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Evaluation Report for Doctoral Thesis

Title : Molecular dynamics study of selective binding of supercoiled-DNA recognition peptide with
spatially crossover DNA

Applicant : Hiroshi Nishigami

1. Abstract of the thesis

Supercoiled DNA is a higher order helical structure of double-stranded (ds) DNA, which is induced
by incorporation of additional twists in the double helical DNA structure. Supercoiled DNA is closely
relevant to various biological functions, such as transcription, replication, repair, recombination, and
chromatin remodeling. In particular, supercoiled DNA is preferentially formed in active transcriptional
regions in nuclei. A nucleus factor, lens epithelium-derived growth factor (LEDGF), recognizes and
selectively binds to the supercoiled DNA, and thereby recruits other proteins to the active transcriptional
regions. Moreover, LEDGF is a cellular cofactor of HIV-1 integrase that promotes the viral
integration by tethering the preintegration complex to the chromatin.

LEDGEF selectively binds to the spatial crossover configuration form by DNA duplexes, which is a
local structure found in the supercoiled DNA. The DNA-binding domain of LEDGF, referred to here as
the supercoiled DNA recognition (SDR) domain, is composed of the conservative Lys and Glu residue
clusters, i.e., (Lys)o(Glu)o(Lys)e. Surprisingly, some isolated polypeptides, which were extracted from
the SDR domain, such as (Lys)o(Glu)o(Lys)s, preserve the comparable selectivity for the supercoiled
DNA. In particular, a characteristic sequence, (Lys)o(Glu)o(Lys)o, is referred to here as SDR peptide,
since it also exhibited the selectivity to the supercoiled DNA. Mr. Nishigami employed advanced
methods of molecular (MD) dynamics simulation in terms of (i) the isolated SDR peptide, (ii) the
isolated DNA crossover, and (iii) their complex, in order to understand mechanisms of the selective
binding between the SDR peptide and the DNA crossover in the supercoiled DNA that is dependent on
the Mg?* concentration.

Concerning the isolated form of SDR peptide, previous biochemical experiments suggested that it
takes the random coil state. However, MD simulations coupled with a generalized ensemble method
(replica exchange MD) indicated that a substantial amount of helical structures was found in the
boundary regions between Lys and Glu residue segments. In the present study, the helical content of the
(entire) SDR peptide was compared with that obtained by the circular dichroism (CD) spectroscopy,
and thereby both were elucidated to be comparable. So, he analyzed the conformational ensemble of
the helical structures obtained by the advanced MD simulations, and revealed that the hybrid
electrostatic/hydrophobic contacts that were formed in Lys-Glu residue pairs were responsible for
formation and stabilization of the helical structures. Moreover, the bioinformatics analysis of the Protein
Databank (PDB) indicated that the hybrid contacts were also identified to contribute to the stabilization
of the helical structures found in various conventional protein structures.

As for the DNA crossover, standard and free energy MD simulations were performed at various
Mg** concentrations to evaluate the stability of the crossover configurations of the DNA duplexes. As
a result of the analysis, roles of Mg?" on the DNA crossover were summarized as follows; i.e., i) the
specific coordination of Mg?" contributes to formation of the most stable crossover configurations of
the DNA duplexes (this effect is independent of Mg** concentrations), and ii) the non-specific
electrostatic atmosphere effects of Mg®" regulate the dissociation free energy of the crossover
configurations of two DNA duplexes of the DNA duplexes (AGyg; i.e., affinity) (this is dependent on
Mg** concentrations). The obtained free energy profiles indicated that the ratio of the populations
between the dissociated and associated DNA duplexes significantly increased at ~40 mM of Mg>"



concentration (the critical concentration). This is consistent with previous experimental data, which thus
provided the thermodynamic and atomistic understandings concerning these experimental data.

Furthermore, docking MD simulations to build the complex of the SDR peptide and the DNA
crossover were performed, and thereby showed that four SDR peptides could bind to the DNA crossover
in a symmetrical manner. This was consistent with the present CD spectroscopy measurement.
Moreover, the binding free energy of the SDR peptide with the DNA crossover was, by ~3 kcal/mol,
less than that with a single DNA duplex. This result was consistent with the experimental observation;
in fact, the selectivity of the SDR peptide toward the supercoiled DNA is 10-fold. These structural
features imply the following picture: Binding of SDR peptide to the DNA crossover may stabilize its
crossover configuration of the DNA duplexes, which can thus promote binding of further three peptides.
This also provides an explanation of the cooperative binding of the SDR peptides and DNA crossover,
observed in the CD measurements.

In this manner, Mr. Nishigami theoretically revealed the characteristic features observed in the
conformational ensemble of the SDR peptide (in the free state), the DNA crossover, and the structure
of their complex. Based on these data, he elucidated the mechanism of the selective binding of SDR
peptide and crossover DNA at the atomic structural level.

2. Evaluation of the thesis and the final examination

Recent studies have indicated that formation of supercoiled DNA is relevant to various biological
functions, and thus the structural features of supercoiled DNA are involved in the regulation of those
biological functions. In particular, it has been elucidated that supercoiled DNA is closely relevant to the
transcriptional regulations, and thus this issue has recently been studied intensively. However,
interactions of supercoiled DNA with transcription factors and mechanisms of the formation of their
complexes have not been elucidated up to date enough to understand the structural basis of their
functional mechanisms.

In this thesis, for each of DNA crossover and SDR peptide, the structural stability was theoretically
and quantitatively analyzed by computationally evaluating the free energy values. For their complex
formation and selective bindings, thermodynamical and structural mechanisms were analyzed. Thus,
this study elucidated the mechanisms of recognition between DNA crossover and SDR peptide based
on fundamental principles, and thereby includes cutting-edge achievements in the frontier of combined
biophysics and molecular biology fields. So, this study could be a solid basis of future works to
understand the mechanisms of topology and structural dynamics of genome DNA on the basis of
physical atomic-level interactions and fundamental principles, thereby contributing to the encompassing
understandings of the cellular functions and mechanisms.

Thus, the reading committee members listed below hereby state our full approval of the thesis
completed by Mr. Nishigami in fulfillment of the requirements for the degree of Doctor of Science in
the Graduate School of Life Science.

The committee also certifies that the applicant passed the final oral examination on his thesis and
related issues held on January 17 in 2019.

The chief examiner : Yoshiki Higuchi

The second readers : Hideo Nishitani

: Masaru Tateno

: Kazuhiko Yamasaki




(Biomedical Research Institute, National Institute of Advanced
Industrial Science and Technology, Senior Research Scientist)

: Bert de Groot

(Max Planck Institute for Biophysical Chemistry, Principal Investigator)
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Evaluation Report for Doctoral Thesis

Title : Molecular dynamics study of selective binding of supercoiled-DNA recognition peptide with
spatially crossover DNA

Applicant : Hiroshi Nishigami

1. Abstract of the thesis

Supercoiled DNA is a higher order helical structure of double-stranded (ds) DNA, which is
induced by incorporation of additional twists in the double helical DNA structure. Supercoiled DNA
is closely relevant to various biological functions, such as transcription, replication, repair,
recombination, and chromatin remodeling. In particular, supercoiled DNA is preferentially formed in
active transcriptional regions in nuclei. A nucleus factor, lens epithelium-derived growth factor
(LEDGF), recognizes and selectively binds to the supercoiled DNA, and thereby recruits other
proteins to the active transcriptional regions. Moreover, LEDGF is a cellular cofactor of HIV-1
integrase that promotes the viral integration by tethering the preintegration complex to the
chromatin.

LEDGEF selectively binds to the spatial crossover configuration form by DNA duplexes, which is a
local structure found in the supercoiled DNA. The DNA-binding domain of LEDGF, referred to here
as the supercoiled DNA recognition (SDR) domain, is composed of the conservative Lys and Glu
residue clusters, i.e., (Lys)o(Glu)g(Lys)e. Surprisingly, some isolated polypeptides, which were
extracted from the SDR domain, such as (Lys)e(Glu)e(Lys)g, preserve the comparable selectivity for
the supercoiled DNA. In particular, a characteristic sequence, (Lys)o(Glu)o(Lys)o, is referred to here as
SDR peptide, since it also exhibited the selectivity to the supercoiled DNA. Mr. Nishigami employed
advanced methods of molecular (MD) dynamics simulation in terms of (i) the isolated SDR peptide,
(i) the isolated DNA crossover, and (iii) their complex, in order to understand mechanisms of the
selective binding between the SDR peptide and the DNA crossover in the supercoiled DNA that is
dependent on the Mg”* concentration.

Concerning the isolated form of SDR peptide, previous biochemical experiments suggested that it
takes the random coil state. However, MD simulations coupled with a generalized ensemble method
(replica exchange MD) indicated that a substantial amount of helical structures was found in the
boundary regions between Lys and Glu residue segments. In the present study, the helical content of
the (entire) SDR peptide was compared with that obtained by the circular dichroism (CD)
spectroscopy, and thereby both were elucidated to be comparable. So, he analyzed the conformational
ensemble of the helical structures obtained by the advanced MD simulations, and revealed that the
hybrid electrostatic/hydrophobic contacts that were formed in Lys-Glu residue pairs were responsible
for formation and stabilization of the helical structures. Moreover, the bioinformatics analysis of the
Protein Databank (PDB) indicated that the hybrid contacts were also identified to contribute to the
stabilization of the helical structures found in various conventional protein structures.

As for the DNA crossover, standard and free energy MD simulations were performed at various
Mg?" concentrations to evaluate the stability of the crossover configurations of the DNA duplexes. As
a result of the analysis, roles of Mg”" on the DNA crossover were summarized as follows; i.e., i) the
specific coordination of Mg*" contributes to formation of the most stable crossover configurations of
the DNA duplexes (this effect is independent of Mg** concentrations), and ii) the non-specific
electrostatic atmosphere effects of Mg*" regulate the dissociation free energy of the crossover
configurations of two DNA duplexes of the DNA duplexes (AGy; i.e., affinity) (this is dependent on



Mg”" concentrations). The obtained free energy profiles indicated that the ratio of the populatlons
between the dissociated and associated DNA duplexes significantly increased at ~40 mM of Mg*
concentration (the critical concentration). This is consistent with previous experimental data, which
thus provided the thermodynamic and atomistic understandings concerning these experimental data.

Furthermore, docking MD simulations to build the complex of the SDR peptide and the DNA
crossover were performed, and thereby showed that four SDR peptides could bind to the DNA
crossover in a symmetrical manner. This was consistent with the present CD spectroscopy
measurement. Moreover, the binding free energy of the SDR peptide with the DNA crossover was, by
~3 keal/mol, less than that with a single DNA duplex. This result was consistent with the experimental
observation; in fact, the selectivity of the SDR peptide toward the supercoiled DNA is 10-fold. These
structural features imply the following picture: Binding of SDR peptide to the DNA crossover may
stabilize its crossover configuration of the DNA duplexes, which can thus promote binding of further
three peptides. This also provides an explanation of the cooperative binding of the SDR peptides and
DNA crossover, observed in the CD measurements.

In this manner, Mr. Nishigami theoretically revealed the characteristic features observed in the
conformational ensemble of the SDR peptide (in the free state), the DNA crossover, and the structure
of their complex. Based on these data, he elucidated the mechanism of the selective binding of SDR
peptide and crossover DNA at the atomic structural level.

2. Evaluation of the thesis and the final examination

Recent studies have indicated that formation of supercoiled DNA is relevant to various biological
functions, and thus the structural features of supercoiled DNA are involved in the regulation of those
biological functions. In particular, it has been elucidated that supercoiled DNA is closely relevant to
the transcriptional regulations, and thus this issue has recently been studied intensively. However,
interactions of supercoiled DNA with transcription factors and mechanisms of the formation of their
complexes have not been elucidated up to date enough to understand the structural basis of their
functional mechanisms.

In this thesis, for each of DNA crossover and SDR peptide, the structural stability was
theoretically and quantitatively analyzed by computationally evaluating the free energy values. For
their complex formation and selective bindings, thermodynamical and structural mechanisms were
analyzed. Thus, this study elucidated the mechanisms of recognition between DNA crossover and
SDR peptide based on fundamental principles, and thereby includes cutting-edge achievements in the
frontier of combined biophysics and molecular biology fields. So, this study could be a solid basis of
future works to understand the mechanisms of topology and structural dynamics of genome DNA on
the basis of physical atomic-level interactions and fundamental principles, thereby contributing to the
encompassing understandings of the cellular functions and mechanisms.

Thus, the reading committee members listed below hereby state our full approval of the thesis
completed by Mr. Nishigami in fulfillment of the requirements for the degree of Doctor of Science in
the Graduate School of Life Science.

The committee also certifies that the applicant passed the final oral examination on his thesis and
related issues held on January 17 in 2019.

The chief examiner : Yoshiki Higuchi

The second readers : Hideo Nishitani
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Review of PhD thesis of Hiroshi Nishigami

The PhD thesis of Hiroshi Nishigami presents a computational study of supercoiled DNA as
well as the structure and binding of a model peptide binding to supercoiled DNA.

After a brief introductory chapter, the second chapter deals with a model of the isolated
supercoiled DNA. It is found that out of several tested conformations, only the right-handed
crossover state is stable in MD. Moreover, the stability of the complex was found to strongly
depend on Mg2+ concentration. Using wmbrella sampling MD simulations, an association free
energy approaching -8 keal/mol was only achieved at Mg2+ concentrations of 40 mM, with
the Mg2+ stabilization effect being twofold. First, a specific, direct coordination of Mg2+
with the DNA adds to the crossover stabilization. Second, a water-mediated non-specific
binding further aids stabilization of the complex.

The third chapter describes the conformational preferences of a peptide composed of lysine
and glutamate residues that is used as a model system for a supercoiled DNA recognition
motif. Replica exchange molecular dynamies simulation results are presented for the KOE9K9
peptide test the hypothesis if such highly charged peptides are unfolded in solution or of
residual secondary structure is formed. Tt is found that under the chosen simulation conditions
and force field, a surprisingly large helical content is formed, in particular at the interface
regions between Lys and Glu stretched, presumably stabilized by electrostatic interactions.
The helical content is corroborated by accompanying CD spectrscopic experiments.

Subsequently, in chapter 4 the two systems are brought together and the binding mechanism
of the peptide to supercoiled DNA is studied. Umbrella sampling free energy calculations
are presented to assess the affinity of the complex, arriving at swrprisingly high binding free
energyes of 35-50 keal/mol. It was found that the peptide binds with a higher affinity to
supercoiled than to linear DNA, reportedly resulting from interactions of the Glu residues
in the DNA crossover. Also in the peptide binding to DNA, Mg2+ was found to have a
stabilizing effect, with the peptide showing a stronger binding to supercoiled DNA in the
presence than in the absence of Mg 24-.

The thesis ends with a concise discussion of the results. Overall, the thesis presents a signifi-
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cant contribution to the understanding of supercoiled DNA, its stabilization by supercoiled
DNA recognition peptides, and the conformational dynamics of these highly charged peptides.
The thesis is accompanied with a vast body of supporting analyses and controls, indicating
that Hiroshi Nishigami is capable of independently and successfully conducting scientific
research. I therefore recommend acceptance of the PhD thesis.

Sincerely,

Prof. Dr. Bert L. de Groot
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