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Abstract

Analysis of specific interactions between lactose repressor protein and DNA

Title by molecular simulations based on classical MD and ab initio fragment MO methods

(800 words)

The transcription of genetic information from DNA to mRNA is the first and essential process in a series
of mechanisms for gene expréséion. In all living organisms, the transcription is precisely regulated by
many types of regulatory proteins as well as small ligand molecules to respond to the perpetual change of
biological conditions in a cell. Lactose repressor (LacR) is one of the regulatory proteins and controls the
transcriptional mechanism in a ligand-dependent manner. Although the ligand-binding to LacR was found to
change the mechanism drastically, the effect of ligand-binding on the conformation of LacR-DNA complex
has not been clarified at atomic and electronic levels. LacR generally regulates the transcription mechanism
by binding to the specific site of DNA. On the other hand, the binding of inducer such as lactose ahd IPTG
(Isopropyl-B-D-thiogalactopyranoside) to DNA weakens the binding affinity between LacR and DNA,
leading to the separation of LacR from DNA. As a result, the transcription is started, and some lactose
metabolizing enzymes are synthesized to metabolize lactose. In contrast, when anti-inducer such as ONPF
(o-nitrophenylfucoside) binds to LacR, the binding affinity between LacR and DNA is enhanced and the
transcription is more regulated by LacR. The transcriptional regulation mechanism of LacR is well known as
mentioned above. However, it is difficult to explain the mechanism by the change in interactions between
LacR and ligand, because the distance between the ligand binding site and the DNA binding site of LacR is
about 30 A. Hence we considered that it is needed to investigate draétically structural change of LacR for
| explaining the mechanism.
| In this study, we first obtained the structure of the complex with LacR, DNA, anti-inducer ONPF from

PDB (PDB code: 1EFA) and constructed the monomer and the dimer of the LacR-ONPF+DNA complex.
The structures of the monomer and the dimer of the LacR+DNA complex, which is the complex without
ligand, were constructed by deleting ONPF from the monomer and the dimer of LacR-ONPF+DNA. And
then the monomer and the dimer of the LacR-IPTG+DNA complex were constructed by adding IPTG to the
nionomer and the dimer of the LacR+DNA complex. The ‘position of IPTG was determined based on the
experimental structure of the complex with the dimer LacR and IPTG (PDB code: 2P9H), which do not
include DNA and the DNA binding domain of LacR. Solvating water molecules were ‘added to these six
complexes, and the solvated structures were optimized by the classical molecular mechanics (MM) method
based on AMBER99SB-ILDN and TIP3P force fields, and the 30 ns molecular dynamics (MD) simulations
were performed at 300 K under the periodic boundary condition to elucidate the conformational change of

the complex. Furthermore, 4b initio fragment molecular orbital (FMO) calculations performed to investigate




their electronic states énd specific interactions between LacR and DNA.

After the MM and MD simulations, the structures of the ligand pocket and the DNA binding domain of
LacR are changed by the ligand-binding. And we investigated the conformational change and the
interaction energies between ligand, amino acid residues of LacR, and solvating water molecules to
elucidate the important amino acid residues for binding the ligand. Both of the IPTG and ONPF ligands
form some hydrogen bonds to Aspl49 and Asn246 of LacR. These residues were also indicated as
important amino acid residues by the previous experiments. Especially Asp149 is important because it
does not form hydrogen bond to the ligand, but interacts with the ligand electrostatically (the interaction
energy is about -40 kcal/inol). And our simulations also clarified that some water molecules are important
for binding between tﬁe ligand and LacR. For example, Asp274 of LacR interacts repulsively with ONPF
(18.1 kcal/mol). However, Asp274 and ONPF interact with a common water molecule by -27.4 kcal/mol
and -6.4 kcal/mol energies,.respecti'vely. As a result, Asp274 and ONPF interact attractively to each other
through the common water molecule. The analysis for the DNA binding domain of LacR clarifies that
Arg22 of LacR is important for the binding between LacR and DNA. Arg22 interacts electrostatically with
Thyminel4 and Guaninel5 of DNA. Some experiments also reported that Arg22 is important for the
specific recognition between LacR and DNA. Furthermore, we elucidated that the side-chain of Arg22 is
also important because the interaction energies betWeen Arg22 and these DNA bases are dependent
significantly on the direction of Arg22 side-chain.

The structural analysis of the dimer complex elucidates a new mechanism explaining the effect of
ligand-binding on the conformation of LacR+DNA complex. We investigated the change in hydrogen bonds
around the ligand-binding to the DNA binding domains of LacR. As a result, both ligands form some
hydrogen bonds with the amino acid residues of LacR which exist on DNA side. These amino acid residues
links DNA binding domain of other side monomer LacR in some hydrogen bonds. Therefore, we expected
that these links shift with changing shape of ligand pocket. And difference of both the ligands is its volume
and the position of interaction with amino acid residues of LacR. Thus this difference fs the cause of turning

the transcriptional mechanism.




