MD Simulations of

Ganglioside-containing Membranes

Abstract

GM1 gangliosides bound to amyloid B-protein (GM1-Af) on a lipid membrane are
considered as a seed for aggregation of AP in Alzheimer’s disease, and the GM1-Ap
formation is dependent on the concentration of Chol in the membrane. To reveal a
mechanism of the GM1-Ap formation and the dependency on Chol, MD simulations
were carried out for two GM 1-containing membranes: GM1 /SM/Chol = 1/2/2 (model 1)
and GM1/POPC = 1/4 (model 2). The results indicated that, in model 1, GM1 molecules
were condensed and had strong interactions with each other through hydrogen bonds
mostly among the glycan parts. In contrast, GM1 molecules in model 2 were scattered
on the membrane surface and the number of the hydrogen bonds markedly decreased.
That is, GM1 cluster appeared only in model 1. The GMI1 cluster yielded
water-depleted regions on the membrane surface. Moreover, negative charges due to
sialic acids of the GM1 cluster show a regular pattern in their distribution, which is
compatible with the interval of hydrogen bond acceptors or donors of the main chain
atoms of AP peptides in the (-strand conformation. These results suggest that GM 1
cluster has the ability to attract AP peptides and to provide a hydrogen bond template
for tightly holding them. Chol seems to play a role in maintaining an adequate interval of
GM1 molecules by occupying the interstitial space between GM 1 molecules.
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V.1 Introduction

Gangliosides are known to be associated with virus infections and nervous
diseases.*®** A particularly well-known example is a direct interaction between the
toxins secreted by Vibrio cholerae and GM1 gangliosides in intestine.*> Furthermore,
gangliosides are related to symptoms of many nervous diseases, such as Huntington’s
disease and Alzheimer’s disease (AD).”*7>80:87

It was reported that aggregation of amyloid f-peptides (AP) in a human brain is an
important risk factor for AD.*® Moreover, recent studies revealed that toxic APs
aggregated on lipid microdomains with highly condensed glycolipids (especially
ganglioside), SM, and Chol.”****%% Until now, a lot of evidences have been accumulated
to indicate that Chol is essential in AD (see the review by Shobab et al).”® Yanagisawa et
al. detected monosialo-ganglioside GM1-bound AP in the brains of patients with AD,
and they suggested that GM1-AP may act as a seed for the aggregation of AB.** Several
subsequent in vitro studies supported their hypothesis, and much evidence has been
accumulated.”*">#%%" Based on the results of spectroscopic and fluorescence in vitro and
in vivo studies, Matsuzaki et al. demonstrated that a high concentration of Chol
promoted the formation of GM1 clusters and GM1-Af’, and they suggested that Ap
recognized a GM1 cluster. These studies indicate that the presence of highly condensed
GM1 molecules is critical for the formation of GM1-AfB. However, it remains unclear
how Afs assemble on GM 1-containing Chol-rich membranes.

Here in this study, two GM1-containing membranes were modeled by GLYMM in
which the ratios of lipids are GM1/SM/Chol = 1/2/2 (model 1) and GM1/POPC = 1/4
(model 2), and MD simulations were carried out to elucidate the mechanism of APs

assembly on GM1-containing Chol-rich membranes. The results of the present study
provide a reasonable explanation for why AP specifically recognizes a GM1 cluster and
aggregates on GM 1 -containing membranes.

Previous studies indicated that the A aggregation on the membranes was very
sensitive to experimental conditions.”* Hence, in this study, in order to reproduce these
experiments, the model system were carefully constructed as strictly close to the
experimental conditions as possible (lipid composition, temperature: 37 °C, and ion
concentration: 150 mM NaCl). The lipid composition of model 1 has been often used as
a raft-mimicking environment to enable Afs to aggregate in many experimental
studies.*®*13 Therefore, the results of the MD simulations in this study will be also
quite informative in discussing a mechanism of the formation of a lipid microdomain and
its molecular structure in detail.
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Figure 5.1 Chemical structures of the lipids used in this study.
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V.2 Computational Details
Modeling of Model Membranes
The chemical structures used in this study are shown in Figure 5.1.

The molecular structures of Chol and N-acetylneuraminic acid (NeuSAc) were
constructed with the program GaussView. The electrostatic potentials of Chol and
NeuSAc were calculated by Gaussian 98 at the B3LYP/6-311+G** level and the
B3LYP/6-31+G* level, respectively. The atomic charges were generated by fitting them
to the electrostatic potentials with the RESP module of AMBER.>* The force field
parameters of NeuSAc were transferred directly from the CHARMmMm force field
parameters for small organic molecules.’* Available parameters of alkanes and alkenes of
the CHARMM?27 force field parameters” for lipids were applied directly to the
cholesterol. The missing parameters were created based on the analogy with available
parameters.

Two model membranes were constructed with GLYMM. The coordinates and the
number of GM1 molecules, water molecules, and ions were set equal between models 1
and 2. Then the models were solvated with water molecules so that the thicknesses of
water molecule layers were 35 A. Sodium ions were generated as counter ions against the
minus charges of the GM1 molecules. Moreover, extra sodium ions and chloride ions
were added to each system so that the concentration of NaCl became 0.15 M.

Initially, the two model membranes have the same size of 50.0 A x 50.0 A x 100.0 A
in x, y, and z directions, respectively. The two model membranes were pre-equilibrated
at 310 K and 1 atm by 12 ns MD simulations. Model 1 resulted in 34.5 A x 35.7 A x
138.0 A, and model 2 resulted in 46.8 A x 45.2 A x 88.5 A. Then by duplicating the
two obtained small model membranes in the x and y directions, two larger model
membranes were created.

The sequence of the glycan parts of GM1 used in GLYMM was obtained from the
database GLYCAN at KEGG.*® Model 1 consisted of 48 GM1 molecules, 96 SM
molecules, 96 Chol molecules (GM1/SM/Chol = 1/2/2), 19,292 water molecules, 52
sodium ions, and 4 chloride ions, and model 2 consisted of 48 GM1 molecules, 192
POPC molecules (GM1/POPC = 1/4), 19,292 water molecules, 52 sodium ions, and 4
chloride ions. The total numbers of atoms in model 1 and model 2 were 89,180 and
95,036, respectively. The final models resulted in 69.0 A x 71.4 A x 138.0 A for model
1 and 93.6 A x 90.4 A x 88.5 A for model 2.
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Details of MD Simulations

The CHARMM?27 force field parameters for lipids*> and the CHARMm force field
parameters for small organic molecules’ were employed for all simulations. All
simulations were performed with NAMD version 2.5.%

In the pre-equilibration stage for the quarter-size fragments of model membranes,
energy minimization was initially carried out to remove unfavorable contact among
molecules. Then the system was heated to 310 K, and 12 ns simulations with a constant
pressure of 1 atm were executed to equilibrate the system at a constant temperature of
310 K. Before the MD simulations for the full-size model membranes, energy
minimization was carried out to remove unfavorable contacts among molecules. Then the
system was heated to 310 K, and 10 ns simulations were executed to equilibrate the
system at a constant temperature of 310 K and a constant pressure of 1 atm.

A periodic boundary condition was applied, and the pressure and the temperature
were kept constant by the Nosé-Hoover Langevin piston method in NAMD during the
simulations. The cutoff distance of the vdW and the Coulomb potentials at the real
space was set to 12 A. The integration time step was 2 fs. Energy correction by the
PME method was applied at 4 fs intervals to include the electrostatic contribution from
the neighboring cells to the infinite distance into the electrostatic energy.

Analysis of MD Simulations

For analysis, the data were collected at 20 ps intervals during the last 5 ns MD
simulations. The surfaces of the membranes were visualized by GRASP® to clarify the
difference in morphology depending on the composition of the membrane. The order
parameter was calculated by the following equation:

Sop = ‘3(00329) — 1‘
2

where 6 means the average angle between each of the C-H bonds of CH, groups of
lipids and the bilayer normal vector (z axis). The brackets denote the averaging over time
and over all lipids. The mean square displacements were calculated using the ptraj
module in AMBER to estimate the diffusion constants of lipids and Chol. The H-bonds
were examined using the pfraj module in AMBER and the statistical program R.”
H-bond score was defined as follows:
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Hbond score = Z tHbond % 100
Hbond MD (52)

where typong and typ mean the time for keeping the H-bonds and the total time for
collecting the data, respectively. The probability density of lipids and Chol around a
reference Chol were measured with respect to both distance and orientation and were
visualized using VMD. In order to account for the orientation dependency of molecular
density around cholesterols, the coordinates of the trajectories were rotated so that all of
the cholesterol molecules were fitted to the reference cholesterol. Then the 1.0 A x 1.0
A x 1.0 A grids were generated around the reference Chol. Next, the atoms of the
specified molecules were counted at each grid for all the trajectories and were averaged
over time and the number of cholesterol molecules. The radial distribution functions
were computed using the ptraj module of AMBER. The membrane surfaces colored by
curvature were drawn by GRASP. B-factors of glycans were computed using the ptraj
module of AMBER. Superimposed snapshot structures of a GM1 molecule in model 1
(Figure 5.8) were created by VMD.

Figure 5.2 Snapshot structures of the membranes at 5 ns.

(a) Structure viewed from the side (upper: model 1, lower: model 2). The glycan parts of GM1 molecules and ions are
represented as vdW spheres colored by atom types, and the other lipids are drawn as sticks colored by residue types (green: SM
or POPC; blue: Chol; yellow: ceramide part of GM1). (b) Top views of the snapshot structures of the membranes colored by lipid
types. The glycan parts of GM1 are colored red. (c) Top views of the membrane colored by the surface curvature. The
molecular graphics in (a) and (b) were created by PyYMOL, and those in (¢) were drawn by GRASP.
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Figure 5.3 Thickness of the membranes during MD simulations.

The thickness is calculated from the P-P distance of SM or POPC.
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Figure 5.4 Distribution of molecules along the membrane normal.

(a) Probability densities of lipids (left column: model 1, right column: model 2). See boxes and ovals on the molecules in (c)
for coloring. (b) Relative densities of water molecules (red line: model 1, blue line: model 2, green line: DPPG bilayer). Bulk
density of water molecules is set to 1.0. (¢) Molecular models of lipids and Chol. Boxes and ovals are in the same colors as (a).
Yellow circles indicate the centers of mass of GM1, SM, and Chol.
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V.3 Results

Overall Picture of the Membranes

Figure 5.2 shows snapshot structures of the two model membranes, in which a clear
difference between the two membranes is observed in their appearance. Model 1 seems
to be in a liquid-ordered (1,) phase, where there is little overlap of alkyl chains between
the upper and the lower leaflets, moreover the alkyl chains align vertically against the
membrane surface. On the other hand, model 2 seems to be in an interdigitated-gel (LI)
phase, where the lipids insert their alkyl chains into the opposite leaflet, and the
thickness of the bilayer apparently decreases compared with model 1. Time-averaged
thickness (P-P distance) of model 1 and model 2 was 46.0 = 0.2 A and 34.7 = 0.3 A,
respectively (Figure 5.3). These results are compatible with the experimental facts that a
GM1/SM/Chol membrane was in 1, phase’® and a GM1/POPC membrane was in the
LPI phase at 37 °C.”” Moreover, some clusters of glycans and some grooves between
the clusters can be seen in model 1, while the surface of model 2 is relatively flat and the
glycan parts of GM1 are scattered on the membrane surface ((Figure 5.2 (b) and (c)).

Figure 5.4 shows the probability density functions of molecules along the membrane
normal (z axis). Figure 5.4 (a) shows the shapes of the functions of lipids in model 1 are
sharper than those in model 2, which indicates that lipids in model 1 are more highly
ordered along the membrane normal direction than those in model 2. It should be noted
that the distribution of phosphate ester oxygen of SM in model 1 has a shoulder at the
maximum point of the distribution of Chol-O1, while such a peak are not observed in
GM1 in model 1. This difference results from a strong attractive force between Chol and
SM at their head groups. The distribution of the terminal methyl atoms of lipids in
model 1 have only one sharp peak at the center of the membrane, while that of model 2
splits into two peaks. The single peak means that the upper and the lower leaflets of the
membrane are clearly separated, while the double peak is indicative of interdigitation, as
described in Chapter III. Figure 5.4 (b) shows the densities of water molecules relative
to that of the bulk water. The curve indicates that water molecules in model 1 are
excluded from the membrane surface on which glycans are highly concentrated. These
results reveal that more hydrophobic environment was induced due to the formation of
the cluster of glycans. The induced water-less-region is more clearly shown when
comparing this results with the relative densities of water molecules of a DPPG bilayer
after a 2 ns MD simulation (Figure 5.4 (b)).

Figure 5.5 (a) shows charge density profiles of model 1 and model 2 along the
membrane normal. Both profiles have a single large negative peak at the membrane
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surface due to the phosphate moieties of SM and POPC, followed by small positive
peaks mainly due to the choline moieties of SM and POPC, and partially due to the
sodium ions. A clear difference is the presence of the second large negative peak at the
region distant from the surface in model 1, while in the model 2 the corresponding peak
is almost diminished. This second negative peak is due to the carboxyl groups of
NeuSAc residues. Charge density profiles of POPC, DPPG, and DPPS bilayers after the
2 ns MD simulations do not exhibit such a second large negative peak (Figure 5.5 (b),
the data were obtained from the simulations in Chapter 111, and were calculated with the
contribution from ions).
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Figure 5.5 Charge density profiles at the water-membrane interfaces.

(a) Charge density profiles of model 1 and model 2. The solid and the dashed line indicate the results of model 1 and model 2,
respectively. (b) Charge density profiles of POPC, DPPG, and DPPS bilayers after the 2 ns MD simulations along the membrane
normal (z axis) measured from the bilayer surface.
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Figure 5.6 Order parameters of lipid tails of GM1, SM, and POPC.

The solid line and the dashed line show the results for model 1 and model 2, respectively. Parentheses at the abscissa in (b)
mean the carbon position of sphingosine.
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Lipid-Lipid Interactions

The order parameters, Scp, of alkyl chains of lipids in the two models were calculated
from our MD simulations (Figure 5.6), which clearly indicates that the lipid alkyl chains
in model 1 become more highly ordered than those in model 2. High order parameter
values of POPC around the terminal methyl groups indicate the interdigitation.

To examine how lipids interact with each other, we calculated scores of hydrogen
bonds (H-bonds) (Table 5.1). In model 1, the phosphate groups (PO,4) of SM largely
contribute to the H-bonds between lipids. More than 60% of the H-bonds between
SM-SM attribute to the interactions between PO, and the ceramide backbone atoms
(NH, OH, and C=O; hereafter referred as Cer). On the other hand, in SM-GM1
interaction, the H-bonds between PO4-Cer are prominently decreased, while the
H-bonds between POy-glycan and Cer-Cer are increased. As for GM1-GM1, almost all
of the H-bonds are formed between glycans, particularly between Gal2-Gal2, whereas
the H-bonds between Cer-Cer are scarcely observed. In model 2, the most frequently
observed H-bonds are between POy-glycan in POPC-GMI, particularly between
PO,4-Glc. The glycan-glycan interactions are mainly observed between GM1-GM1 also
in model 2.

Table 5.2 shows the H-bond scores between lipids and Chol. The H-bonds between
SM-Chol are formed preferentially between Cer residues, whereas the H-bonds between
GM1-Chol have no preference. This result indicates that Chol prefers to make H-bonds
with SM rather than GM1. Since no H-bond between Chol-Chol is observed in our
simulation, the Chol-Chol interaction is concluded to be primarily hydrophobic.

Table 5.1 Scores of H-bonds between lipids

PO, and sphingoid base Glycan
OH- OH- NH- NH-  NH- NeuSA
PO, O=C PO, OH 0=C Glc Gall GalNAc Gal2 Total
SM- 652 101 176 202 171
SM (50%)  (8%) (13%) (16%) (13%) | A NA NA NA NA 1301
T SM- 114 37 9 717 749 1792 1078 419 689 499 6104
2 oOaML QW (% 0% (2% (2% | 29%) (8% (7% (1% (8%
GMI- 7 1150 489 905 956 1397
oM NA gy NA 0 0 @3%)  (10%) (19%) (0% (9% %
PC- 571 801 2259 995 1499 976 1307
S oM % M oy WA NA L Q7 a2 (8%  (12%)  (6%) 408
el
o
2 GMI- 31 1 1015 255 520 165 321
omi A 0 NA oy %) | @4%) (1% 3% (% (4% 08

The score of H-bond is defined in the previous section. The scores of glycan are a sum of the scores of the glycan-head group
interaction and the glycan-glycan one. Percentage ratios of H-bonds in each lipid pair (SM-SM, etc) are also shown in
parentheses.
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Table 5.2 Scores of H-bonds between lipids and hydroxyl group of cholesterols

Cer — Chol PO4 - Chol Glycan — Chol Total
1454 1079
SM - Chol (57.4 %) (42.6 %) NA 2533
402 447
GM1 - Chol (47.3 %) NA (52.7 %) 849

The definition of the score is the same as Table 5.1.

Table 5.3 Lateral diffusion coefficients of lipids

GM1 SM POPC Chol
Model 1 1.06 1.69 - 1.67
Model 2 1.96 - 2.64

Unitis 10™"% m*/s (um?/s).

For investigating the lateral diffusion of lipids and Chol within the membrane plane,
lateral diffusion constants, Dy, of GM1, SM, POPC, and Chol were calculated (Table
5.3) by the following equation:

Dr = Jim 1 3 (0) -1 0)?)

a

where the brackets mean an ensemble average, r,(?) represents an atom coordinate at
time ¢. The calculated D; indicates that the GM1 molecules in model 1 diffused much
more slowly than that in model 2. Interestingly, the D; of SM and Chol are
approximately equal, although the molecular weight of Chol is much smaller than that of
SM (Chol = 340.3, SM = 628.5). This suggests that SM and Chol laterally diffused
together due to their strong intermolecular interactions.

Glycan-Glycan Interactions

The H-bond scores between the glycan parts of GM1 are shown in Table 5.4. A
comparison of model 1 with model 2 reveals a large increase of H-bond scores among
their terminal glycans (Gal2 and Neu5Ac) in model 1. Furthermore, sum of the scores
over all glycan parts is much greater than those between non-glycans (Tables 5.1, 5.2).
In both model 1 and 2, Gall at the branching core of GM1 remarkably contributed to
intramolecular H-bonds. Previous NMR experiments of GM1 micelles pointed out that
the NeuSAc residues formed intramolecular H-bonds with the GalNAc.”® In MD
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simulations in this study, the intramolecular H-bonds between GaINAc-Neu5Ac are also
frequently observed in both models.

It has been reported that the number of NeuSAc is closely related to the AP
aggregation.’**””” Hence, in order to analyze the distributions of NeuSAc, radial
distribution functions (RDF) of carboxyl oxygen atoms of NeuSAc residues of GM1
were examined as shown in Figure 5.7. The RDF in model 1 has a peak at 14 A, while
that of model 2 peaked at 10 A in the full-size model membranes. Furthermore, the
maximum of the RDF in model 1 is 2.5-times larger than the bulk density of NeuSAc,
while that of model 2 is no more than 1.5-times. This indicates a high condensation of
NeuSAc in model 1. Moreover, in the quarter-size model membranes, the characteristic
peak is also observed at 7 A (Figure 5.7 (b)). See Figure 5.8 for a detailed view of the
complex structure of glycans.

Table 5.4 Scores of H-bonds between glycan

Donor
Glc Gall Neu5Ac GalNAc Gal2
e 88.4 7722 44.8 27.6 912
(ND) (1216.0) (200.0) 2112) (0.0)
Gl 43.6 14.4 160.8 206.4 172.8
(509.2) (ND) (84.4) (709.6) (0.0)
— .
- 8 48 60.0 290.8 83.2 210.0
o
g g Newhe (10.8) (1237.6) (ND) (52.0) (4.4)
< GalNAG 6.4 47.6 202.4 314.8 2736
(11.6) (460.4) (1320.4) (ND) (702.4)
s 112.0 1732 536.4 333.6 410.0
(0.0) (0.4) (86.0) (590.4) (ND)
o 312 788 1524 152 67.6
(ND) (1114.8) (96.8) (208.0) (0.0)
Gall 18.0 17.2 132.0 272 332
472) (ND) (43.2) (887.2) (0.0)
a5
S8 45.6 78.8 146.8 112.8 63.2
Q o °
§ g Newas (15.6) (13312) (ND) (80.0) 2.8)
< GalNAG 292 7.2 332 212 32.0
(35.2) 4512) (1030.0) (ND) (656.0)
a2 1152 20.0 100.0 30.0 76.0
(0.0) (0.0) (62.0) (695.6) (ND)

The definition of the score is the same as Table 5.1 (Scores for the intramolecular H-bonds are given in parentheses).
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* GM1/SM/Chol (model 1) = 20:40:40 =
GM1/POPC (model 2) = 20:80

0 7 14 21 28 35 42 49 0 7 14 21 28 35 42 49
Oxygen-Oxygen distance / Angstroms Oxygen-Oxygen distance / Angstroms
Figure 5.7 Radial distribution functions of carboxyl oxygen atoms of NeuSAc.

Model 1: solid line, model 2: dashed line. Left: results of full size membranes. Right: results of quarter size membranes.

(a) (b)

Figure 5.8 Fluctuation and interactions of GM1.

(a) Superimposed snapshot structures of a GM1 molecule in model 1 obtained at 0.8-ns intervals during the last 5 ns of
simulation. GM1 molecules are represented by sticks. The hydrogen atoms are not shown for clarity. (red: 0 ns, orange: 0.8 ns,
tan: 1.6 ns, light green: 2.4 ns, green: 3.2 ns, sky blue: 4.0, blue: 4.8 ns) (b) Snapshot structure of a GM1 dimer surrounded by Chol
and SM. The non-polar hydrogen atoms are omitted for clarity. The dashed lines represent the hydrogen bonds (red: OH-O, blue:
NH-O). The carbon atoms of GMI1 are colored yellow, and those of other lipids are colored cyan. The oxygen, nitrogen and
polar hydrogen atoms are colored red, blue, and white, respectively.
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Figure 5.9 Cholesterol in GM1/SM/Chol bilayer.

(a) Upper: Histogram of orientations of the principal axis of the Chol molecule with respect to the angle against the bilayer
normal, lower: the most probable orientation of Chol. The membrane normal vector and the principal axis of Chol are also shown.
(b) Probability density functions of lipid chains around cholesterols with respect to distance and orientation. The iso-surface plot
at the value of 1.5 (red: Chol-Chol, yellow: Chol-GM1, blue: Chol-SM, hydrogen atoms are omitted for clarity in Chol-GM1 and
Chol-SM). The superimposed iso-surface plot at the value of 2.0 is shown at the lower right.
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V.4 Discussions
Evaluation of MD Simulations of GM1-containing Membranes

It is very important for an MD simulation to reproduce the previous experimental and
computational results precisely.

The time-averaged thickness of model 1 is 46.0 = 0.2 A and that of model 2 is 34.7 =
0.3 A (Figure 5.3), which appears in a clear difference in Figure 1 (a). Each thickness is
consistent with the experimentally measured thickness of an SM bilayer with Chol and a
pure PC bilayer, 46 ~ 56 A and 35 A, respectively.' In views of structures, model 1 can
be concluded to result in 1, phase, while model 2 results in an interdigitated phase
(Figure 5.2 and 5.4). Mehlhorn et al. reported that GM1 caused the interdigitation of
many kinds of phosphoglycerides including egg PC.”” Moreover, Ryhanen et al. revealed
that the increase in membrane surface charge density was a factor to induce the
interdigitation of PC.'® Furthermore, an electron microscopic study indicated that GM 1
was dispersed in PC bilayers.'®! Our simulation well reflects these experimental results.

MD simulations in the current study indicate that Chol molecules show an ordering
effect on the alkyl chains of GM1 (Figure 5.6), which have been pointed out by a lot of
previous experiments and in Chapter IV in this thesis. Moreover, the tilt angles of Chol
with respect to the bilayer normal and the distributions of lipids around Chol (Figure
5.9) are compatible with other computational results.**

The calculated lateral diffusion coefficients, D;, of the lipids in model membranes are
also consistent with the previous experimental results (Table 5.3).' In the MD
simulations in the current study, the lipids in the interdigitated phase diffused more
rapidly than those in I, phase. D; value of fluorescence labeled GM1 (10 mol %) in
DMPC bilayers in L, phase at 308 K was 0.47 um?%s, while D, of pure DMPC
determined under the same condition was 1.6 um?%s.'®® Because the D, of DMPC was
4~6 um*s in L, phase'® and about 10~ um?s in L, phase,'® incorporation of GM1
into a membrane in L, phase is unlikely to dramatically change the D; such as the L, to
L, phase transition. In fact, Schram et al. reported that the interdigitation did not affect
the translational diffusion of lipids.'* Since an NMR experiment revealed that the D, of
POPC in L, phase was 6.0 um%s,'”” the D, value of POPC with 20 mol % GMI
calculated in the current study is reasonable (Table 5.3). Dehydration of a bilayer was
reported to suppress the lateral diffusion of lipids.'®® As shown in Figure 5.4, the model
1 membrane is more dehydrated than the model 2, which can be a factor of slow lipid
diffusion in model 1.
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Judging from these consistencies of the simulation results with the previous
experiments, our MD simulations are considered to correctly reproduce the model
membranes.

Characteristics of GM1 Cluster

In GMI cluster, many intra- and intermolecular H-bonds were observed (Tables 5.1,
5.2 and 5.4). In particular, the remarkable increase was observed in the number of
H-bonds between glycan-glycan moieties. In contrast, H-bonds among non-glycan head
groups in the GM1 cluster were scarcely observed. The number of H-bonds among
glycans in GM1-GMI1 interactions in model 1 is two-times larger than that in model 2,
which is particularly prominent at the terminal glycan residues: NeuSAc, GalNAc, and
Gal2. These H-bonds stabilized the clustering of glycan portions of GM1, which
decreased the fluctuation of glycans (Table 5.5). However, it could not be determined
from the data whether the increase of H-bonds resulted from the GM1 clustering or the
GM1 cluster results from the increase of H-bonds.

Dense clustering of the glycans excluded water molecules on the water-membrane
interface (Figure 5.4 (b)). The decrease of the density of water on the surface is more
discerned clearly when compared with acidic phospholipid DPPG bilayer (Figure 5.4).
Figure 5.4 shows that galactose are rich in these water-less-regions. Galactose is known
to have a hydrophobic face that can interact with hydrophobic or aromatic amino acid
residues of proteins.'®''! In addition, as shown in Figure 5.5, a negatively charged
region is also produced due to the GM1 cluster. Taking these results into account, a
GM1 cluster has a quite unique feature that the surface has a strong hydrophobicity but
contains a negatively charged region.

Effects of Cholesterol on GM1 Cluster Formation

The results of the MD simulations provide a clue as to why Chol promotes the
formation of the GM1 cluster.

As for polar interactions, many H-bonds between lipids and Chol are observed in
model 1 (Tables 5.2). The contribution of Chol to the total H-bonds score in model 1 is
20%. The increase of H-bonds from Chol contributes to stabilize the head groups of
lipids, which makes lipids close to each other and possibly prevents the interdigitation.
In fact, Chachaty et al. demonstrated using the synchrotron x-ray diffraction that Chol
eliminated the interdigitated phase in SM/Chol membranes,''? and Tiemey et al. also
indicated that Chol inhibited the interdigitation induced by the exposure to a high
concentration of ethanol.'”® Here in the MD simulations, more H-bonds between
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Chol-SM are formed compared with Chol-GM1 (Table 5.2). As for non-polar
hydrophobic interactions, MD simulations have revealed that Chol induces the strong
solvation shells around itself formed by the surrounding alkyl chains of SM and GM 1
(Figure 5.9 (b)). However, a clear difference between Chol-SM and Chol-GM1 are not
observed in the non-polar interactions. Hence, considering the polar and the non-polar
interactions together, Chol is concluded to form a more stable complex with SM than
GM1.

In general, the complex formation relates to the mutual relative positions of center of
mass (COM). When COMs of two objects are close with each other, the complex is
readily formed because of the force working on the two objects. The COM of Chol and
SM are positioned almost at the same height, but that of GM1 is positioned higher
(Figure 5.4 (c)). The same height of the COMs indicates that Chol-SM can attract each
other more strongly in the lateral direction than Chol-GM1, That is, SM molecules are
attracted to Chol more tightly compared with GM 1, which will result in the preference
for the formation of the Chol-SM complex. Therefore, Chol is concluded to tend to form
a complex with SM more frequently, which would cause the exclusion of GM1 from
Chol-SM complexes, consequently inducing the clustering of GM1 molecules. Further
investigation will be needed to confirm this speculation.

N ?/AB\
(1) attracted by
negative
charges

\/\/\ water-less
—_ . N
m\ negatively charged interface

(2) 0-helix stabilized by (3) p-sheetinduced by
water-less region regular alignment of Neu5Ac
membrane surface

Figure 5.10 Proposed mechanism of GM1-Af formation.

(a) Schematic representation of the proposed mechanism of GM1-Af formation. (b) A proposed aggregation mechanism of
AP peptides on GM1 molecules through H-bonds.

Proposed Binding Mechanism of Amyloid § Peptides with GM1 Cluster

Previous experimental studies revealed the importance of the number of Neu5Ac for
AP binding to ganglioside-containing membranes.”**** The results in the current study
reveal that NeuSAc of GM1 appear at the intervals of 7 or 14 A in GM1 cluster (Figure
5.7). To identify structural relationship of the Neu5Ac distribution with A aggregation,
an ideal p-strand conformation of AP was modeled and analyzed. Surprisingly, the
intervals of Neu5Ac are compatible with the intervals of the appearance of H-bond
acceptors or donors at the main chain of the A peptide in the B-strand conformation
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(Figure 5.10). This suggests that AP peptides can recognize Neu5Ac residues aligned at
the constant intervals and will change their conformation into the -strand conformation.
That is, the alignment of NeuSAc can function as a template for the conformational
change of AP peptides into the B-strand through the H-bonds between NeuSAc residues
and peptides (Figure 5.10). In fact, the X-ray crystallographic structure of cholera toxin,
which is a famous protein interacting with GM1, suggested that cholera toxin recognizes
GM1 through H-bonds between the main chain atoms and NeuSAc residues.®
Furthermore, the cholera toxin has a p-strand conformation at the binding site for
NeuSAc.

It was also reported that AP in an o-helical conformation was bound to a
GM 1-including membrane composed of GM1/SM/Chol (1/2/2, same as model 1 used in
the current study), when AB/GM1 molar ratio was low.*''* Many studies pointed out
that a membrane-binding peptide is generally attracted electrostatically to the acidic
lipids on a membrane.''>"'7 In fact, AP can be bound to the bilayers composed of acidic
phospholipids such as PS and PG.”*'"® However, it should be noted that it is only a
ganglioside-containing membrane that has a capability of binding with AP under
physiological ionic strength (150 mM NaCl or 100 mM sodium phosphate) and neutral
pH range.*'" In order to reveal why AP is bound only to ganglioside-containing
membrane under physiological condition, the results of MD simulations of POPC,
DPPS, and DPPG bilayers have been compared with the results (Figure 5.5). The results
show that the charge density profiles of both DPPS and DPPG membranes were quite
similar to neutral POPC membranes. Sodium ions canceled out most of the negative
charges, which resulted in producing the membranes being almost neutral near the
membrane surface. However, as shown in Figure 5.5, the GM1-containing membranes
have the negatively charged region away from the membrane surface due to NeuSAc
moieties, especially GM 1/SM/Chol membrane keeps high electric negativity even under
the physiological condition. This negative charge will become the attractive force for A
to bind with the ganglioside-containing membranes. This explanation can also give a
satisfactory reason for the increase of the binding constant of Ap with the number of
NeuSAc.

In addition to the presence of strong negative charges, the GM1 cluster also provides
hydrophobic environment on the membrane surface. Hydrophobic environment
stabilizes a-helical conformation of Af} by promoting intramolecular H-bonds in the
peptide backbone.'?’'?* Therefore, the hydrophobic region induced by the GM1 cluster
will be an important factor for stabilizing the a-helical conformation of Af on the
GM1-containing membrane surface. McLaurin et al. demonstrated that the a-helical
content of AP on GM1-containing membranes was retained at 1.0 M NaCl and pH 7.0
while the B-strand content decreased remarkably.*® Furthermore, Katagiri et al. revealed,
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using quantum chemical calculations, that H-bonds from water molecules stabilized a
peptide in B-strand conformation more than a-helical one, when the sequence of the
peptide was the same.'?* These results suggest the a-helical conformation of A is
mainly stabilized by water-less, hydrophobic interactions and the f-strand
conformation is stabilized by H-bonds from NeuSAc.

To sum up, (1) AP is initially attracted by the strong negative charges on the GM1
cluster, then (2) stabilized by the interaction with the hydrophobic regions in the
a-helix-rich conformation, and (3) converted into the B-strand-rich conformation, led by
the Neu5Ac residues of GM1 aligned at the appropriate intervals on the membrane.

V.5 Conclusion

MD simulations of two GM 1-containing membranes, GM 1/SM/Chol = 1/2/2 (model
1) and GM1/POPC = 1/4 (model 2), reveal that (1) GM1 cluster makes hydrophobic
but locally negatively charged regions on the membrane surface due to the condensation
of the glycan parts of GM1. This hydrophobicity is advantageous for binding Afs in
the a-helix rich conformation on the GM 1-containing membranes. (2) NeuSAc residues
of GMI1 molecules appear at the intervals of 7 or 14 A in model 1, while GM1
molecules are scattered on the membrane surface in model 2. These intervals are
compatible with the intervals of the appearance of the main chain atoms of Af in the
B-strand conformation. This regular alignment of H-bond donors or acceptors on the
GM1 cluster is highly influential and will induce the conversion of Afs from the a-helix
rich conformation to the P-strand rich one. This conversion into the p-strand rich
conformation is speculated to be a trigger for the APs aggregation on the ganglioside-
containing and Chol-rich membranes.
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MD Simulations of
Small G-proteins

in Solution

Abstract

MD simulations were performed for the Mg®*-free small guanine nucleotide-binding
proteins (GNBPs): Ras, Rho, Rab, Arf, and Ran in complex with GDP to investigate the
effects of Mg®" ions on the GNBPs’ structure. The results indicated that all Mg**-free
GNBPs formed a groove between the switch region and the nucleotide-binding site. In
some GNBP families, the release of Mg?" was reported to play an important role in
binding the guanine nucleotide-exchanging factor (GEF) promoting the GDP/GTP
exchange reaction. Interestingly, the grooves, which appeared in the MD simulations,
were similar to the grooves experimentally observed in the GNBP-GEF complex. MD
simulations of the Mg”**-bound GNBPs were also calculated for comparison. No groove
was observed in the Mg**-bound form. Moreover, pKa calculations were carried out to
investigate the effects of Mg®" ion on the protonation states of amino acid residues of
GNBPs. The results revealed that the pKa values of the residues in the vicinity of Mg**
binding site were so affected that some residues changed their protonation states by the
removal of Mg”?" ion. These results demonstrate a regulatory role of Mg”" ion to prepare
a template for the GEF binding.

-9] -



VI.1 Introduction

Small guanine nucleotide-binding proteins (GNBPs) are molecular switches or timers
that control a variety of cellular functions.*®!'** Small GNBPs constitute the Ras
superfamily comprising five subfamilies: Ras, Rho, Rab, Arf, and Ran.*® The homology
in amino acid sequences among the families is approximately 30 %, and the members of
the five subfamilies have a common core structure, which contains five a—helices and six
p-sheets (Figure 6.1). Distinct from the three small GNBP subfamilies, the Arf and the
Ran subfamilies have an additional seventh P-sheet. Moreover, four motifs are
conserved in all small GNBPs; a phosphate-binding loop (P-loop) (GXXXXGKS/T),
Switch 1 (YXPT), Switch 2 (DTAG), and a guanine-binding loop (NKXD and SAK).

Despite their similarities, both in the structure and the sequence, their functions
extend widely, which has been revealed with the genetic, cell biological and biochemical
approaches: the Ras family regulates cell proliferation and differentiation,'**'%¢
morphology,'?” and apoptosis;'*® the Rho family regulates cytoskeletal rearrangement
involved in morphology, movement, and behavior;'*>'*° the Rab and Arf families
regulate endoplasmic vesicle trafficking;'*' and the Ran family regulates
nucleoendoplasmic transport.’*® The GNBP cycles between the inactive GDP-bound
and the active GTP-bound states, therefore, small GNBPs are called “switching
proteins”. In this switching cycle, the two proteins, guanine nucleotide exchange factors
(GEFs) and GTPase activating proteins (GAPs), promote the switching of the GNBP.
Furthermore, GDP dissociation inhibitors (GDIs) are also involved in the switching
cycle,*® where they inhibit the GDP-GTP exchange and keep the GNBP inactive. GEFs
accelerate the exchange of GDP for GTP, that is, the dissociation of GDP from a GNBP
and the association of GTP to the GNBP. When the GNBP becomes active, the GNBP
can interact with the proteins in the downstream of the signal transduction. GAPs
promote GTP hydrolysis, which return GNBPs to the inactive state.

Many studies have been carried out to reveal the mechanism of the GEF-mediated
exchange reaction. Some kinetic studies demonstrated that GEF-mediated exchange
reactions involved GNBP-GEF-nucleotide ternary intermediate formation;'**'** thus the
following mechanism was proposed in Scheme 6.1:

Scheme 6.1. GEF-mediated exchange reaction.

GNBP-GDP <> GNBP-GDP-GEF <> GNBP-GEF <> GNBP-GTP-GEF <= GNBP-GTP

The ternary complex has a low affinity for a nucleotide; moreover, it initiates a fast
conformational change, inducing the dissociation of the nucleotide. This leads to the
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formation of a nucleotide-free binary complex. Several crystallographic structures of the
nucleotide-free binary GNBP-GEF complexes were reported, in which GEFs placed
their helices or loops to the Mg*'-binding site.'*'*® The Mg**-binding site is usually
surrounded with Switch 1, Switch 2, and P-loop, which suggests the disturbance of the
Mg”*" coordination has a crucial effect on the GEF-mediated GDP/GTP exchange
reaction.

Mg”" ion is an essential cofactor for all the small GNBPs. In the GDP- and the
GTP-bound forms, the Mg*" ion is bound with the protein in an octahedral coordination.
The binding affinity of Mg”" ion for GNBPs is low when the Mg®" ion concentration
decreases in the micromolar level.'* It is also known that excess Mg”" ions inhibit the
GDP dissociation from GNBPs and, therefore, prevent the binding of GTP with
GNBPs."**'** The removal of Mg?* ions by chelating agents increases the GEF activity
and their affinity.'**'*" Since the equilibrium constant for the binding of Mg”" ion to
GNBP can be measured in experiments,'*’ it is natural to consider that not only
Mg”**-bound GNBPs are observed but also Mg®-free ones are found in the solution.
The above experimental data suggest that Mg**-free GNBPs would have some
physiological functions. However, little is known about the state of Mg*'-free GNBPs.
Recently, the crystallographic structure of the Mg*"-free RhoA with GDP was
reported,'** in which the switch 1 region was dislocated and became distant from the
nucleotide-binding site. The study revealed that the Mg®" ion could regulate the
conformation of RhoA, which suggested that Mg*"-free RhoA could be an intermediate
of the GEF-mediated GDP/GTP exchange reaction. In addition, it was reported that the
release of Mg®" ion preceded the GDP dissociation in the GDP/GTP exchange reaction
in Rac, a member of the Rho family.'* Thus, it is suggested that the Mg*" ion is released
before the GDP/GTP exchange reaction in the Rho family. These studies allowed us to
speculate that Mg?" ions might regulate conformations of other GNBPs, yet details of
their conformations in the absence of Mg®" ion remain unclear.

To investigate the features of the Mg**-free GNBPs’ conformations, MD simulations
were performed for the Mg®*-bound and the Mg**-free GNBPs in complex with GDP.
As a result, the Mg**-free conformations were found similar to GNBPs in the
GEF-binding state. The critical roles of the Mg®" ion in determining the conformations
of GNBPs and in binding of GEFs to GNBPs are discussed. The results in this study
suggest that the GDP dissociation occurs by a stepwise mechanism, where the
emergence of the Mg®'-free semiopen GDP form leads to the formation of the
GEF-GNBP binary complex.
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Figure 6.1 Small G-proteins used in this study.

(a) Full length sequences of Rab6, Ran, RhoA, H-Ras, and Arfl. Consensus sequences: P-loop, Switch 1, Switch 2, and the
guanine-binding loops (NKXD and SAK) are labeled. (b) Core structure common to small G-proteins (H-Ras structure depicted
as a representative). Mg® ™ ion is shown as a sphere. GDP is shown by a ball-and-stick representation.
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V1.2 Computational Details

Modeling of Initial Structures

The structures of the Mg®'-bound small GNBPs used in our simulations were
obtained from the X-ray crystallographic structures of the truncated GNBPs in complex
with both GDP and Mg”*" ion (H-Ras, Protein Data Bank (PDB) code is 4Q21,'%
containing 166 residues; RhoA, IFTN, ¥ containing 177 residues; Rabo, 1D5C, 48
containing 162 residues; chain A of Arfl, IHUR,'¥ containing 180 residues; chain B of
Ran, 1BYU," " containing 215 residues). The structures of the Mg*'-free GNBPs were
constructed by removing the Mg”" ion manually from the respective structures. Because
the side chain of the arginine residue at the C-terminus of the H-Ras protein was built
by the LEaP module of AMBER 8,** the truncated H-Ras has a total of 167 residues.
The mutated residue (Asn25) of the RhoA protein was converted to the wild type
(Phe25). The selenomethionine residues of the Rab6 protein were also returned to the
normal methionines.

Considering the effect of removing the Mg®" ion on the protonation state of the
residues in proteins, pKa calculations were carried out using the pKa calculation
program MCCE'"' software to examine the pKa values for all the titratable residues (see
the calculated pKa values in Table 6.1). The protonation states at pH 7.0 were
determined for all the titratable residues, and these residues were renamed to represent
the protonation state according to their residue types used in AMBER: that is, GLU,
ASP, and HIS were renamed into GLH, ASH, and HIP, respectively, when the pKa
values were greater than 7.0, and HIS and LYS were renamed to HIE or HID and LYN
when less than 7.0.

Finally, each complex was solvated with TIP3P water molecules’® in a cubic box of
about 70 A x 70 A x 70 A by the LEaP module. Then, counterions were placed around

the proteins so that the net charge was zero in each system, using the LEaP module.
Details of MD Simulations and Analyses

The MD simulations were performed with the pmemd module of AMBER 8. All
atom ff02 force field*® was used in all MD simulations. A periodic boundary condition
was applied, and the pressure was kept constant during the simulations using the
Berendsen algorithm.'** The temperature was kept constant at 300 K. The procedure
performed in our simulations was as follows. The system was minimized by the
steepest descent method without any constraint for bond length. The additional
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minimization was executed by the conjugate gradient method. The system was gradually
heated from 0 K to 300 K for 56 ps and then kept at 300 K until the atom density of the
system was equilibrated. The non-bonded electrostatic energy was calculated by the
PME method. The cutoff distance in real space for Coulomb and van der Waals forces
was 15 A. To reduce the computational effort, only bond lengths, involving hydrogen
atoms, were constrained by the SHAKE method,'>® which allowed the integration time
step to be 2 fs. The simulation time was 3.0 ns for each model.

To investigate the influence of the specific protonation states deduced from the pKa
calculations on GNBPs’ conformation, the MD simulations were carried out at the
default protonation state of AMBER at pH 7.0, where Asp, Glu, Lys, and Arg residues
were ionized and His residues were neutral. The MD simulations described above were
repeated for these calculations.

The trajectories were analyzed with the CARNAL and the ptraj modules in AMBER.
The mass-weighted B-factors were calculated for each residue by the following equation:

NT'CS_l N’r'cs_l
Bres = Z maBa/ Z Mg,
a:N'res a:N'res
B, = §7T2<(5r2) drg, =1, — (ra):
“3 alr» TR ORI (6.1)

where a and res symbolize the atom number and the residue number, respectively;
N, represents the number indicating the first atom in the residue res; r, and m,
represent the coordinate and the mass of atom a, respectively. The brackets represent
the time average. The B-factors were analyzed using the statistical program R,” in
which the sample cross correlations between the calculated B-factor and the
crystallographic temperature factor were calculated by the following equation:

~ Cly,2)
= Cly,y)C(z,2)
1
T

C(y, 2)

[M] =

(yt - My)(zt - Mz)
T, (6.2)

o~
Il

where R and C represent a sample cross correlation and a sample cross covariance,
respectively; 7 represents the number of residues; y and z denote the data sets
containing B-factors and temperature factors of all the residues; u, and u, represent the
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averages of y and z, respectively. R can vary in the range from -1 to 1; hence, the two
variables, y and z, have a strong positive correlation when R is close to 1.

All the molecular graphics were produced using the programs MolScript,’

MOLMOL,"™ and GRASP.” Solvent accessible surface areas were calculated with
MOLMOL.
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V1.3 Results
pKa Values with and without Mg>* Ton

In four of the five GNBPs (except for Arfl), the removal of Mg*" ion extremely
affected the pKa value of an Asp residue in the vicinity of the GDP-binding site (shown
in Table 6.1: Asp57 in H-Ras; Asp59 in RhoA; Asp66 in Rab6; Asp65 in Ran). These
Asp residues are close to the phosphate moiety of GDP and are buried in the proteins.
This environment would cause the Asp residues to be neutral, because the neutral state
of an Asp or a Glu residue is more stable in the electrically negative and hydrophobic
environment. In the case of Arfl, Glu54 is noticeably affected, and its pKa value is
larger than 7.0. Although Asp67 in Arfl is slightly affected, it remains to be acidic.

In addition, Lys residues in the P-loop are also affected except for Arfl (Lys16 in
H-Ras; Lys18 in RhoA; Lys24 in Rab6; Lys23 in Ran). In particular in RhoA and Rab6,
the difference is so large that the net charge of each Lys changes positive to neutral.

Hence the removal of the Mg?* ion would change the protonation state of amino acid
residues around the GDP-binding site. The protonation state of the Asp or the Lys
residue near the GDP-binding site will influence the switch conformations.

In contrast, the pKa values of Arg, Glu (except for Arfl), and His residues are
independent of the removal of Mg®" ion. Nevertheless, some of them have unique pKa
values that are clearly different from their intrinsic pKa values in the water. This means
that some residues are in the different protonation state from the AMBER default one.
These results indicate that the protonation states of amino residues are quite sensitive to
their surrounding environment. Each protein has a unique three-dimensional structure,
which provides amino acids with a unique environment. Therefore, pKa calculations
may be important for the molecular modeling to reproduce the protein dynamics
accurately with MD simulations.
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Table 6.1 pKa values in each GNBP calculated by MCCE

Arg

H-Ras RhoA Rab6 Arfl Ran

# Mg+) Mg() # Mg(+) Mg() # Mg+) Mg() # Mg(+) Mg(-) # Mg+) Mg(-)
41 >140 >14.0 5 13.8 138 | 30 >140 >14.0 19 NA NA | 29 NA NA
68 >140 >140| 68 13 13| 6l 13.2 132 | 75 124 124 | 56 13.6 13.5
73 13.9 139 | 70 NA NA| 72 >140 >140]| 79 13.8 139 | 76 12.6 12.6
97 >140 >140| 122 >14.0 >140| 74 13.3 133 | 97 >140 >140]| 95 13.2 13.2
102 >140 >14.0 | 128 >140 >140| 82 134 134 99 >140 >140| 106 >14.0 >14
123 >140 >14.0 | 129 13 13| 96 >140 >14.0| 104 13.5 13.6 | 110 NA NA
128 124 124 | 145 13.5 135 113 >14.0 >14.0 | 109 NA NA | 129 >14.0 >14
135 13.4 134 | 150 13.9 139 | 132 NA NA | 117 13.5 13.5 | 140 13.8 13.8
149 13.3 134 | 168 NA NA 149 12.7 12.7 | 166 >14.0 >14
161 >140 >14.0| 176 13.8 13.8 151 >14.0 NA
164 >140 >14.0

Asp
H-Ras RhoA Rab6 Arfl Ran
# Mg#) Mg() | # Mg+ Mgl | # Mg#) Mg | # Mg#) Mgl | # Mg+ Mg
30 3.1 33 13 6.7 6.6 | 34 34 35| 26 3.9 41 18 5.2 4.9
33 3.8 44| 28 2.6 26| 37 4.2 43| 67 2.8 51 65 3.6 >14.0
38 3.8 4| 45 5.0 5.1 47 3.7 421 72 5.2 52| 77 3.1 3.1

47 1.1 1.1 | 49 32 33| 56 4.5 45| 93 42 431 91 6.1 6.1
54 2.6 28| 59 76 >140 | 66 5.8 >140| 96 6.6 6.7 | 107 2.4 2.3
57 >140 >140| 65 4.3 43| 83 2.8 27| 114 4.1 4.1 125 3.6 3.6
69 39 39| 67 2.7 28| 92 8.6 8.4 | 118 3.7 3.6 | 128 34 34

92 3.9 43| 76 3.8 3.8 | 108 6 59| 129 3.1 3.1 | 148 1.2 1.2
105 5.2 52| 78 4.1 4.1 ] 116 4.3 4.3 | 141 4.0 41171 2.9 2.9
107 3.1 3.1 87 13.5 13.7 | 127 2 2 | 164 4.7 4.7 | 190 33 33
108 4.1 4.1 90 3.7 3.8 | 130 33 331171 4.6 4.5 | 200 4.7 4.8
119 1.7 1.8 | 120 2.9 3 211 4.9 4.9
132 4.0 39 | 124 2.6 2.7 213 4.7 4.7
154 3.5 3.5 | 146 5.0 5 214 5.2 52

165 1.8 1.8 215 4.3 4.3
His
H-Ras RhoA Rab6 Arfl Ran
# Mg+) Mg() # Mg+) Mg() # Mg+) Mg() # Mg(+) Mg(-) # Mg+) Mg(-)

27 7.8 8 | 105 6 6 | 151 0.8 0.8 ] 80 6.4 6.4 | 30 2.3 2.3

94 6.4 6.4 | 126 6.2 6.2 | 159 6 6 | 146 6 6| 48 <0.0 <0.0
166 7.3 7.4 150 5.9 59| 53 6 6.1

105 5.6 5.6
139 2.5 2.5
199 6.2 6.2
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Glu

H-Ras RhoA Rab6 Arfl Ran

# Mg+) Mg() # Mg+) Mg() # Mg+) Mg() # Mg+) Mg() # Mg+) Mg(-)
3 4.5 45| 32 4.6 471 19 6.5 6| 17 4.5 4.6 6 3.8 3.8
31 5.4 55| 40 4.0 42| 57 5.1 5.1 41 4.5 4.5 34 1.9 2.1
37 5.4 6.4 | 47 6.4 64| 71 34 34| 54 1.6 9.9 36 4.0 4
49 2.8 28 | 54 4.3 4.3 | 100 32 32| 57 4.8 4.7 46 33 3.9
62 4.6 47| 64 3.7 39 | 112 3.9 39| 98 3.6 3.5 70 12.8 11.8
63 4.4 45| 93 5.4 53| 137 4 41102 2.6 26 | 113 4.5 4.5
76 2.3 231 97 4.7 4.7 | 138 3.5 3.5 1105 3.7 3.7 | 158 4.7 4.7
91 3.5 3.5 | 102 1.0 1.4 | 145 4.5 4.5 | 106 6.3 63| 175 4.3 4.3
98 24 24 1125 4.9 49 | 152 6 6113 2.3 23| 186 2.9 3
126 3.1 3.1 | 130 32 33 115 4.8 48 | 198 3.0 3
143 5.4 5.4 1137 2.5 2.5 138 4 41 202 4.2 42
153 2.9 29 | 142 2.7 2.7 168 3.7 3.7 212 5.0 5

162 5.2 5.2 ] 143 6.0 6

158 1.0 1.2

169 3.7 3.7

172 5.3 5.3

Lys
H-Ras RhoA Rab6 Arfl Ran

# Mg+) Mg() # Mg+) Mg() # Mg+) Mg(-) # Mg+) Mg(-) # Mg Mg(-)
5 10.7 10.7 6 12 12| 11 11 11 10 11.1 11.1 12 9.5 9.4
16 8.8 11.7 7 11.2 11.2 | 13 7.4 7.3 15 10.4 104 | 23 1.2 5.2
42 11 11.1 18 4 92| 24 <0.0 9.5 16 114 114 28 10.0 10.3
88 13.4 135 | 27 11.5 11.6 | 51 9.4 94 | 30 10.3 119 | 37 12.1 12.1
101 9.4 94 | 51 10.9 109 | 104 12.1 123 | 36 11.2 114 | 38 10.5 10.4
104 12.5 125 | 98 11.8 119 | 115 11.2 11.2 | 38 9.5 95| 60 10.1 10.1
117 10 10.5 | 104 11.2 11.2 | 125 10.1 104 | 59 9.9 99 | 71 11.1 124
147 10.5 10.5 | 118 124 13 | 133 11.5 11.5] 73 10.7 10.8 | 99 10.2 10.2
167 11.9 119 | 119 9.7 9.7 | 142 7.9 7.8 | 127 >14.0 >140 | 123 12.8 13
133 11.8 11.8 | 156 11 11| 142 11.1 11.1 | 127 11.2 11.2
135 11 11 | 162 113 11.3 ] 181 11.2 11.2 | 130 113 113
140 11 11 | 166 10.8 10.7 132 9.5 9.5
162 11.8 119 | 167 8.2 8.2 134 8.0 8
164 9.8 9.8 | 171 11.2 113 141 11.0 11
142 11.0 11
152 8.6 8.7
159 13.5 13.5
167 11.0 11

# means residue number; Mg (+) and Mg (-) mean whether an Mg** ion is present or not.
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Comparison of the Results of MD Simulations with Experimental Data

To check the consistency between the simulations and the experiments, root mean
square deviations (RMSD) of the results of the Mg**-bound GNBPs from their X-ray
crystallographic structure counterparts were calculated. Table 6.2 shows that the
RMSDs of all GNBPs were 1.2 A on average and the standard deviations were small,
which indicates that the structures obtained from the simulations were stable and
compatible with the corresponding crystallographic structures.

In addition to RMSDs, B-factors of the Mg”"-bound GNBPs were calculated and
compared with the temperature factors of the respective X-ray crystallographic
structures in order to examine whether our simulations reproduced the atom fluctuation
in the experiment. Table 6.3 shows the sample cross correlations between the calculated
B-factors and the experimental temperature factors. Although the B-factors and the
temperature factors do not match perfectly due to the difference in the experimental and
the computational conditions, the data indicate that the computational results have
positive correlations with the experimental temperature factors (Table 6.3). These
results demonstrate the success of MD simulations in reproducing the characteristics of
the GNBPs' dynamics.

Table 6.2 RMSDs of the Mgztbound GNBPs from the crystallographic structure

H-Ras RhoA Rab6 Arfl Ran
pK.-PDB 1.15+0.05 1.29+0.11 1.17 £0.07 1.47 £0.24 1.20 £0.08
default-PDB 1.26 £0.09 0.90 £0.08 1.35+0.11 1.33 £0.08 1.19 £0.06

Unit is A. 750 sets of coordinates for the last 1.5 ns simulation (acquired every 2 ps) were used for statistics. pK,-PDB
represents the sample cross correlation values between the B-factors in the pK,-determined protonation state and the
experimental temperature factors. The default-PDB represents the values between the B-factors in the default protonation state
of AMBER and the experimental ones.

Table 6.3 Correlations between B-factors and temperature factors of Mg”-bound GNBPs

H-Ras RhoA Rab6 Arfl Ran
pK,-PDB 0.61 0.60 0.60 0.48 0.70
default-PDB 0.68 0.67 0.53 0.58 0.78

The last 1.5 ns simulation (acquired every 2 ps), 750 sets of coordinates, was used for statistics.
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B-factors of GNBPs

To investigate which residues fluctuated, B-factors were calculated for every residue
(Figure 6.2). The B-factors of Mg*'-free H-Ras are largely different from those of
Mg?*"-bound H-Ras, prominently in the switch 1 region (the residue number of 25-40)
(Figure 6.2 (a)). In particular, Asp33 has the largest B-factor value in the Mg*'-free form,
which was approximately five times larger than that in the Mg*"-bound form. Tyr32 to
Tyr40 also largely fluctuated in the Mg**-free form. In the Mg®*-bound form, the switch
2 region shows the largest B-factor, which was consistent with the crystallographic
data.'*® This result also demonstrates the accuracy of the current MD simulations. The
B-factors of RhoA in the Mg**-free form are larger than those in the Mg**-bound one
from the switch 1 to the start of the switch 2 (the residue number of 27-63) (Figure 6.2
(b)). As for Rab6, the switch 1 (the residue number of 33-48) also has large B-factor
values in the Mg®'-free form. These results indicate that the absence of Mg®" ions
caused large fluctuations around the switch 1 of H-Ras, RhoA, and Rab6. However, the
B-factors of Arfl and Ran are different (Figure 6.2 (d) and 6.2 (¢)). Both Mg*'-free
GNBPs show larger fluctuations in the regions between the switch 1 and the switch 2
regions (the residue number of 55-61 in Arfl, 49-58 in Ran). In addition, there are high
peaks around the end of switch 2 (the residue number of 55-61 and the residue number
of 130-140). At the C-terminus (the residue number of 187-215) of Mg”*-free Ran, a
high peak was also detected.

Figure 6.2 also shows the B-factors calculated with the AMBER default ionization
state. It should be noted that the profiles of the B-factors of H-Ras and Rab6 are similar
to the results in the pK,-determined protonation state in that the B-factors at the switch
1 are large. As for RhoA, no prominent difference is observed between the Mg**-bound
and the Mg**-free forms. Mg*"-free Arfl has larger values at switch 1 and the switch 2
regions, compared with the Mg”*-bound form. In Mg**-free Ran, there are high peaks at
the residue 130-140 and at the C-terminus, which resembles the result of Ran in the
pK,-determined protonation state. These results demonstrate that the switch regions are
very sensitive to the Mg”** ion removal.
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Figure 6.2 B-factors of Mg**-bound and Mg**-free forms

The abscissa represents the residue number. The green line represents the Mg -bound form and the red line represents the
Mg*'-free form. SI and SII denote the switch 1 and the switch 2 re%ions. 750 sets of coordinates for the last 1.5 ns simulation
(acquired every 2 ps) were used for calculation. Unit of B-factor is A*.
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pKa-determined protonation AMBER default protonation
(a) H-Ras

Figure 6.3 Switch 1 regions of Mg?*-bound and Mg**—free forms

The Mg*-free and —bound forms are drawn in yellow and orange, respectively. (a) H-Ras (residues 25-40) (b) RhoA
(residues 27-42) (¢) Rab6 (residues 33-48) (d) Arfl (residues 39-56) (e) Ran (residues 32-47)
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Table 6.4 Distances between GDP-PP atom and Ca carbon atoms in Switch 1

Y X P T
H.Ras Mg (+) 6.2+03 6.7+0.3 7.4+0.6 10.5+0.5
Mg (-) 6.8+0.5 8.7+0.4 10.9+0.5 13.6 0.4
RhoA Mg (+) 10.7+0.4 82+0.6 6.6 +0.4 6.6+0.2
Mg (-) 12.4+0.5 12.4+0.9 11.2+0.8 12.8+1.0
Rabé Mg (+) 10.6 £0.4 74+03 8.1+0.4 5.6+0.4
Mg (-) 11.2+0.5 12.7+0.7 11.1+1.1 97+12
Arl Mg (+) 14.4+0.4 18.9+0.5 20.7+0.4 18.5+0.6
Mg (-) 14.4+0.4 19.1+0.4 213+0.4 18.8+0.5
Ran Mg (+) 18.5+0.3 16.8+0.3 18.5+0.6 19.6 £ 0.4
Mg (-) 19.6 0.4 18.2+0.5 20.1+0.8 21.1£0.5

The unit is A. 500 sets of coordinates for the last 1 ns simulation (acquired every 2 ps) were used for statistics. YXPT stands for
Tyr32, Asp33, Pro34, and Thr35 in H-Ras; Tyr30, Val35, Pro36, and Thr37 in RhoA; Tyr40, Gln41, Ser42, and Thr43 in Rab6;
Thr45, 1le46, Pro47, and Thr48 in Arfl; Tyr39, Val40, Pro41, and Thr42 in Ran, respectively. Mg (+) and Mg (-) mean whether
Mg** ion is present or not.

Conformations of Switch 1

Figure 6.3 and Table 6.4 show the computational results on the switch 1
conformations of the Mg*"-bound and -free GNBPs. The switch 1 region of the
Mg*"-free H-Ras moves outside to detach from the GDP binding site, compared to the
Mg”**-bound form. In particular, Pro34 and Thr35, the last two residues of the YXPT
motif, largely shift outward with no less than 3-4 A and no longer participate in the
nucleotide recognition. Moreover, the first two residues, Tyr32 and Asp33, also move
from the original site. Phe28, which recognizes the guanine base of the GDP, do not
change its location. In the case of the AMBER default protonation state, the
conformational changes are exaggerated. The deviations of Pro34 and Thr35 were 6-11 A,
accompanied by a large movement of Tyr32 and Asp33. These results suggest that the
removal of Mg®" ion from H-Ras induces the conformational rebuilding of the switch 1
region, especially at the YXPT motif.

In the case of RhoA, the conformation at the switch 1 region in the Mg**-free form is
prominently distinct from that of the Mg**-bound form (Figure 6.3 (b)). In the
Mg**-free form, Thr37 (Thr35 in H-Ras), one of the ligands coordinated to the Mg*" ion
in RhoA, moves outside by approximately 6 A compared with Mg**-bound form (Table
6.4). During the MD simulation, Pro36 began to move after Thr37 shifted, and became
distant from the Mg*"-binding site by 4.5 A. The distances from the other two residues
to GDP in Mg**-free RhoA are larger than the Mg*"-bound form. Therefore, the switch
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1 region becomes more distant from GDP in the Mg”"-free form. A similar result was
obtained when the AMBER default protonation state was used (Figure 6.3 (b)). These
results indicate that the removal of Mg®" ion had a remarkable influence on the
conformation of switch 1 in RhoA, too.

The switch 1 region of Mg**-free Rab6 shows the largest conformational changes
among all of GNBPs (Figure 6.3 (c) and Table 6.4). In the Mg**-free form, the distance
between Thr43 (Thr35 in H-Ras) and the Mg®"-binding site results in 9.7 A, while the
Mg**-bound form kept its distance with Thr35 at 5.5 A during the simulation.
Moreover, Tyr40, GIn41, and Ser42 (Tyr32, Asp33, and Pro34 in H-Ras) moved 0.8 A,
5.3 A, and 3.0 A away from the nucleotide-binding site in the absence of Mg** ion. Like
H-Ras, exaggerated results are obtained in the AMBER default protonation state. These
results revealed that the Mg”" ion played a key role to keep switch 1 closed in Rab6,
similar to H-Ras.

When Mg”"-bound and -free Arfl were calculated with the pK,-determined
protonation state, they did not exhibit any obvious conformational changes in the switch
1 region (Table 6.4 and Figure 6.3 (d)). In contrast, when the AMBER default state was
used, the most prominent conformational change in all GNBPs was observed in
Mg”*-free Arfl. Phe51, which was reported as a critical residue for the interaction with
Gea2 (a GEF of Arfl),"*® is disclosed from the interior of the protein and is exposed to
solvent in the Mg**-free form. In addition, the B-sheet in the switch 1 region of Arfl is
shortened by the absence of Mg”* ion and changes its conformation to a loop shape.
This result is consistent with the report indicating that the switch 1 region in the
Arfl-Gea2 complex was completely a loop structure.*® The large conformational
difference is derived from a hinge motion at Thr43 and Thr44 (Tyr32 in H-Ras), which
is located at the N-terminus of the YXPT motif (TIPT in Arfl; the residue number:
44-47) of switch 1. The torsion angles of Thr43 and Thr44 (¢, ¢) = (-139.9°, 135.1°) in
the Mg”**-bound form changed to (¢, @) = (-69.7°, 153.6°) in the Mg**-free form.

As for Ran, the secondary structure of the GDP-Mg”**-bound form in the crystal
structure was quite similar to Arfl, where they have a seventh f—strand and the switch
1 consists of f—sheet. Interestingly, the current computational results reveals that the
conformational change of the switch 1 region is compatible between Ran and Arfl; that
is, Mg**-free Ran barely deviated from the Mg*'-bound form (Figures 6.3 (¢)). There is
only a small displacement in switch 1, where it slightly moves away from the
Mg**-binding site due to the conversion from the Mg”**-bound to the Mg**-free form.
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pKa-determined protonation state AMBER default protonation state
(a) H-Ras

(b) RhoA

D59 D59

Figure 6.4 Switch 2 regions of Mg”'-free and Mg*—bound forms.

Coloring method is same as Figure 6.3. (a) H-Ras (residues 57-75) (b) RhoA (residues 59-77) (c¢) Rab6 (residues 66-84) (d)
Arfl (residues 67-85) (e) Ran (residues 65-83).
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Table 6.5 Distances between GDP-Pf and backbone carbonyl oxygen atoms of Switch 2

D T A G

Mg (+) 7.94 +0.27 5.67+0.19 8.19+£0.42 10.31£0.36

fi-Ras Mg (-) 9.75£0.26 7.19 £ 0.36 6.89£0.80 10.80 £0.37
RhoA Mg (+) 9.88+£0.23 5.71+£0.20 8.88£0.31 10.13 £0.50
Mg (-) 10.68 £1.04 9.22 +0.80 11.36+0.77 12.52 +1.04

Rab6 Mg (+) 10.63 £0.22 6.02+0.19 5.87+£0.41 8.14+£0.26
Mg (-) 9.03 £0.30 6.18+£0.43 8.13+£0.52 8.26 +0.36

Al Mg (+) 9.65+0.21 9.57+0.29 14.08 £0.46 16.45+£0.72

Mg (-) 9.73£0.21 10.43+£0.23 14.22 £ 0.33 17.55+£0.40

Ran Mg (+) 9.51+£0.25 7.04 +0.22 8.91+0.73 9.04 £ 0.60

Mg (-) 10.78 £0.41 8.02 +0.42 10.40 + 0.64 10.38 £0.44

The unit is A. 500 sets of coordinates for the last 1 ns simulation (acquired every 2 ps) were used for statistics. DTAG means
Asp57, Thr58, Ala59, and Gly60 in H-Ras; Asp59, Thr60, Ala61, and Gly62 in RhoA; Asp66, Thr67, Ala68, and Gly69 in Rab6;
Asp67, Val68, Gly69, and Gly70 in Arfl; Asp65, Thr66, Ala67, and Gly68 in Ran respectively. Mg (+) and Mg (-) mean whether
a Mg”* ion is present or not.

Conformations of Switch 2

The switch 2 regions in the Mg**-bound and -free H-Ras had a prominent difference
at the DTAG motif and its adjacent regions containing a loop and an o-helix (Figure 6.4
(a)). Ala59 approached the Mg**-binding site (Table 6.5), which is consistent with the
X-ray crystallographic structure of the H-Ras-SOS complex."*> Asp57 and Thr58,
which formed H-bonds with water molecules and stabilized the coordination of Mg
ion via these water molecules in the Mg®*-bound form, detached themselves from GDP
(Table 6.5) and altered their torsion angles (Agp was 50° and —-30°, respectively) in the
Mg*"-free form. It was also found that these changes of Asp57 and Thr58 preceded the
movement of Ala59. Hence, these two residues, which are located at the hinge of the
switch 2 in H-Ras, induce the movement of Ala59.

The switch 2 in RhoA has the largest conformational change in all of GNBPs (Figure
6.4 (b)). All of the four residues in the DTAG motif shift away from GDP (Table 6.5).
Asp59 and Thr60 (Asp57 and Thr58 in H-Ras) exhibit large torsion changes similar to
H-Ras, while Ala61 (Ala59 in H-Ras) departs from the Mg*"-binding site in contrast to
H-Ras.

In the case of Rab6 in the Mg®-free form, the switch 2 shows some conformational

changes, but scarcely moves from the initial position (Figure 6.4 (c)). Asp66 (Asp57 in
H-Ras) approaches toward GDP by 1.6 A (Table 6.5), and Ala68 (Ala59 in H-Ras)
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moves away from GDP by 2.3 A. As a result, switch 2 was kept at the original
position.

As for Mg*'-free Arfl and Ran, the residues at the DTAG motifs detached slightly
from GDP (Figures 6.4 (d) and (e)). The switch 2 region shifted away from the
Mg”**-binding site by approximately 0.6 A and 1.3 A in Mg*-free Arfl and Ran,
respectively. However, these changes were relatively small compared with H-Ras,
RhoA.

In all GNBPs, the conformational changes of the switch 2 were exaggerated when the
AMBER default protonation state was used (Figure 6.4), which is similar to the results
of the switch 1 region.

Overall Structural Changes from the Viewpoint of Molecular Surface and
Solvent Accessible Surface Areas

GNBPs' molecular surfaces and solvent accessible surface areas (SASA) after the
simulations are shown in Figure 6.5 and Table 6.6, respectively. Due to the large
conformational changes of the switch 1 region (Figure 6.3 (a)), the whole structure of
H-Ras had a groove between the switch 1 and the GDP binding site in the Mg*'-free
form (Figure 6.5 (a)). Furthermore, in the AMBER default protonation state, a larger
groove is also created around the GDP binding site, which doubled the SASA of GDP in
the absence of Mg*" ion.

Similarly, the removal of Mg®" ion from RhoA created a groove between the
C-terminus of the switch 1 region and the midst of the switch 2 region (Figure 6.5 (b)).
The SASA increased by 309 A? as a result of the formation of the groove. In contrast,
any groove cannot be observed in the case of using the AMBER default protonation
state, and the SASA decreased.

In Rab6, on the other hand, the absence of the Mg®" ion created a groove between the
GDP binding site and the switch 1 region (Figure 6.5 (c)). The conserved motif regions
of P-loop, switch 1 and 2, NKXD, and SAK surrounded this groove. A similar groove
was observed in the calculation with the AMBER default protonation state. According
to the creation of the grooves, the SASAs of Mg*'-free Rab6 increased by 274 A* and
419 A? in the pK,-determined and the AMBER default protonation states, respectively.

Such a groove was also found in Mg*'-free Arfl, which was not obvious in the pK,
-determined protonation state while clearly observed in the AMBER default state
(Figure 6.5 (d)). Although there was little difference in the conformation between the
Mg**-bound and the Mg*-free forms in the pK,-determined protonation state, the
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SASA increased by 190 A%, The changes of the SASA around the switch 1 and the
switch 2 regions contributed to this increase of the SASA. In the AMBER default
protonation state, it should be noted that the SASA increased by no less than 800 AZ.
This increase of the SASA mainly attributes to the switch 1 conversion from the -sheet
conformation to the loop in the absence of the Mg?* ion. In particular, exposure of
Phe51 to the solvent contributed to the increase of the SASA (the SASA of Phe51
changed from 45.5 to 157.5 A?). The motion of Phe51 was fundamentally due to the
structural change in the switch 1 region.

In the case of Ran, no clear groove was seen in the Mg**-bound and -free forms in the
pK,-determined protonation state, while the creation of a groove was observed in the
AMBER default protonation state (Figure 6.5 (e)). Despite the absence of the groove in
the former case, the SASA increased by 327 A2, which was similar to the case of Arfl as
described above. In the AMBER default protonation state, the Mg**-free Ran made a
groove between the NBD region and the switch 2 region, while other GNBPs exhibited
the conformational change mainly at the switch 1 regions. As a result, the SASA
increased by 241 A2,

Table 6.6 Solvent accessible surface areas of GNBPs.

H-Ras RhoA Rab6 Arfl Ran
Mg(+)* 8269 9862 8406 9655 11195
Mg(-)* 8633 10171 8680 9845 11522
ASASA 364 309 274 190 327
Mg(+)** 8686 9887 8379 9191 11602
Mg(-)** 8918 9765 8798 9993 11843
ASASA 232 -122 419 802 241

The unit is A% Mg (+) and Mg (-) mean whether an Mg?* ion is present or not. * means the values calculated with the AMBER
default protonation state. ** means the values calculated with the pKa-determined protonation state
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Figure 6.5. Molecular surfaces of Mg**-bound and Mg**-free forms.

The Mg2+-bound form is in the left column; the Mg”-free form (pKa-determined protonation state) in the middle-left; the
Mg”"-free form (AMBER default protonation state) in the middle-right; the GEF-bound form obtained experimentally in the right,.
The GEF-bound form for Rab6 is unavailable. GDPs and Mg”* ions are represented by the sticks and the spheres colored yellow.
The helices or loops of GEFs interacting with GNBPs are represented as red tubes. Red circles indicate the grooves appearing
due to the absence of the Mg®" ion. These structures are the final 0.2 ns averages of the MD simulations.
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V1.4 Discussions

We calculated Mg**-bound and Mg**-free H-Ras, RhoA, Rab6, Arfl, and Ran
proteins and compared their conformations to reveal the role of the Mg”" ion in
regulating GNBPs' structures. The results show that the lack of the Mg®" ion induces
large conformational changes in the switch regions. Although the switch regions
intrinsically have dynamic properties, the results demonstrate that the lack of Mg** ion
enhances the mobility of the switch regions (Figure 6.2). Due to the flexibility, large
conformational changes occurred around the GDP binding sites (Figures 6.3, 6.4). The
Mg”**-bound and -free GNBPs were also calculated under the default protonation state
of AMBER at pH 7.0. The results shows that the AMBER default protonation state
exaggerates the fluctuation and the conformational changes in the absence of the Mg**
ion (Figure 6.2, 6.3, 6.4). Switch 1 and 2 fluctuated much more than the other regions,
which resulted in producing distinct differences between the Mg”*-bound and -free
forms. The characteristic grooves are also observed in Arfl and Ran (Figure 6.5). This
demonstrates that the conformational changes are very sensitive to the protonation state
of the amino acid residues.

To investigate the cause for the switch motion, H-Ras was chosen as a representative
of the GNBPs, and the quantum chemical calculation was performed using the FMO
(fragment molecular orbital) method. The fundamental concept of the FMO method is to
divide the protein into the fragments consisting of one or two residues, which enables
the quantum chemical calculation of the whole part of the protein.'”> The FMO
calculation revealed the existence of a large repulsive energy between the switch regions
and GDP (Figure 6.6). This result suggests that the repulsion energy between the switch
region and GDP would force the switch region to move away from the GDP-binding site.
Because of the positive charge of the Mg”" ion and its interaction with the main chain or
the side chain atoms in the switch regions, the Mg®" ion buffered these repulsive
interactions in the Mg*"-bound form. Accordingly, the removal of the Mg*" ion
increased the fluctuation of the switch regions in the current MD simulations.

The computational results can be compared with the experimental structures for the
GNBPs complexed with the respective GEFs, in which the GNBPs have neither Mg**
ion nor GDP. Moreover, they exhibit large conformational changes in the switch regions.
Solvent accessible surfaces of the Mg”*'-bound, the Mg*'-free, and the GEF-bound
GNBPs are shown in Figure 6.7. In H-Ras, our calculations indicate that the absence of
Mg”" ion makes a groove between the nucleotide-binding domain and the switch 1 region
(Figure 6.5 (a)). It should be noted that such a groove is also found in H-Ras bound to
the Cdc25 domain of Son of sevenless (SOS) (Ras-GEF),'** in which there is no Mg
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ion; moreover, a conformational change appeared in the switch 1 region (Figure 6.7 (a)).
A striking similarity between the two structures is the switch 1 regions located apart
from the nucleotide-binding site. These conformations require for H-Ras to
accommodate the a-helix of SOS in order to make a complex. The transformation of the
pocket into the open form induced by SOS increases the solvent accessible surface areas
around the nucleotide-binding site consisting of the conserved motif regions (P-loop,
switch 1 and 2, NKXD, and SAK). This increase was also observed in the MD
simulations. The superposition of the structure of Mg**-free H-Ras on the SOS-bound
form gives the root-mean-square deviation (RMSD) value of 2.0 A. On the other hand,
the RMSD is 3.0 A between Mg**-bound and SOS-bound H-Ras. These results indicate
that the lack of Mg®" ion induces H-Ras to resemble SOS-bound forms, especially in the
switch 1 region.

As for Mg**-free RhoA, the groove appearing in the absence of Mg** ion is located
between the C-terminus of the switch 1 and the switch 2 whichever the default or the
pKa-determined protonation state is used (Figure 6.7 (b)). Surprisingly, the binding site

of Dbl (Rho-GEF) is also the same position, at which Dbl interacts with RhoA through
138

its o—helix.
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Figure 6.6 Interaction energy between GDP and the other residues of H-Ras

The interaction energy was calculated by the fragment molecular orbital (FMO) method with the STO-3G basis set, calculated
with the AMBER default protonation state. (a) The whole structure of the H-Ras protein. The residues with the negative

interaction energy for GDP are colored by blue, and those with the positive one are colored by red. GDP and Mg2+ ion are

represented by the yellow and the green spheres, respectively. (b) Plot of the interaction energy. The abscissa represents the
residue number.
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(a) H-Ras

—

Figure 6.7 Solvent accessible surfaces of Mg*"-bound, Mg*'-free, and GEF-bound forms.

The Mg2+-b0und form in the left column; the Mg2+-free form (pKa-determined protonation state) in the middle-left; the
Mg”"-free form (AMBER default protonation state) in the middle-right; the GEF-bound form in the right. GDPs are shown as a
ball-and-stick representation. White spheres represent Mg2+ ions. The switch 1, the switch 2, and nucleotide-binding regions are
colored with yellow, green, and dark orange, respectively. The rest is sky blue. Red tubes represent the helices or loops of GEFs.
Red arrows indicate the grooves appearing due to the absence of Mg”" ion. These time-average structures were obtained from
the final 0.2 ns MD simulations.
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In the case of Ran and Arfl, the switch regions move slightly away from the GDP
binding sites (Figure 6.7 (d) and (e)). In the case of the AMBER default protonation
state, the grooves are clearly observed in these proteins in the Mg**-free forms. In the
case of Ran, similar to H-Ras and RhoA, the position of the groove is identical with that
of Ran-RCC1 (Ran-GEF) interaction site, into which RCC1 inserts a loop (Figure 6.7
(e)). Unfortunately, the C-terminal region of Ran cannot be compared with RCC1-bound
Ran because the mobility of the region was too large to be observed experimentally in
the RCC1-bound state."*” In the absence of Mg** ion, Arfl exhibits large conformational
changes in the switch 1 region, which induces the deformation in some parts of the
seventh B-sheet, which makes Phe51 expose to surface from inside of Arfl (Figure 6.7
(d)). Interestingly, the conversion of the switch 1 region into a loop conformation and
the exposure of Phe51 are also found in the Arfl-Gea2 complex'*® (Gea2 is one of the
Arf1’s GEFs) (Figure 6.7 (d)). The switch 1 completely forms a loop in the Arf1-Gea2
complex. The switch 1 of Mg*-free Arfl in simulation is partially in a loop
conformation while that of Mg*-bound state remains in a B-sheet conformation. It
should be noted that the mutation of Phe51 was reported to be critical for
GEF-binding."*® Although Rab6 exhibited the conformational changes similar to H-Ras,
it cannot be compared with a GEF-bound form, because the X-ray crystallographic
structure is not available. However, Rab6-GEF would interact with a groove between
the switch 1 and the GDP binding site, similar to the H-Ras-SOS interaction. Judging
from these findings on the structures of the Mg**-free GNBPs, the removal of Mg** ion
is concluded to have a keen role to induce a large conformational change of GNBPs to
prepare the template for GEF binding.

It is reported that the point mutation of H-RasS17N, which is critical for the Mg
coordination, caused an increase of GEFs' affinity.'”® In addition, the chelation of the
Mg”" ion increases the affinity of H-Ras for SOS and enhances the dissociation of
GDP."**!*7 N-Ras, an isoform of H-Ras, has 10 times greater affinity for GTP than
GDP at low Mg*" concentrations, whereas the affinities of GTP and GDP are
approximately the same at high Mg** concentrations.'** Additionally, several mutational
studies of other small G-proteins revealed the importance of the Mg®" ion for the GEF
binding. Rab3AT36N'"® and RanT24N'"’ (analogous to H-RasS17N) mutants were
pointed out that they had greater affinity for their respective GEFs than their
wild-types. All mutated residues have been demonstrated to be essential to the
coordination of the Mg®" ion. In the Rho family, it was proposed that GEF had a
negative correlation with the free Mg®" ion in the cell; thus, high concentrations of Mg
ion decreased GEF affinity for GNBPs.'® The role of the Mg*" ion for GDP binding
was supposed to stabilize the GDP-binding state, since the presence of the Mg®" ion
prevented GDP dissociation in various GNBPs;'®*!®" moreover, the picomolar levels of
the AP’ ion competed with the Mg*" ion and inhibited the GDP/GTP exchange of
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Ras.'®® Furthermore, the crystallographic studies of GDI-bound GNBPs revealed that
the GDIs inhibited GDP dissociation by stabilizing the Mg”" binding.'®® All the
experimental data mentioned above suggest that the lack of the Mg?" ion increases the
affinity for GEFs and promotes the GDP dissociation.

Formerly, GEFs were assumed to promote GDP dissociation by disrupting the Mg**
coordination of GNBPs. But recently, some studies provided different viewpoints on
the relationship between GEF and Mg®" ion. A structure-based mutagenesis study of
H-Ras and SOS (Ras-GEF) proteins demonstrated that mutations of the residues in SOS,
which were expected to disrupt the Mg*'-binding site, had no effect on the catalytic
function of SOS.'** Furthermore, a fluorescence study on Rac, a member of Rho family,
demonstrated that the release of Mg”* ion led to the GDP dissociation in its GDP/GTP
exchange reaction.'* These studies indicated that the disruption of Mg*" coordination
was independent of GEFs and that the exchange reactions were dominated by the
binding of GEFs to the Mg**-free but nucleotide-bound GNBPs. That is, it can be
speculated that the release of the Mg”" ion induces the interaction of GEFs with GNBPs.
The present results provide a new semiopen model that can be a template for GEF
binding. Moreover, the current MD simulations have demonstrated that the absence of
Mg*" ion converts the conformation of not only RhoA but also all members of the small
G-proteins to the semiopen forms. Consequently, Mg®" ion regulates the conformations
of the small G-proteins.

Mg*" ions are universally present in a cell, and the concentration of the Mg”" ion may
locally change as Ca** ions do (due to various stimulations such as the elevation of
cation, anion, and ATP concentrations in the cell). The concentration of the Mg*" ion
possibly determines what states a small G-protein is, whether at the closed form when
the Mg?" concentration is high or at the semiopen form when the Mg”" concentration is
low.

VI.5 Conclusion

Small G-proteins, H-Ras, RhoA, Rab6, Arfl, and Ran, can change their conformations
dramatically responding to the surrounding ionic environment. Mg** ion, in particular, is
critical for determining pKa values of amino acid residues around the switch regions and
their conformational changes. The removal of Mg®" ion converts their conformations
into semi-open form that can easily interact with the corresponding GEFs.
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MD Simulations of
H-Ras protein

on Membrane

Abstract

Farnesylated H-Ras at the membrane-water interface was calculated to investigate the
effects on the structures of H-Ras and the interface. Two membranes described in
Chapter VI were used as the biomembrane model. A developed method how the H-Ras
approaches to and bound with lipid bilayers predicted a probable complex structure,
where the lipid anchor of the H-Ras was located at the membrane-water interface and
the GDP-binding site was away from the membrane. The conformation was caused due
to the electrostatical repulsive forces working between the GDP-binding switch regions
and the negative charges of the acidic lipids. Detailed analyses of these structures reveal
the interactions of the farnesyl moiety with the surrounding lipid molecules.
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VII.1 Introduction

Ras proteins have been studied intensively for more than a quarter century because of
their role in human cancer.*® Three members of the Ras family, H-Ras, N-Ras, and
K-Ras, are expressed in mammalian cells, in which they are localized on distinct lipid
microdomain.'®® An H-Ras protein is a representative of small G-protein family as
described in the previous chapter. It exists as a lipid-anchored membrane protein in the
cell. H-Ras is farnesylated at the 186 cystein and further added two palmitoyl moieties
to the 181 and 184 cysteines. The addition and the removal of the palmitoyl groups is
enzymatically controlled, which regulate the localization of H-Ras in the cell.*
Moreover, H-Ras shows dual microlocalization dependent on its state. A GDP-loaded
inactive H-Ras is localized in lipid raft, but a GTP-loaded active H-Ras is away from the
raft and moves around non-raft, or more disordered regions.'®® The microlocalization
mechanism of H-Ras has been intensively investigated for recent five years'®’"'"" after
the concept of lipid raft was extensively accepted in the molecular biological field* (see
the review article'”! written by Hancock and Parton for review).

The microlocalization of H-Ras is more complex than the other membrane proteins
with a simple lipid anchor, because of its dual lipidation, palmitoylation and
farnesylation. Although prenylated proteins have been reported to be largely excluded
from lipid rafts, the combination of palmitoylation and farnesylation allows
GDP-loaded H-Ras to access lipid rafts. However, the additional palmitoylation of
GDP-loaded H-Ras is not enough to completely localize the protein to lipid rafts.
Therefore, the protein exists in a dynamic equilibrium between the liquid-ordered and
disordered plasma membranes. Even when H-Ras is activated, the protein still can
accesses lipid rafts, although the equilibrium shifts in favor of residence in disordered
regions.

In order to reveal the biophysical mechanism for the dynamical equilibrium of H-Ras,
it is quite important to understand the interactions between H-Ras and lipid membranes.
Therefore, MD simulations of the farnesylated H-Ras (Far-Ras) on the asymmetric
membranes described in Chapter IV were carried out. The results allow us to observe the
detailed interaction between the protein and lipids.
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VIL.2 Computational Details

Modeling Initial Structures

Figure 7.1 summarizes the procedure for modeling initial structures of H-Ras on
asymmetric membranes.

At first, the structure of the C-terminus of H-Ras was predicted with MD
simulations, because the X-ray crystallographic structure lacks 20 amino acid residues
(residue number: 170-189). MD simulations were performed for 2 ns using AMBER?**
with the implicit water model implemented in Generalized-Born method and with no
cut-off distance for calculating the non-bonded interactions.

Then, a farnesyl moiety was added to Cys186, and an additional 1 ns MD simulations
was carried out for equilibration. The predicted structure of the farnesylated H-Ras is
shown in Figure 7.1 (a). The molecular structure of farnesyl cystein (F-Cys) was
constructed by the program GaussView and was optimized at the HF/3-21G level with
SCRF method by Onsager model."”” The electrostatic potential of F-Cys was calculated
by Gaussian 98 at the B3ALYP/6-31G** level. The atomic charges were generated by
fitting them to the electrostatic potentials with the RESP module of AMBER.* The
missing parameters were created based on the analogy with available parameters in
AMBER parm99 force field parameters set.

Second, farnesylated H-Ras (Far-Ras) was put on the membrane (Figure 7.1 (b) - (f)).
In order to predict the orientation of Far-Ras, potential energy calculations were
performed using Delphi program for 144 structures generated by rotating the Far-Ras on
the membrane at every 30 degrees horizontally and vertically (Figure 7.1 (b) and (c)).
And then, the rotamer with the lowest energy was selected to perform a further
calculation for approach of Far-Ras to the membrane (Figure 7.1 (d) and (¢)). In these
structures, the structure with the lowest energy was used for the initial structure for
further MD simulations of H-Ras on the membranes (Figure 7.1 (f)).

Details of MD Simulations of Ras-membrane Complexes

MD simulations of Far-Ras-membrane complexes were performed using NAMD 2.6%.
Charmm?22* is used as the force field parameters for the protein. The other detailed
procedure and parameters of MD simulations are the same as described in other
chapters. MD simulations were performed for 6 ns. The last 2 ns data were used for
analysis.
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Insertion of the farnesyl group was carried out by imposing the force directed to the
membrane’s center on the terminal atom of the group. After the insertion, 1 ns extra
equilibrium simulations were performed.

Farnesyl- (C)

o 4 Cys

GDP

500

400

300

200

100

Total energy (kcal/mol)

0

Cys l

-100 ! !
0 5 1 15 20 25 30

Distance between the H-Ras and the membrane

Figure 7.1 Methods for predicting a structure of Far-Ras on membrane.

(a) Schematic predicted structure of the farnesylated H-Ras (Far-Ras). GDP is represented as ball-and-stick model, and
farnesyl-cystein and Mg ion is represented as van der Waals spheres. Mg ion is colored green (b) Schematic view of Far-Ras
rotating on the membrane. (c¢) The three-dimensional plot of the potential energies calculated for the 144 rotamers generated by
(b). (d) Schematic view of Far-Ras approaching the membrane. (e) The plot of the potential energies calculated for the structures
generated by (d). (f) The predicted structure of Far-Ras on the membrane (blue and green spheres are Na' and CI ions; orange,
yellow, and red sticks are POPC, POPE, and POPS, respectively).
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VILI.3 Results and Discussion

Orientation of Farnesylated H-Ras on Membranes

The farnesylated H-Ras was located on the membrane with GDP-binding site away
from the membrane surface resulted from the energy calculation (Figure 7.2). As a result,
the farnesyl moiety is located on the membrane interface. This complex structure was
stabilized by the positive charges of amino acids around the lipid anchor. Therefore, a
delicate balance between the electrostatically attractive and repulsive forces is the main
factor for determining the orientation of H-Ras on the membrane.

Figure 7.2 Electrostatic potential of H-Ras-membrane complex.

(a) Side view. (b) Top view (left, exoplasmic face; right, endoplasmic face). H-Ras is colored yellow. The exoplasmic and
endoplasmic faces are represented as black and white van der Walls spheres. Red and blue meshes mean -25 mV and +25 mV
iso-potential surfaces, respectively.

Interactions between H-Ras and Lipids

Figure 7.3 shows the distance between Far-Ras and the lipid bilayer. The distance
kept 1 nm, which indicates that the Far-Ras was stably located on the membrane from
the start to the end of simulation, and the attractive forces worked continuously.
Detailed observation of the protein-lipid interface revealed the cause of the attraction.
Figure 7.4 shows the protein-lipid interface and the interactions between them. The head
groups of POPS and POPE formed H-bonds with amino acids of Far-Ras. In particular,
POPS and Arg formed strong stable H-bonds (Figure 7.4 (b)). POPS molecules
protruded from the membrane surface for the interaction with Far-Ras (Figure 7.4 (a)).
These attractive interactions were also reflected on the correlation between the lateral
diffusion of Far-Ras and POPS molecules (Figure 7.5). The co-lateral movement of
Far-Ras and POPS is due to the strong attractive forces between them.
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Figure 7.3 Distance between H-Ras and membrane.

Red line indicates the averaged distance.

L]
Figure 7.4 Interactions between H-Ras and lipids.

(a) Protrusion of POPS molecules from the membrane surface. (b) Detailed view of interactions between H-Ras and lipids.
Argl6l and farnesyl-Cys residues, POPS and POPE molecules are represented by sticks colored by atom types (C, cyan; O, red;
N, blue; H, white; S, yellow). The other part of H-Ras is colored yellow. The purple dashed lines indicate hydrogen bonds
between H-Ras and lipids. Blue and green spheres are Na' and CI ions.
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2ns o
Figure 7.5 Correlation between lateral diffusion of H-Ras and POPS molecules.

Dashed lines are the centerlines through the system. H-Ras, GDP, farnesyl-Cys, and POPS are colored yellow, red (upper),
blue, and red (lower).

- - oL ;e & [ o a
Figure 7.6 Structures of Far-Ras inserted in asymmetric bilayers.

(a) Asymmetric bilayer composed of POPC, POPE, and POPS. (b) Asymmetric bilayer composed of POPC, POPE, POPS, and

cholesterol. Color schemes for lipids and ions are the same as Figure 4.3, and color schemes for proteins are the same as Figure
7.4.
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Figlire 7.7 Detailed views of interactions between inserted Far-Ras and lipids.

(a) (b) Side views of the vicinities of the farnesyl-Cys residues. (c¢) (d) Top views of the membrane surfaces around the lipid
anchors. Some C-terminal amino acid residues are also shown as sticks. ((a) POPC/POPE/POPS model; (b)
POPC/POPE/POPS/cholesterol).

Far-Ras inserted in the membrane

Figure 7.6 shows the structures of Far-Ras inserted in the membranes after the MD
simulations. More detailed views are shown in Figure 7.7. A part of the farnesyl
moieties protrudes from the membranes. This protrusion is much clearer when viewed
form the top (Figure 7.7 (c) and (d)). As a result, the farnesyl termini did not reach the
center plane of the membranes. These results support the experimental results that a
farnesyl moiety has relatively low affinity for membranes.'”"'”* Figure 7.7 also shows
that other amino acid residues interact with lipids.

VII.4 Conclusion

We have identified some important interactions between farnesylated H-Ras and
lipids at the water-membrane interface. We have also shown that some of the Arg
residues of H-Ras play an important role on the interaction. Although further studies are
required in order to reveal the equilibrium mechanism of H-Ras moving between rafts
and non-raft regions, these interactions between H-Ras and lipids will be necessary for
the equilibrium.
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Fig.2 Orientation and distribution of water molecules at the water-membrane interface.

The upper row shows the distribution of the angle formed between the membrane normal vector (n) and the
cross product (axb) of two OH bonds (a and b). The lower row shows the distribution of the number of
water molecules at the interface. The dashed lines indicate the range of the interface.
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