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Almost all biological processes ultimately rely on conformational fluctuations and
changes in proteins. These protein dynamics are complex and fascinating, occurring on
a wide range of timescales from subpicoseconds to seconds and longer. Despite the
limited accessible timescales of most all-afom molecular dynamics (MD) simulations,
with timescales of a few hundred microseconds, the MD simulations can reveal the
protein structure and dynamics in atomic detail, which are difficult to be obtained from
experiments. Herein, the structure and dynamics in model transmembrane peptide,
polytheonamide B (pTB), are investigated theoretically using all-atom MD simulations.

The pTB is a potent cytotoxic peptide obtained from the marine sponge Theonella
swinhoei. The potent cytotoxicity of pTB is related to its channel-forming activity
across the target cell membranes. The pTB consists of 48-residues and is the most
heavily posttranslationally modified biomolecule known at present. The pTB has
several unique structural features. First, pTB has alternate D- and L-amino acids
throughout the sequence, allowing the peptide to take a right-handed PB®3-helical
conformation. Second, there are eight types of unnatural amino acids in pTB: fB-
hydroxyvaline, tert-leucine, y-N-methylasparagine, y-N-methyl-threo--
hydroxyasparagine, B-methylglutamine, B-methylisoleucine, B,B-dimethylmethionine
sulphoxide, and allo-threonine. As a result, 23 residues in pTB are unnatural amino
acids. Third, the N-terminal of pTB is capped by a highly hydrophobic 5,5-dimethyl-2-
oxo-hexanoyl group. In addition, the hydrophobicity of the residues decreases gradually

from the N-terminal to the C-terminal. Furthermore, the pTB channel has unique tertiary



structural features. The pTB has a long side chain - side chain hydrogen bond strand
outside the pore, starting from the middle of the N-terminal half up to the C-terminal.
The 40 A long pTB can spontaneously insert into the target cell membrane and works
as a monomeric channel. It has been reported in experiments that the pTB channel
allows permeation of monovalent cations with the ionic current in the order of H" > Cs*
> Rb* > K" > Na* > Li". However, the ion permeation mechanism of the pTB channel
has not been well understood both experimentally and theoretically. In the present Ph.D.
thesis, the structure, fluctuations, and dynamics of pTB channel and solvent molecules
inside the channel in different environments; and the energetics and dynamics of
membrane insertion of pTB are investigated theoretically at the molecular level.

It has been suggested that the collective dynamics of water molecules inside ionic
channels have a significant role in permeating ions through the channels. So, in Chapter
1, as a first step toward understanding the ion permeation mechanism of the pTB channel,
the structure, fluctuation, and dynamics of pTB itself and solvent molecules inside pTB
in three different environments, water, POPC bilayer, and 1:1 chloroform/methanol
mixture, are investigated. Since there are eight non-standard residues in pTB, the
molecular parameters for these residues are developed prior to the MD simulations. The
newly determined parameters are validated by comparing the average structure of pTB
calculated in the mixed solvent with the NMR-derived structure in the mixed solvent.
The current study reveals that the water molecules inside the pTB channel show
collective motions, both translationally and orientationally, due to the strong hydrogen
bonds between neighboring water molecules. It is found that the motions of methanol
molecules inside the channel are not correlated because of the absence of strong
hydrogen bonds between adjacent methanol molecules.

In Chapter 2, the spontaneous m;ambrane insertion of pTB, which is important for
understanding its cytotoxicity, is investigated. The process of spontaneous membrane

insertion of transmembrane peptides is crucial for toxin actions, viral infections, and



antimicrobial defense. The understanding of the mechanism of membrane insertion is
essential for the development of novel therapeutic drugs against bacterial and viral
infections. However, the mechanism of this process is not clearly understood yet. The
pTB is one such potent cytotoxic peptide that sponianeously inserts into the target cell
membranes, and is an ideal model transmembrane peptide to explore the underlying
molecular mechanism of the insertion process. The free energy calculations using the
replica-exchange umbrella sampling simulations present an energy cost of 4.3 kcal/mol
located at the membrane surface for the membrane uptake of pTB from bulk water. The
simulation results support the experimental observation of the spontaneous membrane
insertion of pTB led by the hydrophobic N-terminal. It is found that the insertion of
pTB proceeds with only the local lateral compression of the membrane, in three
successive phases: “landing,” “penetration,” and “equilibration” phases. Depending on
whether or not pTB is trapped in the upper leaflet of the membrane during the
penetration phase, the insertion process can occur in two possible pathways, namely
“trapped” and “untrapped” insertions. The mechanism of the spontaneous “vectorial
insertion” of pTB can be exploited to design new peptides and therapeutic drugs of
similar features.

The cytotoxicity of pTB is related to its channel activity, e.g., motions of ions and
water molecules, across the target cell membrane after spontaneously inserting into the
membrane. Therefore, the above studies summarized in the present Ph.D. thesis

contribute to the molecular understanding of the cytotoxicity of pTB.
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VRIEOBERIAT IV ADORBMRBEOCHBGERALNCTIZENTE, &b,
ERLBREMET I ENFARERBARMERETH S,

polytheonamide B (pTB) (X¥E#Hf Theonella swinhoei 7 b B BN B MMAEEME~RTF KT
bV, EORNIMBEEIIEO L R AMBEICT ¥ 2L ERRT HIEEICEEL TV,
A8 FREMNDLRY 40A DRIRVESIORMW2HEEELE TS pTB ik, FEAMBROIEIZ
BENCEATOIZENTE, HEFROF v XL L LTHET 2, TRETOERNDL,
pTB F ¥ XA — i h FA 2 2FBL, H > Cs* > Rb* > K" > Na' > Li'®JEIZ 1 A > 28
FRINRTVWZ ERREINL TS, LirL, pTBOBREMEFRABLVA F VFRO
MR F AN =ALIEHAIATHRY, HEZIAE LRI BT, BR258BET
IZB1T3 pTB Fr AL EF ¥y IV ANORES T O#KE, BLE, ¥4 T 72 %2KT
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BEOFFNTA—FEHLICHEL, HECIVBON-HBELREGEBER S O EREE
ZUHBT A EICLVEBINEATA—FDORIEEZITToTWD, £/, pTB F ¥ XIVH
DRFFREET LA TROBOKRRASICL Y BEB L ORAOEANRETE2 T 5
TEEHLMNIILTWVWS, XHIZ, METHIAY ) Ao THIOKE/-EEEIFVED, F
¥ RANEBO AL/ — AT OEBICITMEERR VW EEFRLNICLTWVWD,

BZW T, pTB OMIAHEM AL EMT 2 L THEHEL 22 pTB ® BRI AZBEFEAIZONT
FARTWD, VIUVARBRT T LIy FY) v vIiab—vareAnWkEERZ RNV
XF—HEBEICLY, Kb b pITB BEICRVAFNIBOEHRZRIAF—a2 X MEH



4kcal/mol THHZ EEZHLNIZLTWD, ZOREE, BAMED N RIBIZE2N T pTB
BHERICEICHEAINDG LW ERFEREZ2 IR IT2b0THD, BER=IAFT—HEHE
UMD YIalb—varofEns, pTBOAIL IF#) TEBA] TEM o350
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CEBRDIREZ S S OEICHA L% O pTB O A XN/ S <, BEEAICBWT
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