms and Td = 212 ms for the h3JNζC' experiments. Phase cycles: φ1 =
{2x, 2(-x)}, φ2 = {4x, 4(-x)}, φ3 = {x, -x}, φ4 = {y, -y}, φ5 = {8x, 8(-x)}, φ6 = {8x, 8y, 8(x), 8(-y)}, and receiver={x, -x, -x, x, 2(-x, x, x, -x), x, -x, -x, x}. Quadrature detection in
the t1 domain was achieved using States-TPPI for φ1. The experiments were carried out
using a Varian NMR system operated at a 1H frequency of 800 MHz. NMR data were
processed and analyzed using the NMRPipe56 and NMRView57 programs.
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2.2.2 Data fitting for Karplus parameters' optimization
Karplus parameters were optimized using non-least-square fitting in MATLAB
software (MathWorks, Inc) using MATLAB's genetic algorithm.

2.3 RESULTS
2.3.1 Measurement of 3JNζCγ for lysine NH3+ groups
In this project we report two different types of long-range

15

N-13C J-coupling constants

involving the lysine NH3+ groups: the intraresidue J-coupling between

15

Nζ and

13

Cγ

nuclei (3JNζCγ) and the J-coupling between 15Nζ and carbonyl 13C' nuclei across a Nζ-Hζ ·
· · O=C' hydrogen bond (h3JNζC'). Figure 2.1 shows the lysine-specific NMR pulse
sequences for measuring the absolute values of the J-coupling constants between the 15Nζ
and

13

C nuclei. Because of the unique

15

N chemical shifts of NH3+ groups (∼33 ppm),

these pulse sequences permit selective observation of lysine NH3+ groups in a uniformly
13

C/15N-labeled protein. The remarkably slow relaxation of the in-phase single-quantum

N+ terms for NH3+ groups40,43 permits the use of relatively long periods for the evolution
of

15

N transverse magnetizations in order to measure the small

15

N-13C J-coupling

constants. Using these pulse sequences, we recorded the data for 1 mM

13

C/15N-labeled

ubiquitin at pH 5 and 2 ºC. The low pH and temperature were necessary to make the
hydrogen exchange sufficiently slow that lysine NH3+ protons could be observed.40
The pulse sequence in Figure 2.1a corresponds to a two-dimensional
heteronuclear correlation experiment to observe signals arising from coherence transfer
via

15

N-13C J-coupling for lysine NH3+ groups. The F2 dimension corresponds to 1Hζ

chemical shifts of the NH3+ groups and the F1 dimension to 13C chemical shifts of nuclei
coupled to

15

Nζ. In the spectrum recorded with this pulse sequence, (13Cγ, 1Hζ) cross-

27

Figure 2.1.

Pulse sequences for 3J-coupling measurement. (a) Pulse sequence for
observing heteronuclear correlation via long-range 15N-13C 3J-coupling for
lysine side-chain NH3+ groups. (b) Constant-time spin-echo difference 1H15
N correlation experiment to measure 3JNζCγ and h3JNζC' for lysine NH3+
groups. Thin and bold bars in black represent hard rectangular 90º and 180º
pulses, respectively.
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peaks were clearly observed for all lysine residues, indicating that the χ4-related 3JNζCγ
values are sizable (Figure 2.2a). Although the
Cγ/13Cδ region (23-30 ppm), no

13

absence of the

13

C IBURP-2 pulses covered the lysine

Cδ signals were observed in the spectrum. The

13

Cδ signals suggested that 2JNζCδ < 0.2 Hz (as estimated from the noise

13

level). For the quantitative measurement of 3JNζCγ values, we used the spin-echo 15N{13C}
difference experiment shown in Figure 2.1b. In this experiment, which is analogous to
those developed for measuring χ1-related 3JNCγ-coupling constants,58-60 two subspectra
were recorded in an interleaved manner: one with the

Cγ-selective IBURP-2 pulses at

13

positions a (subspectrum a) and the other at positions b (subspectrum b). The net
evolution time for 3JNζCγ-coupling for

15

N transverse magnetizations is 2(Td + δ) for the

former case and zero for the latter. The values of 3JNζCγ can be calculated from the
expression
𝐼𝑎
= cos [2𝜋𝐽NζCγ (𝑇𝑑 + 𝛿)]
𝐼𝑏

in which Ia and Ib represent the signal intensities in subspectra a and b, respectively.
Table 2.1 shows the values of 3JNζCγ obtained for lysine side chains in ubiquitin.
The precision of the measured coupling constants was high because of the very slow 15N
relaxation of the NH3+ groups, which allowed the use of a long period for J modulation
(209 ms).
The 3JNζCγ-coupling constants were subsequently interpreted by means of Karplus
equation,61,62 which is expressed as:

3

𝐽 = 𝐴 cos2 𝜒 + 𝐵 cos 𝜒 + 𝐶

where A, B and C are called Karplus parameters. Because empirical Karplus
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Figure 2.2 3JNζCγ analysis using NMR. (a) Long-range correlation spectra recorded with
the pulse sequence shown in Figure 2.1a for lysine side-chain NH3+ groups
in uniformly 13C/15N-labeled ubiquitin. The 13C IBURP-2 pulses were
applied at 23 ppm. (b) Correlation between the observed 3JNζCγ values and
those calculated from the crystal structure (PDB entry 1UBQ). (c)
Correlation between the observed 3JNζCγ values and those calculated as
ensemble averages for 1000 structures sampled every 1 ns from the 1 μs
MD trajectory at 275 K.
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Figure 2.3 Histograms of the χ4 torsion angles of individual lysine side chains of the MD
ensemble. Purple arrows indicate the χ4 torsion angles in the crystal
structure.
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parameters are not available for 3JNζCγ reporting on the torsion angle χ4, here were used
the experimental Karplus parameters for 3JNCγ belonging to χ1 reported by Perez et al.,63
according to whom (A = 1.29; B = -0.49; and C = 0.37). On the basis of these parameters,
3

JNζCγ values were back-calculated first from the χ4 angles in the 1.8 Å resolution X-ray

crystal structure of ubiquitin (PDB entry 1UBQ).64 As shown in Figure 2.2b, a bimodal
distribution around ∼2 and ∼0.5 Hz was found for the calculated values of 3JNζCγ because
the lysine χ4 angles in the crystal structure are either trans or gauche. In contrast, the

experimental 3JNζCγ data do not exhibit such a bimodal distribution, and the agreement
between the observed and calculated 3JNζCγ data was poor, with a root-mean-square
difference (rmsd) of 0.91 Hz (Figure 2.2b).
We also examined the ensemble averages 〈 3𝐽NζCγ 〉 calculated from the χ4 angles

sampled during a 1 μs MD simulation at 275 K using the GROMACS software package

and the AMBER ff99SB force field. Simulations were performed by the group of Dr.
Rafael Brüschweiler, who is our collaborator in this project.40

To ensure a fair

comparison, the simulation was run at the same temperature as in the experiment;
otherwise, the MD simulation protocol was the same as described previously. The length
of the MD simulation was expected to be adequate for this analysis, since the previous
NMR relaxation study by Iwahara group showed that the reorientation of the symmetry
axes of lysine NH3+ groups in ubiquitin occurs on the subnanosecond time scale. Values
of 〈 3𝐽NζCγ 〉 were calculated from 1000 MD snapshots sampled every 1 ns. As shown in
Figure 2.2c, the 〈 3𝐽NζCγ 〉 data from the MD ensemble exhibited substantially improved

agreement with the experimental 3JNζCγ data (rmsd = 0.26 Hz). The large difference
between the 3JNζCγ values calculated from the crystal structure and the 〈 3𝐽NζCγ 〉 values
obtained from the MD ensemble is due to the wide distribution of χ4 angles observed in

the MD ensemble, which reflects extensive rotameric interconversions of this torsion
angle (Figure 2.3). Hence, the agreement between the experimental 3JNζCγ data and those
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Figure 2.4. Impact of the dynamics on χ1-related 3JNCγ coupling constants of
Arg/Gln/Glu/Lys residues in ubiquitin. (a) Correlation between the
experimental 3JNCγ data and those calculated from the crystal structure (PDB
1UBQ).64 (b) Correlation between the experimental 3JNCγ data and those
calculated as ensemble averages for the 1 μs MD trajectory at 300 K.
Table 2.1

Long-Range 15N-13C J-Coupling Constants 3JNζCγ and h3JNζC' Measured for
Lysine Side-Chain NH3+ Groups in Human Ubiquitina

3
3
NH3+
JNζCγ
JNζC'
Lys6
1.78 ± 0.25
˗
Lys11
1.89 ± 0.03
˗
Lys27
2.45 ± 0.03
˗
Lys29
1.26 ± 0.03
0.23 ± 0.03 (Glu16 C=0)d
Lys33
1.60 ± 0.01
0.17 ± 0.02 (Thr14 C=0)d
Lys48
1.49 ± 0.01
˗
Lys63
1.71 ± 0.01
˗
a
The J-coupling constants were measured using spin-echo 15N{13C} difference
experiments (Figure 2.1b) at a 1H frequency of 800 MHz. Only absolute values are
reported because the measurements did not provide signs.
b
Measured three times to improve the precision. Averages and standard deviations are
shown.
c
Measured once. Uncertainties were estimated from the noise levels in the spectra.
d
The acceptor of the hydrogen bond, which was identified in the long-range correlation
spectrum (Figure 2.8a), is shown in parentheses.
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Figure 2.5

Histograms for the χ1 angles of individual side-chains of the MD ensemble.
The purple arrows indicate the values of χ1 angles in the crystal structure.
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predicted from the MD trajectory strongly indicates that the lysine χ4 dihedral angles in
ubiquitin are highly dynamic. This result is consistent with the low values of the order
parameters found for most of the lysine Cε-NζH3+ vectors in recent

15

N relaxation study

from Iwahara Group.

2.3.2 Effects on the dynamics of the Cα-Cβ bond rotations on χ1-related 3JNCγ
couplings
While it has been well-established that internal motions changing the bond torsion angles
directly affect the relevant vicinal 3J-coupling constants, the derivation of quantitative
dynamics information from 3J-coupling data is not straightforward.63,65-78 By far the
easiest interpretation of 3J-coupling data entails the extraction of structural information
on relatively static portions of molecules. As demonstrated above, the combined use of a
long MD simulation and 3J-coupling data permits a direct consistency analysis of the
torsion-angle dynamics of protein side chains. Using trajectory from a 1 μs MD
simulation at 300 K from previous publication of Iwahara group,40 we also examined the
impact of the dynamics on the χ1-related 3JNCγ-coupling constants (through N-Cα-Cβ-Cγ)
for ubiquitin using the experimental data at 303 K reported by Hu and Bax.59
As shown in the Figure 2.4, the experimental 3JNCγ data for arginine, lysine,
glutamate, and glutamine residues exhibited far better correlation with those calculated
from the MD ensemble than with those calculated from the crystal structure. This
suggests that the χ1 torsion angles of these solvent-exposed hydrophilic side chains are
highly dynamic, as seen in the MD simulation (Figure 2.5). It should be noted that the
〈 3𝐽〉 values from the MD ensemble depend on the molecular mechanics force field used

for the simulation. Hence, the degree of the agreement between the 〈 3𝐽〉 values from the

MD simulation and the experimental 3J-coupling constants is expected to be directly
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useful for benchmarking and improving future MD force fields using NMR data for fulllength proteins in their native environments.79-82

2.3.3 Direct fitting of the Karplus parameters to the MD ensemble
In chapters 2.3.1 and 2.3.2, the 3JNζCγ- and 3JNCγ-coupling constants were
calculated using the Karplus parameters of Perez et al. While the empirical parameters
seem reasonably accurate (see below), the parameters can also be optimized by fitting to
the MD ensemble as demonstrated by Markwick et al.83 Here we show results of such
direct fitting of the Karplus parameters for χ1-related 3JNCγ and χ4-related 3JNζCγ coupling
constants. Using an optimization routine of the MATLAB software (MathWorks, Inc),
we optimized the Karplus parameters A, B, and C via minimization of the following
target function:
2

𝐹 = � �𝐴〈cos 2 𝜒𝑗 〉 + 𝐵〈cos 𝜒𝑗 〉 + 𝐶 − 𝐽𝑜𝑏𝑠,𝑗 � �𝑤𝑗2
𝑗

where <> represents an ensemble average; Jobs, an observed J-coupling constant; and w,
an inverse weight based on the experimental uncertainties. Figure 2.6 shows correlations
between the experimental J-coupling constants and those calculated from the MD
ensemble using the optimized Karplus parameters for χ1-related 3JNCγ (panel a) and χ4related 3JNζCγ (panel b) data. Compared to correlations shown in Figures 2.2c and 2.4b,
the direct fitting procedures gave only marginal improvement of rmsd (0.22
→ 0.18 Hz
for 3JNCγ; 0.26 → 0.25 Hz for 3JNζCγ), because, as shown in Figure 2.7, 〈 3𝐽〉 calculated

with the optimized parameters agreed well with those calculated with the parameters of
Peréz et al. These results suggest that the Karplus parameters determined by Peréz et al.
are reasonably accurate for both 3JNCγ and 3JNζCγ.
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Figure 2.6 Correlation between experimental 3J-coupling constants and ensemble
averages <3J> calculated by direct fitting of Karplus parameters to the MD
ensemble (a, 3JNCγ; b, 3JNζCγ). The Karplus parameters were optimized to be
A = 1.24, B = -0.49, and C = 0.27 for 3JNCγ; A = 1.83, B = 0.09, and C =
0.29 for 3JNζCγ.
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Figure 2.7 Correlation between ensemble averages <3J> calculated with the Karplus
parameters optimized via direct fitting (see the caption for Figure 2.6) and
those calculated with the parameters of Peréz et al (A = 1.29; B = -0.49; and
C = 0.37). Panels a and b are for χ1-related <3JNCγ> and χ4-related <3JNζCγ>,
respectively. Note that gauche conformers are major for the χ1 angles of the
Arg/Gln/Glu/Lys residues in ubiquitin (Figure 2.5), whereas trans
conformers are major for the χ4 angles of lysine (Figure 2.3). Due to this
difference, the calculated <3JNζCγ>Perez are generally larger than <3JNCγ>Perez.
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2.3.4 Measurement of 3hJNζC' across hydrogen bonds involving lysine NH3+
In order to gain direct insight into hydrogen bonds involving the lysine side
chains, we also studied

15

N-13C 3J-coupling constants

h3

JNζC' across hydrogen bonds

involving lysine NH3+ groups of ubiquitin. Figure 2.8a shows the long-range correlation
spectrum recorded for lysine NH3+ groups. Because of 13C=O-selective IBURP-2 pulses
that do not affect aliphatic 13C nuclei, only NH3+ groups having sizable J-couplings with
carbonyl or carboxyl

13

C nuclei across a hydrogen bond can give signals in this

experiment. Signals for Lys29 and Lys33 NH3+ groups were clearly observed in the longrange correlation spectrum. The

13

C chemical shifts for the signals observed for the

Lys29 and Lys33 NH3+ groups are in excellent agreement with those of backbone C=O
groups of Glu16 and Thr14, respectively. In fact, these carbonyl groups are in close
proximity to the lysine NH3+ groups in the crystal structure: the distances between the
donor Nζ and acceptor O atoms are 2.7
Å for

the Lys29-Glu16 pair and 3.5 Å for the

Lys33-Thr14 pair. In the 1 μs MD simulation, the overall occupancies of the hydrogen
bonds (Nζ-O distance < 3.5 Å) were 80% for the Lys29-Glu16 pair and 51% for the
Lys33-Thr14 pair. The existence of the NMR signals arising from

h3

JNζC'-coupling

provides direct evidence for at least a part-time presence of these hydrogen bonds in
solution.
To determine the values of

h3

JNζC', we carried out the spin-echo

15

N{13C=O} difference

constant-time 1H-15N correlation experiment for the lysine NH3+ groups, as shown in
Figure 2.1b. The difference spectrum for the two subspectra a and b gives signals only if
intensity modulation by

h3

JNζC' evolution is sizable. As expected from the

result of the long-range correlation experiment, only the NH3+ groups of Lys29 and
Lys33 exhibited signals in the difference spectrum (Figure 2.8b). The values of
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h3

JNζC'

Figure 2.8. Direct Observation of hydrogen bonds via NMR. (a) Long-range correlations
via h3JNζC'-coupling across NH3+ ··· O=C hydrogen bonds. This spectrum
was recorded using the pulse sequence shown in Figure 2.1a. (b) Spin-echo
15
N{13C=O} difference spectrum for the two subspectra recorded with
13
C=O-selective pulses at positions a and b in the pulse sequence shown in
Figure 2.1B.
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were determined to be 0.23 and 0.17 Hz for the Lys29-Glu16 and Lys33-Thr14 hydrogen
bonds, respectively (Table 2.1). These values are relatively small in comparison with the
h3

JNC' values for hydrogen bonds between backbone N-H and C=O groups, which can

reach 0.9 Hz.84-88 Since a scalar coupling across a hydrogen bond depends on the
electronic configuration, the average geometry,89-91 and internal motions,92,93 quantitative
interpretation of the observed

h3

JNζC' values for the NH3+ groups is not possible at this

point. Nonetheless, the observed

h3

JNζC'-couplings unequivocally indicate the part-time

presence of hydrogen bonds between the NH3+ and C=O groups. Dynamic hydrogen
bonding displayed by lysine side-chain NH3+ groups arises from the highly mobile χ4
torsion angles combined with rapid rotation about the C3 symmetry axis along the Nζ-Cε
bond, as depicted in Figure 2.9 for Lys29 and Lys33. In previous 15N relaxation study by
Iwahara group,40 the order parameters for the NH3+ groups of the same amino acids
indicated high mobility on the subnanosecond time scale (S2axis = 0.38 for Lys29 and 0.25
for Lys33). As shown in Figure 2.9, the MD simulation also showed a highly dynamic
hydrogen-bonding process involving the side-chain NH3+ groups of Lys29 and Lys33.
Together with the detected h3JNζC'-couplings for Lys29 and Lys33, these data collectively
suggest that the side-chain hydrogen bonds evidenced by detectable h3JNζC'-couplings are
of a highly mobile nature.

2.4 DISCUSSION
In this chapter we demonstrated the use of long-range 15N-13C three-bond J-coupling data
for investigating the detailed dynamic behavior of lysine side chains in a protein. In
conjunction with an extended MD simulation, our experimental data showed that lysine
side-chains are extremely dynamic and should not be described with a single
conformation observed in crystal structure. Instead, ensemble average should be
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Figure 2.9. Dynamics of (a) Lys29˗Glu16 and (b) Lys33˗Thr14 hydrogen bonds seen in
a 1 μs MD simulation at 275 K. The acceptors are backbone carbonyl
groups. These hydrogen bonds were experimentally confirmed by means of
measured h3JNζC' values (Figure 2.8). The average lifetimes of the hydrogen
bonds in the MD simulation were 45 and 30 ps for Lys29 and Lys33,
respectively.
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considered for better interpretation of experimental data. Using our approach we also
were able to measure J-coupling between Nζ of lysine side chain and C=O carbons for
Lys29-Glu16 and Lys33-Thr14 pairs. The fact that we were able to detect magnetization
transfer between these nuclei is direct evidence that these residues form hydrogen bonds,
though relatively low values of these J-couplings (~0.2 Hz) suggest dynamic and
transient nature of these bonds. This project provides a valuable information for
understanding the relationship between protein function and dynamics, as amino acid side
chain dynamics play critical role in intra- and intermolecular interaction. In future, this
approach can be applied to elucidate dynamics of arginine guanidino groups.
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CHAPTER 3:
Elucidation of dynamic mechanisms for target DNA search
3.1 INTRODUCTION
Over the decades, different groups have suggested a strong connection between
protein dynamics and its functional kinetics.5-9,14-17,21-24,26,29,33,34,94-96 Even though several
papers have beautifully demonstrated such connection experimentally8,15,21-23,35, this
relationship remains poorly understood. Most of researchers focus on studying either
protein dynamics, or functional kinetics alone, as investigating the relationship between
two is experimentally challenging mostly due to experimental limitations. In this chapter
we elucidate the role of domain dynamics of zinc-finger protein Egr-1 in its DNA target
search kinetics and use our findings to improve target efficiency of artificial zinc-finger
proteins. Our results suggest that domain dynamics play an important role in DNA
scanning by zinc-finger proteins. Our findings could also provide valuable data for
optimization of artificial zinc-finger nucleases, used in human gene therapy.

3.1.1 Egr-1: an inducible transcription factor
In cellular responses to various stimuli such as signals and stresses, gene
regulation by transcription factors is of fundamental importance. Egr-1 (also known as
Zif268) is an inducible transcription factor with crucial roles particularly in the brain and
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cardiovascular systems in mammals. In the brain, Egr-1 is induced by synaptic signals in
an activity-dependent manner and activates genes for long-term memory formation and
consolidation.97,98 In the cardiovascular system, Egr-1 is a stress-inducible transcription
factor that activates the genes for initiating defense responses against vascular stress and
injury.99,100 Given the short lifetime of induced Egr-1 (typically ∼2 h),99 rapid gene
activation by Egr-1 is important in these biological processes that require an immediate
response to the stimuli.
The induced Egr-1 protein has to initiate its role by searching for its target DNA
sites among billions of DNA base pairs in the nucleus. In the DNA scanning process,
transcription factors need to discriminate their target sites from nonspecific sites based on
relatively minor differences in DNA structure and sequence. Crystallographic studies
demonstrated that Egr-1 recognizes its 9-bp target sequence, GCGTGGGCG, as a
monomer via zinc finger domains 1, 2, and 3 (hereafter referred to as ZF1, ZF2, and ZF3)
that contact 3 bp each (Figure 3.1a).101 Although the three zinc finger domains are
comprised of only 87 residues combined, Egr-1’s interface with target DNA is as wide as
2,870 Å2. Although such extensive contact with DNA is favorable for high specificity in
target recognition as well as for high stability of the specific complex, it is unfavorable
for rapid scanning of DNA because the protein has to break a larger number of
interactions, such as hydrogen bonds and ion pairs, whenever it moves from one
nonspecific DNA site to another.102 This is problematic, particularly because the vast
majority of Egr-1 molecules undergoing a target search should be bound to nonspecific
DNA sites due to the extremely high density of DNA in the nucleus and Egr-1’s
micromolar affinity to nonspecific DNA. This situation represents the “speed-stability”
paradox.102,103
How does Egr-1 achieve high specificity in recognition and rapidity in scanning?
Even though there have been many structural studies on zinc finger proteins bound to
their target DNA sites or free in solution,101,104-109 this question remains unanswered
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because very little is known about their binding to nonspecific DNA. In fact, there is a
lack of knowledge on DNA scanning by eukaryotic transcription factors. The vast
majority of the previous literature on the experimental studies of target DNA search is for
prokaryotic gene-regulatory proteins or restriction enzymes;103,110,111 however, because of
the much higher DNA density and the presence of nucleosomes in eukaryotic nuclei, it is
natural to consider that eukaryotic transcription factors may use a different strategy for
their rapid target search. My present work shows that it is indeed the case. Here, we apply
spectroscopic and computational methods to the highly dynamic complex in which Egr-1
is nonspecifically bound to DNA and perpetually changes its location on DNA. In this
work

WE

provide structural, dynamic, and kinetic information on how Egr-1 efficiently

scans DNA to find its target sites rapidly. Our results suggest that Egr-1’s asymmetrical
domain dynamics in the DNA-scanning process can play an important role in resolving
the speed-stability paradox.

3.1.2 Zinc-finger nucleases (ZFNs)
Traditional gene therapy techniques have been plagued with problems of
inaccurate targeting of undesirable genetic information and damaging otherwise
functioning, non target sites.112-114 These problems have been major hurdles that have
prevented gene therapy techniques from successful integration into viable human
treatment strategies. As an alternative, zinc-finger nuclease (ZFN) technology has been
recently shown to be able to target specific genes.115-122 ZFN technology is based on the
work by Greisman and Pabo (Greisman, H.A. & Pabo, C.O. (1997) Science), where they
described a new method to engineer artificial C2H2 type zinc-finger proteins with a
desired target specificity.123 To demonstrate their approach, they engineered protein with
three zinc fingers which specifically binds to 3'-AAAATATCG-5' DNA sequence. They
created library of zinc fingers where they randomized six amino acids located in the DNA
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recognition helix. Their protocol consisted of three steps, each for selection of one of the
zinc fingers from their zinc finger library. This method laid foundation to creation of
artificial zinc-finger transcription factors used in biotechnology,124 as well as ZFN
technology.
ZFN proteins consist of artificial zinc fingers at the N-terminus and a FokI
nuclease domain (ND) at the C-terminus.115-122,125-128 A FokI ND alone can neither bind
to, nor cleave DNA;129,130 ZFN can cleave DNA only when two ZFN molecules bind to
their recognition sites (separated by several base pairs) and two FokI nuclease domains
are brought in close proximity to form a dimer. ZFN technology has been extensively
used in gene therapy and gene manipulation in recent several years. The most notable of
them is targeting CCR5 gene, which encodes for a T-cell surface receptor making the Tcells prone to HIV infection.131 The use of ZFN for HIV treatment is currently in Phase
1/2 clinical trials.
Despite their high affinities for the target DNA sites, recent studies report kinetic
defects of artificial zinc-finger proteins.132-134 In fact, affinity-based selection of zinc
fingers could be the contributing factor to ZFNs' low efficiency as it has strong bias
towards stability.135 While high specificity is good for DNA recognition, strong DNA
binding can decrease ZFNs' translocation between nonspecific sites during target search
that, as a result, decreases overall efficiency.102,136 It has also been shown that excessive
DNA-binding energy increases chances of nonspecific DNA cleavage, thus increasing
toxicity of ZFN constructs.137 In this project we applied knowledge which we gained
while studying Egr-1's behavior in complex with DNA and its target search mechanism
(Chapter 3.3.1-4) to create proteins that exhibit both rapid target search kinetics and high
affinity for a target. We created ZFNs using wild-type and mutant Egr-1 proteins and
FokI ND and investigated their DNA cleavage activities to find the most optimal
conditions for the best ZFN efficiency.
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3.2 MATERIALS AND METHODS
3.2.1 Preparation of Nonspecific and Specific Egr-1/DNA Complexes.
2

H/15N- or 2H/13C/15N-labeled Egr-1 DNA-binding domain and its mutants were

expressed in E. coli cultured in D2O-based minimal media supplemented by 0.5 g/L
ISOGRO (Sigma-Aldrich). Cell lysate with glutathione S-transferase (GST) fusion Egr-1
(wild-type or mutant) was loaded on GSTPrep FF column. Protein was washed with TrisHCl (pH 7.5) buffer, containing 400 mM NaCl, 1% Triton X-100. After, protein was
eluted with same buffer, containing 10 mM GSH instead of Triton. GST tag was cleaved
off by overnight incubation at 4 ºC with 100 units of HRV-3C protease. Protein solution
was concentrated down using 3,000 MWCO amicon ultra centrifugation tube and loaded
on to a Sephacryl S100 26/60 column. Column was pre-equilibrated with 50 mM TrisHCl (pH7.5), 1 M NaCl, 2 mM glutathione, and 0.2 mM ZnCl2 buffer. Finally, fractions
containing Egr-1 protein were buffer exchanged to 50 mM Tris-HCl (pH 7.0), 200 mM
NaCl, 1 mM glutathione, 0.1 mM ZnCl2, and 5% glycerol, and purified on Mono-S
cation-exchange column. Protein was eluted using the same buffer using NaCl gradient
from 200 mM to 500 mM. A plasmid for gene expression of the mutant proteins were
made with the Quick Change Lightening site-directed mutagenesis kit (Agilent). The
mutant protein was prepared in the same way as that for the wild type protein. Individual
DNA strands for NMR studies were chemically synthesized and purified by anionexchange chromatography. After annealing, 28-bp DNA duplexes were purified via anion
exchange chromatography to remove excess single-stranded DNA. To prepare
complexes, the Egr-1 protein was mixed with 28-bp DNA at a high ionic strength (∼0.5
M NaCl), and the buffer was exchanged to reduce the ionic strength. NMR samples
contained 0.8 mM complex, 10 mM d11-Tris•HCl (pH 7.5), 20 mM KCl, and 7% D2O.
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3.2.2 NMR Spectroscopy.
All NMR experiments for Egr-1/DNA complexes were performed at 35 °C. NMR
experiments for Egr-1 in the free state were performed at 25 °C. The lower temperature
for the free protein was necessary due to its lower stability. Backbone 1H/13C/15N
resonances of the specific and nonspecific Egr-1/DNA complexes and the free protein
were assigned by HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and
HN(CO)CACB spectra.138 15N relaxation rates R1 data was measured at 1H-frequencies of
600 and 800 MHz as previously described.139 Kinetic rate constants for translocation of
Egr-1 between two 28-bp nonspecific DNA duplexes NS28 and ZS28 were determined
from HSQC spectra recorded independently for two different nonspecific complexes and
their 1∶1 mixture by using the NMR line-shape analysis as described previously.140

3.2.3 ZFN purification.
Pet-49b plasmids encoding wild-type, T23K/Q32E and T23K/Q32E/E60Q/K79T
Egr-1/FokI genes were purchased from Integrated DNA Technologies (IDT).
E60Q/K79T plasmid was created using QCL kit (Agilent). E. coli strain BL21(DE3) cells
containing glutathione S-transferase (GST)-ZFN plasmids were cultured in minimal
media at 37 ºC. At OD600=0.4, temperature was decreased to 22 ºC. Protein expression
was

induced

at

OD600=0.5-0.7

by

addition

of

0.7mM

isopropyl

β-D-1-

thiogalactopyranosid and 200 µM ZnCl2. After induction, cells were cultivated for 4-5
hours at 22 ºC. Harvested cells were re-suspended in ~100 ml buffer containing 50 mM
Tris·HCl (pH 7.9), 0.5 M NaCl, 10% glycerol, 100 µM ZnCl2, 1% Triton X-100 and two
tablets of the EDTA-free protease inhibitor cocktail (Roche). Cells were disrupted by
sonication at 4 ºC for 2.5 min. Cell lysate was centrifuged at 30000×g for 30 min at 4 ºC,
followed by centrifugation of supernatant for additional 15 min. Supernatant was loaded
on a GSTPrep FF column (GE Healthcare) at 4 ºC with the flow rate of <0.8 ml/min.
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Column was washed using 150-200 ml of washing buffer, containing 50 mM Tris·HCl
(pH 7.9), 0.5 M NaCl, 10% glycerol and 1% Triton X-100. Protein was eluted with 50100 ml of elution buffer containing 50 mM Tris·HCl (pH 7.9), 0.5 M NaCl, 10% glycerol
and 10 mM glutathione. GST tag was cleaved over two days at 4 ºC using 100 units of
HRV-3C protease (GE Healthcare). The cleavage was confirmed using SDS-PAGE.
Reaction mixture was loaded onto HiTrap Heparin HP column (GE Healthcare) at 4 ºC
and washed with buffer containing 50 mM Tris·HCl (pH 7.9), 0.35 M NaCl, 2 mM βME, 100 µM ZnCl2. Protein was eluted using the same buffer with concentration of NaCl
at 0.5 M. Finally protein was buffer-exchanged to 20 mM Tris·HCl (pH 7.9), 0.5 M KCl,
2 mM β-ME, 200 µM ZnCl2 and 10% glycerol and quantified using UV absorbance at
280 nm. For long term storage, protein solution was diluted using glycerol up to 50%
glycerol concentration and stored at -70 ºC.

3.2.5 ZFN assay
Short palindromic primer containing two oppositely directed Egr-1 target
sequences separated with 6 bp-s was inserted into pCR topo 2.1 plasmid using TA
cloning kit. Product DNA was digested using BglII restriction enzyme. Digestion
reaction was confirmed on 0.9% agarose TBE gel. Target DNA digestion by ZFNs was
done in 20 mM Tris·HCl (pH 7.5), 150mM KCl, 5% glycerol, 2 mM β-ME, 1 mM MgCl2
and 100 µM ZnCl2 buffer with 1 nM target DNA, 37 ng/µl Calf Thymus (CT) DNA and
5 nM protein concentration at room temperature, unless noted otherwise. DNA digestion
level was determined by analyzing bands on 0.9% agarose TBE gel. DNA was visualized
using EZ-vision dye (Amresco).
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3.3 RESULTS
3.3.1 NMR of Specific and Nonspecific DNA Complexes.
In our studies, we used the Egr-1 DNA-binding domain comprised of three zinc
fingers (Egr-1 residues 349–421; hereafter, referred to as “Egr-1” for simplicity’s sake)
and two 28-bp DNA duplexes: SP28 and NS28 (Figure 3.1b). These two duplexes are
identical except that SP28 contains a 9-bp target site (GCGTGGGCG) whereas the DNA
duplex NS28 does not. The nonspecific 28-bp DNA NS28 does not contain any bp
triplets recognized by individual domains. These 28-bp DNA duplexes were chosen for
our experiments earlier studies in our lab showed that Egr-1 behaves well in complex
with these DNA for NMR and fluorescence studies. It was also shown that affinity for
nonspecific DNA is ∼1,000-fold weaker than the affinity for target DNA under the same
conditions (40 mM KCl). If an Egr-1 protein covers 11 bp, as observed in the crystal

structure, the 28-bp nonspecific DNA can accommodate up to two protein molecules. To
avoid complications from two proteins binding to the same DNA molecule, we studied
the nonspecific complex using at least a two-fold molar excess of nonspecific DNA.
Under these conditions, the population of the singly bound complexes should exceed
90%. Using TROSY-based triple resonance experiments with deuterium decoupling,138
we assigned the 1H∕13C∕15N resonances of the protein backbone for the nonspecific and
specific complexes as well as for the free protein. Figure 3.1c shows chemical shift
perturbation (CSP) upon DNA-binding for each Egr-1 amide group (Numbering of
residues is according to previous literature).101 CSP magnitudes were smaller for the
nonspecific complex, though Kd data together with molecular concentrations suggest that
>99% protein should be bound to DNA for both complex samples. Interestingly, ZF1’s
CSP upon binding to the nonspecific DNA duplex was particularly small (only two
residues exhibit a weighted-average CSP larger than 0.1 ppm); whereas, all ZF domains,
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Figure 3.1 Specific and nonspecific DNA complexes of Egr-1. (a) Crystal structure
(PDB 1AAY) of a complex of Egr-1 with a target DNA.101,104 (b) 1H-15N
TROSY spectra recorded for 2H/15N-labeled Egr-1 proteins in the free state
(blue) and the complexes (red) with the specific (SP28) or nonspecific
(NS28) DNA duplexes. (c) Weighted-average chemical shift perturbation
(CSP) as defined {(|∆𝛿𝐻 |2 + |0.2∆𝛿𝑁 |2 )⁄2}1/2 , where ΔδH and ΔδN
represent chemical shift differences of backbone amide 1H and 15N,
respectively, between the free and DNA-bound states.
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including ZF1, exhibit substantial chemical shift perturbations upon binding to the
specific DNA duplex (Figure 3.1c). This implies that Egr-1’s binding mode for
nonspecific DNA is quite different from that for specific DNA.
3.3.2 ZF1’s Local Dissociation in the Nonspecific Complex.
To obtain structural and dynamic information on Egr-1 bound to nonspecific
DNA, we conducted a comparative study of the nonspecific and specific complexes by
analyzing 15N longitudinal relaxation rates (R1), 15N transverse relaxation rates (R2), and
heteronuclear 1H–15N nuclear Overhauser effect (NOE) (Figure 3.2) for protein backbone
amide groups in the specific and nonspecific Egr-1/DNA complexes. Comparison of
heteronuclear NOE data for the specific and nonspecific complexes to those for the free
protein (Figure 3.2) indicated that Linker 1 (between ZF1 and ZF2) in the nonspecific
complex is as mobile as that in the free state, whereas Linker 2 in the nonspecific
complex and both Linkers in the specific complex are immobilized upon complex
formation. Furthermore, ZF1 in the nonspecific complex exhibited

15

N R1 rates higher

than those of ZF2 and ZF3 of the same complex (Figure 3.2b), whereas 15N R1 rates are
similar for all the three zinc finger domains in the specific complex (Figure 3.2a). 15N R2
rates for many residues in the nonspecific complex were found to be substantially higher
than those for the corresponding residues in the specific complex. CPMG relaxation
dispersion data suggest that this is due to slow dynamics on a μs–ms timescale. The
bottom graphs in Figures 3.3a and 3.3b show differences between apparent R2 rates
measured at CPMG field strengths VCPMG of 33 Hz and 667 Hz [ΔR2CPMG=R2(33 Hz)R2(667 Hz)] for the complexes. Corresponding data for the free Egr-1 protein are shown
in Figure 3.3c. From comparison of these CPMG data, it is clear that far more residues
exhibit ΔR2CPMG > 5 s-1 for the nonspecific complex. ΔR2CPMG can be large in the presence
of μs–ms dynamics involving multiple states with different
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15

N chemical shifts.

Figure 3.2. NMR relaxation experiments for Egr-1/DNA complexes. (a,b) Backbone 15N
R1 and heteronuclear {1H-}15N NOE for the specific (a) and nonspecific (b)
complexes. (c) {1H-}15N NOE for free protein. (d) Domain motions and
translocation of Egr-1 in the nonspecific complex as suggested by the
current study.
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Figure 3.3

15

N R2 and CPMG relaxation experiments for the free and DNA bound Egr1. Differences between apparent R2 rates at CPMG frequencies νCPMG of 33
Hz and 667 Hz was defined as [∆R2CPMG = R2(33 Hz) - R2(667 Hz)]. (a, b)
15
N R2 and ∆R2CPMG for the (a) specific and (b) nonspecific DNA/Egr-1
complexes. (c) ∆R2CPMG for free Egr-1. (d) Mapping of residues that
exhibited ΔR2CPMG > 5 s−1 (red). Data are mapped on the crystal structure of
the specific complex (PDB, 1AAY).
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Importantly, most residues with ΔR2CPMG > 5 s−1 were found to be close to DNA for the
nonspecific complex (Figure 3.3d). It should be noted that

15

N chemical shifts of such

residues near DNA could significantly change when the Egr-1 protein transfers from one
nonspecific site to another on DNA via inter- or intra-molecular translocation. As shown
below, intermolecular translocations of the Egr-1 protein between two nonspecific DNA
duplexes were found to occur with an exchange rate constant of ∼1,000 s−1. The intra-

molecular translocation should be faster than the intermolecular translocation, as single

molecule biophysical studies demonstrated that sliding of proteins on DNA occurs with a
1D diffusion coefficient in a range of 105–107 bp2 s−1 in general.103,141 Considering these
together, it is likely that the μs–ms dynamics detected for the nonspecific complex
correspond to translocation of protein on DNA rather than to intrinsic conformational
dynamics; however, it is difficult to obtain further information from CPMG relaxation
dispersion data because popular analytical expressions for a two-state exchange142,143 are
obviously inappropriate for the nonspecific complex that involves potentially 36 different
states (18 binding sites and two opposite orientations for each).
In addition to R1, R2 and {1H-15N} NOE data, specific and nonspecific Egr1/DNA complexes were analyzed using Residual Dipolar Coupling (RDC 1DNH) analysis
by other members of Iwahara group. RDC data was in excellent agreement with other
NMR experiments, indicating ZF1's unique behavior in the nonspecific complex. Taken
together, these data clearly show that in the nonspecific complex with DNA, ZF1 domain
is rather flexible and performs dynamic motions, while ZF2 and ZF3 domains are
attached to DNA and act as anchors.

3.3.3 Modulation of Egr-1’s Domain Motions in Nonspecific Complex.
High degree of domain motions for ZF1 in the nonspecific complex can be
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Figure 3.4

Determinants of ZF1’s domain motions in Egr-1 bound to nonspecific DNA.
(a) Electrostatic binding free energies for Egr-1’s three zinc finger domains
calculated using the Adaptive Poisson-Boltzmann Solver (APBS) software
package for each domain in the crystal structure of the specific complex
(PDB 1AAY). The energy calculation was carried out by Y. Levi's group as
described previously144. The amino acid sequence and net charges of the
three zinc-finger domains are also shown. Residues T23 and Q32 are
highlighted in magenta. (b) Difference between interdomain interfaces in the
crystal structure of the Egr-1/target DNA complex. Two hydrogen bonds
and an ion pair stabilize interdomain interactions between ZF2 and ZF3;
whereas, there is no corresponding stabilization between ZF1 and ZF2.
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ascribed to ZF1’s weaker interactions with DNA and with ZF2. Electrostatic binding free
energy calculations (Figure 3.4a) suggested that among the three zinc finger domains,
ZF1 is the weakest DNA-binder with the lowest absolute value of electrostatic binding
free energy (−1.6 kcal/mol as opposed to −3.2 kcal/mol for ZF3). Qualitatively, this is
due to the smallest net charge of ZF1 (Figure 3.4a). ZF1’s weak interdomain interaction
with ZF2 can be another determinant (Figure 3.4b). In all of 12 crystal structures
available for wild type Egr-1 bound to its target DNA and for engineered Egr-1 proteins
bound to their target DNAs,101,104,145-148 the interface between ZF2 and ZF3 involves two
hydrogen bonds supported by a salt bridge between R55 (ZF2) and E60 (Linker 2);
however, the corresponding interdomain interactions are absent between ZF1 and ZF2
presumably because there is no corresponding electrostatic stabilization between R27
(ZF1) and Q32 (Linker 1). To examine whether or not these features make ZF1 highly
dynamic in Egr-1 bound to nonspecific DNA, we investigated the domain motions of the
T23K/Q32E mutant protein. T23K mutation was intended to enhance ZF1’s electrostatic
interaction with DNA by introducing an additional lysine/phosphate salt bridge found at
the corresponding position in ZF3 (see Figure 3.4a) whereas Q32E mutation was
intended to enhance interdomain interaction between ZF1 and ZF2 by introducing a salt
bridge corresponding to that found at the ZF2-ZF3 interface (see Figure 3.4b). We
measured backbone 15N R1 relaxation rates for the T23K/Q32E mutant protein bound to
the 28-bp nonspecific DNA NS28 (Figure 3.5b). Although ZF1 in the wild type
nonspecific complex exhibited clearly elevated R1 rates (Figure 3.2b), all zinc finger
domains in the T23K/Q32E mutant nonspecific complex exhibited R1 rates in the same
range as that for ZF2 and ZF3 in the wild type nonspecific complex. These results
suggest that the T23K/Q32E double mutations indeed suppress ZF1’s domain motions in
the nonspecific complex to a level comparable to those of ZF2 and ZF3. To further
modulate Egr-1's domain dynamics, we designed and created T23K/Q32E/E60Q/K69T
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Figure 3.5

Impact of mutations on Egr-1's domain flexibility. (a) Four types of proteins
used in this project. (b, c, d) 15N R1 profiles for (b) Type-1, (c) Type-2 and
(d) Type-3 Egr-1 proteins. Different level of 15N R1 indicates altered domain
flexibility in these mutants. (e) Gel based competition assay for wild-type
and Type-1 mutant of Egr-1. Shown results indicate that the Type-1 mutant
retains affinity and specificity to the target DNA sequence.
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and E60Q/K79T mutants of Egr-1. Additional mutations at E60 and K79 positions were
introduced in order to make ZF3 domain more mobile. Specifically, E60Q mutation
should disrupt hydrogen bonding network between domains 2 and 3, and K79T mutation
was introduced to remove the salt bridge between ZF3 and DNA at corresponding
position. Therefore, we expected in T23K/Q32E/E60Q/K69T mutant ZF1 domain to
show no flexibility at all and ZF3 domain to be more flexible, while in E60Q/K79T
mutant

both

ZF1

and

ZF3

domains

would

T23K/Q32E/E60Q/K69T mutant exhibited elevated

15

be

flexible.

And

N R1 profiles for only for ZF3
15

N R1

domain

in

(Figure 3.5c), while for E60Q/K79T mutant both ZF1 and ZF3 showed elevated
values

(Figure

3.5d),

what

strongly

indeed,

suggested

that

ZF3

T23K/Q32E/E60Q/K69T, and both ZF1 and ZF3 domains in E60Q/K79T are flexible in
nonspecific complex. For simplicity sake, we will refer to wild-type, T23K/Q32E,
T23K/Q32E/E60Q/K69T and E60Q/K69T proteins as type-0, type-1, type-2 and type-3
proteins (Figure 3.5a). To verify that our mutations don't change protein's specificity we
used gel-based competition assay. Results shown in Figure 3.5e indicated that Type-1
mutant of Egr-1 retains affinity and specificity towards target DNA. Similar experiments
were done for other two mutants as well, which showed that they also retain target
specificity (data not shown).

3.3.4 Significance of Domain Motions for Intersegment Transfer.
By using an NMR approach described previously,140 we have also analyzed the
kinetics of Egr-1’s translocation between two nonspecific DNA duplexes. In this
approach, translocation kinetics was analyzed with NMR line-shapes from the three
samples: two nonspecific complexes with different 28-bp DNA duplexes and a 1∶1
mixture of these complexes. All of these samples gave single sets of NMR signals,
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Figure 3.6 Intersegment transfer by Type-1 Egr-1. (a) Mechanisms of proteins'
translocation from one nonspecific DNA to another. (b) Kinetics of
intermolecular translocation of the T23K/Q32E (Type-1) mutant between
nonspecific DNA duplexes.
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indicating that Egr-1 is in fast exchange mode on NMR chemical shift timescale for all of
those samples. Due to additional exchange contributions arising from Egr-1’s
translocation between the two DNA duplexes, the NMR line-shapes for the 1∶1 mixture
are broader when the difference between the chemical shifts of the two complexes is
large. By analyzing the NMR lineshapes for the individual complexes and the mixture,
we can determine the pseudo first-order rate constants for translocation between two
nonspecific DNA duplexes at varying concentrations of DNA. Intermolecular
translocation between two nonspecific DNA duplexes can occur via two possible
mechanisms: (i) dissociation and reassociation and (ii) intersegment transfer (also known
as direct transfer) (Figure 3.6a).140,149-151 Because the rate-limiting step in the former is
dissociation when [DNA] ≫ Kd (note that this inequality leads to kon[DNA] ≫ koff ), the

overall rate of protein translocation via this mechanism should be virtually independent

of the concentration of free DNA. Intersegment transfer, however, is a second-order
reaction whose rate is proportional to the concentration of free DNA. Measurements of
the apparent kinetic rate constants for intermolecular translocation at different DNA
concentrations permit determination of the second-order rate constant kIT for
intersegment transfer. By stopped-flow fluorescence experiment other members of
Iwahara group have determined the rate constant koff for Egr-1’s dissociation from
nonspecific DNA NS28 to be 0.34 ± 0.01 s−1. From these kinetic data, they determined
the second-order rate constant kIT for intersegment transfer between nonspecific DNA
molecules to be (3.6 ± 0.2) × 106 M-1·s-1. This second order rate constant indicated that
Egr-1’s intersegment transfer between nonspecific DNA molecules was extremely
efficient. In fact, it was >106-fold faster than intersegment transfer between target DNA
sites (kIT,specific = 0.8 M−1·s−1), which was also determined in earlier study from our lab.
Because T23K/Q32E mutations cause the decrease of ZF1’s domain motions, this
mutant protein is suitable for examining the role of ZF1’s domain motions in
intersegment transfer. We confirmed that the Type-1 mutant protein retains DNA-binding
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specificity and affinity to the target DNA (Figure 3.6b). Interestingly, the apparent
nonspecific DNA-binding affinity of this mutant protein was found to be the same as that
of the wild type protein, though one may expect a higher affinity for the mutant with
more stable interactions between ZF1 and nonspecific DNA. This could be due to an
entropy–enthalpy compensation arising from loss of ZF1’s freedom. Using the same
NMR approach as that used for the wild type protein, we measured the kinetic rate
constants for intermolecular translocation of the Type-1 mutant protein between the two
28-bp nonspecific DNA duplexes at varying concentrations (Figure 3.6c). From these
data, we determined the second-order rate constant kIT for intersegment transfer to be (1.4
± 0.1) × 106 M−1·s−1. Thus, T23K/Q32E mutations that reduce ZF1’s domain motions
caused a 2.6-fold decrease of intersegment transfer efficiency. These results suggest that
the domain dynamics is important for intersegment transfer of Egr-1. In addition, another
member of Iwahara group, A. Esadze analyzed target search kinetics of all four Egr-1
proteins by using stopped-flow kinetic experiments (data not shown). He demonstrated
that Type-1 mutant of Egr-1 showed the slowest target search kinetics, while Type-3
mutant was the fastest in locating the target DNA site. Type-0 and Type-2 proteins,
which both have only one flexible domain had comparable intermediate speeds compared
to two other constructs. These data also supported my observation and indicated that Egr1's domain motions facilitate its translocation from one nonspecific DNA site to another.

3.3.5 Domain Motions could Enhance ZFNs' Activity.
To examine whether domain motions can also facilitate ZFNs' rapid translocation
and enhance their activity, we created ZFNs by combining all four Egr-1 proteins with
FokI ND (Figure 3.7b). FokI ND cannot bind to or cleave DNA in nonnumeric form and
is known not to take part in translocation process, therefore only zinc-fingers should be
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Figure 3.7

DNA digestion by four ZFN constructs. (a) Schematic presentation of DNA
cleavage by ZFN, (b) Proof-of-concept study for improvement of ZFN
engineering, (c) Time course of DNA digestion by type-0, -1, -2 and -3 Egr1 ZFNs. Gels clearly show the difference in ZFN activity between these
proteins. Exactly same conditions were used for all experiments.
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Figure 3.8

Kinetics of DNA cleavage by ZFN proteins. (a) Changes in populations of
cleaved DNA for (■) Type-0, (♦) Type-1, (▼) Type-2 and (●) Type-3 Egr-1
ZFNs over one hour of incubation at room temperature. Non-linear leastsquare fittings were done using double-exponential model. (b) Initial slopes
from fittings of changes in population of cleaved DNA.
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responsible for ZFNs'

translocation.129,130,152 To check DNA cleavage by these

constructs, we designed ~4kb DNA plasmid with two Egr-1 target sequences with
opposite orientations, separated with 6bp-s (Figure 3.7a). Next, target DNA plasmid was
linearised by BglII digestion. We examined digestion of linear target DNA by ZFNs in
presence of Calf Thymus DNA as a competitor. Calf Thymus DNA is a good analogues
to nuclear environment, as it contains different length DNA molecules, with an average
length of ~500 bp. To evaluate ZFNs efficiency, target DNA was digested by ZFNs over
one hour and population of digested vs. full-length species at different time points was
determined using agarose gel based electrophoresis. Our results showed that Type-1 Egr1 ZFN with no dynamic domains was the least efficient in specific DNA cleavage
compared to other proteins, while Type-3 ZFN construct with two dynamic domains was
the most efficient in DNA digestion (Figure 3.7c). Due to absence of a good numerical
model, we performed double exponential fitting to population of digested species and
used the initial slope to compare relative activities of Egr-1/FokI constructs (Figure 3.8a).
As we determined from experimental results, the ZFN construct without any dynamic
domains was four times slowed than any of proteins with a single dynamic domain, and
16 times slower than the protein with two dynamic domains (Figure 3.8b). This data was
in good agreement with studies of Egr-1 and its mutants, suggesting that domain motions
in nonspecific complex can facilitate ZFNs' translocation between nonspecific sites, thus
enhance ZFNs' overall activity.

3.4 DISCUSSION
3.4.1 Target search by Egr-1
Mechanisms that allow transcription factors to find their target sites rapidly in a
sea of nonspecific DNA have been the subject of considerable interest in molecular
biophysics.103,110,111 Despite the long history of the field and a wealth of theoretical
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studies, very little has been experimentally known about structural details of target DNA
search by transcription factors.51,140,153 Our present work together with some other
experimental data from other lab members demonstrates the asymmetrical roles of Egr1’s three zinc fingers in the dynamic DNA-scanning process and provides important
insights into how this mammalian transcription factor can achieve high specificity in
binding and rapidityin DNA-scanning.
An important finding is that Egr-1’s binding modes for specific and nonspecific
DNA duplexes are substantially different in structural and dynamic terms. Based on
similar experimental observation for Escherichia coli lac repressor in a pioneering work
by Kalodimos et al.,51 some groups theoretically pursued the conformational switch
model as a mechanism that resolves the speed-stability paradox.102,103,154-156 Our finding
for Egr-1 is remarkably consistent with this model, although the structures are completely
different for lac repressor and Egr-1. In the conformational switch model, proteins on
DNA undergo rapid transitions between two modes: the search mode and recognition
mode. The search mode is suitable for proteins’ rapid translocation but unsuitable for
high stability and specificity; whereas, the recognition mode is unsuitable for rapid
translocation but suitable for high stability and specificity.102,156 The state observed in the
crystal structure of the specific complex with all three zinc-finger domains bound to
DNA corresponds to the recognition mode. The dynamic state of Egr-1 on nonspecific
DNA with only ZF2 and ZF3 being bound corresponds to the search mode (Figure 3.9a).
Domain motions seem to permit the transitions between the search and recognition modes
of Egr-1. Because of ZF1’s domain motions on a nanosecond timescale, transitions
between the two modes can occur more rapidly than translocation. This rapid
conformational switch would allow Egr-1 to efficiently scan DNA and specifically locate
its target sites. The domain motions of locally dissociated ZF1 in Egr-1 bound to
nonspecific DNA can also promote intersegment transfer via a transient bridging of two
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Figure 3.9 Dynamic mechanism for rapid target search by Egr-1. (a) Dynamic transitions
between search and recognition modes via domain dynamics that can allow
Egr-1 to resolve the speed-stability paradox. Local dissociation of ZF1 in
the search mode can accelerate translocation of Egr-1 on DNA by
decreasing energy barriers for sliding and enhancing intersegment transfer.
(b) Bypassing a nucleosome via intersegment transfer. Because the two
DNA ends of a nucleosome are separated by only ∼60 Å, Egr-1 may bypass
nucleosomes via intersegment transfer and carry out continuous scanning.
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DNA molecules in close proximity as observed in the CGMD simulations. While ZF2
and ZF3 are bound to the original DNA site and act as anchors, ZF1 acts as an explorer
that transiently searches for potential DNA binding sites. In fact, our experimental data
indicate highly efficient intersegment transfer between nonspecific DNA duplexes. Due
to the extremely high DNA density in the nucleus (∼100 mg/mL),157 intersegment
transfer can be kinetically predominant in translocation between distant DNA sites. Even
if 90% of the DNA is wound up by nucleosomes, the concentration of naked 30-bp
segments in the nucleus is as high as ∼0.5 mM. At this concentration, a pseudo first-order

rate constant kIT[DNA] for intersegment transfer is calculated to be ∼1,800 s−1. Thus,

Egr-1’s intersegment transfer between nonspecific DNA at physiological concentrations
is far faster than translocation via the “dissociation and re-association” mechanism for
which the rate-limiting step is dissociation with a rate constant of 0.3 s−1. Furthermore,

studies of Type-2 and Type-3 mutants of Egr-1 demonstrated that by additional mutations
it is possible to modulate Egr-1's translocation speed through regulation of its domain
dynamics. To better understand how domain dynamics facilitates protein's translocation,
our collaborators (Dr. Y. Levy's group) performed coarse-grained molecular dynamics
(CGMD) simulations. Their results on Egr-1's dynamics also suggested that ZF1 exhibits
higher flexibility in the nonspecific complex compared to ZF2 and ZF3. The most
interesting in their simulations was that wild-type Egr-1 was able to form a bridging
structure between two parallel DNA molecules using flexible ZF1 domain, what
facilitated intersegment transfer. And such bridging structure was formed mostly through
ZF1 domain. Their data was also in perfect agreement with my results, showing that
forming bridging structure was harder for Type-1 mutant, what also decreased kIT of this
mutant in CGMD simulations. Our experimental observation, together with CGMD
simulations strongly suggested that flexibility of Egr-1's domains facilitates its
intersegment transfer via forming a transient bridging structure, though additional studies

69

are necessary to fully support this hypothesis. In other words, this work strongly suggests
relationship between domain dynamics of Egr-1 and its target search kinetics.

3.4.2Modulation of ZFN activity through zinc finger domain dynamics
After getting deeper insight on how natural zinc-finger proteins are able to
efficiently scan DNA, we tested whether the same approach can be used to solve
problems associated with artificial zinc-finger nucleases and improve their activities. For
this purpose, we designed four ZFNs: each of these ZFNs was a fusion of one of four
Egr-1 proteins used in this project and of FokI ND. We expected that due to absence of
domain flexibility, Type-1 ZFN would be least efficient in locating target DNA sequence,
while constructs with flexible domains would be faster to bind to target DNA sites.
Earlier studies on FokI have shown that kcat for this enzyme is on the order of 0.5 s-1.158
At our experimental conditions the rate-limiting step in our ZFNs' activity should be
target search, rather than kcat, as it should take at least several, or even dozens of minutes
to locate the target site. Therefore, proteins exhibiting fast DNA translocation should also
be more efficient in DNA cleavage. Indeed, our experiments clearly demonstrated that
Type-1 Egr-1, which demonstrated the slowest translocation on DNA, also was the least
efficient to introduce double strand breaks in target DNA. On the other hand, Type-3
ZFN with two flexible domains was the most efficient to break target DNA molecule. As
FokI domain doesn't take part in DNA search process, and kcat for all constructs should be
independent from mutations in zinc-fingers, it is safe to conclude that the difference in
the activities of four ZFN proteins is due to the difference in their target search kinetics.
These experimental results underline the flaw in designing the ZFNs for use in medical
applications, as zinc-fingers for these proteins are selected exclusively based on their
DNA binding affinity, completely ignoring their target search kinetics. This kind of
selection results in proteins which are stuck in recognition mode, what is great for DNA
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specificity, but due low population of search mode is disadvantageous for target search
kinetics.103 As a conclusion, my data underlines a significant flaw which exists in current
protocols for designing ZFNs, and suggest a strategy for improving ZFNs activities via
enhancing their target search kinetics by modulating their zinc-finger dynamics in
nonspecific complex.
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CHAPTER 4:
Exploring NMR studies of protein dynamics and kinetics in situ.
4.1 INTRODUCTION
NMR is a major tool for studying protein dynamics and its relationship with
biological function. Though, using NMR it is possible to acquire information on
molecular behavior on a very wide range of timescales at atomic level resolution, it has
its own limitations.9,11,14,19,20 One of the main problems is that the vast majority of NMR
experiments are done in vitro, under non-physiological conditions, where proteins are
"shielded" from nonspecific interactions. While such conditions are making it easier to
analyze proteins' properties, they leave many open questions and leave us wondering how
interaction with sea of other macromolecules in cells or extracellular fluids affect
behavior of these proteins. Over decades different researchers have suggested or
demonstrated the effect of molecular crowding and nonspecific interactions on proteins'
dynamic behavior and its functional characteristics.44-46 To date, there are only few
experimental methods, which can provide pseudo-atomic or atomic resolution data on
proteins in their physiological environment, with most of them being either
underdeveloped or having some serious limitations.48 Such lack of necessary
methodology creates the huge knowledge gap, which often results in unexplained
discrepancy between in vitro vs. in vivo or in situ studies. Therefore, there is an urgent
need to develop new approaches, which will allow elucidation of protein characteristics
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Figure 4.1. In situ NMR experimental design (a) HMGB1 and its three cysteine residues.
Cys-23 and Cys-45 form a disulfide bond under oxidative conditions. (b)
SDS-PAGE of the serum samples used for the NMR experiments. 3 µl of
serum before and after dissolving 135 µM 15N-labeled HMGB1 was loaded.
The arrow indicates the position of the HMGB1 band. The strongest bands
are albumin. (c) experimental scheme for the in situ protein NMR approach
to investigate the behavior of HMGB1 in actual extracellular fluids.
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under their natural habitats. In this study, we used HMGB1 (high-mobility group box 1)
protein as a model system. This 25-kDa protein, which is normally located in nuclei, is
passively released during cell injury and necrosis and actively secreted by some cell types
via a non-canonical pathway that bypasses the endoplasmic reticulum.159,160 Extracellular
HMGB1 acts as a danger signal and inflammatory mediator via binding to cell surface
receptors such as RAGE, TLR4 (Toll-like receptor 4), and CXCR4.159-162 Extracellular
HMGB1/receptor interactions promote inflammation and angiogenesis via activation of
NF-B163,164 and tumor proliferation via activation of p44/p42, p38, and SAPK/JNK
MAPKs.165,166 When released into the extracellular space, HMGB1 is initially in the
reduced state (“all-thiol HMGB1”) (see Figure. 4.1a) but becomes oxidized due to the
oxidative environment.161,167,168 HMGB1 has three cysteine residues. Cys-23 and Cys-45
in the A-domain are located in close proximity (see Figure 4.1a). With a standard redox
potential of -237 mV,168 these two cysteine residues can easily form a disulfide bond
under relatively mild oxidative conditions (“disulfide HMGB1”). Cys-106 in the Bdomain remains in the reduced state but can be sulfonated in the extracellular space when
exposed to a large amount of reactive oxygen species from activated leukocytes.169 The
three different redox states (i.e. all-thiol, disulfide, and sulfonated) of extracellular
HMGB1 play distinct roles in inflammation.162,170 All-thiol HMGB1,but not disulfide
HMGB1,is able to form a complex with CXCL12 for signaling via the CXCR4 receptor
and exhibits chemoattractant activity.171 Only disulfide HMGB1 can interact with TLR4
and exhibits cytokine-inducing activity.171-173 Sulfonated HMGB1 is involved in the
resolution of inflammation.169 Therefore, knowledge of the lifetimes of the different
species is essential to better understand the relative roles of these different redox species.
In order to fill up the gap, which exists between in vitro and in situ studies, we
developed a novel NMR-based approach, allowing investigation of proteins' functionally
important properties in various biological fluids. We used this approach to investigate the
kinetics of HMGB1 oxidation and the half-lives of all-thiol and disulfide HMGB1 species
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in serum, saliva, and cell culture medium. We also studied how oxidation kinetics is
affected by exogenous ligands such as heparin, which mimics cell surface heparan
sulfate. By these studies we demonstrate that our approach can be used elucidate proteins'
properties in different biological fluids, and has a potential to provide information on
proteins' behavior under such conditions on the pseudo-atomic and atomic resolutions.
This will bring us one step closer to understanding the effect of molecular crowding and
nonspecific interactions on macromolecules' dynamics and function.
4.2 MATERIALS AND METHODS
4.2.1 Human Serum
The serum sample for this study was prepared from a blood sample obtained from
a consenting healthy male (71 years old) by our approved Institutional Review Board
protocol. The blood was centrifuged at 1000 × g for 5 min at 20 °C. The supernatant was
transferred into BD Vacutainer red-top tubes (non-heparinized) and allowed to clot by
leaving it undisturbed for 30 min at room temperature. The clot was removed by
centrifugation at 200 × g for 5 min at room temperature. Without disturbing the
coagulated pellet, the resultant supernatant (i.e. serum) was carefully transferred into 2ml polypropylene microtubes and stored at -80 °C until used.

4.2.2 Human Saliva
Human saliva was sampled from a healthy male (42 years old). Before sampling,
the mouth was washed with 18-megohm water, and the saliva was collected 10 min later.
The saliva was centrifuged at 2000 × g for 10 min at room temperature, and the
supernatant was immediately used for the NMR experiment.
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4.2.3 Extracellular Fluids of PC-3M Cell Culture
Human prostate cancer PC-3M cells174 were cultured at 37 °C in RPMI 1640
medium (Invitrogen) with 10% FBS (Atlanta Biologicals). Cells were trypsinized for
seeding. To remove trypsin, the cells were centrifuged at 1000 rpm for 5 min at room
temperature, and the cell pellet was washed once with phosphate-buffered saline
(Invitrogen) and then suspended with RPMI 1640 medium plus 10% FBS. Three different
titrating amounts of the cell suspension were used for seeding to obtain cultures with
three different cell confluences at the same time. Culture supernatants were collected
after the cells were cultured for 48 h at 37 °C under 5% CO2. As a control, a blank
(without cells) RPMI 1640 medium plus 10% FBS was also incubated and collected at
the same time. Each fluid was filtered with a 0.22-µm filter and kept at -80 °C until used.

4.2.4 HMGB1 Ligands
Glycyrrhizin was purchased from Nacalai USA, Inc. Heparin octasaccharide was
purchased from Iduron. These materials were dissolved in 18-megohm water and
lyophilized before use for in situ protein NMR experiments (see Figure 4.1b).

4.2.5 Preparation of HMGB1
Full-length HMGB1 protein was expressed in Escherichia coli strain Rosetta
2(DE3) cells harboring a pET-11d-derived plasmid with the human HMGB1 gene
inserted between the NcoI and BamHI sites. For preparation of
proteins,

15

N ammonium chloride and

15

N- or

13

C/15N-labeled

13

C glucose were used as the sole sources of

nitrogen and carbon, respectively, in the E. coli culture medium. Protein expression was
induced with 0.4 mM isopropyl β-D-thiogalactopyranoside, and the E. coli culture was
continued at 18 °C for 16 h. Harvested cells were suspended in buffer containing 20 mM
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sodium phosphate (pH 6.0), 1 mM EDTA, 100 mM NaCl, 2 mM DTT, and 5% glycerol
and disrupted at 4 °C by sonication. The supernatant of the cell lysate was loaded onto an
SP cation exchange column equilibrated with 20 mM sodium phosphate (pH 6.0) and 100
mM NaCl and eluted with a gradient of 100–2000 mM NaCl. Fractions containing
HMGB1 were concentrated and passed through an S-100 column equilibrated with buffer
containing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 200 mM NaCl. After size
exclusion chromatography, HMGB1 was further purified by RESOURCE Q anion
exchange chromatography with a gradient of 0–1500 mM NaCl in 50 mM Tris-HCl (pH
7.5). No reducing regent was used in the column chromatography procedures except in
the sonication buffer. Complete disulfide bond formation in HMGB1 was confirmed by
NMR.168

4.2.6 Preparation of Salt-free Powders of 15N-Labeled All-thiol HMGB1
To break the disulfide bond, 5 mM DTT was added to a solution of

15

N-labeled

disulfide HMGB1, and the mixture was kept overnight at 4 °C. Using an Amicon Ultra15 unit, the solvent was exchanged with water containing 1 mM β-mercaptoethanol.
Because of the lower solubility of HMGB1 in the absence of salt, the process of the
solvent exchange was carried out at protein concentrations lower than 200 µM. The final
solution was divided into aliquots (each containing 68 nmol of HMGB1), frozen at -80
°C, and lyophilized. β-Mercaptoethanol was removed during the lyophilization process,
and all-thiol HMGB1 remained as a powder. The obtained powder was stored at -20 °C
until used.
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4.2.7 Preparation of Salt-free Powders of 15N-Labeled Disulfide HMGB1
Salt-free powders of

15

N-labeled disulfide HMGB1 were prepared in the same

way as for all-thiol HMGB1 except that the samples were not treated with either DTT or
β-mercaptoethanol. Disulfide HMGB1 in water was lyophilized as described above.

4.2.8 In Situ NMR Experiments to Measure the Half-lives of All-thiol and Disulfide
HMGB1 Species in Extracellular Fluids
For the kinetic measurements, the salt-free powder of

15

N-labeled all-thiol

HMGB1 was dissolved in 500 µl of extracellular fluid (i.e. serum, saliva, or cell culture
medium) plus 1% D2O (for the NMR lock). The solution was immediately sealed in a 5mm NMR tube with ambient oxygen pressure, and a series of 1H-15Ncorrelation spectra
were recorded at 37 °C using Bruker AVANCE III spectrometers equipped with
cryogenic probes (1H frequencies, 800 and 600 MHz). In all experiments except those
involving the cell culture medium, band-selective optimized flip-angle short-transient
heteronuclear multiple quantum coherence (SOFAST-HMQC) spectra175 were recorded
with a recycle delay of 0.1 s. For the cell culture medium, in which HMGB1 oxidation is
relatively slow, the kinetics were measured with a series of sensitivity-enhanced 1H-15N
transverse relaxation optimized spectroscopy spectra142,176 recorded with a recycle delay
of 0.8 or 1.0 s. Values of pH for the NMR samples were confirmed to be ~7.4. Kinetic
rate constants were determined via nonlinear least-squares fitting with MATLAB
software (MathWorks). Other details of the calculations are given in the figure legends.

4.2.9 NMR Resonance Assignment
Because the spectra of HMGB1 samples dissolved in extracellular fluids and in
buffers are very similar, resonances of HMGB1 in extracellular fluids were assigned
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using the NMR spectra recorded for HMGB1 in a buffer. 1H/13C/15N resonances for
oxidized and reduced HMGB1 proteins were assigned with three-dimensional HNCA,
HN(CO)CA, HNCO, HN(CA)CO, HNCACB, CBCA(CO)NH, C(CO)NH,

15

N-edited

NOESY-heteronuclear single quantum coherence; and F1-15N/F2-15N-edited HMQCNOESY-heteronuclear single quantum coherence spectra177 recorded at 25 °C on 0.7mM
13

C/15N-labeled proteins in buffer containing 20 mM Tris-HCl (pH 7.5), 120 mM NaCl,

and 5% D2O. For all-thiol HMGB1 in the buffer, 5 mM DTT was also added, and the
NMR tube was sealed in the presence of argon gas. Resonance assignment was also aided
by previous assignment data for HMGB1 under different conditions.168,178-180 NMR data
were processed and analyzed using the NMRPipe56 and NMRView57 programs.
In this study, I use the residue numbering scheme from the initial methionine in
the gene (i.e. Met-1–Gly-2–Lys-3 . . . ) because this has become the accepted norm,
although the numbering scheme from the actual N-terminal glycine (i.e. Gly-l–Lys-2 . . .)
of HMGB1 has been used in many previous articles (including ours).
4.3 RESULTS
4.3.1 NMR of All-thiol and Disulfide HMGB1 Proteins Dissolved in Serum
We prepared salt-free lyophilized powders of

15

N-labeled all-thiol HMGB1 and

HMGB1 proteins and dissolved them in human serum to characterize the actual redox
kinetics of extracellular HMGB1 by NMR. Figure 4.2a shows NMR spectra recorded at
37 °C for all-thiol HMGB1 and disulfide HMGB1 in human serum. The spectra were
similar to spectra recorded for all-thiol HMGB1 and disulfide HMGB1 in buffer
containing 20 mM HEPES-NaOH (pH 7.4), 120 mM NaCl, and 5% D2O (Figure 4.2b).
This suggests that the HMGB1 structures in serum and in buffer are identical, although
serum is a molecular crowding environment with numerous proteins as shown by the
SDSPAGE data (Figure 4.1b). Our NMR data also indicate that the proteins from the salt-

79

Figure 4.2. HMGB1's NMR spectra in different fluids. (a) 1H-15N SOFAST-HMQC
spectra recorded with eight scans at 37 °C for all-thiol HMGB1 (red) and
disulfide HMGB1 (blue) immediately after dissolving in human serum. (b)
1
H-15N SOFAST-HMQC spectra of all-thiol HMGB1 (red) and disulfide
HMGB1 (blue) immediately after dissolving in 20 mM HEPES-NaOH (pH
7.4), 120 mM NaCl, and 5% D2O. Line shapes of NMR signals from
HMGB1 in serum were substantially broader than those in buffer
presumably due to the molecular crowding environment of the serum. (c)
changes in the 1H-15N SOFAST-HMQC spectra recorded at 37 °C for allthiol HMGB1 in human serum. Due to oxidation, signals from all-thiol
HMGB1 became weaker, whereas those from disulfide HMGB1 became
stronger.
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free lyophilized powders were properly folded when dissolved in extracellular fluids. As
demonstrated in previous study from Iwahara lab on the A-domain of HMGB1,168
residues in close proximity to Cys-23 or Cys-45 exhibited large 1H/15N chemical shift
differences between all-thiol HMGB1 and disulfide HMGB1. Due to rapid oxidation,
however, the spectra recorded for the sample of all-thiol HMGB1 in serum gradually
changed and finally became identical to the spectra of disulfide HMGB1 (Figure 4.2c).
We used this change in NMR spectra to investigate the oxidation kinetics of HMGB1 in
serum.

4.3.2 Kinetics of HMGB1 Oxidation in Serum
We recorded a series of 1H-15N SOFAST-HMQC spectra immediately after
dissolving 15N-labeled all-thiol HMGB1 in serum. SOFAST-HMQC allows acquisition of
high-resolution 1H-15N correlation spectra in a few minutes and is therefore ideally suited
for measuring real-time kinetics.175 NMR signals from disulfide HMGB1 gradually
became stronger and predominant, whereas signals from all-thiol HMGB1 became
weaker and eventually disappeared in 50 min (Figure 4.2c). This clearly reflects the
oxidation process of all-thiol HMGB1 in serum. Using the SOFAST-HMQC spectra, we
obtained the time course data of the fraction of oxidation (Figure 4.3a). By nonlinear
least-squares fitting with the experimental data, we determined the apparent pseudo-firstorder rate constant (kox) for HMGB1 oxidation. The half-life (t1⁄2) of all-thiol HMGB1,
−1
which was calculated as 𝑘𝑜𝑥
𝑙𝑛2, was determined to be 17 ± 1 min (Table 4.1). We also

measured kox at different concentrations of HMGB1 (Figure 4.3b). kox was slightly
smaller at concentrations higher than 200 µM. This is probably because the overall
concentration of the oxidants that oxidized HMGB1 was not high enough to make the
process completely pseudo-first-order. Because the in vivo concentration of extracellular
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Figure 4.3.

Kinetics of oxidation and clearance of HMGB1 in human serum. (a)
oxidation kinetics of HMGB1 in human serum measured by in situ protein
NMR. The vertical axis represents the fraction of oxidation (poxi) measured
as (1⁄𝑁) ∑𝑁
𝑖 𝐼𝐷,𝑖 ⁄�𝐼𝐷,𝑖 + 𝐼𝐴,𝑖 �,where IA and ID are signals intensities for allthiol and disulfide HMGB1 proteins, respectively, and i is indices for
analyzed residues. Intensities were measured for NMR signals from residues
that exhibit relatively strong, well isolated signals for both all-thiol and
disulfide states (i.e. those from Thr-22, Lys-29, His-31, Thr-51, and Gly-58
backbone amide groups and the Gln-21 side chain NH2 group).
Experimental pox data were fitted to1 − exp�−𝑘𝑜𝑥 (𝑡 − 𝑡0 )�, where kox
represents a pseudo-first-order rate constant for the oxidation of all-thiol
HMGB1, and t0 represents a time shift due to the difference between the
effective times and the mid-times for recording NMR spectra. This shift was
applied to the horizontal axis of the time course data shown.(b) kinetic rate
constants (kox) for HMGB1 at different concentrations (90, 135, 180, 225,
and 270 µM) in human serum. (c) decrease in the total intensity of NMR
signals from amide groups whose 1H/15N chemical shifts were unaffected by
oxidation. SOFAST-HMQC spectra recorded for 135 µM 15N-labeled
HMGB1 in human serum were analyzed. The curve represents the best fit to
𝑎 exp(−𝑘𝑐𝑙 𝑡), where kcl is a pseudo-first-order rate constant for HMGB1
clearance. The vertical axis represents the total intensity divided by a. A.U.,
arbitrary unit.
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HMGB1 is lower than micromolar, HMGB1 oxidation in vivo should occur in a
completely pseudo-first-order manner, and the half-life in vivo should be only slightly
shorter than what we observed in situ.

4.3.3 Clearance of HMGB1 in Serum
Our NMR data also provide kinetic information on the clearance of HMGB1 due
to protease activities in extracellular fluids. Figure 4.3c shows the time course of the loss
in total intensity of NMR signals whose positions (i.e. 1H/15N chemical shifts) were
unaffected by the oxidation. The HMGB1 band in SDS-PAGE became weaker over hours
as well, which indicates that the decrease in NMR signal intensities is caused by a
decrease in the total amount of HMGB1. Apparent kinetic rate constants for HMGB1
clearance (kcl) were determined via monoexponential fitting with the time course data
shown in Figure 4.3c. The half-life of disulfide HMGB1 in serum was calculated as
−1
𝑘𝑜𝑥
𝑙𝑛2 to be 642 ± 49 min (Table 4.1). Interestingly, neither 1H-15N spectra nor SDS-

PAGE showed degradation products of HMGB1. These results imply that, once cleavage

occurs, HMGB1 molecules become highly susceptible to complete digestion by
extracellular proteases to an amino acid level.

4.3.4 Kinetics of HMGB1 Oxidation and Clearance in Saliva
Salivary gland cells are known to produce extracellular HMGB1.181 To examine
whether or not the molecular behavior of HMGB1 in saliva is similar to that in serum, I
also investigated oxidation and clearance of HMGB1 in saliva using the in situ protein
NMR approach. Interestingly, HMGB1 clearance in saliva was found to be 10-fold faster
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Figure 4.4 Kinetics of HMGB1 clearance (a) and oxidation (b) in human saliva measured
by in situ protein NMR. The clearance of HMGB1 in saliva was 10-fold
faster than that in serum (see Table 4.1). A.U., arbitrary unit.
Table 4.1

Half-lives of all-thiol HMGB1 and disulfide HMGB1 in extracellular fluids
measured by in situ NMR

Extracellular fluids

Oxidation
t1⁄2a

Clearance
t1⁄2b

min
min
17 ± 1
642 ± 49
Human serum
18 ± 2
65 ± 6
Human saliva
25
±
3
464 ± 41
RPMI 1640 medium _ 10% FBSc
PC-3M cell culture medium
30% cell confluencyd
27 ± 3
480 ± 48
60% cell confluencye
84 ± 3
>1500f
g
95% cell confluency
201 ± 6
>1500f
43 ± 2
>1500f
PC-3Mg + heparinh
g
i
289 ± 9
>1500f
PC-3M + glycyrrhizin
a
−1
Determined as 𝑘𝑜𝑥
𝑙𝑛2. This corresponds to the half-life of all-thiol HMGB1.
b
−1
Determined as 𝑘𝑐𝑙 𝑙𝑛2. This corresponds to the half-life of disulfide HMGB1.
c
Control for PC-3M data. No cells were cultured (see “Experimental Procedures”).
d
Extracellular fluid at a cell confluency of 30%.
e
Extracellular fluid at a cell confluency of 60%.
f
Too slow to determine.
g
Extracellular fluid at a cell confluency of 95%.
h
2.5 mM heparin octasaccharide dissolved together with HMGB1.
i
2.0 mM glycyrrhizin dissolved together with HMGB1.
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than that in serum (Figure 4.4a), whereas HMGB1 oxidation in saliva was as fast as that
in serum (Figure 4.4b). Thus, the function of different redox forms of extracellular
HMGB1 is very likely dependent on the nature of the extracellular fluid.

4.3.5 Kinetics of HMGB1 Oxidation and Clearance in Extracellular Fluids from Cell
Culture
Using the in situ protein NMR approach, we also investigated the kinetics of
HMGB1 oxidation and clearance in extracellular fluids from the culture of the prostate
cancer cell line PC-3M.174 Extracellular fluids at different cell confluences (0, 30, 60, and
95%) were analyzed. Interestingly, the oxidation kinetics were found to strongly depend
on the cell confluency. HMGB1 oxidation was slower at a higher confluency (Figure
4.5). At the highest confluency, the halflife of all-thiol HMGB1 was longer than 3 h
(Table 4.1), suggesting a more hypoxic environment in the extracellular fluid. In such a
hypoxic environment (e.g. in cancer), slow oxidation can suppress the role of disulfide
HMGB1.

4.3.6 Impact of Exogenous Ligands on the Oxidation of HMGB1
Since blockade of extracellular HMGB1 signaling was shown to be effective for
suppressing tumor growth and metastases,166 a large number of strategies to block
HMGB1 signaling have been proposed for therapeutics of cancer and inflammatory
diseases.160,161,182-186 Compounds that directly bind to HMGB1 were discovered
previously. Among them are glycyrrhizin and heparin.187-190 Using extracellular fluids
from PC-3M cell culture (95% confluency), I investigated the impact of these compounds
on the oxidation and degradation of HMGB1. The dissociation constant (Kd) for the
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Figure 4.5. HMGB1 in extracellular fluids from PC-3M cells. (a) oxidation kinetics of
HMGB1 in extracellular fluids from cultures of the prostate cancer cell line
PC-3M studied by in situ protein NMR. Oxidation of HMGB1 was slower at
higher cell confluency (CC). (b) images of the cultures when the
extracellular fluids were sampled. The total time of incubation at 37 °C was
identical for all of the cell culture samples (see “Experimental Procedures”).
Different cell confluences were achieved by using different amounts of
seeding.
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HMGB1-glycyrrhizin complex was reported to be 156 ± 3 µM.190 By NMR-based
titration, we determined the Kd for the HMGB1-heparin octasaccharide complex to be
259 ± 72 µM (Figure 4.6). For these ligands, we compared the kinetics of HMGB1
oxidation for free and ligand-bound HMGB1 in PC-3M extracellular fluids. In these
experiments, the concentrations of glycyrrhizin and heparin were 2.0 and 2.5 mM,
respectively, at which >90% of HMGB1 should be bound. The oxidation time course data
for these samples are shown in Figure 4.7, and the half-lives determined from the data are
shown in Table 4.1. Although both glycyrrhizin and heparin are inactive in terms of
thiol/disulfide redox chemistry, the binding of these compounds significantly affected the
oxidation of HMGB1. The binding of heparin was found to promote the oxidation by 4fold. It is well known that HMGB1 undergoes conformational equilibrium between the
open and closed states via intramolecular interactions between the C-terminal acidic tail
and A/B domains.179,180 Because heparin is also highly negatively charged,
HMGB1/heparin interactions may weaken intramolecular interactions between the Adomain and the acidic tail and increase the exposure of the pair of the Cys-23/Cys-45
thiol groups, thereby enhancing their oxidation. On the contrary, glycyrrhizin binding to
HMGB1 was found to slow HMGB1 oxidation by ~1.4-fold (Figure 4.7). According to
the NMR-based structure model of the HMGB1-glycyrrhizin complex of Mollica et
al.,190 glycyrrhizin bound to HMGB1 covers the regions of the Cys-23 and Cys-45 side
chains, and so glycyrrhizin may block oxidant accessibility to the Cys-23/Cys-45 thiol
groups. A computational study suggested that the HMGB1/glycyrrhizin interactions
could be non-directional and dynamic,189 which may weaken the protection of the thiol
pair from oxidants. Our present data suggest that non-redox-active ligands can regulate
HMGB1 oxidation.
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Figure 4.6. HMGB1/heparin interactions observed by NMR. (a) 1H-15N transverse
relaxation optimized spectroscopy spectra recorded at 37 °C for 135 µM allthiol HMGB1 in the presence of heparin octasaccharide at different
concentrations. The samples were dissolved in 20 mM Tris-HCl (pH 7.5),
120 mM NaCl, and 5 mM DTT. (b) determination of the dissociation
constant (Kd) from 1H and 15N chemical shifts as a function of heparin
concentration. The titration data, together with the best fit curves, are shown
for three residues whose signals are indicated in (a). Fourteen signals from
residues showing large chemical shift perturbation were analyzed, from
which the Kd was determined to be 259 ± 72 µM.
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Figure 4.7. Impact of ligand binding on HMGB1 oxidation in extracellular fluids from
PC-3M cell culture (95% cell confluency). Time courses of oxidation
obtained from in situ protein NMR data are plotted. ○, data for the sample
without ligands; ♦ and ■, data for the samples containing heparin
octasaccharide (2.5 mM) and glycyrrhizin (2 mM), respectively.

89

4.4 DISCUSSION
4.4.1 Relevance to Inflammation
All-thiol HMGB1 is considered to recruit leukocytes in inflammation.162,170,171
Venereau et al. found that this role is associated with the binding of the all-thiol
HMGB1-CXCL12 heterodimer to CXCR4 on leukocytes. In this study, we have shown
that the half-life of all-thiol HMGB1 is only ~17 min in serum. Our data suggest that the
half-life can become even shorter via interactions with heparan sulfate, which is
structurally analogous to heparin and highly abundant on the cell surface. To recruit
leukocytes, the binding of the all-thiol HMGB1-CXCL12 heterodimer to CXCR4 should
occur rapidly before the HMGB1 molecule is oxidized. Heterodimer formation with
CXCL12 may protect HMGB1 from oxidants. This is possible, as we found that the
binding of ligands significantly modulates the kinetics of HMGB1 oxidation. Because of
the short half-life of all-thiol HMGB1, most of the extracellular HMGB1 molecules at the
injury site should be disulfide HMGB1 when leukocytes arrive as a result of the
chemoattractant activity of all-thiol HMGB1. Disulfide HMGB1, but not all-thiol
HMGB1, is capable of activating the leukocytes and triggering the release of proinflammatory cytokines/chemokines.162,170,171,173 In this sense, the short half-life of allthiol HMGB1 in serum seems advantageous for the timely switching of HMGB1 function
in inflammation.

4.4.2 Variations in the Half-lives of HMGB1 in Different Extracellular Fluids
We found large variations in the half-lives of HMGB1 in different extracellular
fluids. For example, the half-life of all-thiol HMGB1 in PC-3M cell culture medium
(95% confluency) was as long as ~3 h, whereas those in serum and saliva were ~17 min.
Because all experiments were conducted under ambient oxygen pressure, the kinetic
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variation in HMGB1oxidation can be largely due to different levels of redox factors
intrinsically present in individual fluids. Our data also indicate that the half-lives of
disulfide HMGB1 in serum and saliva differ by 10-fold, most likely due to different
degrees of protease activity. These data suggest that the balance between the roles of allthiol HMGB1 and disulfide HMGB1 depends significantly on the extracellular
environment.

4.4.3 Potential Application of in Situ Protein NMR
This work has demonstrated that in situ protein NMR can provide important
insights into the molecular behavior of a particular protein in actual extracellular fluids.
The NMR data for 15N-labeled HMGB1 in human serum provided information specific to
the behavior of HMGB1, although serum is a molecular crowding fluid with an enormous
number of different proteins (60–80 mg/ml) and metabolites. Requiring only 0.50 ml of
fluid, in situ protein NMR can potentially be used to investigate the molecular behaviors
of extracellular proteins in various clinical specimens (e.g. serum, saliva, mucus, etc.). By
more detailed analysis, this method has a potential to provide accurate information on
proteins' characteristics at pseudo-atomic and atomic resolution, and as a result enabling
us to validate observations obtained through in vitro experiments.
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CHAPTER 5:
Conclusion and Future Directions

Understanding the relationship between protein dynamics and functional kinetics
is of fundamental importance in biological sciences. Due to various technical and
methodological problems, this relationship remains poorly understood. In this project we
pursued three specific aims: 1) to develop methods for protein dynamics analysis on
atomic resolution; 2) to elucidate the role of protein dynamics in translocation kinetics;
and 3) to find new ways for analysis of protein characteristics in biological fluids. Each
of these aims gave us additional understanding of dynamics/function relationship.
For Aim 1, we have developed a novel NMR based method for elucidating the
side-chain dynamics of lysine residues. Protein amino-acid side-chains play an essential
role in proteins' function. Due to technical difficulties and lack of appropriate biophysical
methods, hydrogen-bonding dynamics involving side chains and its role in proteins'
function had not been well understood. Our new methods allow us to gain direct insight
into functionally important dynamics of lysine side chains in proteins.
On the basis of 1H/13C/15N heteronuclear correlation experiments selective for
lysine NH3+ groups, we analyzed three different types of long-range
constants: one between
carbonyl

13

15

Nζ and

13

15

N-13C J-coupling

Cγ nuclei (3JNζCγ) and the other between

15

Nζ and

C' nuclei across a hydrogen bond (h3JNζC'). Three bond J-couplings can be

interpreted using Karplus equation (chapter 2.3.1), according to which J-coupling is
expressed as a function of dihedral angle and three constants (Karplus parameters A, B
and C). Initially, we used dihedral angles from ubiquitin's crystal structure and previously
reported Karplus parameters to see the correlation between calculated and experimental
J-couplings. As expected, correlation between these two was quite poor. But when we
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used ensemble average 〈 3𝐽NζCγ 〉 calculated from the χ4 angles sampled during a 1 μs MD
simulation, we saw significant improvement in correlation with experimental data. This
result indicated that lysine side chains have a very dynamic nature and simple use of
conformations from crystal structure for analysis of experimental data can be unappropriate and might result in misinterpretation of data.
After, we used the same approach to measure J-coupling between lysine 15Nζ and
13

C' of another residue. Relatively low values of J-coupling indicated a dynamic and

transient nature of these hydrogen bonds, but the fact that they were measurable, was a
clear evidence of their existence. Our results were in excellent agreement with crystal
structure, which also indicated that side chains of these lysine are in involved in hydrogen
bonding. This work shows that our method can be used for other systems to get deeper
insight into protein intra- and intermolecular interactions. Our method can also be applied
to other residues, such as arginine's guadino groups.
For Aim 2, we have elucidated the role of domain motions in translocation of Egr1 on nonspecific DNA during target search process. NMR based dynamic studies of Egr1's behavior in complex with specific and nonspecific DNA revealed very interesting
characteristics of this protein: our experiments demonstrated that while in specific
complex all three zinc fingers of Egr-1 are firmly attached to DNA, in nonspecific
complex ZF1 domain exhibits flexible motions and is mainly dissociated from DNA and
ZF2 and ZF3 remain attached to DNA in a way similar to specific complex. In order to
understand the role of ZF1's flexibility in Egr-1's translocation, we designed mutant Egr-1
proteins, for which we were able to modulate domain dynamics. More specifically, the
first mutant exhibited no domain flexibility in nonspecific complex (type 1), in the
second mutant we diminished ZF1's flexibility, but made ZF2 flexible (type 2), and
finally in ZF3 we made both ZF1 and ZF3 flexible (type 3). Kinetics studies of Egr-1's
translocation on DNA strongly suggested that domain dynamics plays important role in
Egr-1's translocation on DNA.
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To demonstrate more medical application of our findings, we created Egr-1/FokI
fusion protein constructs using wild-type and type-1, -2 and -3 mutants. Zinc-finger
protein fusions with FokI nuclease domain (ZFNs) are extensively tested for use in
human gene therapy for treatment of various viral diseases. Though ZFNs give very
promising results in some cases (e.g. treatment of HIV virus through CCR5 gene
mutation), they still have some major problems. Many groups have problems with
designing effective ZFNs, as they often exhibit low efficiency in target DNA cleavage, or
have high toxicity, in other words high nonspecific cleavage activity. We hypothesized
that one of the problems in ZFN technology could be the way zinc finger domains are
selected. Since zinc-finger domains are selected based only on their high affinity towards
target site, they are biased towards specificity, but lack necessary means for rapid
translocation on DNA. We studied DNA cleavage activity of our Egr-1/FokI proteins and
found that constructs with flexible zinc-finger domains exhibited considerably high
activity compared to construct without flexible zinc fingers. As mutations in zinc fingers
should not affect ZFN's cleavage activity, these data suggest that different cleavage
activity is caused by difference in DNA translocation kinetics, though we need to do
some additional kinetics experiments for confirmation. In other words, our results suggest
that enzymatic activity can be modulated and improved through modulation of its zincfinger domains' dynamics.
In the future, it should be examined whether Egr-1 truly forms a bridging
structure between two DNA molecules, or is the difference in DNA translocation
between wild-type and mutant Egr-1's caused by other factors. Also, using stopped-flow
fluorescence experiments we want to confirm different target search kinetics for different
Egr-1/FokI constructs. We demonstrated that our approach was effective in improvement
of Egr-1/FokI's DNA cleavage activity, but Egr-1 is a natural protein, which is already
optimized for rapid target search. Our next step should be testing effectiveness of this
approach for ZFNs used in clinical studies. As artificial ZFNs are designed to have very
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strong DNA binding, it might be necessary to take more drastic measures to improve
their activity. And finally, it is also important to test our constructs in cell. There are
several standard ZFN assays, which can be used to check whether our ZFN constructs
exhibit same kinetic differences in cells, that they have in vitro.
For Aim 3, we have presented a novel in situ methods for analysis of protein
characteristics in biological fluids. Using high-mobility group box 1 (HMGB1) protein,
we demonstrated how our method can be used to elucidate proteins' functional properties
in various biological fluids. We investigated HMGB1's oxidation and clearance rates in
human saliva, human blood serum and in extracellular fluids collected at different cell
confluences of PC-3M prostate cancer cells. Our results showed that using this in situ
method one can easily and accurately determine these rates (average error in oxidation
rates was ~7%). Results also indicated that oxidation and clearance rates strongly depend
on the environment. To our knowledge, our paper published in the Journal of Biological
Chemistry, where we described this method, is the first work where the oxidation speed
of HMGB1 was presented. This information is valuable for drug development since
HMGB1 has been a potential target for therapeutic treatment. Our in situ method could
also be used for medical diagnostics. Different diseases disturb balance of anti-oxidant
and pro-oxidant species in blood. HMGB1's oxidation kinetics in blood serum from
different patients could be used to detect such abnormal anti-oxidant/pro-oxidant levels.
This method can potentially be used to study any other protein which will give
appropriate quality NMR spectra in biological fluids. Also, it is possible to do more
detailed, pseudo-atomic resolution dynamics analysis of proteins in biological fluids.
In conclusion, we have successfully achieved our three specific aims. Through the
three projects described in this dissertation, we have gained better knowledge and
methodology to answer the central question: what is relationship between protein
dynamics and its functional kinetics? In order to find an answer for this question, it is
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Figure 5.1 Only through simultaneous use of several orthogonal approaches is it possible
to gain deeper insight into protein dynamics/function relationship.
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essential to realize the importance of pursuing this question from different angles (Figure
5.1). For example, in chapter 2 we elucidated the dynamics of hydrogen bonds involving
lysine side chains. Lysine side chains play an important role in proteins' binding to DNA.
For protein to translocate from one nonspecific site to another, it needs to break all of its
bond. By detailed analysis of hydrogen bonds between Egr-1 and DNA, we will gain
deeper insight into determinants of Egr-1's domain dynamics and its translocation
kinetics. And the timescale and population of hydrogen bonds provide valuable
information for prediction of kinetics of facilitated DNA scanning mechanisms, such as
sliding and intersegment transfer. Also, in situ NMR method described in chapter 4 can
be used to analyze Egr-1's dynamics in more natural environment, to verify in vitro
observations. Nonspecific interactions and crowding could significantly alter our results,
therefore verification of in vitro experimental results in biological fluids is essential. With
our current method, sensitivity of J-coupling measurements of hydrogen bonds in
biological fluids would be very poor, but further modification of our methods could make
it possible to gain atomic resolution data on protein side chain dynamics in natural
environment. There remain still many issues to be addressed in order to gain full
understanding of protein dynamics/function relationship, but by pursuing the three aims
described in this project, we have made a significant progress to improve our knowledge
on this relationship.
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