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Abstract

Membrane proteins with one or a few transmembrane (TM) helices are abundant and
often involved in important TM-included signaling and regulation through formation of
hetero- and homo-oligomers. Especially, solid-state NMR (SSNMR) is a powerful
technique to describe the orientations of membrane proteins and peptides in their native
membrane bilayer environments. However, it is still challenging to obtain the structural
information of membrane protein. Since protein-lipid interaction and bilayer regulation of
membrane protein functions are largely controlled by the hydrophobic match between the
TM domain of membrane proteins and the surrounding lipid bilayer, the interplay
between the structure and the energetics of lipid and protein components of
biomembranes is one of long-standing interests in biophysics. Structural and dynamic
changes of the TM helices in response to a hydrophobic mismatch as well as molecular

forces governing such changes remain to be fully understood at the atomic level.

In this dissertation, to systematically characterize responses of a TM helix and
lipid adaptations to a hydrophobic mismatch, I have performed a total of 5.8-us umbrella
sampling simulations and calculated the potentials of mean force (PMFs) as a function of
TM helix tilt angle under various mismatch conditions. Single-pass TM peptides called
WALP were used in two lipid bilayers with different hydrophobic thicknesses to consider

hydrophobic mismatch caused by either the TM length or the bilayer thickness.

The deuterium (*H) quadrupolar splitting (DQS), one of the SSNMR observables,
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has been used to characterize the orientations of various single-pass TM helices using a
semi-static rigid-body model such as the geometric analysis of labeled alanine (GALA)
method. However, dynamic information of these TM helices, which could be related to
important biological function, can be missing or misinterpreted with the semi-static
model. The result in Chapter 3 demonstrates that SSNMR ensemble dynamics provides a
means to extract orientational and dynamic information of TM helices from their SSNMR
observables and to explain the discrepancy between molecular dynamics simulation and

GALA-based interpretation of DQS data.

Finally, this dissertation describes the influence of hydrophobic mismatch on
structure and dynamics of TM helices and lipid bilayers through molecular dynamics
simulation of Gramicidin A (gA) channel in various lipid bilayers. The structure and
dynamics of the gA channel as well as important lipid properties were investigated to

address the influence by various hydrophobic mismatch conditions.
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Introduction



1.1. Membrane Proteins and Hydrophobic Mismatch

A biological membrane represents complex, highly heterogeneous combinations of
various components such as lipids, cholesterol, peptides and proteins. The heterogeneity
of membrane is mostly observed in the presence of integrated proteins which have one or
several segments spanning across lipid bilayers. Membrane proteins play important roles
in many vital cellular processes, such as transmembrane (TM) signaling (1, 2), transport
of ions and small molecules (3-7), energy transduction (8, 9), and cell-cell recognition
(10). Therefore, it is not surprising that they make up about 30 % of the protein-encoding
regions of known genomes (11). In spite of their obvious importance, knowledge on the
structural properties of membrane proteins is still relatively sparse. As shown in Figure
1.1, the TM domain of most membrane proteins consists of one or multiple helices, and
their interactions with surrounding lipids are important determinants for membrane
protein structure and function. Understanding of membrane protein functions thus
requires not only the protein structural information, but also information on how the lipid

environments affect protein structure and organization.

The match between the hydrophobic length of the TM domain (Ltym) and that of
the lipid bilayer (Lrp) in Figure 1.2 has been recognized as a central feature in protein-

lipid interactions and bilayer regulation of membrane protein functions (12).

Hydrophobic Mismatch = L ,cosT - L, (1.1)



where T represents a tilt angle of TM helix (T is defined as the angle between the helical
principal axis and the unit vector along the Z-axis (13)). Hydrophobic mismatch occurs if
the Lty of the membrane protein does not match the Lyp of the membrane. The activity
of membrane proteins depends strongly on the hydrophobic thickness of the bilayer and
is often decreased in nonmatching situations (12, 14). As shown in Figure 1.2, this
hydrophobic mismatch can lead to stretching or compression of lipid bilayers and
proteins within the membrane or to tilting of TM helices to decrease the hydrophobic

height.

Due to the large size of membrane proteins, the response of the tilt angles (t) of
TM segments to hydrophobic mismatch has been studied by using smaller membrane-
spanning o-helical peptides for particular experiments. A hydrophobic mismatch has
been systematically investigated by changing the hydrophobic length of TM helices or
the hydrophobic thickness of lipid bilayers. In particular, to minimize the interaction
between TM helices, single-span peptides, such as WALP (GWW(LA),LWWA) and
KALP (GKK(LA),LKKA) containing poly-leucine/alanine flanked by tryptophan or
lysine, have been extensively used both in experimental (12, 15-20) and computational
(21-26) studies to characterize a main response to a hydrophobic mismatch as well as the
role of peptide-lipid interactions. However, in most cases this response was not sufficient
to fully compensate for mismatch. For example, “H NMR experiment suggested that the
tilt angle for WALP23 peptides increased from 5.2° in di-C14:0PC (DMPC) to 8.1° in di-

C12:0PC (DLPC) (17). Considering geometrics, this change in tilt angle would be too



small to compensate for the changes in bilayer thickness. Furthermore, these tilt angles
differ significantly from much larger tilt angles (~30°) observed in molecular dynamics

(MD) simulations (22, 24, 25, 27, 28).

The interplay between the structure and the energetics of lipid and protein
components of biomembranes is of long-standing interest in biophysics. Structural and
dynamic changes of the TM domain in response to a hydrophobic mismatch as well as
molecular forces governing such changes remain to be fully understood at the atomic
level. In particular, given the abundance of membrane proteins with a single-pass TM
helix and their association and conformational changes involved in TM-induced signaling

(29, 30), it is important and challenging to understand such properties quantitatively.



'Figure 1.1. Various membrane proteins. (A) Dimer of T cell receptor (PDB: 2HAC), (B)
M2 proton channel of influenza A (PDB: 2KWX), (C) Potassium channel KcsA (PDB:

1R3J), and (D) Mechanosensitive channel MscL (PDB: 20AR)

! From OPM database (http://opm.phar.umich.edu)
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Lp =>

<

Positive Mismatch

m .

Negative Mismatch

Figure 1.2. Schematic representation of possible hydrophobic mismatch conditions and
its lipid adaptations. (A) Positive mismatch condition. (B) Negative mismatch condition.
Ltm represents the length of hydrophobic segment in TM helix. Ly represents

hydrophobic thickness of lipid bilayer



1.2. Outline of Thesis

This dissertation mainly focused on understanding of the influence of hydrophobic
mismatch on structure and dynamics of TM helices and lipid bilayers. In Chapter 2,
through an umbrella sampling MD simulation, PMFs and trajectory analyses provide in-
depth understanding of detailed interplays of specific helix-lipid interactions in TM helix

tilting and lipid adaptations under various hydrophobic mismatch conditions.

In Chapter 3, the TM helix dynamics that is possibly embedded in solid-state
NMR (SSNMR) deuterium (*H) quadrupolar splitting (DQS) measurements is
determined and the long-standing discrepancy between MD simulation and experimental
interpretation on TM helix orientation and dynamics will be reconciled. The results in
Chapter 3 will demonstrate how to extract the orientational and dynamic information of

TM helices from their SSNMR observables.

Finally, in the last chapter, to explore the influence of hydrophobic mismatch on
the structure and dynamics of gramicidin A (gA) bilayer-spanning dimers (channels) and
channel-forming subunits as well as the lipids in the vicinity of the channel or subunit, I
undertook MD simulations on gA channels and monomers embedded in just one leaflet in
bilayers of different thickness. The simulations were done in the bilayers of different
hydrophobic thickness such as dilaurylphosphatidyl-choline (DLPC),
dimyristoylphosphatidyl-choline (DMPC), dioleoylphosphatidyl-choline (DOPC), and

palmitoyloleoylphosphatidyl-choline (POPC). The results show that the channel structure



varied little as the bilayer thickness is varied, meaning that the channel is relatively rigid,
and that lipid bilayer adapts to the bilayer-spanning channel. The lipid organization in the
vicinity of the dimer was unexpectedly complex, however, in the sense that the bilayer

thickness did not vary monotonically as function of distance from the channel.



Chapter II

Hydrophobic Mismatch with Free Energy Simulation Studies of

Transmembrane Helix’s Tilt and Rotation’

' Reused from Biophysical Journal, Tachoon Kim and Wonpil Im, 99. 2010. pp 175-183. Copyright (2010).
with permission from Elsevier Science.



Summary

Protein-lipid interaction and bilayer regulation of membrane protein functions are largely
controlled by the hydrophobic match between the transmembrane (TM) domain of
membrane proteins and the surrounding lipid bilayer. To systematically characterize
responses of a TM helix and lipid adaptations to a hydrophobic mismatch, we have
performed a total of 5.8-us umbrella sampling simulations and calculated the potentials
of mean force (PMFs) as a function of TM helix tilt angle under various mismatch
conditions. Single-pass TM peptides called WALP#n (n = 16, 19, 23, and 27) were used in
two lipid bilayers (dimyristoylphosphatidyl-choline and palmitoyloleoylphosphatidyl-
choline) with different hydrophobic thicknesses to consider hydrophobic mismatch
caused by either the TM length or the bilayer thickness. In addition, different flanking
residues, such as alanine, lysine, and arginine, instead of tryptophan in WALP23 were

used to examine their influence on TM helix orientation.

The PMFs, their decomposition, and trajectory analyses demonstrate that 1),
tilting of a single-pass TM helix is the major response to a hydrophobic mismatch; 2),
TM helix tilting up to ~10° is inherent due to the intrinsic entropic contribution arising
from helix precession around the membrane normal even under a negative mismatch; 3),
the favorable helix-lipid interaction provides additional driving forces for TM helix
tilting under a positive mismatch; 4), the minimum-PMF tilt angle is generally located

where there is the hydrophobic match and little lipid perturbation; 5), TM helix rotation is

10



dependent on the specific helix-lipid interaction; and 6), anchoring residues at the
hydrophilic/hydrophobic interface can be an important determinant of TM helix

orientation.

11



2.1. Introduction

The transmembrane (TM) domain of most membrane proteins consists of one or multiple
helices, and their interactions with surrounding lipids are important determinants for
membrane protein structure and function. Understanding of membrane protein functions
thus requires not only the protein structural information, but also information on how the
lipid environments affect protein structure and organization. The match between the
hydrophobic length of the TM domain and that of the lipid bilayer has been recognized as
a central feature in protein-lipid interactions and bilayer regulation of membrane protein
functions (12). Responses to an energetically unfavorable hydrophobic mismatch include
conformational changes of the TM domain, lipid adaptations by changes in bilayer
thickness and lipid chain order, and TM helix association (31). In particular, the changes
in TM helix tilt, kink, and rotation angles to relieve any mismatch are often considered
key conformational changes implicated in a switch between active and inactive
conformations of membrane proteins (32-34). However, structural and dynamic changes
of the TM domain in response to a hydrophobic mismatch as well as molecular forces
governing such changes remain to be fully understood at the atomic level. In particular,
given the abundance of membrane proteins with a single-pass TM helix and their
association and conformational changes involved in TM-induced signaling (29, 30), it is

important and challenging to understand such properties quantitatively.

Mainly due to experimental difficulties associated with membrane proteins of

12



multiple TM helices, our understanding of hydrophobic mismatch effects is mostly based
on studies using various single-pass TM helices in model lipid bilayers. The responses to
a hydrophobic mismatch have been systematically investigated by changing the
hydrophobic length of TM helices or the hydrophobic thickness of lipid bilayers. In
particular, designed TM helical peptides, such as WALP and KALP containing poly-
leucine/alanine flanked by tryptophan or lysine (Table 2.1), have been extensively used
both in experimental (12, 15-20) and computational (21-26) studies to characterize a
main response to a hydrophobic mismatch as well as the role of peptide-lipid interactions.
In the case of a single-pass TM helix, helix tilting is generally considered the main
response to a hydrophobic mismatch with minimum perturbation of lipid bilayers (26,
35). Recently, based on the potential-of-mean-force (PMF) calculation as a function of
WALP19's tilt angle in a dimyristoylphosphatidyl-choline (DMPC) bilayer, Lee and Im
(26) have provided novel insights (to our knowledge) into the driving forces of TM helix
tilting in the lipid bilayer: a thermally accessible tilt region of a single-pass TM helix is
governed by the intrinsic entropic contribution arising from helix precession (area)
around the membrane normal and the helix-lipid interactions that could be TM sequence-

and length-specific.

The aim of this work is to provide in-depth understanding of detailed interplays of
specific helix-lipid interactions in TM helix tilting and lipid adaptations under various
hydrophobic mismatch conditions. We have performed a total of 5.8-us umbrella

sampling molecular dynamics (MD) simulations (36) to calculate the PMFs of various

13



single-pass TM helices as a function of their tilt and rotation angles (13, 37) and analyzed

the resulting PMFs by the free energy decomposition technique (13, 26).

First, we used WALPn (n = 16, 19, 23, and 27; Table 2.1) in DMPC bilayers to
determine the influence of the TM hydrophobic length on TM helix orientation and lipid
adaptations. Second, the results in DMPC were compared with those in
palmitoyloleoylphosphatidyl-choline (POPC) bilayers to characterize the influence of the
bilayer hydrophobic thickness on TM helix orientation and lipid adaptations. Third and
finally, we used alanine, lysine, and arginine as a flanking residue instead of tryptophan
in WALP23 in DMPC to examine the influence of various anchoring residues on TM
helix orientation and lipid adaptations (19). The PMFs, their decomposition, and
trajectory analysis are discussed and generalized in terms of responses of a TM helix and

lipid adaptations to various hydrophobic mismatch conditions.

14



Table 2.1. Amino acid sequences of WALP#n (n = 16, 19, 23, and 27) and XALP23 (X =

A, K, and R) peptides.
Peptide Sequence® TM hydrophobic length (A)°
WALP16 GWWLALALAL ALAWWA 15.0
WALP19 GWWLALALAL ALALALWWA 19.5
WALP23 GWWLALALAL ALATALALAL WWA 25.5
WALP27 GWWLALALAL ALATALALAT, ALALWWA 31.5
AALP23 GAALALATAL ALALATALAL AAA 31.5
KALP23 GWWLALALAL ALALALALAL KKA 25.5
RALP23 GWWLALALAL ALATALALATL, RRA 25.5

*The N terminus of each peptide is blocked by the acetyl group and its C terminus by the

N-methyl amide group.

®The lengths are measured in the hydrophobic region (bold) with an assumption of an

ideal o-helix.

15



2.2. Computational Methods

2.2.1. Defining the tilt and rotation angle

The orientation of a TM helix is defined by its tilt (t) and rotation (p) angles. With the Z-
axis parallel to the membrane normal, T is defined as the angle between the helical
principal axis and the unit vector along the Z-axis (13). To define p, both the internal and
external references have to be defined (Figure 2.1). The internal reference is given by the
vector pointing from the helical axis to Co atom of Leu'* in all WALP peptides except
WALP16/19. Because the position of Leu'* in WALP16/19 is too close to the C-
terminus, the flexibility of which makes it difficult to define p, we instead used Ala’
(WALP16) and Leu'’ (WALP19), which are at a similar position to Leul4 on the helical
wheel projection. With the unit vector along the Z axis as the external reference, p is then
defined as the angle between the projections of such reference vectors on the plane made
by the second and third helical principal axes. Detailed expressions can be found in our

previous works (13, 38).

16



Figure 2.1. The definitions of helix tilt (t) and rotation (p). The value r is defined as the
angle between the perpendicular vector (rs) from the helical axis (a) to the selected Coa
atom (green circle) and the projection vector (zp) of the Z-axis onto the plane (light blue)
made by the second and third principal axes. The sign of the rotational angle becomes

positive if zpxry is in the opposite direction to a, or negative otherwise.
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2.2.2. Umbrella sampling simulation

The sequence of each peptide studied in this work is given in Table 2.1. Using the input

scripts from the Membrane Builder module (39, 40) in CHARMM-GUI (www.charmm-

gui.org) (41), each peptide with an ideal a-helical conformation (¢ = —57.8°; y = —47.0°)
was inserted into a pre-equilibrated lipid bilayer of 72 DMPC (or POPC) and water
molecules with 7 = 0° and its center at Z = (. Four chloride ions were added to neutralize
the KALP23 and RALP23 systems. To relax the uncorrelated initial systems, 400-ps
equilibration was performed with harmonic restraints on heavy atoms. The number of
individual components and each system size are listed in Table 2.2. The snapshots of

each system at t = 0° are shown in Figure 2.2.

To perform umbrella sampling MD simulations as a function of TM helix tilt, an
initial structure at each window was generated by tilting the helix sequentially from 0° to
a specific maximum angle by 1° every 100 ps. The total number of windows and the
maximum r are listed in Table 2.1. Each window was then subjected to 1-ns equilibration
followed by 10- or 12.5-ns production. The force constants of the helix tilt restraint
potential (13) were set to 2,000 and 6,000 kcal/(mol-rad®) (26) for equilibration and
production, respectively. All calculations were performed using the biomolecular
simulation program CHARMM (42) with the all-atom parameter set PARAM22 for
protein (43) including the dihedral cross-term corrections (44) and a modified TIP3 water

model (45), as well as recently optimized lipid parameters (46). The cross-sectional areas
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of DMPC and POPC were set to 60.7 A” and 68.3 A” at 303.15 K (47), respectively.
Following the same protocol in the previous PMF calculation of WALP19 (26), a time-
step of 2 fs was used with the SHAKE algorithm (48), and the constant temperature
(303.15 K) and pressure (1 atm along the Z-direction) were maintained by the Nosé-
Hoover method (49) and the Langevin-piston algorithm (50), respectively, for the NPAT
(constant pressure, surface area, and temperature) dynamics. We used the same options
for nonbonded interactions in the input scripts provided by the CHARMM-GUI

Membrane Builder (39, 40).

The PMF, W(t), as a function of T was calculated by integrating the reversible

work done by the mean force, —(F()). along T;

aw(r) _Jou@ , an}J] 2.1
dr <F(T)>’_< ot kT ot >r &b

where U(r) is the potential energy of the system, |J| is the determinant of the Jacobian
related to the transformation of the Cartesian coordinate into the generalized coordinate T,
and kg is the Boltzmann constant. To examine the PMF convergence, the trajectory in
each window was sequentially divided into every 1-ns duration. The PMFs were then
calculated from each sub-trajectory. The largest standard deviation of the PMF occurs at
either energetically unfavorable small or large tilt angle region (Figure 2.3). When the
PMF was constructed using the last 8-ns trajectory, even the highest standard deviation
does not exceed +2.2 kcal/mol (in the RALP23/DMPC system), illustrating that the

calculated PMFs are well converged.
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Table 2.2. Detail information of each simulation system.

System Tilt Range Number of . Number of
] Time (ns) )
Peptide/Lipid (degs) Windows Water (ion)
WALP16/DMPC 0~40 41 10 2,056
WALP19/DMPC 0~40 41 10 2,075
WALP23/DMPC 0~50 51 12.5 2,062
WALP27/DMPC 0~70 71 12.5 2,507
WALP16/POPC 0~40 41 10 2,537
WALP19/POPC 0~40 41 10 2,524
WALP23/POPC 0~50 51 10 2,662
WALP27/POPC 0~50 51 12.5 2,711
AALP23/DMPC 0~50 51 10 2,062
KALP23/DMPC 0~40 41 10 2,062 (4)
RALP23/DMPC 0~40 41 10 2,062 (4)
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Figure 2.2. Molecular graphic view of the last snapshot in (A) WALP#x (n = 16. 19, 23,
and 27) in DMPC bilayers, (B) WALP# in POPC bilayers, and (C) XALP23 (X = A, W,
K, and R ) in DMPC bilayers at z = 0° (the helix in yellow, anchoring residues in green,

lipid tails in gray, and water molecules in blue).
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2.3. Results and Discussion

2.3.1. Influence of hydrophobic length of TM helices

Tilting of a TM helix in a bilayer is affected by its TM hydrophobic length (L1nm) and the
bilayer hydrophobic thickness (Lyiayer) Whose difference can cause either positive (Ltwv >
Lyilayer) Or negative (Ltm < Luitayer) hydrophobic mismatch. In a DMPC bilayer with Lyijayer
~ 23 A (16), WALP16/19 and WALP23/27 at T = 0° are under negative and positive
mismatch conditions, respectively (see Lty in Table 2.1). Figure 2.3 (A) shows the total
PMFs of the WALP#/DMPC systems as a function of t. The detailed information about
the minimum-PMF tilt angle (Tmin) and the free energy change from t = 0° to Tmin,
AW(0—>Tmin), in each system is summarized in Table 2.3. As Lpv increases, Tmin
increases, AW(0—1tmin) decreases, and the thermally-accessible tilt region becomes wider,
clearly illustrating that it is energetically more favorable for TM helices of longer Ltv to
have larger Tmin in order to maximize the hydrophobic match. In the case of WALP23, its

Tmin 18 Similar to the average tilt (Tt = 33.5°) from the recent multiple MD trajectories (24).

Also, although the lipid types are different, the large Tmin from the PMF appears to
be consistent with the recent fluorescence spectroscopy experiment (35) that shows much
larger tilt angle of WALP23 (t = 24° + 5°) in a DOPC membrane than the tilt angle (t =
4.4°~8.2°) estimated from solid-state “H-NMR quadrupolar splitting measurements (17,

19).
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Figure 2.3. The total PMFs as a function of T in (A) WALPn in DMPC bilayers, (B)

WALP#n in POPC bilayers, and (C) XALP23 in DMPC bilayers.
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Table 2.3. The summary of the PMF in each system.

System minimum-PMF Tilt Angle / Thermal-Accessible
Peptide/Lipid AW(0—>Tmin) (kcal/mol) Tilt Range
WALP16/DMPC 12.1°/-3.09 £ 0.27 2.6°~19.4°
WALP19/DMPC 12.1°/-3.30+0.24 3.1°~16.1°
WALP23/DMPC 28.1°/-4.99 + 0.21 14.4° ~39.0°
WALP27/DMPC 43.3°/-7.45+0.51 32.3°~50.7°
WALP16/POPC 6.4°/-3.33+0.21 3.3°~174°
WALP19/POPC 12.5°/-3.14+£0.29 2.7°~19.9°
WALP23/POPC 14.9°/-3.83 £0.28 6.7° ~25.6°
WALP27/POPC 38.2°/—-4.70 + 0.49 13.7° ~ 46.3°
AALP23/DMPC 34.2°/-4.60 +0.19 16.5° ~44.5°
KALP23/DMPC 20.7°/ —4.68 £ 0.41 13.6° ~29.3°
RALP23/DMPC 15.6°/-3.44 £ 0.53 4.0° ~22.4°
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TM helix tilting is governed by the intrinsic entropic contribution (Wengopy) arising
from helix precession (area) around the membrane normal and the specific helix-lipid
interactions (Wiy) (26). To determine detailed interplays of underlying molecular forces
in TM helix tilting in the WALP#n/DMPC systems, the total PMF of each system was
decomposed into Wiy and Wenropy based on Equation (2.1). It should be noted that Wiy
also includes the helix conformational changes resulted from the helix-lipid interactions.
As shown in Figure 2.4, (A) and (B), under the negative mismatch condition such as the
WALP16/19 systems, it is evident that tilting up to Tmin is driven by Wengopy. After Tmin,
Wint makes the dominant contribution to the increase of the PMFs. These results clearly
explain the microscopic driving forces of previous MD simulation observations that a
short TM helix can tilt up to ~10° in a membrane even under a negative mismatch
condition (23). As Lty increases, such as WALP23/27 in Figure 2.4, (C) and (D), the Wiy
contribution to the total PMF becomes more significant to maximize the hydrophobic

match and provides additional driving forces for TM helix tilting.
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Figure 2.4. Decomposition of the total PMF (black) into the helix-lipid interaction (Wi
red), the entropic contribution (Wenwopy: blue), and the thermally-accessible region (black
dashed) in (A) WALPI16, (B) WALP19, (C) WALP23, and (D) WALP27 in DMPC

bilayers.
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The Win contribution can be further characterized in terms of lipid adaptations,
hydrophobic match, and helix conformational changes as a function of t. In particular, it
has been postulated that the lipids in the vicinity of an integral membrane protein would
change their hydrophobic length or the protein itself undergoes conformational changes
to maximize the hydrophobic match (i.e., to minimize the energy penalty of exposing
nonpolar residues to aqueous solution) (51). The present umbrella sampling simulation
trajectory provides an excellent resource to quantify such changes at the atomic level,
which would be difficult to measure in normal MD simulations because of limited

sampling along TM helix orientations. In this study, the local lipid adjustment is

quantified by AL = <L%°ma°t>—<mek >, where <L‘;?::;g> and <L}E,?Ilfyer> are the average

ilayer bilayer
hydrophobic thicknesses of contact and bulk lipid bilayers, respectively. Lyilayer is defined
as an average distance between the acyl chain C2 carbon atoms in both leaflets (16). A
lipid molecule that has any of its heavy atoms within 4 A from the helix heavy atoms is
classified as a ‘contact’ lipid, otherwise as a ‘bulk’ one. Therefore, the negative AL
indicates a local membrane thinning and the positive AL**®°" a local membrane
thickening with respect to the bulk lipid bilayer. AL***“%°" a5 a function of T in Figure 2.5
(A) clearly shows that the local lipids response differently to different hydrophobic
mismatch conditions. For WALP16/19 that are under the negative mismatch (Lpitayer >
Lry) at © = 0°, the local membrane thinning (AL**“%°" < 0) is apparent and AL**P@ien
slightly decreases as T increases. In contrast, for WALP23/27 that are under the positive

mismatch (Lyijayer < LTm) at T = 0°, the local membrane thickening (AL*#®1°" > ) occurs
y g
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at small tilt angles, but becomes reduced as T increases and disappears around Tmin Where
there is little local lipid perturbation due to the hydrophobic match (see below). After
Tmin, t0 Maximize hydrophobic match, the contact lipids become thinner (ALMePtation < ()
because the effective Lty is reduced as T increases. Figure 2.6 schematically illustrates

how the local lipid adaptations occur at T = 0°, T = Tmin, and T > Tmin, based on Figure 2.5

(A).
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Figure 2.5. Local lipid adjustment (AL**"°") as a function of t in (A) WALP#/DMPC,

(B) WALP#/POPC, and (C) XALP23/DMPC systems; ALM™ =(rmeet) (1 ).

ilayer ilayer

where <LE?§;§> and <Lzlilllfyer> are the average hydrophobic thicknesses of contact and bulk
lipid bilayers.
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Figure 2.6. Schematic representation of the local lipid adjustment based on the AL
change (Figure 2.5) under negative (left) and positive (right) hydrophobic mismatch

conditions.
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To quantify the extent of the hydrophobic match as a function of t, we calculated

the difference between the effective Lt (17) and <L§?{;‘;§ﬁ>, ie.,

AL™™ N = COS‘L’—<LZ?1“;;§;> where both Lty and <Lf§f;;§> were calculated in two

different ways: one from the simulation trajectory (solid lines in Figure 2.7) and the other

from fixed values (Lty in Table 1 and <Lcomm> =23 A (DMPC) or 26 A (POPC)) (dotted

bilayer
lines in Figure 2.7). Since Lty remained almost the same values as in Table 1 during the
simulations, the difference in two lines represents the influence of the local lipid
adaptations on AL™™" As shown in Figure 2.7 (A), for WALP16/19, despite of the
local membrane thinning (Figure 2.5 (A)), the negative hydrophobic mismatch is
apparent and slightly increases as t increases (52). Therefore, it becomes clear that the
Wine contribution is not favorable for tilting of WALP16/19 in DMPC bilayer (Figure 2.4,
(A) and (B)) because of increased deformation of the lipid bilayer as T increases. In
contrast, for WALP23/27, t at AL™™" ~ () is well matched with Tumin, demonstrating that
the local lipid adjustments toward AL™™" = ( (i.e., AL***P™" =~ 0 in Figure 2.5 (A))
provide the favorable Wi, contribution for tilting of WALP23/27 toward tmi, (Figure 2.4,
(C) and (D)) and relieve the deformation stress on the lipid bilayer. At T > Tmin, however,
bilayer deformation (AL < 0) causes stress on the lipid bilayer, making the Wiy
contribution unfavorable. While excessive stress on a lipid bilayer at extreme
hydrophobic mismatch can induce helix deformations such as helix kink or bending, it

becomes also apparent from the thermally-accessible tilt regions (Figure 2.3 (A) and
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Table 2.3) that the membrane bilayer system can tolerate a certain extent of a

hydrophobic mismatch by slight lipid adaptations.
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Figure 2.7. Extent of the hydrophobic match (AL™™") as a function of T in (A)

WALP#/DMPC, (B) WALPn/POPC, and (C) XALP23/DMPC systems;
AL - L, cOST —<LZ?{:;§;> , where Lty is the TM hydrophobic length and <LC°maCt> is

bilayer

the average hydrophobic thicknesses of the contact lipids. Both Lty and <L°b?;2;:;> were

calculated from the simulation trajectory (solid lines) or they were set to fixed values

(Lt in Table 1 and (Lje) =23 A (DMPC) or 26 A (POPC)) (dotted lines).
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As shown in Figure 2.8 (A), the helicity of each helix is well maintained except at
energetically unfavorable large t. The previous study on WALP19 reveals that such helix
deformation including helix bending at large T is attributed to the existence of four Trp
anchoring residues at the hydrophobic/hydrophilic interface (26). In other words, it is
energetically more favorable for WALP19 to deform the helical conformation slightly at
large T in a DMPC bilayer, instead of having Trp sidechains inserted into the
hydrophobic core (26). Figure 2.9 shows the center of mass of each Trp sidechain along
the Z-axis (Zrrp) as a function of t. Similar to WALP19, Zr, of WALP16 is around the
hydrophobic/hydrophilic interface of the lipid bilayer due to outward-facing of the Trp
sidechains (see below), despite of their relatively short Lty However, the Trp sidechains
of WALP23/27 appear to partition into the DMPC hydrophobic core region at large t.
Such difference arises from the following two reasons. First, since WALP16/19 are under
the negative mismatch regardless of T, the hydrophobic/hydrophilic interfacial matching
becomes a dominant factor in optimizing their conformation during helix tilting. In
contrast, WALP23/27 gain the favorable Wiy contribution by optimizing the hydrophobic
match, which becomes more dominant than the interfacial matching (at large t). Second,
the rotation angle of each helix during its tilting, determined by the helix-lipid

interactions, also dictates the positioning of the Trp residues.

The direction of helix tilting (i.e., rotation angle, p) is also an important

determinant of TM helix tilting. In our simulations, since the restraint forces are exerted
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only on the Ca atoms that define the helical principal axis, the helix can rotate around the
helical axis, depending on helix-environment (lipid or water) interactions (37). Figure
2.10 shows the change of p as a function of T and also illustrates the tilting direction for
each WALP»n/DMPC system. In general, p shows large fluctuations at t < 10° (due to ill-
definition of p and low free energy barriers at small tilt angles), but converged to a
specific angle with less fluctuation around Tpin. It becomes clear that Zry,, in Figure 2.9 is
related to the tilting direction. For example, WALP23/27 tilt in a direction between Trp2
and Trp3, so that the Trp residues partition into the membrane hydrophobic region at

large T.
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Figure 2.8. Helicity of each helix as a function of tile (t) in (A) WALPrn/DMPC, (B)
WALP#/POPC, and (C) XALP23/DMPC systems. Helicity is measured based on the
number of hydrogen bond between N—H (i) and C=0 (i + 4) of backbone. A hydrogen
bond (D—H:---A) is defined by the H---A distance less than 2.8 A and the D-H---A angle

greater than 120°.

39



A 20 . . . B 20

Z-axis (A)

(@

Z-axis (A)

20070 20 30 40 50 220 10 20 30 40 50 60 70

Tilt Angle (degs) Tilt Angle (degs)

Figure 2.9. Average locations of Trp sidechains as a function of T in (A) WALP16 (Trps
2, 3, 14, and 15), (B) WALP19 (Trps 2, 3, 16, and 17), (C) WALP23 (Trps 2, 3, 21, and

22), and (D) WALP27 (Trps 2, 3, 25, and 26) in DMPC bilayers.
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Figure 2.10. TM helix rotation angle (p) as a function of T in (A) WALP16, (B)
WALPI19, (C) WALP23, and (D) WALP27 in DMPC bilayers. The reference atoms, such
as Ala’ (for WALP16), Leu'® (for WALP19), and Leu'* (for others), and the tilting
direction at Tmi, are indicated by black circles and gray arrows on the helical view,

respectively.
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To verify that the helix follows the energetically favorable orientation during the
tilting simulations, we have performed additional PMF calculations of WALP23 as a
function of © by restraining p at four distinct rotation angles, i.e., p = —150°, —60°, 30°,
and 120°. As shown in Figure 2.11, the tilting energetics is largely dependent on p, and
the lowest tilting PMF is found with p = 120°, which corresponds to p at T = Tmin (120.8°
+ 18.5°) in Figure 2.11 (C). This rotation is also well correlated with p = 155° (using our
definition) estimated from the solid-state “H-NMR study (19). Clearly, our results
demonstrate that each helix prefers to tilt with a specific rotation based on hydrophobic or
interfacial matching, and the helix adopts the energetically favorable orientation during

the tilting simulations.
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Figure 2.11. The total PMFs of the WALP23/DMPC system as a function of T with p =
(A) —150°, (B) —60°, (C) 30°, and (D) 120°. The 11-ns umbrella sampling was performed

for each of 26 windows (from t = 0° to 50° every 2°).
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2.3.2 Influence of hydrophobic thickness of bilayers

In addition to Ltyv, the TM helix orientation is also affected by Lyijayer. Experimental
studies have also used various lipid bilayers with different Lyayer to induce different
hydrophobic mismatch conditions (17, 19). To elucidate the effect of Lyayer on TM helix
orientation and lipid adaptations, we used POPC bilayers (Lpjlayer = ~26 A) (53) for the
PMF calculations and compared the results with those in DMPC. In the WALP#/POPC
systems, only WALP27 is under the positive mismatch condition at T = 0°. Similar to the
DMPC cases, as shown in Figure 2.3 (B) and Table 2.3, Ty increases and the thermally-
accessible tilt region becomes wider as Lty increases. However, each TM helix generally
shows smaller Tmin and AW(0—Tmin), and broader thermally-accessible tilt region than in
DMPC bilayers, illustrating that the TM helices do respond differently in POPC than in
DMPC bilayers. The PMF decomposition in Figure 2.12 clearly shows that tilting up to
Tmin 18 mMostly driven by Wengopy because all WALP peptides except WALP27 are under
the negative mismatch condition in POPC bilayers. The increase in the total PMF after
Tmin Well correlates with Wiy, but the Wi, contribution appears to be less significant than

in DMPC bilayers.

Because of the changes in the hydrophobic mismatch condition and thus in the
helix-lipid interaction, the local lipid adjustment of the POPC bilayers is different from
that of DMPC. As shown in Figure 2.5 (B), AL**%%°" jn POPC bilayers generally shows

less change than in DMPC bilayers for the same Ltyv. Compared to DMPC, POPC has the
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same head group, but the larger cross-sectional area because the unsaturated acyl chain
makes the hydrophobic packing of lipid tails less tightly than the fully-saturated DMPC
acyl chains (54). Its more flexible, dynamic nature is attributed to smaller local lipid
adaptations in POPC bilayers, which, in addition to its larger Lyiayer, 1S sufficient to
maximize the hydrophobic match even for WALP27 (Figure 2.7 (B)). Hence, the Wiy
contribution to the total PMF provides less additional driving force for WALP27 tilting

than in DMPC bilayer.
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Figure 2.12. Decomposition of the total PMF (black) into the helix-lipid interaction (Wi
red) and the entropic contribution (Wenwopy: blue), and the thermally-accessible region
(black dashed) in (A) WALP16, (B) WALP19, (C) WALP23, and (D) WALP27 in POPC

bilayers.
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As shown in Figure 2.13, most Trp anchoring residues are positioned around the
hydrophobic/hydrophilic interface of the POPC bilayers. Only one Trp residue of
WALPI16 is below the interface because of its relatively short Lty in POPC bilayers with
larger Lyilayer. Despite of the existence of four Trp anchoring residues at the interface, the
WALP# peptides do not show any helical deformation probably due to the flexible nature
of POPC acyl chains (see WALP19 in Figure 2.8, (A) and (B) for comparison). Zry, in
Figure 2.13 shows only marginal decrease as T increases, suggesting that the interfacial
matching of anchoring residues is dominant throughout TM helix tilting in POPC bilayers
and thus each helix has broader thermally-accessible tilt regions than in DMPC bilayers.
As shown in Figure 2.14, the interfacial matching is closely related to the tilting direction
(i.e., rotation angle) having outward-facing of the Trp sidechains. Note that the tilting
direction is similar for each helix in POPC, but different from that of the WALP#n/DMPC
systems. Such difference may arise from the different Lyjayer in DMPC and POPC

bilayers.
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Figure 2.13. Average locations of Trp sidechains as a function of T in (A) WALP16
(Trps 2, 3, 14, and 15), (B) WALP19 (Trps 2, 3, 16, and 17), (C) WALP23 (Trps 2, 3, 21,

and 22), and (D) WALP27 (Trps 2, 3, 25, and 26) in POPC bilayers.
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Figure 2.14. TM helix rotation angle (p) as a function of T in (A) WALP16, (B)
WALPI19, (C) WALP23, and (D) WALP27 in POPC bilayers. The reference atoms, such
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2.3.3 Influence of anchoring residues

A flanking residue of a single-pass TM helix can also influence helix tilt and
rotation as well as lipid adaptations (19, 55). To investigate such influences, we used
three different anchoring residues (Ala, Lys, and Arg) in addition to Trp in the
WALP23/DMPC system for the PMF calculations. Figure 2.3 (C) shows the total PMFs
of the XALP23/DMPC (X = A, K, W, and R) systems as a function of <. Interestingly,
even though the XALP23 series have the same Ltv except AALP23 (Table 2.1), their
minimum-PMF tilt angles (Table 2.2) show a direct relationship to the hydrophobicity
(56) of its anchoring residues: Tmin (RALP23) < Tpin (KALP23) < tpin (WALP23) < Tiin
(AALP23). These results appear to be at odds with the tilt angles estimated from solid-
state “ZH-NMR experiments (19), showing T = 4.4° (KALP23) and T = 5.2° (WALP23).
However, it is now apparent that the correct determination of tilt angles using *H-NMR
quadrupolar splitting measurements requires a proper average of rotation angles (24, 25,
35) (It will be discussed in Chapter 3). For example, as mentioned above, the recent
fluorescence spectroscopy experiment (35) shows much larger tilt angle of WALP23 (T =
24° £+ 5°) in a DOPC membrane than the tilt angle (t = 4.4°~8.2°) estimated from solid-

state “H-NMR measurements (17, 19).

The free energy decomposition (Figure 2.15) shows that as the hydrophobicity of
anchoring residue increases, there is more Wiy contribution to TM helix tilting up to Tmin

in addition to the intrinsic Wenyropy contribution, and the thermally-accessible tilt region
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becomes wider. Such difference is closely related to the local lipid adaptations. As shown
in Figure 2.5 (C), AL**°" disappears around each Tmin, and the extent of AL*¥*wton
before tmiy s inversely proportional to the hydrophobicity of each anchoring residue. In
other words, the Wiy contribution to TM helix tilting up to Tmin arises from the helix-lipid
interaction to relieve the hydrophobic mismatch. To avoid exposure of the charged
sidechains to the hydrophobic membrane interior and to allow them to interact favorably
with the aqueous environment (56), as shown in Figure 2.16, Lys and Arg anchoring
residues prefer to be positioned at 3~5 A above the hydrophilic/hydrophobic interface
where Trp residues are generally positioned. These ‘snorkeling’ behaviors (23, 57) also
affect the local lipid adjustment as shown in Figures 2.5 (C) and 2.7 (C). Consequently,
the long charged sidechains make more dominant interaction with water (Figure 2.17), so

that they have less Tmin.

As shown in Figure 2.18, the XALP23/DMPC systems show quite different
rotations and thus tilt directions. The large fluctuation in the AALP23 system appears to
arise from the flexible dynamics of AALP23 due to a lack of bulky anchoring residue’s
interaction with membranes. In addition, the large change of p and its fluctuation in
RALP23 is attributed to the ill-definition of p due to slight helix bending at T > 20°
(Figure 2.8 (C)). The tilting direction of KALP23 (—114.3° £ 55.8°) at T = Tpin 1S Well
correlated with the rotation angle (p = —109°) estimated from the solid-state “H-NMR

measurement (19). These results demonstrate that the interaction of Lys and Arg
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anchoring residues at the membrane/water interface plays an important role in

determining TM helix orientations.
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Figure 2.15. Decomposition of the total PMF (black) into the helix-lipid interaction (Wi
red) and the entropic contribution (Wenwopy: blue), and the thermally-accessible region
(black dashed) in (A) AALP23, (B) KALP23, (C) WALP23, and (D) RALP23 in DMPC

bilayers.
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Figure 2.16. Average locations of sidechains of anchoring residues (residue #: 2, 3, 21,

and 22) as a function of tilt (t) in (A) AALP23, (B) KALP23, (C) WALP23, and (D)

RALP23 in DMPC bilayers.
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KALP23, (C) WALP23, and (D) RALP23 systems in DMPC bilayers. The reference
atom (Leu'’) and the tilting direction at Ty, are indicated by black circles and gray

arrows on the helical view, respectively.
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2.4. Conclusions

In Chapter 2, to systematically characterize responses of a single-pass TM helix in terms
of its orientation (tilt and rotation) and lipid adaptations under various hydrophobic
mismatch conditions, we have performed extensive umbrella sampling MD simulations
and calculated the PMFs as a function of TM helix tilt angle (t) in the WALP#»/DMPC,
WALP#/POPC (n = 16, 19, 23, and 27), and XALP23/DMPC (X = A, K, W, and R)
systems (Tables 2.1 and 2.2). The PMF in each system, its decomposition, and trajectory

analysis allow us to generalize such responses and the underlying molecular forces.

1. Tilting of a single-pass TM helix in the lipid bilayers is the major response to a
hydrophobic mismatch. Regardless of the negative and positive mismatches, the PMFs in
all the systems (Figure. 2.3 and Table 2.3) clearly demonstrate that each TM helix prefers
to stay around its minimum-PMF tilt angle (Tmin) Without conformational deformations

such as kinks or bending (Figure 2.8).

2. Tilting of a single-pass TM helix up to ~10° is inherent. As shown in Figures.
2.4,2.12, and 2.15, there is the intrinsic entropic contribution (Wenwopy) to TM helix tilting
in a membrane bilayer, which arises from helix precession around the membrane normal.
In other words, the accessible orientational space of the helix is reduced as t decreases,
which causes the entropy cost associated with small tilt angles. In particular, its cost up to
~10° is high enough to make the TM helix tilt even under negative mismatch conditions,

such as WALP16/19 in DMPC bilayers and WALP16/19/23 in POPC bilayers.
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3. The favorable helix-lipid interaction provides additional driving forces for TM
helix tilting under a positive mismatch. The helix-lipid interactions (Wi,) are TM
sequence- and length-specific, and indeed vary for different mismatch conditions
(Figures 2.4, 2.12, and 2.15). Generally, there is no favorable W, contribution under
negative mismatch conditions because of increased stress on the (already) perturbed lipid
bilayer as T increases (Figures 2.5 and 2.7). However, under positive mismatch conditions
(WALP23/27 in DMPC bilayers and WALP27 in POPC bilayers), molecular interaction

forces to decrease such membrane deformation stress at T < Tmin provides additional

driving forces to TM helix tilting to Tmin.

4. Tmin 1s generally located where there is the hydrophobic match and little or no
lipid perturbation under a positive mismatch, as shown in Figures 2.5 and 2.7. It should
be stressed that there are the thermally-accessible tilt regions of ~10°-20° in single-pass
TM helices (Figure 2.3 (A) and Table 2.3) where a certain extent of a hydrophobic
mismatch exists. This observation strongly suggests that the membrane system can have
some flexibility to tolerate such a mismatch within a certain threshold by slight lipid

adaptations.

5. TM helix rotation (p) is dependent on the sequence- and length-specific helix-
lipid interaction. In other words, p is determined by both the anchoring residue type and
the mismatch conditions (Figures 2.10, 2.14, and 2.18). As shown in Figure 2.11, there is

a significant dependence of the tilting energetics on p. In general, a single-pass TM helix
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with bulky anchoring residues can explore various p at small T up to ~10°, but there are
significant energy barriers between different p regions after T = 10°. The precise
estimation of thermally-accessible rotation angles as a function of t further requires the

two-dimensional PMF calculations as a function of both t and p.

6. Anchoring residues at the hydrophilic’/hydrophobic interface can be an
important determinant of TM helix orientation. As shown in Figures 2.9, 2.13, and 2.16,
it is apparent that anchoring residues, such as Arg, Lys, and Trp, prefer to position at the
hydrophilic (lipid head group and water)/hydrophobic interface around tmin, regardless of
the negative and positive mismatches. In general, there are no other favorable interactions
available in the systems under negative mismatch conditions and thus such interfacial
matching appears to be more important. Interestingly, Tmin in the XALP23/DMPC systems
(Table 2.3) has a direct relationship to the hydrophobicity of its anchoring residues: Tmin
(RALP23) < Tpin (KALP23) < Tpin (WALP23) < Tpin (AALP23), i.e., more hydrophobic

the anchoring residue is, the more TM helix prefers to tilt.

This generalization, based on the extensive PMF calculations and trajectory
analysis, provides in-depth insights into the responses of the single-pass TM helix and
lipid bilayers to various hydrophobic mismatches. These findings are particularly
important because of the abundance of membrane proteins with a single-pass TM helix
and their association and conformational changes involved in TM-induced signaling (29,
30). Yet, we need further investigation on the influence of the TM helix-helix interaction

on the structure and function of these biologically important systems.
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Chapter 111

Solid-State NMR Ensemble Dynamics

as a Mediator between Experiment and Simulation'

! Reused from Biophysical Journal, Tachoon Kim, Sunhwan Jo, and Wonpil Im, 100. 2011. pp 2292-2928.
Copyright (2011). with permission from Elsevier Science
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Summary

Solid-state NMR (SSNMR) is a powerful technique to describe the orientations of
membrane proteins and peptides in their native membrane bilayer environments. The
deuterium (*H) quadrupolar splitting (DQS), one of the SSNMR observables, has been
used to characterize the orientations of various single-pass transmembrane (TM) helices
using a semistatic rigid-body model such as the geometric analysis of labeled alanine
(GALA) method. However, dynamic information of these TM helices, which could be
related to important biological function, can be missing or misinterpreted with the
semistatic model. We have investigated the orientation of WALP23 in an implicit
membrane of dimyristoylglycerophospho-choline (DMPC) by determining an ensemble
of structures using multiple conformer models with a DQS restraint potential. When a
single conformer is used, the resulting helix orientation (tilt angle (t) of 5.6 £ 3.2° and
rotation angle (p) of 141.8 £ 40.6°) is similar to that determined by the GALA method.
However, as the number of conformers is increased, the tilt angles of WALP23 ensemble
structures become larger (26.9 + 6.7°), which agrees well with previous molecular
dynamics simulation results. In addition, the ensemble structure distribution shows
excellent agreement with the two-dimensional free energy surface as a function of
WALP23’s T and p. These results demonstrate that SSNMR ensemble dynamics provides
a means to extract orientational and dynamic information of TM helices from their
SSNMR observables and to explain the discrepancy between molecular dynamics

simulation and GALA-based interpretation of DQS data.
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3.1. Introduction

Chapter 3 aims to determine the transmembrane (TM) helix dynamics that is possibly
embedded in solid-state NMR (SSNMR) deuterium (*H) quadrupolar splitting (DQS) and
to reconcile the long-standing discrepancy between molecular dynamics (MD) simulation
and experimental interpretation on TM helix orientation and dynamics. For more than a
decade, considerable efforts have been made to understand TM helix orientation and
dynamics, and their changes in the context of hydrophobic mismatch, which can be
related to the important biological function of membrane proteins (35, 51, 58, 59). In
particular, SSNMR has proven to be a powerful technique to describe the orientation of
membrane proteins and peptides in their native membrane bilayer environments (60-62).
However, dynamic information of these TM helices can be missing or misinterpreted
when a static or semi-static rigid-body model is used to interpret the SSNMR

observables.

Among various SSNMR observables, the DQS measurement has been used to
characterize the orientation of single-pass TM helices, such as WALP and KALP
peptides, using the semi-static geometric analysis of labeled alanine (GALA) method (15,
17); n.b., the term “semi-static” is used to broadly include some non-specified motion
that is taken into account in the GALA method with an order parameter of less than 1.
The TM helix tilt angle interpreted by the GALA method is relatively small (~5° for

WALP23 in dimyristoylglycerophospho-choline (DMPC)) (17, 19), which differs

62



significantly from much larger tilt angles (~30°) observed in MD simulations (22, 24, 25,
27, 28). Recently, to explain the apparent discrepancy between GALA-based
interpretation and MD simulation of WALP23, it has been suggested that an average of
large-scale rotation motion along the helix axis needs to be considered when interpreting
the TM helix orientation from DQS (24, 63, 64). Several approaches including motional
averaging of TM helix orientation have been proposed to include TM helix orientational
variability (24, 63, 65), but these approaches have fundamental limitations in describing
complex TM helix motion from the SSNMR observables, which will be discussed in
detail in RESULTS AND DISCUSSION. In general, extracting information about
conformational variability directly from NMR and X-ray diffraction is not an easy task

because the experimental observables represent time- and ensemble-averages (66-68).

In this work, we determine the TM orientation and intrinsic dynamic information
of WALP23 using SSNMR ensemble dynamics (SSNMR-ED). In SSNMR-ED, an
ensemble of conformers or replicas is used in parallel MD simulation, and a biased
potential (i.e., DQS restraint potential in this work) is applied to minimize the deviation
of the ensemble-averaged property from experimental measurements (17). The
distribution of WALP23 ensemble structures is characterized as a function of its number
of replica; the resulting ensemble structures show better agreement with SSNMR
observables with increased number of replicas and much larger TM helix tilt angles with
more than one replica. The ensemble structure distribution is validated by calculating a

two-dimensional (2D) potential of mean force (PMF) as a function of WALP23’s
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orientation (TM tilt and rotation). These results demonstrate that SSNMR-ED provides a
means to extract the orientational and dynamic information of TM helices from their
SSNMR observables. SSNMR-ED also provides a realistic explanation of the

discrepancy between MD simulation and GALA-based interpretation of DQS data.
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3.2. Computational Method

3.2.1. Defining tilt and rotation angle

The TM helix orientation is defined in terms of its tilt (t) and rotation (p) angles. T is
defined as the angle between the helical principal axis and the unit vector along the Z-
axis parallel to the membrane normal (13). For p, both the internal and external
references have to be defined (Figure 2.1). The internal reference is given by the vector
pointing from the helical axis to Co. atom of Leu'’. Gly' has been widely used to define p
(mostly when a rigid helix is used) (15, 17, 24), but it is not an appropriate choice for a
dynamic system because of its flexibility at the terminal. Instead, we used Leu'’ to avoid
the flexibility problem and for facile comparison with other results based on Gly',
because Leu'” is at the almost exact opposite position to Gly' on the helical wheel
projection of WALP23. With the unit vector along the Z-axis as the external reference, p
is defined as the angle between the projections of such reference vectors on the plane
made by the second and third helical principal axes. The detailed expressions can be

found in our previous works (13, 38).
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3.2.2. Implicit membrane model

WALP23, acetyl-GWW(LA);sLWWA-methylamide, was constructed in an ideal o-helical
conformation (¢ = —57.8°; ¢y = —47.0°). The EEF1/IMM1 (69, 70) implicit membrane
model in CHARMM (42) was used to mimic the bilayer membrane environment. The
planar implicit membrane was centered at Z = 0 with the membrane normal parallel to the
Z-axis. The EEF1/IMMI1 calculations were prepared using the Implicit Solvent Modeler

module in CHARMM-GUI (www.charmm-gui.org) (41).

Solvent/membrane environments play an important role in TM helix orientation.
To determine a proper hydrophobic thickness of the implicit membrane, the PMF
calculations as a function of WALP23’s t at different rotation angles were performed and
compared with our previous results in explicit lipid bilayers (Table 3.1) (27). The initial
systems for the umbrella sampling simulations were generated by tilting WALP23 from t
= 0° to 50° by 2° every 100 ps, resulting in a total of 26 windows, at different rotation
angles. Each window was then subjected to a 200-ps equilibration and 6-ns production
for the PMF calculations with a different hydrophobic thickness from 18.5 A to 21 A in
0.5 A increment. The biased distribution from the umbrella sampling simulations was
unbiased by the weighted histogram analysis method (WHAM) (71) to construct the
PMF. The PMFs as a function of t were calculated for every 0.2°, with the energy
tolerance of 10 kcal/mol. The optimal hydrophobic thickness was determined to be 20

A, which showed the best agreement with the PMFs calculated in the explicit membranes
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(27) in terms of root-mean-square deviation (RMSD) and the minimum-PMF < (Table 3.1
and Figure 3.1). The simulations were performed at 298 K using Langevin dynamics with
a 2-fs time step. All bond lengths involving hydrogen were fixed with the SHAKE

algorithm (48).
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Table 3.1. Root-mean-square deviation between the PMFs' calculated from the all-atom

simulations and the implicit membrane simulations with various hydrophobic thickness

(Ln).
e Li(d) g 19.0 19.5 20.0 20.5 21.0
Free 0.78 0.28 033 0.24 028  0.14
0 0.94 1.07 1.18 1.52 1.56 1.87
90 0.34 0.42 0.43 0.65 1.16 1.36
180 0.33 0.45 0.47 0.61 1.18 1.45
270 031 038 0.54 0.71 1.06 117

"The PMFs were calculated as a function of WALP23’s tilt angle at four specific rotation
angles (p) and “Free” represents no rotational restraint applied.
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Figure 3.1. PMFs calculated from the all-atom simulation (solid line) and the implicit

membrane simulation with 20 A hydrophobic thickness (dotted line) for free rotation.
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3.2.3. Ensemble dynamics with DQS restraint

In the ensemble dynamics simulation, one can perform the simulations with a certain

number of replicas ( N, ) simultaneously and restrain the ensemble-averaged property (

< ){“a‘°>em) from the experimental target value ( »**"). In this work, the target data are the

experimental DQS observables (y=V), so that we have developed an ensemble DQS
restraint potential (based on our recently-developed "H-""N dipolar coupling ensemble

restraint potential (72) using the "H—""N dipolar coupling restraint potential (73)),

N, DQS

UDQS = NREP E kDQS (va&k >ens

i=1

-vf‘p)2 3.1)

where N, is the number of experimental DQS observables, k. is the force constant
[keal/(mol-kHz?)], and <vfal°> is
3K Ngep
(v = 1 2B > (3cos6/ - 1) (3.2)
o NREP 4 R=1

where K. is the quadrupolar coupling constant and 6, is the angle between the Co-Cp

bond of labeled alanine (virtually the Cg—D vectors due to their fast rotation) and the

external magnetic field (i.e., the Z-axis) as shown in Figure 3.2. k. was set to 56 kHz,

which corresponds to one-third of a typical quadrupolar coupling constant, 168 kHz (74),

due to the fast rotation of the methyl group. The total potential energy ( ) of the

UTOTA

ensemble system is then expressed as
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UTOTAL =U cHARMM T UDQS (3.4)

where U is the CHARMM potential energy of the ensemble structure. We have

CHARMM

checked the numerical accuracy of the ensemble DQS restraint potential; the total energy
of all the replicas (not the total energy of each replica) was well converged during the

NVE dynamics (75).

The simulation stability depends on the applied force constants and dynamics
algorithms (73). Based on our previous studies with other SSNMR structure calculations,
we used torsion angle MD (TAMD) simulation (76) because it yields more stable
trajectories than Cartesian MD due to a rigid peptide plane. In addition, to generate stable
simulation trajectories, the maximum force constant was empirically optimized to be

kpos = 0.4 kcal/(mol-kHz"). Experimental DQS observables were taken from oriented 0°

di-C14:0-PC (17): 9.3 kHz for Ala5, 11.3 kHz for Ala9, 12.8 kHz for Alal3, 12.3 kHz for

Alal7, and 2.0 kHz for Alal9.

Starting from an o-helical conformation of WALP23, & was smoothly

DS
increased to the maximum value during 10 cycles of 400-ps TAMD simulations, and a
final 200-ps TAMD production was performed for structural analysis. To increase the
sampling statistics, we repeated the TAMD simulation 100 times with different initial

velocity for N, = 1, 2, 4, 8, 16, and 32. We used a 1-fs time-step for TAMD. A

REP

constant temperature of 298 K was maintained by using a simple Berendsen thermostat
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(77) in combination with velocity reassignment. The completion of the simulation cycle
(i.e., 4.2 ns for each run) took about 4 hours for 8 or smaller replicas, 8 hours for 16
replicas, and 16 hours for 32 replicas running in parallel on 2.33 GHz quad-core Intel

workstations; the time increase is mostly due to the communication between the replicas.

To validate the quality of the ensemble dynamics simulation result, we have

calculated RMSD [kHz] between ‘<vfal°> and v,

Npos 3 ' (3.4)
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Figure 3.2. Schematic representation of internuclear vectors that is used to calculate

instantaneous DQS value. Adapted from Ref. 75
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3.2.4. 2D-PMF as a function of tilt and rotation angles

To validate the orientation distribution from the SSNMR-ED simulations, we calculated
the 2D-PMF as a function of WALP23’s t and p in the EEF1/IMMI1 implicit membrane.
The initial structures were generated by tilting WALP23 every 2° from 0° to 60°,
followed by rotating it every 5° from —180° to 180° at each T, resulting in a total of 2,263
windows. We performed a 200-ps equilibration and a 10-ns production at each window
using the same force constants for the WALP23 tilt and rotation restraint potentials as
those used in the explicit membrane PMF calculations (26, 27). We used the same
dynamics options used in the SSNMR-ED with TAMD. The biased distribution from the
umbrella sampling simulations was unbiased by WHAM (71) to construct the 2D-PMF;
the interval of the free energy surface was set to 0.5° and 1.0° along the T and p

directions, respectably. The energy tolerance for the WHAM iterations was 10 kcal/mol.
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3.3. Results and Discussion

3.3.1. Orientation of ensemble structures

Figure 3.3 shows the orientation of WALP23 in terms of T and p as a function of N,.

The orientation distribution of the ensemble structures shows a striking difference

between N, = 1 and N, = 2, while the ensemble-averaged DQS are in close
agreement with experimental values in terms of RMSD (Figure 3.4 (A)). The T and p for
Ny = 1 are 5.6 £ 3.2° and 141.8 + 40.6° with the DQS RMSD of ~0.8 kHz (Figure
3.4), which agrees very well with the result (t = 5.5°, p = 153.5°, and RMSD = 0.9 kHz)

based on the GALA method (17). Interestingly, for N, > 2, much larger Tt are

REP

observed, reaching at ~27° when N.., = 32, while p remains similar values with

REP
increased fluctuation. The ensemble orientation appears to converge when N, > 8,
demonstrating that it is possible to find a well-converged solution to the applied restraints
(78). In addition, Figure 3.4 (A) shows that the DQS RMSD decreases as more replicas

are used in SSNMR-ED, illustrating that the generated structure ensemble agrees well

with the >H-NMR experimental DQS data.
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3.3.2 How does the structure ensemble show such a dramatic increase in T with

smaller DQS RMSD when N ., > 27?

REP —

Figure 3.5 shows the DQS distribution of each alanine in the ensemble structures as a

function of N,,. Surprisingly, each distribution is very broad except when N

REP - rep = 1
DQS of each alanine covers the whole DQS range (=42 to 84 kHz in Figure 3.4). It is
notable that each distribution has the highest population on the negative DQS side and a
broad distribution on the positive one. As shown in Figure 3.5, the peaks in the DQS
distribution (mostly —34 kHz) correspond to the highest population (6 = 75°) in the

distribution of @,, the angle between the C.—C, vector and the Z-axis in Eq. 2. It becomes

clear that such broad DQS distribution (Figure 3.5) results from the various TM helix
orientations in the structure ensemble (Figures 3.3 and 3.6). Thus, the absolute value of
the ensemble-averaged DQS becomes smaller (0 ~ 10 kHz), which is measured in the *H-
NMR experiment. It should be stressed that, when N, > 2, the calculated DQS of
individual structures are different from the experimental one, but their ensemble-
averaged DQS (regardless of their signs) show excellent agreement with experimental
observables. While we obtain the possible DQS distributions from individual replicas
(Figure 3.5), it is not feasible to use them directly as reference values for the current

SSNMR-ED simulation scheme.
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Figure 3.3. Orientation distribution of ensemble structures as a function of N,.,. When

REP*

(A) Nrep = 1 and 2, (B) Nrep = 4 and 8, and (C) Nrep = 16 and 32. The population is

normalized by setting the highest value to 1 for easy comparison for each system.
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Figure 3.6. DQS value as a function of 6 (black) and distribution of 6 for each alanine
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3.3.3. Evaluation of MD simulation

The SSNMR-ED simulation is different from the standard MD simulation, in that the
ensemble structures are generated by a biased restraint potential Uy in Equation. 3.3.
The applied restraints could force the generated structures to be trapped in a physically
irrelevant orientation that only satisfies the experimental DQS observables. To validate
the orientational variability of the SSNMR-ED structures, we have carried out the 2D-
PMF calculation as a function of WALP23’s T and p. Such a validation approach in
SSNMR-ED is important for two reasons. First, the number of restraints (5 DQSs) in the
present SSNMR-ED simulation is not enough to perform reliable cross-validation.
Second, a regular MD simulation often suffers from insufficient sampling to obtain a

reliable and converged TM helix orientation distribution.

Figure 3.7 (A) shows the resulting 2D-PMF of WALP23 in t and p space. The
free energy minimum is at T = 36° and p = 112°, and the thermally-accessible T and p
ranges are 27.7° <t <42.1° and 69° < p < 149°. The thermally-accessible orientations are
the regions that have free energies within 0.6 kcal/mol from the minimum-PMF
orientation. The thermally-accessible T region from the 2D-PMF is similar to that from
the WALP23 PMFs as a function of T in explicit DMPC membranes (14.4° <t < 39°)
(27). Similar to our previous work on a TM -hairpin (79, 80), as shown in Figure 3.7
(A), there is no significant energy barrier for TM helix rotation when T < 10°, so that

WALP23 can explore various p values, but energy barriers along p become increased
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when t > 10°.

Figure 3.7 (B) compares the 2D-PMF with the SSNMR-ED ensemble structure

distribution with N, = 32 (Figure 3.3). The high population in the ensemble structures

REP
well matches with the thermally-accessible region in the 2D-PMF. Most structures from
the SSNMR-ED are within 3.0 kcal/mol from the minimum-PMF orientation. This
comparison clearly provides support for the notion that the orientation distribution of the
ensemble structures from the SSNMR-ED simulations is physically relevant. The
secondary structure of individual WALP23 is also well maintained during the SSNMR-
ED simulations (data not shown). It should be noted that the SSNMR-ED distribution
might not exactly match with the 2D-PMF because the SSNMR-ED distribution is
obtained with the DQS restraints and could be deviated from the non-restrained PMF

calculation or the standard MD simulation. In this context, the agreement shown in

Figure 3.7 (B) is remarkable.

Interestingly, a total of 1.1-us comparative (multiple) MD simulations (24) have
yielded a DQS distribution similar to Figure 3.4 (see Figure 3 in reference 12). This, as
an independent comparison, illustrates again that the present SSNMR-ED and the
standard MD simulations do capture the physically relevant essential dynamic features of
WALP23 in the bilayer membrane environment. Possibly due to sampling or/and force
field inaccuracy, the ensemble-averaged DQS from such standard MD simulations show

some deviations from the experimental values, with the DQS RMSD of 20 ~ 40 kHz for
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individual trajectories and ~6 kHz for combined (ensemble) trajectories. Ironically, such
deviations, which are considered too large to be acceptable in the experimental view
point (64), provided motivation for the development of various models to consider TM
helix dynamics and to seek better agreement with experimental observables, which will

be discussed in the next section.
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3.3.4. Various approaches in DQS interpretation

It was a MD simulation study in an implicit membrane that showed a significantly large ©
with a considerable fluctuation (tr = 32.7 + 8.5°) (22), when the GALA-based
interpretation of WALP23 was showing Tt = 5.5 + 0.9°. At that time, the discrepancy was
attributed to unknown oligomer states of WALP23 in a bilayer (17) because oligomer
formation could yield smaller T (28, 81). Now, there are several approaches/models
proposed to resolve the discrepancy by considering the TM helix dynamics and
orientational variability in the DQS interpretation. As mentioned at the end of the
previous section, based on their long comparative MD simulations, Ozdireckan et al.
proposed that the small T of WALP23 estimated by the GALA method could be the result
of orientation averaging in the T and p space accessible to WALP23 (24). However, due
to an unknown free energy profile in T and p space, it is still a challenging task to use
standard MD simulations to determine the WALP23 orientational space and the extent of
the orientational variability from which one can reliably calculate the DQS (or other
SSNMR) observables. It is this reason why other approaches have been recently proposed
to better understand the TM helix dynamics and orientational variability in the

interpretation of experimental DQS values, particularly when the observed absolute

values of DQS are small (82).

Esteban-Martin et al. used empirical partition free energies of individual amino

acid residues from aqueous solution to a membrane bilayer, and calculated the relative
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population of WALP23 orientations in a rigid-body movement fashion (65). Such a
population allows one to calculate the experimental DQS reasonably well. However,
having a relatively high population at small T appears to be problematic; our previous
PMF calculation and its decomposition demonstrate that it is difficult to have small T
(usually < 5°) for a single-pass TM helix in a bilayer environment due to the intrinsic
tendency of TM helix tilting, driven by the entropic contribution arising from helix
precession (area) around the membrane normal, as indicated in Figures 3.1 and 3.7 (26,
27). Therefore, the relatively high population in small T, while necessary to reproduce the

experimental data when using only positive DQS, could be physically questionable.

To take TM helix dynamic motion into account, additional fitting parameters were
also introduced in the framework of the GALA method. In other words, the TM helix
orientation distribution in T and p space that satisfies the experimental DQS values are
obtained by adjusting the variations of T and p (i.e., dt and dp), in addition to T and p
themselves. Strandberg et al. assume Gaussian distributions around a mean t and p to
adjust &t and d8p (63). This procedure leads to larger values of T (e.g., 14°—18° for
WALP23 in DMPC). Also, the authors analyzed the influence of helix dynamics on the
interpretation of DQS data by evaluating different dynamic models of increasing fitting
parameter complexity. Very recently, extending this concept, Holt et al. (64) introduced a
method using multiple anisotropic constraints, which combines nuclear interactions with
different orientations with respect to helical axis. However, the addition of fitting

parameters in these approaches could be arbitrary and do not provide clear explanation
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for expressing dynamic information and orientational variability from SSNMR
observables, since the TM helix orientation distribution may be neither uniform nor
Gaussian, illustrated by our results (Figure 3.3). Unlike aforementioned
approaches/models, the primary advantage of SSNMR-ED is the ability to generate an
ensemble of structures (i.e., TM helix orientation distribution) that satisfies the
experimental observables within a reasonable physical (force field) model (Figures 3.3
and 3.7), so that one can extract both TM helix orientation and dynamic information from

SSNMR observables.
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3.4. Conclusions

In Chapter 3, we have demonstrated that SSNMR-ED provides insights into the
interpretation of experimental DQS data, one of the SSNMR observables, and can be
used as a means to extract both TM helix orientation and dynamics information. In
addition, the SSNMR-ED simulations of WALP23 also provide a realistic explanation of
the discrepancy between MD simulation and GALA-based interpretation of DQS data.
SSNMR-ED may provide a general strategy for the structural interpretation of the
SSNMR observables, and one may apply this knowledge to investigating the influence of
the TM helix orientation and its variability on the structure and function of biologically

important systems.
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Chapter IV

Influence of Hydrophobic Mismatch on Structures and Dynamics of

Gramicidin A and Lipid Bilayers1

! Taehoon Kim, Phillip Morris, Kyu Il Lee, Richard W. Pastor, Olaf S. Andersen, and Wonpil Im,
submitted to Biophysical Journal (2011)
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Summary

Gramicidin A (gA) is a 15-amino acid antibiotic peptide with an alternating L-D
sequence, which forms (dimeric) bilayer-spanning, monovalent cation channels in
biological membranes and synthetic bilayers. We performed molecular dynamics
simulations of gA dimers and monomers in all-atom, explicit dilauroylphosphatidyl-
choline (DLPC), dimyristoylphosphatidylcholine (DMPC), dioleoylphosphatidylcholine
(DOPC), and palmitoyloleoylphosphatidylcholine (POPC) bilayers. The variation in acyl
chain length in these different phospholipids provides a way to alter gA-bilayer
interactions by varying the bilayer hydrophobic thickness and to determine the influence
of hydrophobic mismatch on the structure and dynamics of both gA channels (and
monomeric subunits) and the host bilayers. The simulations show that the channel
structure varied little with changes in hydrophobic mismatch, and that the lipid bilayer
adapts to the bilayer-spanning channel to minimize the exposure of hydrophobic residues.
The bilayer thickness, however, did not vary monotonically as a function of radial
distance from the channel. In all simulations, there was an initial decrease in thickness
within 4-5 A from the channel, which was followed by an increase in DOPC and POPC
or a further decrease in DLPC and DMPC bilayers. The bilayer thickness varied little in
the monomer simulations—except one of three independent simulations for DMPC and
all three DLPC simulations, where the bilayer thinned to allow a single subunit to form a
bilayer-spanning water-permeable pore. The radial dependence of lipid area and bilayer

compressibility is also non-monotonic in the first shell around gA dimers due to gA-
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phospholipid interactions and the hydrophobic mismatch. Order parameters, i.e., acyl
chain dynamics, and diffusion constants also differ between the lipids in the first shell
and the bulk. The lipid behaviors in the first shell around gA dimers are more complex
than would be predicted from a simple mismatch model, which has implications for

understanding the energetics of membrane protein-lipid interactions.
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4.1. Introduction

Integral membrane proteins are coupled to their host bilayer through hydrophobic
interactions between the proteins’ transmembrane domains and the bilayer hydrophobic
core (83), and membrane protein function is regulated by changes in the lipid bilayer
thickness or intrinsic lipid curvature (12). This regulation of membrane proteins function
arises because the energetic penalty for exposure of hydrophobic residues to water,
between 25 and 75 cal/(mol-A%) (84). Changes in protein conformation that involve the
protein’s transmembrane domain therefore will cause local changes in lipid packing. In
the case of a hydrophobic mismatch (between the length of a protein’s hydrophobic
transmembrane domain and the thickness of the bilayer hydrophobic core), the bilayer
adaptation involves local changes in lipid bilayer thickness, and possibly changes in
transmembrane domain orientation (85). Focusing on the changes in bilayer organization,
the local bilayer thickness change (protein-induced bilayer deformation) has an

associated energetic cost, the bilayer deformation energy (AG,,;) (85, 86). The difference
in AG,,, associated with two different conformations (I and II) of the protein of interest is
the bilayer contribution to the free energy difference for the conformational transition,

AGyer = MGy = AGy; (87).

bilayer

AG,, has been evaluated using the theory of elastic bilayer deformations (86,

88-92). The theory has been calibrated using changes in gramicidin A (gA)

single-channel lifetimes (t) as a function of bilayer thickness (dy) (86, 93) and changes in
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gA channel appearance rate (f) and T as a function of membrane tension (o) (94). The
results of these studies show that AG,, varies as a function of the boundary conditions
for lipid packing at the protein/bilayer boundary (88, 90, 91). In addition, the f~0 and t-0
relations (94) and t-d) relation (93) for gA channels do not conform to predictions based
on the elastic bilayer model using bulk bilayer elastic moduli and boundary conditions
that minimize AG,,. The experimental results could be fit by varying the slope (s) of the
bilayer/solution interface at the channel/bilayer boundary. This indicates that there are
additional constraints on lipid packing, for example the energetic cost of acyl chain tilt
(90), which would tend to move s toward 0. Indeed, the t-d, relation could be fit by
assuming s = 0 (93). Alternatively, the bilayer elastic moduli close to the channel could
be larger than the bulk moduli (92). Either modification of the basic elastic bilayer model
would be compatible with the t-d results, but the former modification (constraining s to

be 0) is difficult to reconcile with the observed effects of varying the intrinsic curvature

(87,91, 95).

To understand how a channel-bilayer hydrophobic mismatch alters the local lipid
structure and dynamics, we used molecular dynamics (MD) simulation to explicitly probe
the radial bilayer deformation profile and evaluate the lipid fluctuations, which allows for
the determination of “local” compressibility moduli. The radial dependence of lipid
organization and dynamics were not extensively investigated in previous MD simulations
on gA channels in lipid bilayers (96-99) because the number of lipid molecules was
insufficient (usually 10 lipids/gA monomer, or one shell) to explore gA-lipid bilayer

interaction that might propagate over several shells. To explore the influence of
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hydrophobic mismatch on the structure and dynamics of gA bilayer-spanning dimers and
monomeric subunits, as well as the lipids in the vicinity of the channel or subunit, we
therefore performed MD simulations on gA dimers and monomers embedded in bilayers
of different thickness with 4 lipid shells. The simulations were carried out in
dilaurylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC), dioleoyl-
phosphatidylcholine (DOPC), and palmitoyloleoylphosphatidylcholine (POPC) bilayers

with the recently developed CHARMM36 (C36) lipid force field (100).

The influence of hydrophobic mismatch on the structure and dynamics of gA
bilayer-spanning dimers and monomeric subunits were characterized in terms of the root
mean squared deviation (RMSD), hydrogen bonding patterns, orientation (tilt and
rotation), Trp side chain orientation, and relative position in bilayers. We also calculated
key lipid properties— hydrophobic thickness, per-lipid surface area, compressibility, acyl
chain order parameter, and lateral diffusion coefficient—as functions of radial distance
from the channel and discuss them in terms of the influence of hydrophobic mismatch on

lipid bilayer structure and dynamics..
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4.2. Computational Methods

Using the Membrane Builder module (39, 40) in CHARMM-GUI (www.charmm-
gui.org) (41), the gA dimer structure from PDB:1JNO (101) with added pore water
molecules was inserted into four different lipid bilayers with 180 DLPC, DMPC, DOPC,
and POPC molecules (Figure 4.1), which corresponds to about 4 lipid shells around the
channel. The monomeric subunit from the gA dimer was inserted into one leaflet and 5
more lipid molecules were added into the other leaflet. 0.15 M KCI was used for all
simulations. Figure 4.2 shows a snapshot of such gA dimer and monomeric subunit
systems in the lipid bilayers. Each system was replicated and assigned different initial
velocities to generate three independent simulation systems for each type of lipid bilayer,

yielding a total of 24 systems. Table 4.1 summarizes the system information.

All calculations were performed in the NPT (constant particle number, pressure
and temperature) ensemble (50) at 303.15 K using the biomolecular simulation program
CHARMM (42) with the CHARMM all-atom protein force field (43) including a
modified version of dihedral cross-term correction (CMAP) (referred to as dCMAP) (44,
102), the latest C36 lipid force field (100), and a modified TIP3 water model (45). A

time-step of 2 fs was used with the SHAKE algorithm (48).

Each initial system was equilibrated using 50-ps NPAT (constant particle number,
pressure, XY area, and temperature) dynamics followed by 325-ps NPT dynamics with
the nonbonded and dynamics options in the Membrane Builder input; the van der Waals

interactions were smoothly switched off at 10-12 A by a force-switching function (103)
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and the electrostatic interaction were calculated using the particle-mesh Ewald (PME)
method (104) with a mesh size of ~1 A for fast Fourier transformation, ¥ = 0.34 A™', and
a sixth-order B-spline interpolation. After equilibration, 100-ns production run was

performed for each system.
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Figure 4.1. Structural representations of phospholipid molecule used in the current MD
simulations. (from left to right) DLPC, DMPC, DOPC, and POPC lipid molecule,

respectively.
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Figure 4.2. Snapshots of (A) dimer and (B) monomeric subunit systems in (from left to
right) DLPC, DMPC, DOPC, and POPC bilayers. The gA dimers and monomers are
colored yellow with the Trp residues green; the lipids have blue carbons. Pore water

molecules are represented as spheres, K™ and Cl- are purple and green, and bulk water

molecules is light blue.
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Table 4.1. System information

Lipid Ions
Lipid System Size' Water
Top Bottom K" Cr
DLPC 74 x 74 x 70 90 90 (95)* 15 15 7,394
DMPC 76 x 76 x 70 90 90 (95) 16 16 6,949
DOPC 80 x 80 x 70 90 90 (95) 18 18 6,802
POPC 80 x 80 x 70 90 90 (95) 18 18 6,670

"The system size is given by Lx x Ly x Lz (in A), where Lx, Ly, and Lz correspond to the
length of the system along the X, Y, and Z-axis respectively.

*5 lipid molecules are added for the monomer systems.
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4.3. Results and Discussion

4.3.1. Influence of hydrophobic mismatch on gA structure and dynamics

Both the bilayer-spanning dimers (channels) and the monomeric subunits were stable for
the duration of the simulations. RMSD from the PDB:1JNO structure for the dimers were
less than those for the monomers (Figure.4.4 (A)). The number of hydrogen bonds in the
dimers (Figure 4.4 (B)) mostly varied between 22 and 26 (the maximum possible), with
an average of 25 and occasional transitions to lower numbers. Except in the DOPC
bilayers, we observed transient increases in the RMSD for the dimers, which were
correlated with the loss of hydrogen bonds —usually caused by one of ethanolamide
(EAM) groups swinging out from the channel (102) (Figure 4.5). K' binding to the
carbonyl oxygens at the channel entrance also caused slight increases of dimer RMSD.
The number of hydrogen bonds in the monomers varied between 6 and 10 (the maximal
possible), with an average of 8 and occasional transitions to lower numbers. The average
number of residues per turn was 6.28—-6.29 (compared to 6.3 from PDB:1JNO structure
(101)), the average rise per turn was 4.51-4.57 A (compared to 4.7 = 0.2 A in the
PDB:1JNO structure and also deduced from X-ray diffraction (105)). There were no
significant differences among the dimer structures in different lipid bilayers. The gA
channel structure is quite rigid, independent of the lipid bilayer type, and the dimer is

more rigid than the monomer.

To explore the gA orientation and dynamics in the different bilayers, we
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determined the dimers’ and monomeric subunits’ average tilt (8) and rotation (p), see
definition in Figure 4.3 (27)). To define p, Ca atom of Trp9 in one subunit was used as a
reference atom. The 0 distribution followed the hydrophobic mismatch concept (Figure
4.6 (A)). That is, to maximize the hydrophobic match between the channel and bilayer, 0
decreases as the bilayer hydrophobic thickness increased: 14.5 = 6.3° (DLPC) < 12.2 =
6.2° (DMPC) < 9.1 = 4.6° (DOPC) = 8.9 = 5.2° (POPC). In contrast, there were no
significant differences among the monomeric subunits’ 0 in different lipid bilayers
(Figure 4.7 (B)) due to it being free-floating in one leaflet (see below). Except in DLPC
bilayers, p had a slight preference for —-90°, which is the tilt direction between Trp13 and
Trpl5 (Figures 4.7 and 4.8). The p distributions, however, were much broader than those
observed in single-pass TM a-helices (e.g., WALPs and VpuTM) (27, 106, 107) because

of gA’s small 6.

Knowing 6, we can compare our results with experimental determinations. The
dynamic extent of (mis)alignment between the molecular Z-axis and the membrane
normal is characterized by the time averaged order parameter, S,, = <2 cos’ (r)- 1> /2.8,

for the gA channel backbone is 0.92-0.93 in DMPC bilayer (108-110). Figure 4.6 (C)
shows the §,, distributions: 0.89 + 0.09 (DLPC), 0.91 = 0.08 (DMPC), 0.95 = 0.05
(DOPC), and 0.94 = 0.07 (POPC). The average S,, from MD simulations in DMPC is

excellent agreement with experimental measurements. Notably, though gA channels do

respond to a hydrophobic mismatch by changing their 0 , the extent of the response is
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modest compared to those observed in single-pass TM a-helices (e.g., VpuTM: 35° in
DLPC to 18° in DOPC and WALPs: 12° of WALP19 to 28° of WALP23 in DMPC) (27,
106, 107). The different behaviors are presumably due to the four Trp residues in each
monomer and their strong preference to be at the bilayer’s hydrophobic/hydrophobic

interface (26).
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Figure 4.3. Definition of tilt (8) and rotation (p) angle of the gA channel. 0 is defined by
the angle between the helical principal axis (a) and the unit vector along the Z axis. p is
defined by the angle between the projects of the Z axis (Zp) and the internal reference
vector (rs) on the plane perpendicular to the helical principal axis. (Orange sphere) Ca.

atom of Trp9 residue as an internal reference atom.
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Figure 4.4. (A) RMSD time series for a gA dimer (left) and the monomeric subunit
(right) in a DOPC bilayer. Cyan and red colored region represents the binding of K at
the upper (cyan) and lower (red) pore entrance. EAM swing motions are marked by *.
(B) The number of hydrogen bonds in the dimer (left) and the monomeric subunit (right)

in a DOPC bilayer.
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Figure 4.5. (A) RMSD time series of gA dimer and (B) monomer in (from left to right)
DLPC, DMPC, and POPC bilayers. Cyan and red colored region represent binding of K"
at upper (cyan) and lower (red) pore entrance. EAM swing motions are marked as *. The
number of hydrogen bonds of (C) dimer and (D) monomer in (from left to right) DLPC,
DMPC, and POPC bilayers. (E) (left) EAM swing motion of dimer (transparent blue
represent the PDB structure and (middle and right) two monomers with 10 and 5

hydrogen bonds, respectively.
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Figure 4.6. Tilt angle distributions of (A) a gA dimer and (B) a monomeric subunit in
different lipid bilayers. (C) S, distribution of a gA dimer in the different bilayers. The

results for each system are averages over the three simulations.
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To further explore the effect of hydrophobic mismatch on the channel structure,
we examined the distributions of the Trp dihedral angles y; and ., (Figures 4.9 (A) and
4.10). Trps 11, 13, and 15 have a single predominant dihedral angle (y; = —60°, %2 = —
80°), and the distribution of rotameric states does not vary systematically with the
changes in the phospholipid acyl chain (bilayer thickness). As found previously (97,
102), Trp9 was much more mobile than the other Trps, presumably because Trp9 is more
deeply buried and therefore not so strongly coupled to hydrogen bond acceptors at the
bilayer/solution interface. Consistent with this interpretation, Trp9 in the monomers

(Figures 4.9 (B) and 4.11) was less buried and less mobile.
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square bin on a log 10 scale. (C) Molecular representation of each Trp9 rotamer state.
The gA monomer is colored yellow and Trp9 green. Nitrogen atoms are represented as

blue sphere. The results for each system are averages of the three simulations.

111



TRP11 TRP13 TRP15

A . 0.5

1201 2= 15
> 601 f r |2.5
1) 35
9] 0 t b
3 45
= 60" b L

4 .

12071 4 r r
B . . ‘ . . 0.5

1201 4 15
@ 601 \ r I2.5
) ‘ 35
a0 - ) -
1 45
= _60, ) L ] L

-120} - i
C . — — ; . . ; : — 05

1200 s - s
. 60 — . i 25
3 .
_?3; 0 I I 35
A 45
= 60} L L

-120+ r r
D . - — ‘ . . ‘ . - 05

1201 == r r 15
~ 60f | I I |2.5
() 35
o 0 r 2 r
] . 45
= ot L

-120r1 r

200 -100 0 100 -200 -100 0 100-200 -100 0 100 200 -100 0O 100

x,(degs) x,(degs) x,(degs) x,(degs)

Figure 4.10. The Trp dihedral angles ; and %, of dimer in (A) DLPC, (B) DMPC, (C)

DOPC, and (D) POPC bilayers. The contours/colors represent the number of counts per

5° square bin on a log 10 scale.

112



TRPM TRP13 TRP15

A . . 05
1207 r 15
"N
. e0f {t @ 25
2] \\\ \
g o | ¥ @ 35
. @ @ )
= 60} .
-120f 'L/
B . . . . . . 0.5
1201 [ 15
—~ 601 r @ Iz.s
& 35
i%, 0 i : 45
) | | @ @
-1201
c : . ‘ . . ‘ ‘ 0.5
120t 15
. 60} ' 25
& 35
ﬁ o : 4.5
) _60- E @ |
-120r
D 05
1201 1f 15
—~ 60r r @ 25
(2]
Pé\‘ -607 @
-120f

-200 -100 O 100 -200 -100 O 100 200 -100 O 100 -200 -100 O 100
x,(degs) x,(degs) x,(degs) x,(degs)

Figure 4.11. The Trp dihedral angles ; and > of monomer in (A) DLPC, (B) DMPC,

(C) DOPC, and (D) POPC bilayers. The contours/colors represent the number of counts

per 5° square bin on a log 10 scale.
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Despite the lower Trp9 mobility in the monomeric subunits, the overall monomer
conformations were more dynamic than the dimer conformations (Figure 4.5), and the
monomers moved more freely in the hydrophobic core region of bilayers (see below).
The monomeric subunits usually “floating” at the bilayer/solution interface (see Figure
4.12 for the behavior in DOPC and POPC bilayers), reflecting fewer constrains imposed
by the bilayer. The DLPC and one of DMPC systems were exceptions, as the monomeric
subunits moved toward the bilayer center (Z = 0) (Figure 4.12 (A)), to form monomeric,
metastable water-permeable channels after ~40 ns of simulation time (Figure 4.12 (B)).
The Trps on one end of these monomeric channels remained at the
hydrophobic/hydrophilic interface and pull their surrounding lipid molecules down as the
monomer moved toward the bilayer center. The formyl group makes hydrogen bonds
with interfacial moieties in the opposite leaflet, and the lipid bilayer close to the subunits
is grossly deformed. In DOPC and POPC bilayers, which have greater hydrophobic
thickness than DLPC and DMPC bilayers, the monomer subunit does not show such a

movement (Figure 4.13)

The bilayer-spanning monomers are water permeable. To quantify the water
permeability, we traced the Z-coordinates of all the water molecules that visit the pore
region of monomer, a complete water permeation (+1 into the +Z direction and —1 into
the —Z direction) was recorded only if a water molecule moves from Z=-12 A to 12 A or
vice versa (Figure 4.12 (C)). This may explain why gA analogues that would be expected

to be monomeric increase the water permeability in thin bilayers (111): a significant
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amount of the water could go through such metastable channel-forming monomers.
Water permeability of the dimer was estimated using the same protocol (Figure 4.14).
Water movement can be interrupted (as indicated by the plateau regions) by EAM swing
motion and K" binding at the channel entrances (Figures 4.4 (A) and 4.5), which blocks

water movement in the single-filing pore.
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Figure 4.12. Monomeric subunit in DLPC (left column) and DMPC (right column)

bilayers. (A) Time series of the Z-coordinate of the gA monomer’s center of mass (COM)

in the bilayers. (B) Snapshots of water pore formation in the bilayers. The gA monomeric

subunit is colored yellow and Trp green, and the lipid molecules blue. Water molecules

are represented as spheres. (C) The number of water molecules translocated through gA

monomers as a function of time (see the main text for definition).
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Figure 4.13. Time series of the Z-coordinate of the gA monomer’s center of mass (COM)

in (A) DOPC and (B) POPC bilayers.
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Figure 4.14. The number of water molecules translocated through gA dimers as a

function of time in (A) DLPC, (B) DMPC, (C) DOPC, and (D) POPC bilayers.
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4.3.2 Influence of hydrophobic mismatch on lipid structure and dynamics

To examine the hydrophobic mismatch-induced changes in lipid structure and dynamics,
we first explored the lipid distribution around the gA dimers and monomers in the
different bilayers. We calculated the two-dimensional (2D) radial distribution function,

g(r), based on the COM or the choline N atoms for each lipid type as a function of radial

distance (r) from the gA center.

_ o(r) _ N(r,r+dr) 1

(4.1)
2.717"6[}" IOhulk

g(r)

bulk

where 2mrdr is the area in between » and » +dr, N(r,r+dr) is the number of lipid
molecules in the area, and p,,, is the two-dimensional density of a pure lipid bilayer.

Figures 4.15 and 4.16 show g(r) for each lipid type, and Table 4.2 summarizes each shell
size based on the COM g(r) and the number of lipid molecules in each shell. There is
little variation among the different lipid types. The first peak is at 11-12 A, and there are
9-11 lipid molecules in the first shell. The g(r) based on the choline N atoms shows that
the choline moiety in the phospholipid head group may interfere with gA channel
function (99) (Figure 4.17), because the cholines may “reach in” over the channel to
approach the pore entrance. Though the cholines thereby could block water movement,
its residence time usually is very short (mostly less than 10 ps), and there was no clear

correlation between water flux and choline blocking in Figures 4.12 (C) and 4.14.
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Figure 4.15. Radial distribution functions of lipid atoms (the choline N) and the lipid
center of mass (COM) around gA dimers (left) and monomeric subunits (right) as a

function of » in DOPC bilayers. The first and second shells are denoted as dotted lines.
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Figure 4.16. Radial distribution functions of lipid atoms (the choline N) and the lipid
center of mass (COM) around gA dimers. (A) and monomeric subunits (B) as a function

of  in (from left to right) DLPC, DMPC, and POPC bilayers.
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Table 4.2. Lipid shell size (1* and 2"%) and the number of lipid molecule in each shell

with standard error of 3 systems (for the dimer, upper and lower leaflets are considered

and for the monomeric subunit only upper one is considered).

Lipid

Dimer (# of lipid)

Monomer (# of lipid)

1% shell

2™ shell

1% shell

2™ shell

DLPC

DMPC

DOPC

POPC

15.0 A (9.2 = 0.1)
15.0 A (9.4 = 0.2)
16.0 A (9.2 = 0.2)

17.0 A (11.2 = 0.3)

21.5A (123 £0.2)
22.0 A (13.7 £0.2)
26.0 A (19.1 = 0.3)

27.5 A (22.9 = 0.2)

15.0A (8.5+0.1)
145A (83+0.4)
155A(8.9=0.1)

145A(7.7+0.1)

225 A (13.8 £0.1)
N/A
24.5 A (16.1 £ 0.3)

N/A
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Figure 4.17. Snapshots of (A) clear open state of gA channels in DLCP, DMPC, and
DOPC bilayers, respectively. (B).The gA channels occluded by lipid choline groups and
K".in DMPC and POPC bilayers. The gA dimers are colored green, carbon atoms gray,

oxygen atoms red, nitrogen atoms blue, and K" ions yellow spheres.
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Knowing g(7), we then could examine how lipid bilayer structure and dynamics
responds to different hydrophobic mismatches by calculating the hydrophobic thickness,
per-lipid surface area, compressibility, acyl chain order parameters, and lateral diffusion
coefficients as functions of ». These are designated by the usual symbol followed by
“(r)”; e.g., the bilayer hydrophobic thickness, dy, is commonly defined as the average
distance between the acyl chain C2 carbon atoms in both leaflets (16, 27), , and is written
as du(r). Similarly, the local area per lipid, area compressibility, and diffusion constant

are denoted as A(r), K4(r), and D(r), respectively.

The thickness profiles (Figure 4.18 (A), 2D thickness profiles in Figure. 4.19)
show both expected and surprising features. As would be expected from the gA channel
structure, we observe no evidence for residual hydrophobic exposure (112), meaning that
there is near-perfect hydrophobic adaptation between the channel and its surrounding
phospholipids. The 2D thickness profiles, however, show a remarkable variation in
thickness within the first shell, with some lipids being more extended than their
neighbors. These “hot spots” are due to lipids that have their cholines interacting with the
pore entrance and to lipids that “slide” over the Trp side chains so that their carbonyl and
phosphate oxygens can form hydrogen bonds with the indole NH groups (Figure 4.20).
This organization is reminiscent of that suggested by Meulendijks et al. (113), but the
interactions are unlikely to be specific in the usual sense because the gA channel function

does not depend on the gA channel or phospholipid chirality (114).
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Moving away from the channel, du(r) decreased within 4-5 A from the
dimer/bilayer boundary (Figure 4.18 (A)). This decrease reflects, in part, the hot spots in
the 2D profiles (Figure 4.19), which will tend to increase the bilayer thickness adjacent to
the channel. Not including the hot spots in the thickness calculations reduced the du(r)
changes from ~4 A to ~2 A (for DMPC, POPC and DOPC) and from ~6 A to ~3 A for
DLPC. The non-monotonic du(r) profiles are in general agreement with the profile
deduced by Huang (86) using the continuum theory of elastic bilayer deformation, but
more pronounced so. The du(r) profiles in Figures 4.18 (A) and 4.19 differ from the
profiles deduced by Helfrich and Jakobsson (88) and Nielsen et al. (90) by minimizing
the deformation energy and by Lundbak and Andersen (93) from fitting the continuum

theory to the gA lifetime vs. bilayer thickness data of Elliott et al. (115).

Except for DLPC, the du(r) profiles close to the dimers were similar. This need
not imply, however, that there is less hydrophobic adaptation in DLPC bilayers because
the dimer’s 0 is larger in this system (see Figure 4.6 (A)). In the case of DLPC (positive
mismatch) and DMPC (near match) bilayers, the perturbation extended over the first and
second shells, whereas the lipid adaptation in DOPC and POPC (negative mismatch)
bilayers occurred mostly within the first shell. The average DLPC bilayer thickness in the
first shell was about 2 A thicker than the bulk thickness, in general agreement with the X-
ray diffraction results (116). The average DMPC bilayer thickness in the first shell was
~3 A greater than that in the DLPC system (Figure 4.18 (A)), which is in general
agreement with Harroun et al.’s estimation of the local thickness in the DMPC system to
be 2 A greater than that in the DLPC system (116).
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Compared to our previous study (27) showing that the PMF-minimum
orientations of WALP helical peptides minimize a hydrophobic mismatch by changing 0
with minimum perturbation of lipid bilayers, the gA channels in DLPC and DMPC
bilayers showed strong lipid adaptation. In other words, simple single-pass TM helices
such as WALPs and VpuTM respond to a large hydrophobic mismatch through changes
in 6 , whereas the gA channels overcome the energetic penalty due to a hydrophobic
mismatch by imposing changes in du(r) with minimal changes in 0 (117). du(r)
approached the bulk values at » = 3040 A, within the third lipid shell surrounding the
channel. In the case of free-floating monomeric subunits, in which lesser constraints are
imposed on the bilayer, there was less lipid adaptation (except DLPC bilayers where
monomeric subunits form water pores) (see Figure 4.20) than in the case of channel-

forming dimers (Figure 4.18 (A)).
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Figure 4.18. gA-induced lipid bilayer deformations in bilayers of different thickness (A)

Hydrophobic thickness profile, (B) area per lipid profile, and (C) compressibility profile
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as a function of » (mean + standard error). The right-hand panels show the results for the

first and second lipid shells and for the bulk (shell definitions are from Table 4.2).
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Figure 4.19. 2D hydrophobic thickness distributions of lipid bilayer of gA dimer systems
in (A) DLPC, (B) DMPC, (C) DOPC, and (D) POPC bilayers (Unit: A). Note the isolated

“hotspots” where the lipid molecules are more extended.
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Figure 4.20. Snapshots of showing interactions between the gA backbone and Trps, and
lipid molecule. The gA dimer is colored yellow and Trp green. The lipid molecule is
represented as stick models (blue; nitrogen, red; oxygen, and C2 carbon as orange

sphere).
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Figure 4.21. Hydrophobic thickness profile of each lipid bilayer type as a function of 7 in

monomeric systems.
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Phospholipids are almost incompressible (118), in which case the dy(r) profiles in
Figure 4.18 (A) should be associated with reciprocal changes in lipid area. To explore
this, we estimated the per-lipid surface area, A(r), using the Voronoi tessellation approach
by Pandit et al. (119). A lipid molecule was first defined by three key atoms located
approximately at the hydrophobic/hydrophilic interface: the two carbonyl carbon atoms
on each chain and the carbon that connects the two aliphatic chains to the chain leading to
the phosphate. The gA structure was defined by the backbone heavy atoms. Delaunay
triangulation was then used to determine the circumcenters of triangles that resulted in
vertices for the Voronoi polygons to obtain lipid areas, and the Quickhull program (120)
was used for this geometric calculation. In each bilayer type, A(r) is indeed anti-
correlated with du(r) (Figure 4.18 (B)). A(r) in the bulk region agree well with per-lipid
surface areas estimated in previous MD simulations (100), and lipid bilayer experiments:
63.2 = 0.5 A* (DLPC), 60.6 = 0.5 A* (DMPC), 67.4 = 1.0 A* (DOPC), and 68.3 + 0.5 A*
(POPC) (121, 122). Because A(r) is (anti)-correlated with dy(7), the profile is not simply
monotonic. Beyond the first shell, du(r) increased gradually in the case of positive
mismatch. In the case of negative mismatch, the lipid bilayer adjustment occurred within
20 A, and one might expect A(r) to be increased near the protein because of lipid
compression (123). This area increment was not observed due to the local increase in

dH(I’)

The per-lipid surface areas together with their fluctuations allow for an estimate

the local compressibility modulus, K4(7) (124).
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k,TA(r)

KA(r)=W

(4.2)

where k,T is the thermal energy and N the number of lipid molecules in a leaflet. Figure

4.18 (C) shows K4(r) for each system. The compressibility moduli for the bulk (» > ~30
A) are similar to each other, 200-250 dyn/cm, and to those of pure lipid bilayers: 234 =
23 dyn/cm (DMPC) and 237 = 16 dyn/cm (DOPC) (125). K4(r) for lipids in the first shell
are higher than the bulk values, indicating that the lipid acyl chains in the vicinity of the
channel are harder to compress. From the calculated lipid bilayer parameters (du(r), A(r),
and K4(r)), we conclude that the first shell is highly perturbed because the system has to
adjust to both gA-lipid interactions (hydrogen bond formation to the indole NH groups)
and hydrophobic mismatch in order to maintain the constant bilayer density. In the
second shell, the lipids are less stressed than in the first shell, and then the perturbation
decays monotonically. A(r) and K4(r) in the first shell are subject to uncertainty because
of the arbitrariness in defining the gA structure in the Voronoi polyhedral calculations.
The consistency of between these quantities and du(r), which is not calculated from

Voronoi polyhedra, indicates that the Voronoi definitions are reasonable.

The hydrophobic mismatch-imposed lipid adaptation around gA channels (Figure
4.18) affects acyl chain dynamics and orientation (123). The relative order of the
hydrocarbon tails can be obtained from the order parameter, Scp,

1
Sep = 5<3cos2 Ocrs -1) (4.3)

where 6y is the angle between the CH bond vector and the bilayer normal (note, we use
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0 in a different context in the discussion of the channel tilt); Scp defined in this way can
be directly compared with the order parameter measured by deuterium NMR, and is
therefore denoted as the deuterium order parameter. Figure 4.22 compares Scp in each
shell and includes available experimental measurements (126, 127). As in previous
studies (96), DLPC and DMPC bilayers (Figure 4.22 (A) and (B)) show higher Scp in the
first and second shell than in the bulk lipids due to chain ordering induced by local
increase in dy(r) (Figure 4.18 (A)) together with the decrease in A(r) (Figure 4.18 (B)). In
contrast, the first shell of DOPC and POPC bilayers (Figure 4.22 (C) and (D)), which is

more compressed than the bulk lipids due to negative mismatch, Scp is less than in bulk.

To further explore how protein-lipid incarnations affect lipid dynamics, we
investigated the influence of protein-lipid interaction on lipid diffusion. The lateral
diffusion coefficient, D(r), was calculated on a grid in the XY-plane around the gA
dimmer from the lateral mean-squared displacement (MSD) (128, 129) of each lipid

COM, Ax(t)=x(t+At)—x(1):

<[Ax(t) ~(Ax@)] +[Ay() = (Ay(t )>]2>

P= 4A1

(4.4)

At each grid point (a grid spacing = 1.0 A), D(r) was calculated with Az =10 ns and the
calculated bulk values in the gA systems reasonable represent diffusion constants of pure
lipid bilayers within 15% errors. Figures 4.22 and 4.23 show the 1D and 2D D(r)
distributions of each lipid bilayer, respectively. Generally, the D(r) in the first and second

shell is lower than in the bulk, and it show a relatively week correlation with the profiles

134



for du(r), A(r), and K4(r) (Figure 4.17). Figure 4.22 shows a much larger D(r) for the
DLPC bilayer than the others. Because the DMPC, DOPC, and POPC bilayers have the
same head group and the same relative D(r) (~13.0x10™ cm?s) in the bulk, acyl chain
saturation and hydrophobic thickness of the lipid do not seem to be the factor that
affected the D(r). Although the diffusion coefficient of DLPC bilayer is different from the
others, the relative changes in D(r) between the first shell and the plateau region (at ~40
A) are 2.32 (DLPC), 2.31 (DMPC), 2.41 (DOPC), and 2.10 (POPC), which implies that
lipid adaptation by hydrophobic mismatch associated with DLPC bilayer is unlikely to be

determining factor in the diffusion coefficient.
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Figure 4.22. The H order parameter of (A) DLPC, (B) DMPC, (C) DOPC, and (D)
POPC (oleoly chain in the C2 glycerol backbone carbon) bilayers for the first and second
lipid shells and bulk lipid (red; 1** shell, blue; 2™ shell, black; bulk, and magenta

diamond; experimental results).
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Figure 4.24. 2D distribution of the lipid lateral diffusion coefficient of (A) DLPC, (B)

DMPC, (C) DOPC, and (D) POPC bilayers. (Unit: 10™ cm?/s)
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4.4. Conclusions

Molecular dynamics simulations of gA dimers and monomers in all-atom DLPC,
DMPC, DOPC, and POPC bilayers reveal a range of responses to different peptide/lipid
hydrophobic mismatches. The structure of the gA dimer is largely unaffected by changes
in lipid bilayer composition (thickness), and its tilt varies from 14° in DLPC the thinnest
bilayer to 9° in DOPC. This 5° variation in tilt is less than the previously reported 16~17°
difference deduced for single-pass TM a-helices in bilayers formed by the same lipids
(107) or in similar mismatch conditions (27). That is, the lipid bilayer adapts to the gA,
whereas single-pass TM a-helices such as WALPs and VpuTM adapt to the lipid bilayer.
The monomeric gA subunits retain their B-helical conformation for the 100-ns
simulation. They “float” in a single leaflet in DOPC and POPC bilayers, but can form

metastable, water permeable bilayer-spanning channels in DLPC and DMPC bilayers.

The bilayer structure and dynamics in the first lipid shell around gA dimers reflect
both the channel-bilayer mismatch and hydrogen bond formation between the
phospholipid carbonyl and phosphate oxygens and the indole NH groups. The results
provide support for the importance of hydrophobic adaptation between integral
membrane proteins and their host bilayer, which was near-perfect in this case, and show
also that hydrogen bond formation between the indole side chains and the phospholipid
phosphate and carbonyls, or choline interacting with the pore entrance, may impact on

the lipid structure and dynamics. The radial dependence of hydrophobic thickness, lipid
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area, and bilayer compressibility vary non-monotonically over the first lipid shell around
the channel and reach their bulk values in the second shell in DOPC and POPC bilayers
and in the third shell in DLPC and DMPC bilayers. Order parameters and diffusion
coefficients also differ for lipids in the first and second shells and the bulk. Reflecting the
different order parameters, the local compressibility moduli in the vicinity of the channel
are higher than the bulk values, supporting Partenskii and Jordan’s conjecture that the
channel alters the local lipid dynamics—and thus the local moduli—beyond what would
be predicted from a simple mismatch model. The non-monotonic variation in bilayer
thickness within the first shell differs from the profiles commonly deduced using
continuum deformation models. Importantly, the increased local moduli indicate that the
bilayer deformation energies will be larger than predicted using the simple continuum
description (assuming constant moduli). This has implications for evaluating the
energetic cost of hydrophobic mismatch-induced bilayer deformations, which is likely to
be larger than predicted using the continuum description. Lundbak and Andersen (93),
for example, found that the experimental gA single-channel lifetime vs. bilayer thickness
relation could be fit by the continuum description (with constant moduli) only when
using a phenomenological spring coefficient that was three-fold larger than the value
predicted using equilibrium theory and assuming no constraints on lipid structure and

dynamics (apart from that imposed by the hydrophobic mismatch).
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