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Abstract

Since nuclear magnetic resonance (NMR) spectroscopy data, including solution NMR from
micelles and solid-state  NMR from bilayers, provide valuable structural and dynamics
information of membrane proteins, they are commonly used as restraints in structural
determination methods for membrane proteins. However, most of these methods determine the
protein structures by fitting the single-confer model into all available NMR restraints regardless
of the explicit environmental effects that are determinant in the structures of membrane proteins.
To develop a reliable protocol for obtaining optimal structures of membrane proteins in their
native-like environments, various NMR properties were applied in the refinement approaches

using explicit molecular dynamics (MD) simulations in this research.

First, solution NMR NOE based-distance measurements were used as restraints in MD
simulations to refine an activating immunoreceptor complex in explicit environments. Compared
to the structure determined in vacuum, the resulting structures from the explicit restrained
simulations yields a more favorable and realistic side-chain arrangement of a key Asp residue,

which is highly consistent with mutagenesis studies on such residue.

Incorporating solid-state NMR and solution NMR, MD simulations were performed in the
explicit bilayers to refine the structure of membrane-bound Pfl coat protein. Since solid-state
NMR is sparse in its N-terminal periplasmic helix, the protein structure was determined by
combining solid-state NMR and solution NMR. Benefiting from the sophisticated energy
function and the explicit environments in MD, the orientation of Pfl’s periplasmic helix can be

identified in simulations restrained by solid-state NMR alone. In the simulations restrained with
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both solid-state NMR and solution NMR, physically irrelevant structures were frequently
observed, suggesting there are conflicts between the restraints from different sample types (e.g.,

bilayers and micelles).

As NMR data are ensemble-averaged measures, the solid-state NMR restrained explicit
ensemble dynamics (ED) simulations of fd coat protein were performed in different ensemble
sizes and compared to the unrestrained MD simulations. As the ensemble size increases, the
violations of resulting structures from experimental NMR data decrease, while the structural
variations increase to be comparable to the unrestrained MD simulations, indicating the efficacy

of restrained ED in refining structures and extracting dynamics.

To investigate the influence of different environments on the structures of membrane
proteins, in this research, MD simulations were performed in bilayers and micelles, respectively.
Since building a preassembled protein/micelle complex for MD simulation is challenging and
requires considerable experience with simulation software, a web-based graphical interface
Micelle Builder in CHARMM-GUI (http://www .charmm-gui.org/input/micelle) was developed
to support users to build micelle systems in a automatic and simplified process. Using this
interface, Pf1 coat protein was preassembled in a protein/micelle model and simulated in explicit
environment. Compared to previous simulations of Pf1 coat protein in bilayers, different protein
conformations were observed in these simulations due to the distinct behavior and geometry of

micelles.
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1. Introduction

1.1 Biological roles of membrane proteins

Membrane proteins are abundant and biologically important. 20-30% of all genes in most
genomes are estimated to encode membrane proteins (1). In various cellular processes,
membrane proteins play distinct and crucial roles (2). Membrane receptor proteins transduce
signals to trigger changes in the function of the cell (3), membrane transport proteins move
molecules and ions across the membranes (4), and membrane adhesion proteins promote cell
recognitions (5). Due to their critical status in cell functions, membrane proteins make extremely
interesting targets for drugs. In fact, membrane receptors and transporters are targets of over 50%

of all modern medicinal drugs (6).

Determination of structures and dynamics of membrane proteins is essential for
understanding of their functions. The interactions between membrane proteins and surrounding
lipids are important determinants for protein structures (7). However, these lipid bilayers
hampered the expression and purification of the transmembrane domains of membrane proteins
in the classical experimental techniques, such as X-ray diffraction (8). Nowadays, advanced
experimental and computational methods have been developed to overcome limitations in the

determination of membrane protein structure.



1.2 Nuclear magnetic resonance (NMR) spectroscopy in protein structure determination

NMR spectroscopy is a powerful approach providing information about the structure and
dynamics of membrane proteins dissolved in detergent micelles or reconstituted into lipid
bilayers (Figure 1.1) (9). Using solution NMR methods, it is feasible to determine the structures

of small membrane proteins in micelles. However, solid-state NMR can determine the structures

of larger membrane proteins in their definitive environments of lipid bilayers (10).

Influenza M2 channel a-factor receptor M6 fd coat in membrane Chemokine receptor CXCR1
Wang et al., 2001 Valentine et al., 2001  Marassi & Opella, 2003 Park et al., 2012

Protein Sci. 10:2241 Biopolymers 12:1150 Protein Sci. 12:403 Nature 491:779

PDB: 1NYJ PDB:1PJD PDB: 1MZT PDB: 2LNL

Figure 1.1 Structures of membrane proteins determined by NMR spectropy.

In solution NMR spectroscopy, detergent-solubilized membrane proteins tumble freely on a
nanosecond timescale, allowing the collection and assignment of NMR spectra. In this process,
the nuclear Overhauser effect (NOE) is commonly observed showing certain atoms are in close
proximity to each other. The inter-atomic distances derived from the observed NOE can help

confirm the three dimensional protein structures (11). In addition, in solution, the partial

2



alignment of proteins is induced either by their own magnetic susceptibility anisotropy (12, 13)
or by external alignment media (14, 15). This partial molecular alignment leads to an incomplete
averaging of anisotropic magnetic interactions such as the dipolar coupling and the chemical
shift anisotropy (16). In this scenario, the measurable residual dipolar coupling (RDC) can
provide information about the orientation of each internuclear vector with respect to the static
magnetic field and therefore determine protein structures (17). The following equation shows the

RDC (vgpc) between a pair of nuclei P and @ with a spin of 1/2.

2 Kppe 3

1
Vrpc = §—rP3Q <§ cos?p — E) (1-1)

where 159 = |rp - rQ| and ¢ is the angle between the internuclear vector and the magnetic
field. Krpc = —StoYpYoh/8m3, where u, is the magnetic permeability of vacuum, yp, and
Yo are gyromagnetic ratios of P and @, h is Plank’s constant, and S is the generalized order

parameter describing the internal motion of the internuclear vector.

Solid-state NMR spectroscopy does not rely on rapid molecular reorientation, so it is suited
for membrane proteins immobilized in phospholipid bilayers (9). When an immobile sample is
oriented to the direction of the applied magnetic field, the resulting NMR spectra such as
chemical shift anisotropy (CSA) and dipolar coupling (DC) are characterized. These observed
resonances are dependent on the orientation of their molecular sites relative to the static magnetic
field (18). As shown in Equation 1-2 and Equation 1-3, CSA (o.s,4) relies on the peptide-plane
orientation with respect to the direction of the magnetic field (Bg) which is aligned to the Z-axis;
DC (vp) relies on the angle (8) between the nuclei pair vector (ryy) and the direction of the

magnetic field (Bg) (19).



Ocsa = 01161, + 02,65, + 033€3, (1-2)
K
Vpe = %6(300329 -1 (1-3)

where o,, and e, , (n=1,2, 3) are the instantaneous magnitude and unit vector Z-component
of chemical shift tensors (see Figure 1.2 for e, orientations). Kpc = (¥y¥uhito)/(8m37r5y), 1o

is the magnetic permeability of vacuum, yy and yy are gyromagnetic ratios, h is Plank’s

constant.

A CSA

Figure 1.2 Schematics representations of internuclear vectors used to calculate instantaneous
(A) CSA and (B) DC. For CSA, e, is generally defined by the cross production of 7y, and
Tyu- €; 1s defined by a rotation angle ¢ from ryy on the peptide plane defined by N, C and H

atoms. e3; = eqXe;.



These NMR data depending on the orientations of molecular sites can be applied in structural
determination methods based on orientational restraints (20). In these approaches, a protein
orientational search is carried out to minimize the RMSD between the experimental data (y°*P)

and the calculated values (y°*¢);

Ny
1 2
RMSDy = |5 PRy (1-4)
i=1

One conventional and popular determination method is the semi-static fitting approach. In
this approach, the experimentally derived orientations are determined by searching a particular
set of orientations of an ideal, rigid secondary structure, i.e., a helix, to minimize the deviations
between the experimental and calculated NMR data. Previous studies showed that the accessible
orientations determined by the semi-static fitting approach are very narrow or delta function-like.
The most probable reason is this method does not consider any motional averaging and therefore

neglects the ensemble average (21).



1.3 Computational studies of membrane proteins

Molecular dynamics (MD) simulation is a powerful tool for complementing experimental studies
and providing explanation for experimental observations at an atomic level (22). By setting up
simulation systems of membrane proteins under the same conditions as experiment, the MD
simulations can mimic the biological situations having such membrane proteins and capture their
motions at time scales from picoseconds to microseconds. At every simulation time step, the
future positions of all the atoms in the system are predicted following Newton’s classical
equation of motion:

_ OU({ry,13,+,1x})
or,

F(l:mCIfFCl:

(1-5)

where F, is the force exerted on atom a with mass m, and its position 7,. The potential
energy function of the system U({ry,r,,--+,7ry}) involves the positions of all the atoms in the
system. In a typical biological simulating system, the potential energy function is expressed in
the form of a summation over bonded energies of bond, angle and torsion, and non-bonded

energies of van der Waals and electrostatics interactions (23):



U re =) = > ko= bR+ Y ko6, — 60

bonds,i angles,i

+ Z kyi[1+ cos(n;@; — 6;)] (1-6)
torsion,i
12 i\ 6
22 |(F) ()]
i jj#i "ij ij &Tij

Compared to the semi-static fitting approach, which does not have motional information, MD
simulations can provide not only structural but also dynamic information of membrane proteins.
As a result, simulated annealing with restrained MD is increasingly used in the NMR-based
structure calculations. However, in most of them, all non-bonded interactions are represented by
a simple repulsive term with no contributions from van der Waals, electrostatic or solvation
energy. A more sophisticated NMR based refinement approach was developed to include all
energy terms in Equation 1-6 (19, 24). As shown in Equation 1-7 and Equation 1-8, NMR data is

converted into harmonic restraint potentials (U Xi({rl,rz, -+, Ty })) added to the total potential

energy applied in the MD simulations of the membrane proteins:

U({Tl, ry -, rN})total = U({rlr ra -, rN}) + z UXi({Tl, ra -, rN}) (]_7)

2

mme-mD—Zk(fm x) (1-8)

where y' is a NMR measure, N is the number of x', and k : is the force constant for x*.



Using solid-state NMR data as restraints in implicit MD simulations, this structural
calculation method can produce plenty of structures with few violations from the experimental
NMR data (19). However, since NMR data are time- and ensemble- averaged measures, a strong
restraint potential fitting one particular structural conformer to the averaged NMR data might

corrupt the atomic configuration of the protein in an undesirable way (25).

One alternative strategy is the NMR-restrained ensemble dynamics (ED) simulation. Its
scheme is performing parallel MD simulations of N replicas (N;p) in the presence of NMR
restraint potentials that enforces the ensemble averaged NMR properties ({x2!),,s) toward

known experimental values Q(f *P) at each simulation time step:

NREP (1-9)
le(i
()(icalc>ens = z )(ica CU)/NREP
j=1
Ny (1-10)
2
UX({rll r2; Tty rN}) = NREP z k}((()({:alc>en5 - Xlexp)
i=1

where x is a NMR measure, N, is the number of x, and k, is the force constant for y. With
respect to the refinement of transmembrane helix structure, the implicit restrained ED showed
good agreement with experimental observables including motional averaging and a great

orientational variability (26-28).



Most of these structural refinement approaches use implicit membrane models to reduce
computational expenses (26-29). In these implicit models, a low-dielectric slab is defined to
mimic the hydrophobic core of the membrane bilayer (30, 31). This static, low-dielectric slab can
capture the general effect of biological membrane, such as hydrophobic mismatch (between the
length of a protein’s hydrophobic transmembrane domain and the thickness of the bilayer
hydrophobic core) (32-35). Nonetheless, the undeformable nature of the hydrophobic slab is one
of its most significant drawbacks. The biological membrane bilayer is fluid and the membrane
protein function is in part regulated by the changes in lipid bilayer thickness and intrinsic lipid
curvature (36). Particularly, in the case of a hydrophobic mismatch, the bilayer adaptation
involving local changes in lipid bilayer thickness (also known as local membrane thickening or
thinning) may change the orientation of the membrane protein (37-43). Therefore, it is of
particular interests to perform the structural refinement of membrane proteins in an explicit

environment presenting protein-lipid interactions at an atomics level.



1.4 Outline of dissertation

This dissertation mainly focuses on the NMR-based refinements and structural analyses of
membrane proteins using MD simulations in explicit membranes. In Chapter 2, solution NMR
data were applied to the explicit MD simulations of an activating immunoreceptor complex to
address the ambiguities of side-chain conformations and produce optimal structures consistent
with the experimental observations. Then, both solution NMR from micelles and solid-state
NMR from bilayers were used in the structure refinement of the Pfl coat protein in Chapter 3. In
Chapter 4, the solid-state NMR restrained explicit ED simulations of the fd coat protein were
compared to the unrestrained molecular dynamic simulations. All protein/micelle complex
models described in these NMR computational studies can be built with Micelle Builder in

CHARMM-GUI (http://www.charmm-gui.org/input/micelle) in an automatic and simple process.

In Chapter 5, this web-based graphical interface was introduced and tested. The different

structures of membrane proteins in the micelles and the bilayers are also discussed.
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2. Solution NMR based structural refinement of an activating

immunoreceptor complex in explicit membranes

2.1 Introduction

NMR observables, such as NOE-based distance, CSA, and various DC measurements, are
increasingly being used to characterize membrane protein structures (44, 45). However,
membrane proteins are challenging subjects for NMR and result in a relatively small number of
such measurements, which can create ambiguities in determining critical side chain-side chain
interactions. Additionally, most membrane protein structure calculations do not consider several
unique features of the membrane environment that may affect the determined structures, such as
the low degree of hydration and associated electrostatic interactions, and the spatial constraints
enforced by bilayer geometry. Therefore, the resulting structures, even with few violations of
NOE-based distances and/or other observables, can present side-chain conformations that may

not reflect the most energetically favorable arrangements.

Recently, Call et al. (46) determined the NOE-based solution NMR structure (PDB:2L35) of
a micelle-embedded transmembrane (TM) hetero-trimeric complex DAP12-NKG2C,
representing the membrane-embedded portions of the natural killer cell-activating receptor
complex DAP12-NKG2C/CD94. DNAX-activation protein 12 (DAP12) is a homodimer
containing an immunoreceptor tyrosine-based activation motif in its cytoplasmic domain and
non-covalently associated with natural killer group 2C (NKG2C). NKG2C forms a heterodimer
with the C-type lectin CD94 and recognizes the human nonclassical MHC class I molecule

HLA-E, delivering activating signals via the DAP12 immunoreceptor tyrosine-based activation

11



motifs (47). Mutagenesis studies demonstrated that five polar residues, including one Asp and
one Thr in each DAP12 TM helix and one Lys in the NKG2C TM helix, mediate the key TM
contacts between DAP12 and NKG2C (46, 48). The NMR structure provided the first structural
insight into the TM contacts within an assembled immunoreceptor complex. Nonetheless, this
complex structure shows a puzzling aspect in that one of Asp residues faces the hydrophobic
core, which may not be energetically favorable. To explore whether these side-chain
conformations are optimal in membrane environments, we have performed a refinement of the
DAP12-NKG2C structure using NOE-based restrained MD simulations in both explicit micelles

and bilayers.
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2.2 Materials and methods

The representative DAP12-NKG2C-micelle and DAP12-NKG2C-bilayer systems are shown
in Figure 2.1 (see Table 2.1 for detailed system information). The average NMR structure of
PDB:2L.35 was used as a starting structure. For simplicity, the DAP12 with a short linker to
NKG2C is named DAP12-1 in this work; the linker was introduced in the NMR study to produce
a covalently stabilized three-TM complex. For the micelle simulations, 13 sodium dodecyl
sulfate (SDS) and 130 FOS-Choline 14 (TPC) molecules (1:10 ratio) were radially distributed
around the protein surface to mimic the NMR experimental conditions (46). For the bilayer
simulations, DAP12-NKG2C was inserted into a bilayer of 129 dimyristoylphosphatidylcholine
(DMPC) molecules using CHARMM-GUI Membrane Builder (49, 50). Each system was
replicated and assigned with different initial velocities to generate three independent simulation
systems. All calculations were performed in NPT (constant particle number, pressure, and
temperature) ensembles (51) at 303.15 K using CHARMM (52) with the CHARMM all-atom
protein force field (53) including the dihedral cross-term correction (54), CHARMM36 lipid
force field (55), and a modified TIP3P water model (56). A time step of 2 fs was used with the
SHAKE algorithm (57). Each initial system was equilibrated for 300 ps with the nonbonded and
dynamics options in the Membrane Builder input; the van der Waals interactions were smoothly
switched off at 10 - 12 A by a force-switching function (58), and the electrostatic interactions
were calculated using the particle mesh Ewald method (59) with a mesh size of ~1 A for fast
Fourier transformation, x = 034 A and a sixth-order B-spline interpolation. After

equilibration, a total of 10-ns production run was performed for each micelle system and 40 ns

for each bilayer system under available NOE-based distance restraint potentials.
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Figure 2.1 Simulation systems of DAP12-NKG2C complex in (A) micelles and (B) bilayers.
Protein is shown in cartoon. DAP12 is green, NKG2C is orange. Detergent and lipid molecules

are shown in sticks, ions in spheres, and water molecules in lines.

Table 2.1  System information for DAP12-NKG2C

f
System # of water # of detergents/lipids # of ions # of atoms Box size (A%
molecules
Micelle 16,476 13 SDS, 130 TPC 55K", 44 CI 60,230 83.8x83.8x83.8
Bilayer 7,411 129 DMPC 19K, 18 CI 38,937 65.6x65.6x87.3
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2.3 Results and discussion

The average distance violation is a direct measurement to check whether the MD-refined
structures satisfy the NMR observables. The total number of restraints is 238. Given a cutoff
value of 0.5 A, 15 structures with the least violations were selected for each system, as in the
conventional NMR structure determination. The average numbers of violated restraints are <1
for all these structures in the different systems, which are comparable to the 15 structures in
PDB:2L35 (Figure 2.2). The root mean-squared deviations (RMSD) of the TM helix backbone
atoms from the average NMR structure are 1.0 = 0.1 A in both micelle and bilayer systems.
There are no significant differences between PDB:2L.35 and MD-refined structures in terms of
helix-helix distance and crossing angles (see Table 2.2). This result indicates that the MD-refined
complex structures well satisfy the NMR observables and their overall structures are similar to

the PDB:21.25 structures.
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PDB: 2L35 Micelle Bilayer

Figure 2.2 The average number of violated NOE distance restraints in the different systems
with a cutoff value of 0.5 A. 15 structures with the least violations were selected for the

restrained MD simulations.
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Table 2.2  The orientation of DAP12-NKG2C TM helix complex in terms of helix-helix

distance (D) and crossing angle (Q2).

Structural PDB:2L35 Micelle Bilayer

element D (A) Q) D (A) Q) D (A) Q ()
3?2122(;1 and 96104 36:18 99505  39:18  9.9:03 4022
32212262 and 0504 109828 10.650.6 118525 104£07 107422
gﬁjgzé and 95004 125517 94206 108+28  97:04 11303

Compared to PDB:2L35, however, a different side-chain conformation of DAP12-1 Aspl6
(numbering based on PDB:2L35) is observed in the MD-refined structures (Figure 2.3). This
Aspl6 orients toward the complex interface in the MD-refined structures, but faces the
membrane hydrophobic core in PDB:2L.35 (Figure 2.3 and Figure 2.4). Because there is no
distance restraint for the Aspl6 side chain, its orientation can be varied, depending on how
interactions and environments are treated. Interestingly, the side chain of DAP12-2 Leul9 is also

reoriented to shield this Asp16 from the hydrophobic core (Figure 2.3 B2 and B3).

The Aspl6 rotation is related to Aspl6s' electrostatic interactions with NKG2C Lys52
(Figure 2.3 A2 and A3). The distances between DAP12 Aspl6s and NKG2C Lys52 indicate that
both Aspl6s can form stable salt bridges with Lys52 in the MD-refined structures (Figure 2.5),
which provides a plausible explanation for the strict requirement for two DAP12 and only one
NKG2C TM domains in the complex (46). The opposite face of DAP12 in the refined structures

is essentially devoid of an appropriate NKG2C TM association site due to the rotation (Figure

16



2.6), which attractively explains the experimental observation that a second NKG2C TM domain

cannot join in the assembly (46).

@NKGZC

DAP12-1 D16 |\ T2

Q~<

D16 DAP12-2
gl
A3 @

Figure 2.3 Top and side views of the DAP12-NKG2C complex showing the interactions

between the key interfacial residues in (A1, B1) PDB:2L35, (A2, B2) micelle systems, and (A3,
B3) bilayer systems, respectively. All other side chains are omitted for clarity. (Red and gray)

Negatively charged and neutral protein surfaces, respectively.
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DAP12-1 DAP12-2

Figure 2.4 Relative rotation angles

DAP12-1 Asp'® DAP12-2 Asp'®

of Aspl6é in DAPI12. (A) The top view of one

representative structure from the micelle systems. The rotation angles were calculated by

aligning DAP12’s principal plane to the YZ plane, keeping the NKG2C above the principal

plane, and measuring the angles of the geometrical center of DAP12-2 Aspl6 side-chain oxygen

atoms (4/) from the DAP12-2 (OI) relative to the principal plane (similarly for DAP12-1

Aspl6). If the angle is negative, this Asp16 is below the DAP12 principal plane and outside the

interface. (B) Average DAP12 Aspl6’s relative rotation angle in different systems (PDB:2L35:

white, micelle: gray, bilayer: black).

18



" n

DAP12-1 Asp'® DAP12-2 Asp'®

Distance (A)
O = NWHOOTONO®

Figure 2.5 The distance between the polar groups of DAP12 Aspl6s and NKG2C Lys52 in the
different systems (PDB:2L35: white, micelle: gray, bilayer: black). The distance is between the
geometrical center of one DAP12 Aspl6 side-chain oxygens and the NKG2C Lys52 side-chain

nitrogen.
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Figure 2.6 Water accessible surface area of DAPI2 Aspl6 in the different systems

(PDB:2L35: white, micelle: gray, bilayer: black).
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In addition, DAP12-2 Thr20 in the MD-refined structures shows higher probabilities of
hydrogen bond (H-bond) formations with DAP12-1 Aspl6 and with NKG2C Lys52 than in
PDB:2L35 (Figure 2.7). DAP12-1 Thr20 also has a chance to form intra-helical H-bond with
DAP12-1 Aspl6. These Thr20-associated intra- and inter-helical H-bonds can keep the DAP12
dimer compact and further stabilizes the TM physical contact (Figure 2.3). Therefore, Thr20s in
the refined structures show direct contributions to the complex stability, which is supported by
the mutagenesis study in which the substitution of DAP12 Thr20 to Ala leads to serious defects

in the complex assembly (46).

The Asp ionization states and the presence of water near the polar residues influence their
electrostatic interactions and can yield different side-chain conformations. In the refinement,
both Aspl6s were not protonated. However, two additional normal MD simulations with
protonated DAP12-1 Aspl6 (atom types OD1 or OD2) showed that the Asp rotated from the
hydrophobic core and formed stable interactions with NKG2C Lys52 (data not shown). Although
this result does not provide an answer to the Aspl6 ionization state in the DAP12-NKG2C
complex, it indicates that the critical polar interactions in this refinement do not depend on the
Aspl6 ionization state. Although a small number (<5) of water molecules were observed near the
key polar residues in some micelle or bilayer systems (Figure 2.8), the interaction pattern of the
interfacial residues remained identical in those systems, illustrating that the presence of such

water does not interfere with the key residue interactions (Figure 2.9).
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Figure 2.7 The interaction network at Aspl6-Thr20-Lys52 in (Al) PDB:2L35, (A2) the
micelle system, and (A3) the bilayer system, respectively. The H-bond is defined by d < 2.8 A
and 120° < 6 < 180°, where d is the distance between donor and acceptor atoms, and 0 is the
H-bond angle. The donors are HZ1/HZ2/HZ3 of NKG2C Lys52 side chain, HGI of
DAP12-1/DAP12-2 Thr20 side chain, and the acceptors are OG1 of DAP12-2 Thr20 side chain,
OD1/OD2 of DAP12-1 Aspl6 side chain (CHARMM atom types). The black dotted line
represents the salt bridges. The magnate dotted line shows the all-possible putative H-bonds. In
the refined structures, the NKG2C Lys52 can form two H-bonds maximally. The frequency of
forming those H-bonds in the different systems (PDB:2L35: white, micelle: gray, bilayer: black)

are shown in (B).
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DAP12-1
A2

Figure 2.8 Top and side views of the DAP12-NKG2C complex showing the water molecules
(spheres) near the key interfacial residues (sticks) in (Al, B1) micelle or (A2, B2) bilayer

systems. All other bulky water molecules and the protein side chains are omitted for clarity.
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Figure 2.9 The relationship between the number of water molecules near NKG2C Lys52 and
DAP12-1 Aspl6 and the salt bridge formation between NKG2C Lys52 and DAP12-1 Aspl6.
The salt bridge formation is indicated in the X-axis by the distance between the NKG2C Lys52
side-chain nitrogen and DAP12-1 Asp16 side-chain oxygen atoms from a MD-refined simulation
system that had penetrating water molecules during the simulation. This plot illustrates that the

salt bridge is maintained regardless of the water molecules near the key polar groups.
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Possibly, non-additive effects, not captured in this study, could play a role in such
electrostatic interactions (including H-bonds) in membranes, and our results need to be further
confirmed by simulations when a polarizable force field becomes available in the future.
Nonetheless, it is the advantage of a structure refinement in the explicit membranes (with
currently available additive molecular force field) to obtain optimal side-chain conformations
(through side chain-side chain and side chain-lipid/detergent interactions) in a more realistic
environment. Obviously, the overall distribution of detergent/lipid molecules is different in the
micelle and bilayer systems (Figure 2.1). Nevertheless, the local chemical environments
surrounding the DAP12-NKG2C complex in both systems are surprisingly similar (Figure 2.10
and Figure 2.11). This result indicates that the protein side chains show similar conformations in
the similar local environments. An additional advantage of the bilayer simulation is to refine the
TM helix orientation with respect to the bilayer normal. This orientation information, which is
not available from micelle simulations, could be important structural information for membrane
protein function. In the case of DAP12-NKG2C, the tilt angle of the complex principal axis with
respect to the bilayer normal is 9.0 £ 4.8° and the tilt angle of each helix is 10.8 + 4.6°

(DAP12-1), 10.3 = 5.2° (DAP12-2), and 9.1 + 4.2° (NKG2C).
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Figure 2.10 Density profiles of system components along Z-axis in (A) micelle systems and (B)
bilayer systems. In the micelle systems, the principal axis of DAP12-NKG2C was aligned to the
Z-axis. In the bilayer systems, the Z-axis corresponds to the membrane normal. The profiles
involve the heavy atoms of the protein (black), detergent/lipid headgroup (magenta), carbon tail

(red), and water (blue) within a radius of 20 A° around the Z-axis based on Figure 2-11.
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Figure 2.11 Cylinder radial distribution of system components (protein: black, detergent/lipid
head group: magnate, detergent/lipid carbon tail: red, water: blue) around the DAP12-NKG2C
complex principal axis in the micelle (solid lines) and in the bilayer (dotted lines) systems. In the
micelle systems, the principal axis of DAP12-NKG2C was aligned to the Z-axis. In the bilayer
systems, the Z-axis corresponds to the membrane normal. The component distributions are

similar in the micelle and in the bilayer within the radius of 20 A.
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2.4 Conclusions

In conclusion, we refined the DAP12-NKG2C structure (PDB:2L35) in explicit micelle and
bilayer membranes using the NOE-based distance restraints. The refined structures are globally
similar to PDB:2L.35, but show different side-chain orientations/conformations of the five
functionally required interfacial residues in the middle of the TM domains. Instead of being
exposed to the hydrophobic core, DAP12-1 Aspl6 stays in the complex interface and forms a
stable salt bridge with NKG2C Lys52 in the refined structures. In addition, the refined DAP12
Thr20s form H-bonds with Aspl16 and Lys52, which also enhances the complex's structural
stability. These features of side-chain interactions are also consistent with the available
mutagenesis data. The refined structures provide novel structural information to understand the
key TM contact. In the case of the DAP12-NKG2C TM complex, the detergent molecules
provide effective local environments similar to lipid bilayers. Given the considerable challenges
in collecting sufficient NMR observables (NOE-based distance, chemical shift, and various
dipolar coupling) to define all critical side chain-side chain interactions in membrane protein
NMR studies, our study illustrates the efficacy of a structure refinement using restrained MD
simulations in explicit micelles and bilayers to provide side-chain orientations in more realistic

environments and the protein's orientation relative to bilayers.
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3. Solid-state NMR and solution NMR restrained molecular

simulations of Pf1 coat protein in explicit bilayers

3.1 Introduction

NMR spectroscopy can provide high-resolution three-dimensional (3D) structures of membrane
proteins embedded in phospholipid bilayers or bicelles, or dissolved in detergent micelles
(60-62). A significant advantage of this technique is that NMR observables represent time- and
ensemble-averaged structural restraints, and therefore provide information about protein
dynamics that can be used to study collective motions relevant to protein function (63-66). NMR
studies performed in lipid bilayers or bicelles have the most biological relevance because they
capture the structures and dynamics of membrane proteins in their native-like membrane
environment. Membrane proteins can be reconstituted in phospholipid proteoliposomes, planar
bilayers, or bicelles, for solid-state NMR structure determination, as described recently for
the influenza virus M2 proton channel (67), the human chemokine receptor CXCR1 (68), and the
membrane-anchored electron-carrier protein Cytochrome b5 (69). Furthermore, significant
progress has been made in incorporating membrane proteins in phospholipid nanodiscs
for solution NMR structural studies, as described recently for the bacterial B-barrel outer

membrane protein OmpX (70).

Computational methods for NMR protein structure determination are designed to effectively
translate NMR observables into 3D structures with minimal deviations between the calculated
and the experimental observables (71). However, with few exceptions (e.g., influenza M2 (67)),

most NMR structure calculations do not consider explicit protein-solvent or protein-lipid
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interactions, although the latter has profound effects on the structure and function of membrane
protein (72, 73). Including the proper environment in NMR structure determination significantly
influences calculations of protein structure and dynamics. For example, it has been shown that a
solution NMR-restrained molecular dynamics (MD) simulation protocol, using either a
generalized Born implicit solvent model or an explicit solvent water model, yields soluble
protein structures with more favorable backbone dihedral angles (64). Furthermore, for the
solution NMR structure of an integral membrane signaling complex (DAP12-NKG2C)
determined in micelles (46), NMR-restrained MD refinement in explicit micelles and bilayers
yields a more favorable and realistic arrangement of a key Asp residue, compared to refinement
in vacuum (74). Notably, the results of refinement in these more realistic environments are
consistent with mutagenesis studies while still satisfying the NMR observables. These
improvements suggest that there could be multiple structures that are degenerate to the NMR
observables and the proper environment must be taken into account to extract the conformations

likely adopted in the native-like environment.

In the DAP12-NKG2C example, the NMR observables consisted solely of the NOE distance
restraints. However, recent methods for NMR structure determination of membrane proteins rely
significantly on orientation restraints derived from measurements of CSA, DC and RDC signals,
as well as on dihedral angle restraints derived from measurements of isotropic chemical shift
(CS) frequencies. Such restraints are used increasingly for membrane protein structure
determination, where NOE distance measurements are more challenging to obtain. Orientation
restraints are particularly valuable in solid-state NMR studies performed in lipid bilayers or

bicelles where they provide information about a protein’s 3D structure as well as its orientation
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with respect to the membrane. Orientation restraints could be equally valuable if measured for

samples of proteins in nanodiscs by solution NMR.

In this study, we describe a restrained MD simulation protocol for membrane protein
structure calculation and refinement in explicit phospholipid bilayer membranes, which can
incorporate a wide range of NMR observables, including CSA, DC, and RDC orientation
restraints measured by solid-state NMR and solution NMR. This approach overcomes the
limitations associated with NMR structure calculations in the absence of solvent.
NMR-restrained MD simulations performed in explicit membranes consider protein-lipid
interactions explicitly and thus maximize the information content of experimental NMR
restraints measured for membrane-embedded proteins. Furthermore, they can facilitate structure
determination and remove ambiguities in cases where only sparse restraints can be measured for
side-chain sites. As a first application, we use the membrane-bound form of the major coat
protein of bacteriophage Pfl, whose structure was determined recently by combining solid-state
NMR and solution NMR orientation and dihedral angle restraints (75). The structure is
composed of a N-terminal, amphipathic periplasmic helix (residues 5-15) that aligns parallel to
the lipid bilayer surface, a short linker, and a C-terminal transmembrane helix (residues 23-45)

that adopts a tilt of ~30° relative to the lipid bilayer normal.

Here, we refine the Pf1 coat protein structure, characterize detailed protein-lipid interactions,
and explore its dynamics by performing restrained MD simulations in explicit lipid bilayer
membranes using the NMR observables: '’N CSA and 'H-""N DC obtained by solid-state NMR,
and 'H-""N RDC obtained by solution NMR. In addition, performing the simulations in explicit

membranes allows us to determine the protein’s depth of insertion into the lipid bilayer, which
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cannot be directly characterized from NMR observables without consideration of explicit
protein-lipid interactions. Finally, we consider the validity of pooling structural restraints
extracted from different sample types (e.g., bilayers and micelles) for NMR structure
determination. The restraints for Pfl coat protein were measured in two types of samples: lipid
bilayers for solid-state NMR and detergent micelles for solution NMR. Highly converged,
consistent results obtained by using only the solid-state NMR restraints and excluding the
solution NMR RDC restraints from the MD simulations suggest that a hybrid approach,

combining restraints from different sample types, is not valid, at least for Pf1 coat protein.

31



3.2 Materials and methods
3.2.1 Restraint potentials for CSA, DC, and RDC

In this work, we used the solid-state NMR (19) and RDC restraint potentials (17) implemented in
CHARMM (52), in which a simple harmonic potential was applied to restrain each NMR

property calculated from protein structure at each time step (y°%¢) to the experimental value

)
Nx
Up = D ky (i = 17’ (3-1)
i=1

where y is either N CSA, 'H-"N DC, or 'H-'"N RDC, N » 18 the number of target
experimental observables, and k, is the force constant; see (17, 19) for detailed calculation

methods for each NMR property. Note that in the case of "H-""N RDC, the alignment tensor is a
variable and the forces from the alignment tensor are explicitly considered in the RDC restraint
potential (17, 24).

The total number and types of restraints used in the calculations are listed in Table 3.1. The
solution NMR 'H-"’N RDC restraints were derived from two types of samples: Pfl coat protein
in micelles weakly aligned with fd bacteriophage; and Pfl coat protein in micelles weakly
aligned with stressed polyacrylamide gels (75). The optimal force constants in Equation 3-1 were
empirically determined by testing different sets of values and examining their effects on restraint
violations and embedded dynamics. To avoid an over-fitting of the protein structure to the
experimental data, cross-validation of restraint potentials with different force constants is

commonly used (26, 76, 77). We used a similar approach and determined an optimal set of force
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constants for kcsa = 0.01 kcal/(mol * ppm®), kpc = 0.5 kcal/(mol * kHZz?), and kzpc = 5.0

kcal/(mol * HZ?).

Table 3.1 Restrained MD refinement statistics

S1/M1 S1/M2 S2/M1 S2/M2
Deviation from NMR structure (A)°
Residues 5-43 46+12 4410 37+05 3.8+05
Residues 513 (periplasmic helix, PP) 0.9+0.3 0.8+0.1 1.1+0.1 0.9+0.2
Residues 21-43 (transmembrane helix, TM) 0.9+03 1.0+0.1 0.9+0.1 0.7+0.1
Number of experimental NMR restraints®
N CSA (23 for TM; 3 for PP) 26 26 26 26
'H-"N DC (for TM) 23 23 23 23
'H-"N RDC phage (25 for TM; 18 for PP) 43 43
'H-""N RDC gel (23 for TM; 17 for PP) 41 41
Deviation from NMR restraints®
"N CSA (ppm) 73+15 6.6+13 82+1.1 88=1.1
'H-"N DC (kHz) 1.0£02 1.0+02 13+02 13+02
'H-""N RDC phage (Hz) 12+0.1 1.2+0.1
'H-""N RDC gel (Hz) 13£0.1 13+0.1

* CSA and DC restraints were derived from solid-state NMR experiments with Pfl in lipid bilayers
oriented with n||B,. RDC restraints were derived from solution NMR experiments with Pfl in micelles

weakly aligned with phage or stressed gels.
® Evaluated as RMSD.
¢ Evaluated as RMSD for backbone atoms.
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3.2.2 Restrained MD simulations in explicit bilayers

To investigate the influence of the mixed restraints derived from solid-state NMR and solution
NMR experiments, we setup two simulations: simulation S1 using only solid-state NMR (DC,
CSA) restraints, and simulation S2 using both solid-state NMR (DC, CSA) and solution NMR
(RDC) restraints. In addition, we performed a third simulation S2_gpc, in which we extended the

simulation S2 after removing the RDC restraints at 25 ns of S2.

The Membrane Builder module (49, 50) in CHARMM-GUI (www.charmm-gui.org) (78)
was used to insert the Pf1 coat protein structure (average NMR structure in PDB:2KSJ) (75) into
a bilayer composed of a 9:1 mixture of 108 DOPC (di-oleoyl-phosphocholine) molecules and 12
DOPG (di-oleoyl-phosphoglycerol) molecules, consistent with the experimental conditions (75).
Furthermore, 0.15 M KCI was used for all simulations. Because NMR observables themselves do
not provide direct information about insertion depth in a membrane bilayer, we setup two initial
models (M1 and M2) of the protein embedded in lipid bilayers (Figure 3.1). In initial model M1,
the TM helix was embedded in the bilayer and the periplasmic helix fully solvated by water. In
initial model M2, the C-terminus of the TM helix protrudes out of the lipid bilayer (lower leaflet)
and the periplasmic helix is embedded in the lipid headgroup region. Initial models M1 and M2

were each used to setup simulations with systems S1 and S2.

For each of these four simulations (S1/M1, S1/M2, S2/M1, S2/M2), the system was
replicated and assigned with different initial velocities to generate three independent simulation
systems, resulting in a total of 12 simulations. All calculations were performed in NPT (constant
particle number, pressure, and temperature) ensembles (51) at 303.15 K using CHARMM (52)

with the CHARMM all-atom protein force field (53) including the dihedral cross-term correction
34



(54), CHARMM36 lipid force field (55), and a modified TIP3P water model (56). To consider
potential difference in the number of lipid molecules at the top leaflet depending on the location
of the periplasmic helix (i.e., M1 or M2), we have used the P21 periodic boundary condition (79)
to allow the lipid molecules to move between the top and bottom leaflets of the bilayer during
the simulations. A time step of 1 fs was used with the SHAKE algorithm (57). Each initial
system was equilibrated for 300 ps with the nonbonded and dynamics options in the Membrane
Builder input; the van der Waals interactions were smoothly switched off at 10-12 A by a
force-switching function (58), and the electrostatic interactions were calculated using the particle
mesh Ewald method (59) with a mesh size of ~1 A for fast Fourier transformation, k = 0.34 A™,
and a sixth-order B-spline interpolation. After equilibration, a 40-ns production run was
performed for each system. All the results are presented as an average of three independent

simulations and the variations are the standard deviations from the average.
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Figure 3.1 Initial structural models, M1 and M2, used for MD simulations of Pfl coat protein
in explicit lipid bilayers. (A) Model M1 has the transmembrane helix well embedded in the lipid
bilayer and the periplasmic helix fully solvated by water. (B) Model M2 has the C-terminus of
the transmembrane helix protruding out of the lipid bilayer and the periplasmic helix well
embedded in the lipid headgroup region. Water molecules are shown as blue dots, the protein is
shown in green, lipid hydrocarbon chains are shown as gray sticks, and lipid headgroup

phosphorus atoms as orange spheres. lons are omitted for clarity.
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3.3 Results and discussion
3.3.1 Validation of restrained simulations

The average root mean-squared deviation (RMSD) between calculated and experimental NMR
observables provides a direct measure of restraint violations in the MD-refined structures. The
data in Table 3.1 and Figure 3.2 show that the MD-refined structures in all four simulations
satisfy the NMR observables and have a precision that is comparable to those reported for the
structure of membrane-bound Pfl coat protein determined by NMR and refined with
XPLOR-NIH (75). The typical experimental errors for these NMR data are <0.5 Hz for RDCs,

0.3 kHz for DCs, and 5-10 ppm for CSAs.

For the individual transmembrane and periplasmic helices, the average backbone RMSDs
from the average NMR structure are around 1 A in all simulations (Table 3.1), indicating that
these segments of the protein are stable. However, when the entire structure is considered, the
RMSDs are >3.5 A in all simulations, suggesting that the relative orientations of the
transmembrane and periplasmic helices are less well defined, potentially due to a flexible linker
and/or difficulties in determining a helix-helix orientation using only orientation-dependent
NMR observables. Nonetheless, the MD-refined structures in lipid bilayers can provide more

information about protein-lipid interactions and protein dynamics (see below).
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Figure 3.2 Correlation between experimental and back-calculated CSA, DC, and RDC set 1

and 2 for the Pf1 coat protein in (A, B) S1/M1, (C, D) SI/M2, (E, F, G, H) S2/M1 and (I, J, K, L)

S2/M2.
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3.3.2 Depth of membrane insertion

To quantify the protein’s depth of insertion in the lipid bilayer, the membrane insertion depth is
defined as the Z coordinate of transmembrane center of mass (Zrm-com), With the phospholipid
bilayer normal aligned parallel to the Z-axis and centered at Z = 0. Figure 3.3 shows the change
in Zrm.com With time during the MD simulations. At the start of the simulations, the values of
Zrm-com reflect the depth of membrane insertion of the initial models M1 and M2 (Figure 3.1);
the transmembrane helix of M1 is well embedded in the bilayer hydrophobic core region and has
a larger Zrm.com value, whereas the transmembrane helix of M2 is not well embedded and has a
smaller Ztm.com value (Figure 3.3 4 and E). However, within 6 ns of MD, the transmembrane
helix of M2 moves toward that of M1 (Figure 3.3 B—D and F—H), showing a rapid convergence

of transmembrane helix solvation in the membrane environment.

Interestingly, a relatively large range (~8 A) of transmembrane helix thermal motion along
the membrane normal is observed in the last 34-ns MD, reflected as a greater distribution of
Zrm.com ranging from ~0 to —8 A (Figure 3.3, D and H). Even at the limits of this large
distribution (=8 A and 0 A), only a few transmembrane hydrophobic residues near the membrane
interface interact with water molecules occasionally (Figure 3.4) because both the protein and the
contact lipid molecules can dynamically adjust to each other. This observation emphasizes the
fluidity of the membrane and the dynamics of the protein-environment interactions. Instead of
statically staying in the membrane, the protein constantly moves together with several proximal
lipids within thermally allowed extents, at least for a single-pass transmembrane helix such as

Pf1 coat protein.
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Figure 3.3 Depth of transmembrane (TM) helix membrane insertion. Distribution of the
position of the transmembrane helix’s heavy atom center of mass along the membrane normal
(i.e., the Z-axis) obtained at different times of MD simulation for system S1 (A-D) and S2 (E-H)
starting from models M1 (red) and M2 (black). Distributions were calculated for MD trajectories

of (A, E) 0-0.2 ns, (B, F) 2-3 ns, (C, G) 5-6 ns, and (D, H) 640 ns.
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Figure 3.4 Interactions between residues and solvent. The graph shows the frequency with
which each one or more atoms of a specific residue is found within 4A° of a lipid hydrocarbon
site (gray), lipid headgroup site (orange), or water molecule (blue), after MD simulations with
system (A) S1/M1, (B) S1/M2, (C) S2/M1, and (D) S2/M2. Data are from the last 10 ns of MD
trajectory. The periplasmic (PP) and transmembrane (TM) helices are designated by green boxes
and dashed lines. (E) Residues important for stabilizing transmembrane and periplasmic helix
orientations relative to the membrane. Some residues, i.e., A7 and S10, cannot be seen in this

side view.
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3.3.3 Transmembrane helix orientation, dynamics, and lipid interactions

In all MD-refined systems, the transmembrane helix orientations are similar with small
fluctuations in terms of the tilt angles with respect to the membrane normal and the rotation
angles along its principal axis (Table 3.2). These orientations are also very similar to those

measured from the NMR (PDB:2KSJ) structure.

Solid-state NMR CSA and DC observables provide information about the protein’s
orientation in the lipid bilayer. In a recent study with solid-state NMR ensemble dynamics
simulations of VpuTM, the transmembrane helix of the HIV viral protein Vpu, the fluctuations in
helix orientation are larger in the ensemble dynamics simulations than those determined from
single conformer simulations restrained by solid-state NMR data (21, 26). With less strict
restraints in the former, the variations in helix tilt and rotation increase to 9° and 50° in terms of
standard deviations, respectively, similar to the values observed for restraint-free MD
simulations. Therefore, the smaller variations observed for Pfl coat protein in this study (Table

3.2) are possibly due to the strong influence of the applied solid-state NMR restraints.

All four MD-refined systems display a similar pattern of interactions between the
transmembrane helix and the lipid molecules (Figure 3.4). In general, the hydrophobic match
between the hydrophobic lipid bilayer thickness and the length of the transmembrane domain
contributes to the transmembrane helix orientation (37, 39, 42, 80, 81). Specifically, there are
five polar or charged residues (Y25, Y40, S41, R44, and K45) located at the water-membrane
interface of the transmembrane helix, (Figure 3.4 E), which interact extensively with the lipids

(Table 3.3) and help stabilize the TM helix orientation and depth of membrane insertion. Indeed,
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after 10 ns of MD simulation, the TM helix orientation, depth of membrane insertion, and pattern

of protein-environment interactions are converged to similar values.

Table 3.2 Transmembrane helix orientation calculated from last 10 ns of restrained MD

S1/M1 S1/M2 S2/M1 S2/M2 PDB: 2KSJ
Transmembrane 282+1.7 202+ 1.4 290+13  294+1.4 27.0+12
helix tilt (deg)
Transmembrane

helix rotation (deg)b 188.7+11.9 185.5+£10.0 190.8+84 190.8+8.6 192.1 £13.2

* Defined as the angle between the helix principal axis and the lipid bilayer normal.

® Defined as the angle between the perpendicular vector (r) from the helical axis to G28 Ca atom and the
projection vector (z,) of the z axis onto the plane made by the second and third principal axes. The sign of
the rotational angle becomes positive if z, X 1, is in the opposite direction to the helical axis, or negative
otherwise (39).

Table 3.3  Frequency of interaction between transmembrane helix polar or charged side chains

and phospholipid headgroups observed in the last 10 ns of restrained MD*

S1/M1 S1/M2 S2/M1 S2/M2
Tyr-25 0.91 0.92 0.89 0.93
Tyr-40 0.81 0.73 0.61 0.95
Ser-41 0.95 0.90 0.62 0.82
Arg-44 1.00 1.00 1.00 0.96
Lys-45 0.77 0.96 0.77 0.93

* The interaction occurs when any heavy atom of a particular residue’s side chain is within 4 A of a lipid
headgroup atom.
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3.3.4 Periplasmic helix orientation, dynamics, and interactions

Although the transmembrane helix orientations are similar in all systems, the periplasmic helix
behaves differently with strong dependence on the types of NMR restraints as well as the starting
model used in the MD simulations. Compared to the 10 structures in the NMR ensemble of
PDB:2KSJ, which show small variations of the periplasmic helix tilt angle (68° + 3°), the

restrained MD simulations produced structures with larger flexibility (Figure 3.5).

In system S1, where simulations were performed using only solid-state NMR restraints, the
periplasmic helix tilt angle ranges from 40° to 90° regardless of which initial model, M1 or M2,
was used (Figure 3.5 4). The average periplasmic helix tilts obtained in these cases are consistent
with the 68° tilt obtained for the NMR structures calculated previously. Furthermore, for both
M1 and M2 initial models, the periplasmic helix displays a similar pattern of interactions with
the membrane lipids (Figure 3.4), even though in model M1, the periplasmic helix started out
fully solvated by water with little lipid interactions (Figure 3.1). This indicates good convergence

of the solid-state NMR restrained MD simulations.

In system S2, where simulations were performed using both solid-state NMR restraints and
solution NMR RDC restraints, the simulations with starting models M1 and M2 do not converge
to a single tilt angle distribution. Instead, each simulation yields a separate helix tilt distribution,
as evidenced by the presence of two distinct peaks each associated with either model M1 or M2
(Figure 3.5 B). Simulations that were initiated with model M1 converge to a periplasmic helix tilt
of 55° with a range of 45° to 65°. By contrast, simulations initiated with model M2 converge to a
periplasmic helix tilt of 75° with a range of 65° to 80°. To examine the contribution of the RDC

restraints to this bimodal distribution of tilt angles, we removed the RDC restraints from the
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system S2 at 25 ns, and continued the MD simulations for an additional 10 ns with models M1
and M2 (Figure 3.5 C). Within 5 ns of MD simulation with this new system (S2-rpc), the
periplasmic helix reoriented toward the membrane and its orientation converged toward the 68°
tilt angle observed for simulation S1, regardless of the initial model. After removing the RDC

restraints, the population of structures with small PP helix tilt angles (>60°) diminished rapidly.

Therefore, this result in system S2 (Figure 3.5 B) may be due to the presence of degenerate
orientation solutions possible for RDC restraints, and also indicates the conflicting influences of
solution NMR RDC and solid-state NMR CSA restraints on the PP helix orientation. It is
important to note that solution NMR and solid-state NMR restraints are measured on samples
with dramatically different physical properties. Micelles used in solution NMR experiments are
highly dynamic and very different from biological membranes. Notably, micelles do not provide
a proper membrane-water interface as that found in bilayers (82). By contrast, lipid bilayers used
in solid-state NMR experiments provide an environment that closely matches the physical and
chemical properties of biological membranes. Indeed, structures determined in detergent micelles

can exhibit notable differences from those determined in lipid bilayers (83).

Overall, the results in Figure 3.5 suggest that the simultaneous use of solution NMR and
solid-state NMR restraints for membrane structure determination may not be universally valid.
Such hybrid approaches are based on the assumption that membrane proteins adopt the same
structure in micelles as they do in bilayers (76). However, for many proteins this is not the case,
especially for membrane proteins with membrane-water interfacial domains (83). In the case of
Pfl coat protein, the greater degree of fluctuations associated with the RDC restraints measured

in detergent micelles appears to be incompatible with the solid-state NMR restraints measured in
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phospholipid bilayers, and with the structure of the amphipathic periplasmic helix located at the

membrane-water interface.

As shown in Figure 3.4, 4 and B, the structures with large periplasmic helix tilt angles
resulting from simulations performed exclusively with solid-state NMR restraints display
significantly more extensive interactions of the periplasmic helix with the lipid bilayer. These
structures satisfy the amphipathic character of the periplasmic helix, enabling hydrophobic
interactions to occur between lipid molecules and apolar residues (A7, V8, All, 112), and
hydrophilic interactions to occur between water and polar residues (TS5, S6, E9, S10, T13, D14)
on the opposite side (Figure 3.4 E, Figure 3.6, 4 and B). By contrast the structures resulting from
MD simulations that include RDC restraints measured from micelle samples show little or no
interaction of the periplasmic helix with the membrane surface (Figure 3.4, C and D, Figure 3.6,
C and D); in these cases the result is highly dependent on the starting model and the periplasmic

helix remains highly solvated by water.
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Figure 3.5 The orientation and depth of membrane insertion of the periplasmic (PP) helix. (A—
C) The distribution of periplasmic helix tilt angle with respect to the membrane normal (i.e.,
Z-axis). (D—F) the distribution of the center of mass of heavy atoms in periplasmic helix along
the Z-axis. These distributions were calculated from the last 10 ns of MD trajectory for systems

S1, S2, and S2gpc starting with models M1 (red) and M2 (black). The dashed lines mark the

average helix tilt angle obtained for the NMR structure (PDB:2KS]J).
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Figure 3.6 Snapshots showing the interactions between the periplasmic helix of Pfl coat
protein and lipid molecules in (A, B) system S1 and (C, D) system S2. The protein is shown in
green. Residues in periplasmic helix are shown as sticks. Lipids are shown as gray lines; those
contacting with periplasmic helix are drawn as sticks. Lipid headgroup phosphorus atoms are
presented as orange spheres. Water molecules and lipids blocking the views are omitted for

clarity.
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3.4 Conclusions

The results of NMR-restrained MD simulations of Pfl coat protein in explicit phospholipid
bilayer membranes show that it is possible to generate stable MD trajectories using NMR
orientation restraints. These restrained simulations provide a powerful refinement tool for
membrane protein structure determination by NMR spectroscopy. The NMR restraints are well
satisfied and the simulations provide rich structural and dynamics information about the protein
embedded in a realistic membrane environment, including: detailed side chain-side chain and
side chain-lipid interactions, depth of membrane insertion, and protein dynamics in the context
of the experimental restraints. Such detailed information cannot be obtained solely from NMR
observables. Thus, the present simulations illustrate the usefulness of the NMR membrane

protein structure refinement in explicit membranes.

The results also highlight the importance of performing both the calculations and the
experiments in the proper environment. MD simulations performed in explicit lipid bilayers are
fully compatible with experimental restraints also measured in lipid bilayers. By contrast, the
incorporation of structural restraints measured in a dramatically different setting (such as RDCs
measured in detergent micelles) lead to conflicting and ambiguous structural results, which do
not converge to a stable structure. This effect is particularly evident for the periplasmic
amphipathic helix of Pfl coat protein. Indeed, the influence of environment is likely to be very
important for those structural elements of proteins located at membrane-water interfacial regions,
as noted recently for the influenza M2 ion channel (83). Additionally, as reported for paradaxin,
even in the bilayers, other membrane components, such as cholesterol, can alter the protein
structure (84).
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Finally, we have recently shown that solid-state NMR-restrained ensemble dynamics,
performed in implicit membrane models, are very effective for rendering the structural and
dynamics information that is embedded in solid-state NMR restrains (21, 26). In solid-state
NMR ensemble dynamics, an ensemble of structures is simulated in parallel MD calculations,
and ensemble-averaged solid-state NMR observables across the ensemble, rather than a single
individual structure, are restrained to the experimental values. This approach is valid because the
observables measured in solid-state NMR experiments are time- and ensemble-averaged
properties. Therefore, it will be of particular interest to perform solid-state NMR ensemble

dynamics of Pfl coat protein in explicit bilayers and compare the result with this study.
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4. Solid-state NMR based ensemble dynamics simulations of fd coat

protein in explicit membranes

4.1 Introduction

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful method for
determining the structures of membrane proteins in native-like phospholipid bilayer membranes.
Measurements of dipolar coupling (DC) and chemical shift anisotropy (CSA) solid-state NMR
signals provide precise orientation-dependent restraints that can be used to determine the
three-dimensional structure and global orientation of a membrane embedded in phospholipid
bilayers (85, 86). Solid-state and solution NMR observables represent time- and
ensemble-averaged measurements, and therefore contain both structural and dynamics
information (87-89). Recently, we developed an ensemble dynamics (ED) technique that uses
solid-state NMR observables and enables detailed characterization of the orientational
fluctuations of transmembrane helices (26, 27). In these calculations, the membrane was
represented implicitly, with the lipid bilayer modeled as a static slab of fixed width, with low
dielectric constant in the hydrophobic core, to mimic the properties of biological membranes. In
these calculations, the lipid bilayer membrane was represented implicitly to increase
computational efficiency (30, 31). However, even though such implicit model calculations are
computationally efficient they cannot provide detailed atomic-level information about

protein-lipid interactions.

By contrast, calculations performed with explicit representation of the lipid bilayer

membrane reflect the atomic-level interactions of proteins with the surrounding lipid molecules,
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and the phospholipid bilayer is fluid and deformable. For example, in our recent structural
refinement of the membrane-embedded Pfl coat protein using NMR-restrained molecule
dynamics (MD) simulations, a relatively large thermal motion (~8 A) of the transmembrane helix
along the membrane normal was observed (90). Even at the limits of such a large amplitude
fluctuation, only a few transmembrane hydrophobic residues near the membrane interface were
seen to interact with water molecules, because both the membrane-embedded protein and the
surrounding lipid molecules can dynamically adjust to complement each other during the
simulations. In another recent MD simulation study of the transmembrane peptide gramicidin A
in membranes of various phospholipid compositions, we observed that local changes in lipid
packing are induced by protein-lipid interactions, and lead to variations in lipid bilayer thickness
as a function of radial distance from the gramicidin A channel (37). Such bilayer adaptations
resulting from the interactions of proteins with lipids are difficult to model in simulations
performed with implicit membranes, because most implicit membrane models cannot capture the

adaptation of lipids to protein and vice-versa.

In this study, we describe a solid-state NMR restrained ED protocol for membrane protein
structure refinement in explicit bilayer membranes. By incorporating the effect of the fluid lipid
bilayer, it is expected that this ED approach in explicit membranes can readily characterize not
only protein dynamics information but also protein-lipid interactions in detail, while maintaining
the agreement with the experimental NMR data. As the first application of this approach, the
membrane-bound form of the major, pVIII coat protein from filamentous fd bacteriophage
(hereinafter called fd coat protein) is used as a model membrane protein. The fd coat protein

resides within the membrane of infected bacteria before assembling into new virus particles (91,
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92). In its membrane-embedded state, it forms one N-terminal periplasmic helix (residues 8-18)
that lies on the membrane surface and one transmembrane helix (residues 21-45) linked by a
short loop (residues 19-20) (91). During bacteriophage assembly, the transmembrane helix
extrudes from the bacterial membrane while positively charged side chains in its C-terminus

interact with the bacteriophage's DNA that is packaged in the new phage particle (92).

The previously reported structure of membrane-inserted fd coat protein (PDB: 1MZT) was
determined using "N chemical shift and 'H-"’N dipolar coupling frequencies measured in
PISEMA NMR resonances (91). These frequencies depend on the orientations of the
corresponding molecular sites, and provide orientational restraints for structure determination.
As one of the first examples of membrane protein structure determination by solid-state NMR,
the fd coat protein structure was calculated by converting the experimental NMR frequencies
into backbone dihedral angles, without including the side chains, without refinement by
simulated annealing and without considering environmental effects. Using this previously
reported structure and all its experimental >N CSA and 'H-""N DC solid-state NMR observables
(91), we performed restrained ED simulations of fd coat protein in explicit phospholipid bilayers.
To determine an optimal ensemble size for extracting dynamics of the protein and characterizing
its interactions with the lipid molecules, different numbers of replicas were used to investigate
the influence of solid-state NMR restraints on the resulting ensemble structures and dynamics. In
addition, a standard MD simulation without solid-state NMR restraints was performed and its

results were compared with those from solid-state NMR-restrained ED simulations.
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4.2 Materials and methods
4.2.1 Solid-state NMR ensemble restraint potentials

We implemented the solid-state NMR ensemble restraint potentials (U, ) (93) as simple harmonic

restraint potentials in CHARMM (52). U, is applied over a certain number of replicas (Nggp) to

constrain the ensemble-averaged property ( (¥ €)ens = nyfp xX; AU) /Npgp ) to  the

experimental value ( )(ie *P) at each simulation time step:

Ny
2
U)( = NREPZ")(((XEaIC)ens _X;exp) (4_1)
i=1

where y is either ’N CSA or 'H-""N DC, N, is the number of target experimental observables,
and k, is the force constant (see reference (19) for detailed calculation methods for each

solid-state NMR observable). To avoid over-fitting protein structure to the experimental data, we
performed cross-validation of the restraint potentials with different force constants (26, 76, 77).
Using this approach, we determined an optimal set of force constants for kcsa = 0.01
keal/(mol-ppm?) and kpc = 0.5 kcal/(mol-kHz?). The total potential energy (Urgrar) of the

ensemble system is

Urorar = Ucharmm + Ucsa + Upc (4-2)

where Ucyarmm 18 the standard CHARMM potential energy.
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4.2.2 Simulations in explicit lipid bilayers

Membrane Builder (49, 94) in CHARMM-GUI (www.charmm-gui.org/input/membrane) (78)
was used to insert the fd coat protein structure (PDB:1MZT) (91), determined with '’N CSA and
'H-"N DC solid-state NMR observables, in a phospholipid bilayer composed of a 4:1 molar
mixture of POPC (palmitoyl-oleoyl-phosphatidylcholine) and POPG
(palmitoyl-oleoyl-phosphatidylglycerol), consistent with the experimental conditions. In addition,

150 mM KCIl was used for all simulations.

Figure 4.1 Ensemble dynamics simulation system of fd coat protein in a POPC/POPG bilayer.
Protein is shown as a cartoon in green; lipids are shown as sticks with phosphorus atoms as
spheres (orange); ions are shown as spheres (potassium in magenta and chloride in green); water

is shown as surface (blue).
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The ED simulation system (Figure 4.1) has an initial size of 56.3 A x 56.3 A x 71.9 A, and
contains 68 POPC, 17 POPG, and 3,488 water molecules, yielding a total number of 22,499
atoms. To examine the impact of solid-state NMR restraints on structure and dynamics, as a
function of ensemble size, six solid-state NMR-restrained ED simulation systems were built:
EDI1, ED2, ED4, ED8, ED16, and ED32, each with 1, 2, 4, 8, 16 or 32 protein replicas (Table
4.1). All available experimental solid-state NMR restraints of PDB:1MZT (Table 4.2) were
applied in each restrained system. To avoid a bias resulting from an unequal number of replicas,
all calculations were performed with an equal total number of 32 replicas in each system (Table
4.1). Each replica was assigned with different initial velocities. All calculations were performed
in NPT (constant particle number, pressure, and temperature) ensemble (51) at 295.15 K using
CHARMM (52). We used the CHARMM all-atom protein force field (53) including the dihedral
cross-term correction (54), the CHARMM36 lipid force field (55), and a modified TIP3P water
model (56). To account for potential differences in the number of lipid molecules present in each
bilayer leaflet due to the location of the protein's N-terminal helix on the membrane surface, we
used the P2, periodic boundary condition (79) that allows lipid molecules to move between the
top and bottom leaflets of the bilayer during the simulations. A time step of 1 fs was used for all
ED simulations with the SHAKE algorithm (57), as the ED simulations with 2 fs were not stable
due to the solid-state NMR restraint potentials. Each initial system was equilibrated for 15 ns;
van der Waals interactions were smoothly switched off at 10-12 A by a force-switching function
(58) and the electrostatic interactions were calculated using the particle mesh Ewald method (59)
with a mesh size of ~1 A for fast Fourier transformation, k = 0.34 A™', and a sixth-order B-spline
interpolation. After equilibration, a 30-ns production was performed for each solid-state NMR

ED simulation. All the analyses were done using the last 20-ns trajectories of ED simulations,
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and presented as an average of replicas in the ensembles. The variations are the standard

deviations from the average.

Table 4.1  System information for ED and MD simulations.
System ID # Replicas per Ensemble # Ensembles per Systems

ED1 1 32

ED2 2 16

ED4 4 8

EDS 8 4

ED16 16 2

ED32 32 1

MD1 1 1
Table 4.2  Structural statistics

MD1 ED1 ED2 ED4 EDS8 EDI16 ED32

Number of experimental
solid-state NMR restraints
PN CSA® 0 38 38 38 38 38 38
'H-"N DC" 0 38 38 38 38 38 38
RMSD from solid-state
NMR restraints®
N CSA (ppm) 267+£57 56+06 42+06 32+03 29+02 27+02 26+02
'H-"N DC (kHz) 57+12 08+0.1 0.6+01 05+00 05+00 04+00 04+0.0
RMSD from PDB
structure (A)"
Residues 1-50 45+£06 45+06 48+07 47+0.7 45+0.7 47+0.7 48+0.7
Residues 8-18 (PP°) 0.5+0.1 04+0.1 05+0.1 0.5+0.1 0.5+0.1 0.5+0.1 0.5+0.2
Residues 21-45 (TMf) 2.5+0.2 23+£02 22+£0.2 22+0.2 22+0.2 23+0.2 23+0.2
Residue 8-18 and 21-45 30£04 24+£02 26+05 2.6+0.5 25+0.5 2705 27+£05
Residue 21-35 1.2+0.1 1.2+£0.1 12+0.2 1.2+£0.1 1.2+£0.1 1.2+£0.1 1.2+0.1
Residue 38-45 0.9+0.1 05+0.1 0.7+£03 0.7+0.3 0.7+0.3 0.8+0.4 08+04

11 CSA for TM, 25 CSA for PP, and 2 for the loop linking TM and PP.
°11 DC for TM, 25 DC for PP, and 2 for the loop linking TM and PP.
“Evaluated as RMSD. Evaluated as RMSD for backbone atoms (CA, C,N and O).

‘PP for the periplasmic domain. "TM for the transmembrane domain.
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For a standard, unrestrained MD simulation, the MD1 system had a greater initial size (81.2
A x 81.2 A x 82.3 A) and thus larger total number of atoms (54,391) to meet the technical
requirements for simulations on Anton computer (95). The MD1 system has 148 POPC, 37
POPG, and 9,688 water molecules. We performed a 15-ns equilibration and a 500-ns production
on Anton (95) using the CHARMM36 force field (53-56). The simulations were performed at
constant temperature (295.15 K) and pressure (1 atm) using the Nosé-Hoover thermostat and the
semi-isotropic Martyna-Tuckerman-Tobias-Klein barostat (96, 97). The time-step was 2 fs and
trajectories were saved every 240 ps. Short-range non-bonded and long-range electrostatic
interactions were evaluated with a cutoff of 9.52 A every 2 fs and 6 fs, respectively.
Long-range electrostatic interactions were calculated using the k-Gaussian Split Ewald method
(98) with a 64 x 64 x 64 grid. SHAKE was used to constrain all bonds involving hydrogen atoms.

The last 200-ns trajectory of MD1 simulation was used for analysis.
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4.3 Results and discussion
4.3.1 Validation of solid-state NMR restrained ensemble dynamics

When the average root-mean squared deviations (RMSD) of back-calculated CSA of a
simulation structure (or an ensemble of structures) from the experimental CSA is smaller than 10
ppm, the structure “satisfies” the experimental CSA. In terms of DC, the criterion is 1 kHz. The
average CSA and DC RMSD of PDB:1MZT are 5.7 ppm and 0.7 kHz (Figure 4.2 4 and B).
Since the solid-state NMR restraints were applied over an ensemble, by definition, the CSA and
DC RMSD for each replica in a certain ensemble do not necessarily satisfy the experimental
solid-state NMR observables (Figure 4.2 E and F). However, the ensemble-averaged CSA and
DC RMSD are very similar to the experimental measures (Figure 4.2 C and D). The data in
Figure 4.3 and Table 4.2 show that the ensemble structures resulting from all solid-state NMR
restrained ED simulations satisfy the experimental solid-state NMR data. As the number of
replicas per ensemble increases, the RMSD of the CSA and DC decrease (Figure 4.3), indicating
that the resulting structure ensembles obtained with more replicas better represent the
experimental data. The same trend was observed in our previous solid-state NMR restrained ED
simulations performed in implicit membranes (26, 27). The CSA and DC RMSD observed for

MDI, performed without solid-state NMR restraints, are about 5-fold larger than those for ED1.

A number of factors contribute to the observed RMSD and complicate the precise
reproduction of the experimental NMR data with the restrained ED simulations. The use of a
single order tensor for the entire protein does not accurately represent the actual system, where
the order parameter of a membrane-embedded site is likely greater than of a water-exposed site.

Furthermore, the use of a single "N CSA tensor for all amino acids in the protein facilitates the
59



calculations but also contributes to the "N CSA RMSD. Similarly, uncertainty about the precise
length of the amide NH bond, and use of a single value for all amino acids, contribute to the
'H-""N DC RMSD. Furthermore, the relative values of the restraining force constants for °N
CSA and 'H-""N DC have been shown to impact structure calculations (99). In the context of
molecular dynamics calculations, it is difficult to reproduce the experimental solid-state NMR
data directly from standard MD simulations (as in MD1), because each residue is unrestrained by
experimental data, and therefore has more orientational degrees of freedom. Since a change in
the orientation of a molecular site leads to a distinctive solid-state NMR measurement, subtle
differences in the orientation and conformation of fd coat protein during MD can lead to large

RMSD.

Notwithstanding these factors, the CSA and DC RMSD observed for both ED and MD
simulations do show that the calculated structures are representative of the experimental NMR
data. Given the complicating factors described above it is also notable that the unrestrained free
MD simulation also produces a reasonable level of agreement with the experimental data. We
anticipate that future calculations performed with more realistic order parameters for different
protein segments, different values of the "N CSA and 'H-"’N DC NMR spin tensors, and
possibly different values of the restraining force constants, will yield structures with significantly

lower experimental RMSD.
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Figure 4.2 Comparison between the experimental and back-calculated CSA and DC for the fd

coat protein in (A, B) PDB:1MZT, and (C-F) a representative snapshot of ED4 system at 20 ns.

In (C, D), CSA and DC for each residue are averaged over the ensemble structures from the four

replicas. In (E, F), CSA and DC for each residue are calculated for each structure in the four

replicas (represented in four different colors; replical in green, replica2 in blue, replica3 in cyan,

replica4 in magenta). Note that by definition each structure in the restrained ensemble

simulations (with more than one replica) may not satisfy the experimental restraints, but the

ensemble structures from individual replicas collectively satisfy the experimental restraints.
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Figure 4.3 Validation of fd coat protein structure ensemble. (A and B) CSA and DC RMSD
with respect to the experimental observables as a function of the number of replicas per
ensemble simulation. (C and D) The tilt and rotation angle of the periplasmic helix in fd coat
protein. (E and F) The tilt and rotation angle of the transmembrane helix in fd coat protein. The
tiltangle is defined as the angle between the helix principal axis and the lipid bilayer normal. The
rotation angle is defined as the angle between the perpendicular vector (r,) from the helical axis
to a Ca atom (S13 for the periplasmic helix and G34 for the transmembrane helix) and the
projection vector (z,) of the Z axis onto the plane made by the second and third principal axes.

The sign of the rotational angle becomes positive if z,Xrg is in the opposite direction to the

helical axis, or negative otherwise. The error bars show the standard deviations from the average.
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In all ED and MD simulations, the backbone atom RMSD relative to the PDB structure is
between 4.5 and 4.8 A, when all residues (1-50) are included in the calculation. This is a
relatively large structural deviation for a small membrane protein like fd coat. However, the
backbone RMSD becomes smaller (between 2.4 and 3.0 A) when only helical residues (8-18 and
21-45) are included, indicating structural flexibility of the loop and terminal residues.
Furthermore, as shown in Table 4.2, the N-terminal periplasmic helix (residues 8-18) has smaller
backbone atom RMSD (0.4-0.5 A) than those (2.2-2.5 A) of the transmembrane helix (residues
21-45). Although both segments Y21-A35 and G38-F45 have backbone RMSD in the range of
1.2 A, it is their different relative orientation that contributes to a higher overall RMSD with
respect to the PDB structure. As shown in Figure 4.2, the average per-residue RMSD for the
solid-state NMR restraints are <10 ppm for CSA and <1.5 kHz for DC for all transmembrane
helix residues (Y21-F45) in all six ED systems. This suggests that the structures from all ED
simulations generally have different transmembrane conformations from PDB:1MZT, but they

also satisfy the experimental observables very well. This fact is further elaborated below.

4.3.2 Influence of solid-state NMR restraints on helix orientations

As shown in Figure 4.3 C-F, the ensemble-averaged helix tilt angles (with respect to the
membrane normal) and helix rotation angles (along the helix axis) are similar in all ED systems,
and also agree with the PDB structure (tilt angles of 91.7° for periplasmic and 20.5° for
transmembrane helices, and rotation angles of 76.2° for periplasmic and 25.7° for
transmembrane helices). However, the variations for tilt and rotation angles in ED1 is obviously

smaller than those in ED2, ED4, ED8, ED16, and ED32 with multiple replicas in each ensemble.
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Similarly, as shown in Figure 4.4, ED1 always yields highly homogenous orientational
populations in terms of tilt angles, indicating such single conformer simulations are under a large
influence of the solid-state NMR restraints. In Figure 4.4 4, system ED2 presents two major
orientational populations of the periplasmic helix. However, no visible, distinct inter-atomic
interactions are observed to cause such difference in ED2. Theoretically, it has been shown that
restrained ED simulations provide maximum likelihood distributions that satisfy the imposed
restraints (100, 101). These distinct populations in ED2 disappear in the ensembles calculated
with more replicas, and are likely an artifact of applying ensemble-averaged restraints with too
small number of replicas. In addition, the distributions obtained from ED4, EDS, ED16, and
ED32 are very similar and their broadness is comparable to that of MD1, indicating that the

minimum, optimal number of replicas is 4 for these ED simulations.
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Figure 4.4 Distributions of the tilt angles of (A) the periplasmic (PP) helix and (B) the

transmembrane (TM) helix with respect to the membrane normal.
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4.3.3 Flexibility of transmembrane helix conformations in simulations

In the PDB structure, a visible kink in the transmembrane helix occurs at [37 with an angle of
17.7°. Such pronounced kinks (>15°) at 137 are rarely observed in the ED and MD simulations
and most structural populations appear to have a straight transmembrane helix (Figure 4.5). We
note that the PDB structure was calculated directly from the NMR data, only for backbone atoms,
without applying any refinement protocol. Improvements in structural quality upon refinement of
NMR structures with simple repulsive potentials or in the presence of either implicit or explicit
solution are well known (19, 73, 102-105). Therefore, structure calculation using restrained ED
in an explicit lipid bilayer membrane, as described here, is expected to yield a significant
improvement in quality. To further examine the transmembrane helix structure that best fits the
solid-state NMR data, we selected 32 structures with the lowest NMR restraint violations; in this
population, the transmembrane helix structures have the RMSD of < 3.5 ppm in CSA and < 0.8
kHz in DC. Within this population, a few structures have a transmembrane helix kink angle near
17° (Figure 4.5 B), as observed in PDB:1MZT, indicating that the latter still represents a
thermally accessible conformation of the transmembrane helix (Figure 4.5 C-H) with relatively
low population. The kink angle distribution range is ~25° in multiple-replica systems, indicating
the transmembrane helix has flexibility near its C-terminal end. Notably, two adjacent glycines
(G34/G38) lining on the same side of the transmembrane helix may help confer flexibility in this

region of the protein.
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(yellow) with respect to Y21-T36: (C) EDI1, (D) ED2, (E) ED4, (F) EDS, (G) ED16, and (H)

ED32. The G38-F45 region is highlight in orange in PDB:1MZT and in cyan in top 32 structures.

4.3.4 Protein-lipid interactions in explicit membranes

The flexibility of the transmembrane helix at the C-terminus could be functionally important.
During bacteriophage extrusion across the bacterial membrane, flexibility in this region could
facilitate binding of bacteriophage DNA by the charged amino groups of lysine side chains (K40,
K43, and K44), and thus assist bacteriophage packaging. In all ED and MD simulations, these
three lysine residues near the C-terminus make frequent interactions with the lipid polar
headgroups, lipid hydrocarbon tails, and surrounding water, and thus help anchor the
transmembrane helix within the membrane (Figure 4.6). Interestingly, even though K40 is
positioned close to the hydrophobic core, lipids in the lower leaflet (i.e., the C-terminal side) can
move up and adjust themselves to have the charged side chain of K40 exposed to the solvent. As
shown in Figure 4-7 A, using ED32 as a representative system, the Z coordinates of lipid
phosphorus atoms near K40 (black area) are closer to the bilayer center, i.e., the membrane
thinning near K40. In other words, mainly K40 can induce membrane curvature, which is
observed in all ED and MD simulations. It is interesting to see lipid deformation induced by fd
coat protein, which is involved in the assembly and extrusion of virus particle (106), but linking

this observation to the protein function characterization is beyond our scope.
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Figure 4.6 Interactions between each residue and solvent components. The graph shows the
frequency with which each one or more atoms of a specific residue is found within 4 A of a lipid
hydrocarbon site (gray), lipid headgroup site (orange), or water molecule (blue), in system (A)

EDI, (B) ED2, (C) ED4, (D) EDS, (E) ED16, (F) ED32, and (G) MDI.
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Figure 4.7 (A) The average Z coordinates of lipid phosphorus atoms in the lower leaflet in
ED32. The bilayer center was aligned to Z=0, and then protein from each snapshot was aligned
via translation on XY-plane. The Z coordinate values of phosphorus atoms in the lower leaflet are
presented in gradient color (purple, red, and yellow). The black area shows where K40 charged
side chain is positioned during the simulations. (B) One snapshot from ED32 showing the
interactions between lipids and K40 (phosphorus atoms in orange sphere, K40 in purple stick,

protein in cartoon presentation).

While the protein-lipid interactions change the geometry of the membrane, such interactions
also contribute to stabilize the protein structure. For example, the periplasmic helix has
hydrophobic residues (A7, A9, A10, F11, L14, and A16) on one side, and polar or charged
residues (K8, D12, S13, Q15 and S17) on the other side. The frequent hydrophobic interactions
of the former with the lipid carbon tails, as well as the hydrophilic interactions of the latter with
the lipid headgroups and/or water, help determine the orientation of the periplasmic helix on the
membrane surface, as consistently observed in the MD1 system without any restraints (Figure

4.6). Other than K40, K43, and K44, residues Y21 and Y24 also frequently interact with the
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membrane, helping stabilize the transmembrane helix orientation (Figure 4.6). Because the
present ED simulations explicitly include solvent molecules, such atomic-level interactions are
also essential determinants of the protein structure (and orientation) in addition to the solid-state

NMR restraints.

The relative orientation of the periplasmic and transmembrane helices determines the overall
structure of the protein and, therefore, is functionally important. As shown in Figure 4-8 A4, the fd
coat protein maintains a well-defined L-shape with a helix-helix hinge angle of ~70° in all
systems. Under strong solid-state NMR restraints, ED1 show a narrow distribution with
variations of ~10°, while all the other ED systems having multiple replicas show broad
distributions with variations of ~18°, which is similar to that of MD1. Figure 4-8 B shows the
distributions of the crossing angle between the projections of principal helical axes of the
periplasmic and transmembrane helices on the membrane surface. Similarly, all ED systems
(except ED1) show broad distributions of crossing angles with variations of ~23° as in MDI,

highlighting the conformational dynamics of fd coat protein.
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Figure 4.8 The distributions of (A) the (hinge) angles between the principal axes of the
periplasmic and transmembrane helices and (B) the (crossing) angles between their principal

axes projected on the XY plane.
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4.4 Conclusions

The experimental solid-state NMR data are well satisfied in all NMR-restrained ED simulations
and better represented by structure ensembles obtained with more replicas. By increasing the
number of replicas, the strong bias imposed by a set of experimental restraint potentials
diminishes, and inherent protein dynamics governed by the physical protein-lipid interactions
becomes apparent. Therefore, ED simulations can simultaneously capture protein dynamics as

well as an ensemble of conformations that satisfies the experimental observables.

For membrane-integrated fd coat protein, the average helical orientations are consistent in all
simulation systems in explicit membranes and agree with the PDB structure that was calculated
directly from the solid-state NMR data. Compared to systems with a single-conformer (ED1) or
two replicas (ED2), which are under stronger influence of the NMR restraints, the
multiple-replica ED systems (ED4, ED8, ED16, and ED32) show similar distribution patterns in
helix orientations and compare well with those obtained from the standard, unrestrained MD
simulation (MD1). This demonstrates that, with a proper ensemble size (more than two replicas
in each ensemble), the NMR-restrained ED method can be very effective for generating stable
dynamics trajectories of membrane proteins in explicit membranes. Specifically for fd coat
protein, significant flexibility is observed in the C-terminal end of the transmembrane helix,

which is likely to have functional importance.

The efficacy of ensemble-restrained ED has been previously demonstrated with the
refinement of transmembrane helix structure in implicit membrane environments (26-28). Most
implicit membrane models define a low-dielectric slab that effectively mimics the hydrophobic

core of the membrane bilayer (30, 31). This static, low-dielectric slab can capture the general
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effect of biological membrane, such as hydrophobic mismatch (between the length of a protein’s
hydrophobic transmembrane domain and the thickness of the bilayer hydrophobic core) (32-35),
yet the computational cost of such system is substantially lower than that of an explicit
membrane system. Thus, it has been widely used in many computational studies of membrane
systems, including our earlier work on structure determination of single-pass transmembrane
helices with solid-state NMR-restrained ED simulations (26, 27, 29). Nonetheless, despite many
advantages in implicit membrane models, the undeformable nature of the hydrophobic slab is
one of its most significant drawbacks. The biological membrane bilayer is fluid and membrane
protein function is in part regulated by changes in lipid bilayer thickness and intrinsic lipid
curvature (36). In particular, in the case of a hydrophobic mismatch, the bilayer adaptation
involves local changes in lipid bilayer thickness (also known as local membrane thickening or
thinning), and possibly changes in protein’s transmembrane domain orientation (37-43). Most
implicit membrane models are not able to provide such bilayer adaptation determined by detailed
protein-lipid interactions. To address these drawbacks, several deformable implicit membrane
models have been recently proposed (107-109), but their accuracy and general applicability have

yet to be validated.

The present work shows that using an explicit membrane environment in solid-state
NMR-restrained ED simulations has the important advantages of providing detailed atomic-level
information about protein-lipid interactions, as observed for residues K40, K43 and K44, which
are involved in DNA binding in the bacteriophage, and are anchored to the membrane surface in
the membrane-bound form of the protein. Notably, K40 is observed to induce membrane

curvature in the lower bilayer leaflet.
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We conclude that solid-state NMR-restrained ED simulations of membrane-bound fd coat
protein performed in explicit lipid bilayer membranes are very effective for determining protein
structure within the membrane and extracting protein dynamics. This approach could be very
useful for improving the accuracy and quality of membrane protein structures determined by

solid-state NMR as it is increasingly applied to membrane proteins in nanodiscs.
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S. CHARMM-GUI micelle builder for pure/mixed micelle and

protein/micelle complex systems

5.1 Introduction

Micelles are frequently used in biochemical studies as a mimetic of cell membranes to solubilize
integral membrane proteins (110-112). Understanding the effects of micelles on membrane
proteins is significant in determining optimal detergent conditions for extraction, purification,
and characterization of proteins (112-114). As a result, studying membrane proteins in micelles
with atomic resolution has been of great interest to experimental and computational biophysicists
(115-130). Molecular dynamics (MD) simulation is an attractive approach to study such systems
because simulation can provide information about the structures, dynamics, interactions, and
energetics of micelle systems at the atomic level, which is generally hard to obtain solely from

experiments.

It is well known that detergents in water can readily self assemble to form micelles.
Nevertheless, self-assembly simulation requires long relaxation time and a large amount of water
and detergent molecules, which are computationally expensive. Recently, Pires et al. performed a
1 ps coarse-grained MD simulation to characterize the sodium dodecyl sulfate (SDS) micelle
formation (115). 360 SDS and 90,000 water particles were included in the micelle system, whose
relaxation occurred after about 250 ns. For the study of protein in micelles, Bockmann and
Caflisch simulated spontaneous micelle formation of 1,2-dihexanoyl-sn-glycero-phosphocholine
(DHPC) around OmpX, which included 125~188 detergents and required ~40 ns for
equilibration (116). To avoid long relaxation times and large systems, most computational
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studies are conducted on preassembled models (117, 125-127). However, building a
preassembled protein/micelle complex is still challenging and requires considerable experience
with simulation software. The main difficulty in building such a complex system arises from
how to distribute detergents around a protein, especially when the protein is in an irregular
shape, although detergents adjust themselves in concert with the embedded protein in the course

of MD simulations (116, 117).

To simplify and automate the building process of protein/micelle preassembled complex
systems for MD simulations, we have developed Micelle Builder

(www.charmm-gui.org/input/micelle), a graphical user interface (GUI), available at the

CHARMM-GUI website (78). Using Micelle Builder, a user can upload a membrane protein
structure, or download from a database and choose one or multiple detergent types to generate a
preassembled micelle around the protein. The complicated building process of protein/micelle
systems can be dramatically simplified by automating the process with the intuitive user
interface. In addition to the protein/micelle system, a user can also generate a detergent-only
system without protein. All the necessary input files for building the system are provided to

users, so that more complex modeling or adaptation of the protocol is possible, if necessary.

In this paper, we describe and illustrate the standardized building process of micelle and
protein/micelle complex systems in CHARMM-GUI Micelle Builder. For illustration, we
simulated four representative homogenous micelle systems composed of DHPC,
n-dodecylphosphocholine (DPC or FC-12), n-tetradecylphosphocholine (TPC or FC-14), and
SDS, respectively (Figure 5.1). The resulting models were compared with experimental data and

previous simulation studies. In addition, we also used Micelle Builder to build and simulate the
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major coat protein of Pf1 virus (Pfl protein hereinafter) in three micelles with 50, 75, and 100
DHPC molecules. Pf1 protein is composed of a C-terminal single-pass transmembrane helix and
a N-terminal periplasmic helix. Its structure was recently determined based on both solid-state
and solution NMR observables, assuming the protein structure is highly similar in bilayers and in
micelles (75). On the basis of these simulations, we explored the differences between

protein-detergent interactions in micelles and protein-lipid interactions in bilayers.
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Figure 5.1 Chemical structures of (A) DHPC, (B) DPC, (C) TPC and (D) SDS.
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5.2 Materials and methods

5.2.1 Protein/micelle complex building process in CHARMM-GUI Micelle Builder

The overall process to build a protein/micelle complex simulation system has been generalized
and automated in six subsequent steps (Figure 5.2), similar to Membrane (Bilayer) Builder (49,

50) in the CHARMM-GUI website, www.charmm-gui.org (78). Each step is designed to

incorporate user-specified parameters through a web browser and generate/execute CHARMM
input files. The user can download and check the generated system in each step so that, if
necessary, one can go back to the previous step and modify the options interactively. For a
detergent-only micelle, the building procedure starts from the size-determination STEP 3 (Figure

5.2). Individual input and output files or archives of all files are available for download and edit.

STEP 1: Read protein structure

The building process of a protein/micelle system starts with reading a protein structure into
CHARMM. Users can upload their own protein structure, or specify a Protein Data Bank (PDB)
(131) entry ID and a database to download the PDB file. Protein structures from the OPM
(Orientations of Proteins in Membranes) database (132), http://opm.phar.umich.edu, are
preoriented with respect to the membrane normal (the Z-axis by definition). Like Membrane
(Bilayer) Builder, the usage of OPM database is recommended over the PDB (133) in Micelle

Builder (see below).
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STEP 2: Orient protein

Micelle Builder assumes that the initial protein structure is oriented along the Z-axis and the
hydrophobic region of the protein is placed around Z = 0, which is the same as in Membrane
(Bilayer) Builder. In the case that the protein is not properly oriented along the Z-axis, Micelle
Builder provides a few options so that the user can place the protein appropriately in a micelle by
reorienting protein in this step. These options are: aligning the protein principal axis along the
Z-axis; aligning a vector between two user-specified Ca atoms along the Z-axis; translating the
protein along the Z-axis; and rotating the protein around the X-axis. After alignment, Micelle
Builder generates pore water (24), if specified, and calculates the protein cross-sectional area
along the Z-axis, which provides information on the protein position with respect to the Z-axis

(Figure 5.3).
STEP 3: Determine system size

This is a critical step to determine the system size, based on a number of user-specified
parameters such as detergent type, number of detergents, water thickness around the micelle, and
the size of the protein’s hydrophobic region (Figure 5.4). In the current Micelle Builder setup, a
cubic box is assumed for a micelle system, and four detergent molecules (DHPC, DPC, SDS, and
TPC; Figure 5.1) are available. A user needs to select one or more detergent types and specify
the number of selected detergent type(s) in the table under “Number of Detergent Molecules™.
For homogenous micelles, an initial micelle radius (r,) is set to 21.4 A (DHPC), 214 A (DPO),
269 A (TPC), and 22.6 A (SDS) based on the pure micelle simulations in this study. As shown

in Figure 5.4, the protein hydrophobic region (green area) is defined by its heavy atoms’ Z
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coordinates (Z,) ranging from -r,, to r,,. The protein radius (r,) on the XY plane is set to the larger
one between the average radius of hydrophobic region heavy atoms on XY and the average radius
of hydrophobic region heavy atoms in -2.5 A < Z < 2.5 A on XY. Using this metric helps place
detergent molecules for proteins with various geometries (see below). Then, the protein/micelle
complex size on XY plane (Lyy) is set to 2r,, +2r,. If the protein is completely buried in the
micelle, i.e., max(IZ)) is less than r,, then the complex size along the Z axis (L,) is set to 2r,.
Otherwise, L, = 2 max(lZ)]). The system size is the larger one of Lyy and L, plus twice of water

thickness (7, from the complex.

After the system size is determined, Micelle Builder provides a detailed summary of the
system size as well as a model micelle system with detergent-like pseudoatoms in the head group
region (step3_packing.pdb). This model protein/micelle system can provide an idea about the
initial detergent distribution, i.e., the detergent packing around the protein, because the
pseudoatom positions are used to place detergent molecules in STEP 4. Briefly, a single-type
pseudoatom with a radius of 54 A is used to approximate the head groups of different
detergents. Initially, each pseudoatom (for selected detergents) is randomly distributed on a torus
surface (surface of green and light gray regions in Figure 5.4), but not inside protein pores (if a
protein has a pore) via Monte Carlo simulations using a primitive model, i.e., van der Waals and
80-scaled Coulombic interactions. It is important for a user to visually examine the system
packing with this structure file (step3_packing.pdb) because it is generally not known how many
detergent molecules should be around a protein experimentally. Therefore, if the number of
detergent molecules appears to be smaller or larger than expected, the user needs to go back to

the previous step and adjust parameters, if necessary.
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Figure 5.2 Overview of building process of protein/micelle complex simulation systems in

CHARMM-GUI Micelle Builder.
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Figure 5.3 Cross-sectional area profile of Pfl coat protein (PDB:2KSJ) along the Z-axis,
generated by Micelle Builder. The region between the blue and green lines indicates the

membrane region.
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Figure 5.4 Schematic representation of a Pf1 coat protein/micelle system: (A) side and (B) top
views. The protein/micelle complex size on XY plane (Lxy) is twice of the sum of protein radius
(rp) and micelle radius (), 1.e., Lxy = 2rm +2r,. The complex size along the Z-axis (Lz) is twice
of the larger one between the maximum absolute protein Z-coordinate (max(|Zy|)) and rm. The
system size is the larger one of Lxy and Lz plus twice of water thickness (#y). The protein is
shown in green cartoon representation, and the head group phosphorus atoms are shown in
orange sphere. The green area indicates a protein hydrophobic region. Together with the green

one, the light gray area represents the initial detergent-distributed region.
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STEP 4: Build components

In this step, the system components such as a detergent micelle, bulk water, and ions are
generated. The detergent micelle is built by a replacement method using the positions of
detergent-like pseudoatoms in the head group region, determined in STEP 3
(step3_packing.pdb). In this step, each pseudoatom is sequentially selected and its coordinate is
used to place the head group of a randomly selected detergent molecule from the corresponding
detergent structural library. A structural library of 2000 different conformations for each
detergent type was generated from the homogenous micelle simulations in this study. With the
head group sulfate/phosphorus atom position fixed, each detergent molecule is reoriented to
ensure its carbon tail placed within the micelle hydrophobic core around the protein. To make the
system neutral, Micelle Builder generates an appropriate number of ions, depending on the
user-specified ion concentration. The initial configuration of ions is then determined around the
generated protein/micelle complex via Monte Carlo simulations using the primitive model used

in STEP 3.
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STEP 5 and 6: Assemble components and equilibrate the system

Each component generated in the previous step is assembled in STEP 5. The user needs to
examine the assembled system (stepS_assembly.pdb) and verify whether the system has been
built as intended. Because of the significant computing resources required for system
equilibration, Micelle Builder does not provide the equilibrated structure. Instead, Micelle
Builder provides the six consecutive CHARMM (134) and NAMD (135) input files for system
equilibration and simulation production. As shown in Table 5.1, to assure gradual equilibration
of the uncorrelated initial system, harmonic restraints are applied to the ions, heavy atoms of
protein, and detergent sulfate/phosphorus atoms. These restraint forces are slowly reduced as the

equilibration processes.

Table 5.1  Force constants” for positional harmonic restraints on each equilibration step.

STEP Protein Backbone Protein Sidechain Detergent Ion
6.1 10.0 5.0 25 10.0
6.2 50 25 0.0 0.0
6.3 25 1.0 0.0 0.0
64 1.0 0.5 0.0 0.0
6.5 0.5 0.1 0.0 0.0
6.6 0.1 0.0 0.0 0.0

*Force constants are in kcal/(mol-A?).
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5.2.2 Detergent-only homogenous micelle systems

To illustrate the efficacy of Micelle Builder, we constructed and simulated detergent-only
homogenous micelle systems (Figure 5.5 and Table 5.2) for four commonly used detergents:
DHPC, DPC, TPC, and SDS. According to previous experimental and computational studies, we
used 35 DHPC (118), 54 DPC (120), 108 TPC (119), and 62 SDS (121) molecules to
characterize corresponding homogenous micelle properties. The micelle-only generation option
in Micelle Builder was used to build these four systems. 0.15 M KCI was used for DHPC, DPC
and TPC systems, while 0.15 M NaCl was used for SDS to match experiments (121-123). The
molecular force field of these detergent molecules are based on the CHARMM?36 (C36) lipid
force field (55), and a modified TIP3P water model (56) was used. Each system was replicated
and assigned with different velocities to generate five independent simulation systems, resulting
in a total of 20 simulation systems. All calculations were performed in NPT (constant particle
number, pressure, and temperature) ensembles (51) at 303.15 K using NAMD 2.8 (135), a
parallel code designed for high-performance simulation of large biological macromolecule using
the CHARMM force field (53, 55, 134). The particle mesh Ewald algorithm (59) was applied to
calculate electrostatic forces, and the van der Waals interactions were smoothly switched off at
10-12 A by a force-switching function (58). A time step of 2 fs was used in all simulations. After
equilibration, a 100-ns production run was performed for each system. All average micelle
properties were calculated over the five replicas using the last 40-ns simulations and presented

with standard errors (Table 5.3).
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Figure 5.5 Representative structures of (A) DHPC, (B) DPC, (C) SDS and (D) TPC micelles.
Water and ions are omitted for clarity. The head group phosphorus/sulfur atoms are shown in

spheres and others in stick models.

Table 5.2  System information for micelle simulations.

System Name # of Detergents # of Water # of Ions # of Total Atoms
DHPC 35 11,250 20 K*,20 CI 36,450
DPC 54 11,988 23 K%, 23 CI 39,304
TPC 108 17,505 38 K*,38 CI 59,827
SDS 62 13,845 71 Na*,9 CI 44219
Pf1-DHPCS50 50 13,242 43 K*, 42 CI 44276
Pf1-DHPC75 75 19,236 62 K*, 61 CI 64,196
Pf1-DHPC100 100 26,872 85 K", 84 CI 89,051
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Table 5.3  Geometrical parameters® of detergent micelles.

Detergent 7 (A) R, (A) rm’ (A) RS (A) Inao/Inmin. <S> (A?)

DHPC 214402 16.8+0.2 NR! NRY 1.5740.11 338.9+6.3
22.2(122),

DPC 21.440.1 16.5£0.1 19.5-24.5(124), 17.4(125) 1.2240.04 218.8+3.5
21-22(125)

TPC 26.9+0.1 21.0+0.1 NR! NRY 1.2740.05 181.4+2.6

SDS 22.6£0.1 15.1%0.1 22.8(122), 15.540.1(128). | 31 606 174.942.5

22.3(123) 15.7+0.2(126)

*Calculated values are the mean + standard errors over the 5 independent simulation systems.

"Micelle radius (r,,) and “micelle radius of gyration were taken from the literature.

INR, no reference was available.

5.2.3 Pfl protein/micelle system

The average NMR structure of Pfl protein (PDB:2KSJ) was chosen as the starting protein
structure. Since the aggregation number of DHPC around Pfl protein is not known, we used
three different aggregation numbers (50, 75, and 100 DHPC molecules) to distribute DHPC
molecules around the protein surface to mimic the NMR experimental conditions (75). The
protein/micelle generation option in Micelle Builder was used to build these systems including
0.15 M KCl (Table Figure 5.1 and Figure 5.6). Each system was replicated and assigned with
different velocities to generate three independent simulation systems. All calculations were

performed in NPT ensembles at 303.15 K using NAMD 2.8 and the CHARMM force field. A

time step of 2 fs was used and a 100-ns production run was performed for each system.
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Figure 5.6 Initial (left) and equilibrated (right) structures of Pfl coat protein in the DHPC
micelles with (A) 50, (B) 75, and (C) 100 aggregation numbers. The ratio between maximum and
minimum moment of inertia (/max/Imin) for the initial (first 2 ns) and equilibrated (last 2 ns)
structures are list below their corresponding snapshots. The protein is presented in green and the
detergents are shown with sticks. Ions, water, and detergents blocking the view of the protein are

omitted for clarity.
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5.3 Results and discussion
5.3.1 Micelle size and shape

The most characteristic measurement of the micelle size is its radius. As shown in Figure 5.7, the
micelle radius (r,,) is defined as the average distance (r;) of the sulfur/phosphorus atoms of the
head group from the micelle’s center of mass (COM) plus the distance (d) at the first peak of the
sulfur/phosphorus to water oxygen radial distribution function minus the radius of water (r,,= 1.4
A)ie., r,=r,+ d - r, (127). This definition represents an effective micelle radius. In addition,

the micelle radius of gyration was calculated by

N
1
Ry = |5 ) (il = ()2 (5-1)
i=1

where (r) is the mean distance of the heavy atoms (r;) from the micelle COM. R, are stable as a
function of time in all systems (Figure 5.8), indicating the convergence of the system, although
less than three detergents dissociates from the micelles in a few simulation systems. As shown in
Table 5.3, the average values of r,, and R, in this work quantitatively agree with those observed
in the previous experiments (122-124) and simulations (115, 125, 126), suggesting the efficacy

of our models and simulation set up in Micelle Builder.
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Figure 5.7 Schematic representation of the micelle radius () that is defined as the average
distance (r4) of the sulfur/phosphorus atoms of the head group from the micelle’s center of mass
plus the distance (d) at the first peak of the sulfur/phosphorus to water oxygen radial distribution

function minus the radius of water (r,,= 1.4 A); i.e., rm=rn + d - 1.
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Figure 5.8 Micelle radius of gyration of all replicas as a function of time in (A) DHPC, (B)

DPC, (C) TPC, and (D) SDS micelle systems.

92



The shape and stability of a micelle can be characterized by its moment of inertia (/) along the

X, Y or Z-axis, defined by

N
I = z mr? (5-2)
i=1

L

where m; is the mass of an atom 7 and r; is the distance of the atom from the axis. 7,/I,, is the

ratio between the largest moment of inertia and the smallest one. For a perfect sphere, 1,.,./I ..., =

1. As shown in Table 5.3, none of these micelles are perfectly spherical. The average values of

L. /1

max’ “min

in DPC and SDS are 1.22 and 1.31, which are in the range reported for previous DPC
simulations (1.2(117) — 1.24(125)) and SDS simulations (1.05(127) — 1.39(126)). Compared to

the other micelles, DHPC is least spherical (/1

max’* min

= 1.57) and such a prolate shape was also

observed by small-angle X-ray scattering (136).
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5.3.2 Micelle structure

Micelle structure can be analyzed in terms of radial densities of different components from the
micelle COM (Figure 5.9). The shapes of the density distributions are in good agreement with
those of previous simulations (117, 126, 128). The interior of micelle is void of solvent, as
observed in experiments (129, 130) and other simulations (117, 126, 128). The solvent-detergent
interface, i.e., the overlapping area of detergent carbon tail and water distributions in Figure 5.9,
is broader in DHPC micelles due to its non-spherical nature described in the previous section. In
SDS systems, some sodium ions stay close to the micelle surface because of electrostatic
interactions with negatively charged SDS head groups, while potassium ions do not associate
with the micelle in the other systems. As an additional analysis to characterize the structural
properties of the micelle, the accessible molecular surface area (SA) was calculated as follows.
All of the ions and water molecules were removed from the system, a probe molecule with a
radius of 1.4 A was rolled over the surface of the micelle, and then the contact area was summed
to quantify the total SA. The accessible surface area per detergent (<S$>) calculated by dividing
the total SA by the number of detergents in each system is listed in Table 5.3. Bruce et al.
reported a value of 176 A? for SDS micelles (127), which is quite similar to our calculated value

(1749 £2.5 A?).
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Figure 5.9 Density profiles for the specific components from the micelle center of mass:
micelle carbon tails (gray), head groups (orange), water (blue) and positive ions (magenta) in
(A) DHPC, (B) DPC, (C) TPC, (D) SDS micelles. These plots are produced by counting the
number of selected atoms that are within 0.5 A shells along the radial distance from the micelle
center of mass. For clarity, the densities of micelle head groups and positive ions are multiplied

by 10.
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5.3.3 Distribution and mobility of detergents in protein/micelle systems

In addition to the Pf1 protein/micelle systems in Figure 5.6, we have built various protein/micelle
complex structures to examine/validate the efficacy of the building process in Micelle Builder.
As shown in Figure 5.10 A-C, Micelle Builder is able to build the protein/micelle initial models
for various topologies of a-helical membrane proteins (137, 138), even for the conical shape of
KcsA K* channel tetramer (139). As shown in Figure 5.10 D-E, -barrel proteins such as OmpA
(140) and OmpF (141) can be well solvated in micelles through Micelle Builder. In the case of
OmpF, the option for generating pore water molecules in STEP 2 was used to properly solvate
the barrel interior. These initial structures can be relaxed with the rearrangement of detergent

molecules in the course of simulation, as illustrated with Pf1 in the following paragraph.

Figure 5.10 Protein/micelle complex structures for (A) GpA, (B) DAP12-NKG2C complex, (C)
KcsA tetramer, (D) OmpA and (E) OmpF trimer. The protein is presented in green, the

detergents are shown as gray sticks and pore water is shown in blue surface representation.
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As a representative model, the Pfl protein/micelle complex systems with different DHPC
aggregation numbers (50, 75 and 100) are further characterized with the 100-ns simulations
(Figure 5.6). Interestingly, even though the total number of detergents varies in the different
systems (depending on its initial aggregation number), the number of detergents in direct contact
with the protein becomes very similar within 10 ns (Figure 5.11 A-B): 36 + 3 for Pf1/DHPC50,
38 + 3 for Pf1/DHPC75 and 38 + 4 for Pf1/DHPCI100. Clearly, the torus of initial detergent
molecules around the Pfl adjusts its shape in concert with Pfl, and adapts less spherical
geometry as more detergents involved in the complex during the simulation (Figure 5.6). In this
process of redistribution, some detergents dissociate from the complex and come back afterwards
(Figure 5.11 C-E). Compared to Pf1-DHPC50, Pf1-DHPC75 and Pf1-DHPC100 have larger
numbers of dissociating detergents (Figure 5.11 B and Figure 5.12). Even with this variation, the
current 100-ns simulations do not provide any information of possible aggregation numbers of
DHPC around Pf1. Nonetheless, the simulations do provide a good estimation of the Pf1-contact
detergent number and demonstrate that the smallest system of 50 DHPC is sufficient to solvate

Pf1 protein. Therefore, we will focus on this Pf1-DHPCS50 system for further analysis.

97



# of contacting detergents

20

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (ns)

B 105
T L L 1L T
95 |

90 |
85
80 |
75 I
70
65
60 |

zz?L? N

# of detergents in complex

45

0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (ns)

D E

=
-

Figure 5.11 (A) The number of Pfl-contact detergents as a function of time in Pf1-DHPC50
(red), Pf1-DHPC75 (blue), and Pf1-DHPC100 (black) systems. A detergent is counted as a

contact detergent when any of its heavy atoms is within 4 A from the Pfl protein heavy atoms.
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(B) The number of detergents in the protein/micelle complex as a function of time in
Pf1-DHPC50 (red), Pf1-DHPC75 (blue) and Pf1-DHPC100 (black) systems. A detergent is
counted as a complex detergent when a detergent is in contact with the protein or the detergents
embedding the protein. In Pf1-DHPC50, three snapshots were taken at (B) 7 ns, (C) 16 ns and
(D) 35 ns to show the dynamics behavior of one detergent molecule leaving and coming back to
the complex. The protein is presented in green, the detergents are shown as gray lines, and the
dissociating detergents are in stick models. Ions and water blocking the view of the protein are

omitted for clarity.

Figure 5.12 In Pf1-DHPC100, two snapshots were taken at (A) 87 ns and (B) 90 ns, showing a
micelle with 36 DHPC molecules dissociating from the protein/micelle complex. The protein is
presented in green, the detergents are shown as gray lines, and the dissociating detergents are in

stick models. Ions and water blocking the view of the protein are omitted for clarity.
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Figure 5.13 Interactions between Pfl residues and various components in (A) Pf1-DHPCS50
(micelle) and (B) PfI-DOPC/DOPG (bilayer) systems. The graph shows the frequency with
which any heavy atom of each residue is found within 4 A of detergent or lipid carbon tails,
detergent or lipid head groups, and water. The green rectangles indicate transmembrane (TM)
and periplasmic (PP) helical residues. (C) Residues important for stabilizing transmemrbane and

periplasmic helix orientations relative to the membrane.
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5.3.4 Protein-detergents interactions and its effect on protein structure

The previous bilayer simulations of Pfl protein show that protein-lipid interactions, especially
the hydrophobic interactions involving residues A7, V8, All, and 112 in the periplasmic helix,
affect the orientation of the periplasmic helix (Figure 5.13) (142). In the micelle simulations,
protein-solvent interacting patterns are quite similar to those in bilayers (Figure 5.13). However,
more frequent and specific hydrophobic interactions between hydrophobic residues (A7, V8,
A1l and I12) in the periplasmic helix and detergents were observed in the micelles compared to

those between the residues and lipids in the bilayer system (Figure 5.14).

Figure 5.14 Snapshots showing the interactions between Pfl coat protein periplasmic helix and
detergent molecules in (A) front and (B) back views. The protein is shown in green. Residues in
the periplasmic helix are shown as sticks. Detergents are shown as gray lines; those contacting
with the periplasmic helix are drawn as sticks. Water molecules and lipids blocking the views of

protein are omitted for clarity.
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The Pf1 coat protein consists of two helices. Both transmembrane and periplasmic helices have
root-mean-squared deviation (RMSD) from the average NMR structure (PDB:2KSJ) around 1 A
during the Pf1-DHPC50 simulations. However, as observed in the previous experiments (75) and
bilayer simulations (142), the periplasmic helix orientation is highly flexible (Figure 5.15),
which contributes to large overall RMSD of 7.3 + 1.7 A in Pf1-DHPC50. As mentioned above,
the interactions between the periplasmic helix and detergents/lipids contribute to its orientation.
Considering this important association as well as the distinctive geometries between micelle and
bilayer, Pf1 protein (with the periplasmic helix) may present different structures in the different
environments (Figure 5.16). In terms of the angle between transmembrane and periplasmic
helices, the Pf1 protein essentially has no angle smaller than 60° in the bilayers, while it have
large population with angles 20-60° in the micelles (Figure 5.15). Our simulation results suggest
that, while micelles are effective mimetic for membrane bilayers and could hold the membrane
protein transmembrane domain structure well (74), they may not hold other structural elements

(and their orientations) existing on the outside or periphery of membrane bilayers well.
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Figure 5.15 Distribution of angles between the transmembrane (TM) and periplasmic (PP)

helices of Pfl protein in the DHPC micelle (red) and DOPC/DOPG bilayer (black).

Figure 5.16 Snapshots of Pfl protein in (A) Pf1-DOPC/DOPG bilayer and (B) Pf1-DHPC50
micelle systems. The black arrows indicate the principal axis of helix in the protein. The protein
is presented in green; the detergents are shown as gray lines; the head group phosphorus atoms

are shown in spheres. lons and water blocking the views of protein are omitted for clarity.
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5.4 Conclusions

We have described the generalized and automated procedure to build a protein/micelle complex
system for MD simulation using Micelle Builder in CHARMM-GUI. Its efficacy was first
illustrated by building and simulating four representative homogenous micelle systems of DHPC,
DPC, TPC, and SDS. During the simulations, all micelle systems are stable. The size, shape, and
structure of resulting micelles are in quantitative agreement with available experimental data and

other simulation studies.

Instead of using a spherical model, the torus-shaped micelle building method in Micelle
Builder was developed to generate protein/micelle complex structures. As illustrated with
distinct topologies of a-helical and (3-barrel membrane proteins, this method can be applied to
various proteins with different geometries. As a representative, Pf1 protein/micelle systems were
built, simulated, and characterized. Due to the larger mobility of detergents in a micelle, the
detergents can interact with specific sites on the protein than their lipid counterparts. In the Pfl
case, the different geometries of micelle and bilayer could affect the structure and orientation of
domains outside or at the periphery of the membrane in a membrane protein, and thus lead to
different overall protein structures. It is our hope that CHARMM-GUI Micelle Builder is used
for simulation studies for various protein/micelle systems to better understand the protein
structure and dynamics in micelles as well as distribution of detergents and their dynamics

around protein.
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