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Abstract

The TMEM16 membrane protein family consists of both scramblases and ion channels involved in

olfaction, nociception, smooth muscle contraction, and blood coagulation. A scramblase is a membrane

protein that conducts lipid headgroups from one leaflet to the other in a non specific and energy indepen-

dent manner. The ion conduction pathway and the lipid conduction pathway in TMEM16 proteins are

not known. Some researchers believe both may permeate the same path, but the precise mechanism of

ion and lipid permeation is not clearly understood. This thesis is composed of two parts. In the first part,

I develop methods that utilize continuum elasticity theory, electrostatics, and solvent accessible surface

area calculations to explore resident protein interaction with the lipid bilayer. I test these methods on

the well studied proteins, TRPV1 and Gramicidin, while adding insight to previous work. In the sec-

ond part, I combine these methods with convention molecular dynamics simulations to understand lipid

permeation in the Nectria hematococca TMEM16 scramblase. I identified specific residues on the pro-

tein surface that are responsible for scrambling, and homologous positions in the mammalian TMEM16

family members may be promising pharmaceutical targets.
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Chapter 1

Introduction

The interplay between the structure of the cell membrane and resident membrane proteins drives some of

the most fascinating biological phenomena from tension sensing mediated by stretch-activated channels

to membrane remodeling and budding by BAR-domains. In my thesis, I employ a combination of multi-

scale mathematical modeling and fully atomistic molecular dynamics (MD) simulations to understand

how TMEM16 proteins bend the membrane to initiate lipid flipping and ion permeation. Through these

processes, TMEM16 family members are involved in olfaction, nociception, and coagulation. Some

members cause morphological changes to cell membranes, such as the mammalian TMEM16F, which

induces platelet microvesiculation. To study how TMEM16 interacts with the membrane, I needed a

tool to explore protein induced membrane distortions at large length scales, long time scales, and with

chemical detail. Due to experimental limitations, MD is the gold standard for addressing such questions,

but large simulations are computationally demanding. Continuum elasticity theory has been a popular

method for exploring membrane-protein interactions at reduced computational cost, but previous models

fail to capture the chemistry and geometry of real proteins. The Grabe lab developed a hybrid continuum-

atomistic model that includes both of these features, and I spent the first two years of my doctoral studies

implementing a sophisticated finite area method that could solve the membrane biharmonic equation for

proteins with complex shapes. I also translated the code to open source software to utilize national

supercomputers, where we can now massively parallelize our code to solve thousands of problems at

once. I demonstrated that even on a single desktop computer this method is 10,000 times faster than

traditional MD, and I show that it reproduces the membrane surfaces and energies predicted by MD.

With this model, I investigate the interactions of TMEM16 proteins with membranes.
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The crystal structure of the fungal Nectria hematococca TMEM16 (nhTMEM16) scramblase sug-

gested a putative mechanism of lipid transport, whereby polar and charged lipid headgroups move

through the low-dielectric environment of the membrane by traversing a hydrophilic groove on the

membrane-spanning surface of the protein [4]. My continuum calculations of nhTMEM16 revealed

a global pattern of charged and hydrophobic surface residues that bends the membrane in a large-

amplitude sinusoidal wave, resulting in pronounced bilayer thinning across the hydrophilic groove. I

hypothesized that this thinning aided in lipid crossing and potentially ion permeation. I then carried

out continuum calculations on comparative models of human homologs and showed that these family

members bend the membrane, even the non-scramblases. My prediction was later experimentally vali-

dated via cryo-EM [5]. I also carried out MD simulations and uncovered two lipid headgroup-interaction

sites flanking the groove on the extracellular (SE) and cytoplasmic (SC) sides. The SE is a ‘stepping

stone’ that binds lipids during permeation, and the SC nucleates a chain of lipids into the groove via

headgroup dipole stacking interactions. These conserved residues have been experimentally verified to

be important for TMEM16 function [6]. Future work aims to expand our continuum membrane model

to probe TMEM16 multi-protein complexes, which is likely critical to the membrane blebbing observed

during platelet activation. This new direction will likely provide useful insight for investigating protein-

mediated membrane remodeling in many other settings.
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Chapter 2

Membrane Protein Properties revealed by

data rich electrostatics calculations

2.1 Introduction

The Poisson-Boltzmann (PB) equation is a popular method for calculating the electrostatic properties

of proteins [7, 8, 9, 10, 11]. The equation relates the fixed charges on a protein of known structure to

the electrostatic potential from which electrostatic energies can be determined [12]. Formally, the PB

equation is a second-order partial differential equation:

−∇ · [ε(r)∇φ(r)] + ε(r)κ2(r)sinh[φ(r)] =
e

kBT
4πρ(r), (2.1)

where φ = eΦ / kBT is the reduced electrostatic potential, ε is the dielectric value of the different

spatial regions (water, membrane, protein), κ is the Debye-Huckel screening parameter related to the

ionic conditions of the solvent, ρ is the spatial distribution of the fixed charges on the protein, and r is

the position in three dimensional space. This theory has been applied widely to study ligand binding,

protein-protein interactions, and conformational change, with the majority of the studies aimed at soluble

proteins.

Electrostatics play an intimate role in the function of membrane proteins as well, and the low-

dielectric nature of the membrane has a large influence on the electric fields and energetics of proteins

and small molecules at or near the lipid bilayer. Key studies have used PB theory to determine the proto-

nation state of residues in membrane spanning regions [13, 14], the insertion energetics of hydrophobic
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helices [15], the influence of the membrane potential on transmembrane proteins [16], and how the

membrane alters the electrostatic potential experienced by ions passing through channels [17]. While

there are several PB solvers available for studying soluble proteins, few have been adapted to explore the

influence of the membrane. Previously, we developed the APBSmem software to enable users to carry

out a number of calculations relevant to specific membrane processes [18]. APBSmem uses the Adap-

tive Poisson-Boltzmann Solver (APBS), an open-source finite difference PB solver, as the back-end for

its electrostatics calculations [7].

Here, we report a number of significant advances to APBSmem that make it more versatile, providing

additional energetic information for users, increased protein and membrane manipulation, bundling with

PDB2PQR for pKa calculations, and the ability to report non-polar energy values, which are needed to

better model membrane protein stability. A number of these additions are shown in Figure 2.1 and are

discussed in detail in the Experimental Procedures and Supplemental Information. We demonstrate the

new features of APBSmem through five case studies. The first two cases explore permeation of cations

through the recently solved structure of the thermosensitive channel TRPV1. APBSmem automatically

identifies residues known to influence conduction, and it provides a rationale for pH dependent changes

in ion selectivity. Case III shows how the software can be used to quickly identify residues whose

protonation states are altered by the membrane, and Case IV explores properties revealed from a scan

of electrostatic insertion energies for all multipass membrane proteins of known structure. Finally, Case

V shows how protein stability and orientation in the membrane can be predicted with a simple model

based on non-polar energetics coupled with electrostatics.

2.2 Methods

All calculations were carried out with APBSmem, which is a Java-based program that aids in solving

the PB equation in the presence of membrane-like environments. It can be run from a GUI or from the

command line using pre-specified input files. PDB files were loaded into the software, and charge mod-

els were set using the bundled PDB2PQR package. Non-standard protonation states of specific residues

were assigned with PROPKA, which is also now bundled with APBSmem. Through the GUI interface

calculation parameters were set including calculation type (ion solvation energy, gating charge/voltage
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Figure 2.1: Workflow for APBSmem. PDB or PQR files (green) can be loaded into APBSmem through
the GUI or via input files executed from a command line. The bundled PDB2PQR program will pro-
tonate PDB files followed by initial protein surface determination with APBS. A membrane flooding
algorithm (see Fig. 2.2) will add the presence of a low-dielectric membrane. APBS and MSMS can then

be used to determine the energies for a number of situations outlined in Cases I-V.

dependence calculations, membrane insertion energy, pKa shifts, etc.), spatial dimensions and grid dis-

cretization, membrane/protein/solution dielectric values, protein surface representation, far-field bound-

ary conditions, as well as other parameters typical of molecular PB calculations. Once all parameters are

set, APBSmem calls APBS to generate an initial dielectric environment map (ε), ion accessibility map

(κ) and explicit charge map (ρ) based on the molecular coordinates and any explicit ions in solution.

These maps are then manipulated by APBSmem to include the presence of an implicit membrane in the

dielectric and ion accessibility maps, as well as the charge maps if a membrane potential is imposed

on the system. The Preview button allows the user to quickly visualize the protein’s placement in the

membrane, which is crucial at this stage to ensure proper orientation in the membrane with the desired

membrane-protein boundaries. APBSmem next calls on APBS again using the altered maps to numer-

ically solve the PB equation in Eq. 2.1. This flow makes APBSmem operation transparent: after an

APBSmem calculation, calculations can be repeated without using APBSmem by simply running APBS

on the generated input files. An in-depth discussion of the basic features of the software is provided in

our original manuscript [18].

Per-residue solvation energies are calculated as the sum of the fixed-charge energies for all residue

atoms computed in the presence of the membrane subtracted from the fixed-charge energy when the
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protein is in solution. Per-residue ion interaction energies are calculated by summing the per-atom

fixed-charge energies over each atom in a residue. This energy value is formally divergent because it

evaluates the potential at the position of the atoms, so APBSmem isolates the residue-ion interaction en-

ergy by subtracting off the protein-protein energies. These per-residue interaction energies are saved to

a log file in the output directory and used to produce the energy profile. pKa shifts are calculated from a

set of thermodynamic cycles. We consider two cycles: first, the energy required to protonate/deprotonate

the residue of interest in solution (cycle 1), and second, the energy required to protonate/deprotonate the

residue in the presence of the membrane (cycle 2). We use PROPKA to compute the values along cycle

1. APBSmem solves the PB equation to determine the change in total electrostatic energy for inserting

a protein into the membrane with the residue deprotonated and the change in energy with the residue

protonated. This difference between these energies is used to calculate the shift in pKa along cycle 2.

Details of these cycles are further described in Figure S1 and the Supplemental Information. Homology

models of the transmembrane domains (TM1 and TM2) of the ATP-binding cassette (ABC) transporter

Ste6p* described in case V were constructed with Modeller9v13 [19] using the P-glycoprotein trans-

porter (PDB ID: 3g5u) as a template structure and the alignment provided in Figure S3. Additional

hand adjustments were then carried out to close up gaps and maximally align the second transmembrane

regions. The final alignment used for construction of the first two TM segments of Ste6p* and the wild-

type TM2 segment is shown in Figure S3. The mutant TM2 segment was then constructed using the

wild-type TM2 model as a template. Please note that for the TM insertion energy calculations, these

alignments are not crucial since we simply assume that both TM2 segments take on roughly straight

helical configurations.

The new features added to APBSmem that are used throughout this study are more fully described

in the Supplemental Information and include: enhanced PDB/PQR file processing, greater geometric

control over proteins, ions and small molecules, automatic identification of the membrane, non-polar

energy calculations with MSMS, per-residue contributions to energies, command line scripting, and

ligand solvation energy calculations.
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2.3 Results

2.3.1 Case I: Ion and small molecule placement and manipulation for computing elec-

trostatic energy profiles

Due to the low-dielectric nature of the lipid bilayer, ions and small charged molecules cannot readily

cross the membranes of cells and organelles. Instead, ion channels and transporters span membranes to

facilitate movement. Since ions and many small molecules are electrically charged, electrostatic inter-

actions with the channel or transporter are key determinants of the magnitude of the flux and substrate

selectivity. Previously, we demonstrated the ease with which APBSmem can be used to calculate the

electrostatic solvation free energy of potassium ions in the pore of the membrane-embedded KcsA potas-

sium channel [18] by revisiting the seminal study on this topic by Roux and MacKinnon [17]. The ion

transfer free energy, ∆Gelec, is calculated as:

∆Gelec = EP,I − EP − EI , (2.2)

where EP,I is the electrostatic energy of the protein plus ion embedded in the membrane, EP is the

energy of the protein in the membrane, and EI is the energy of the ion in solution. A description of how

total electrostatic energies (as in Eq. 2.2) are computed from Eq. 2.1 is presented in the Supplemental

Information. Unfortunately, there are still several major hurdles to carrying out these calculations that

make them difficult for non-experts including charge assignments, orienting the protein in the membrane,

editing the dielectric around the protein to include the influence of the membrane, and then placing and

moving ions through pathways of interest. We have added features to APBSmem that streamline these

steps (Figure 2.1).

We examine ion movement through TRPV1, a narrow channel that is selective for Ca2+ and to

a lesser degree for Na+ [20]. TRPV1 is thermosensitive, mildly voltage dependent, and sensitive to

several toxins and irritants such as capsaicin, which is the active ingredient in chili peppers [20]. The

channel is a tetramer with each subunit having 6 transmembrane (TM) segments, and the last two TMs

form the central pore domain through which ions flow (A). The pore has two constriction zones: one at

the selectivity filter composed of residues GMGD and a second hydrophobic gate near the cytoplasmic
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side of the membrane where the TM6 helices cross [21]. TRPV1 agonists can induce large conformal

changes, opening one or both gates [22]. The most open conformation of the channel was recently

determined via electron cryo-microscopy in the presence of a vanilloid agonist resiniferatoxin (RTX)

and double-knot toxin (DkTx) [22, 21].

The channel structure (PDB ID: 3j5q) was loaded into APBSmem and then new features in the Ori-

ent menu were used to translate the channel -20 Å along the z-axis, rotate by 180 degrees about the

x-axis, followed by a 45 degree rotation about the z-axis. Next, we chose a smoothed molecular surface

representation for the protein [23], and the SWANSON parameter set for the atomic radii and charges

[24], since the dielectric smoothing inherent in this method generally gives rise to non-rugged ion en-

ergy profiles. Parameterizing the pdb file to create what is known as a pqr file is quite easy now that we

have bundled PDB2PQR into the APBSmem distribution [25]. For Cases III-V, we will use the PARSE

charge and radii set to parameterize the proteins since that model was specifically developed to explore

the free energy of partitioning between aqueous and non-polar environments [26]. The upper and lower

boundaries of the membrane must be set by hand in the graphical user interface (GUI) for the protein of

interest (Figure 2.1), and then APBSmem edits the local dielectric, charge, and ion accessibility around

the protein to include the presence of the membrane for electrostatics calculations. The presence of

aqueous cavities makes it difficult to unambiguously identify the membrane-protein boundaries when

adding the membrane. This task is particularly difficult for channels containing fenestrations that con-

nect the inner pore directly to the mid-plane of the bilayer, such as the voltage-gated sodium channels

[27, 28, 29] (Figure 2.2B). Programs exist for detecting cavities in proteins [30, 31]; however, detec-

tion can also be difficult when the water pathways are convoluted and the protein lacks symmetry, in

which case more computationally demanding methods are needed [32]. To this end, we use a six-way

flood-filling method illustrated in Figure 2.2A, which starts from a ’seed’ point known to be within the

membrane and then tests surrounding regions to determine if they are within the membrane boundaries

and external to the protein. The entire membrane is drawn by expanding from this seed in an iterative

manner. An additional threshold can be set that prevents expansion into holes smaller than a vertical

thickness of t (Figure 2.2B). Here, we use a value of t equal 8 Å which roughly approximates the size

of a lipid molecule, and this value successfully allows for the proper identification of aqueous cavities.

The final membrane embedded protein is shown in Figure 2.3A with the corresponding membrane
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Figure 2.2: Automatic detection of aqueous channels. A, Membrane flooding method. Protein is orange,
solution white, initial membrane boundaries black lines, and membrane blue. The membrane is added
iteratively in small units starting from an initial seed at the outer boundary of the system. Membrane will
not flood protein fenestrations with a vertical dimension less than t. B, Surface of the NaV Ae1p sodium
channel showing large fenestrations in the hydrophobic core of the membrane (top). If no threshold
is set of lipid penetration, Membrane fills the central aqueous cavity of the channel if no threshold is
set (blue surface, bottom left); however, for t equal 8 Å the membrane will not penetrate into aqueous

cavities (bottom right).

boundaries. We then used the new Ion/Step ion function to create a Ca2+ ion and move it along the

z-axis through the center of the pore from -40 to +80 Å . A series of calculations were initiated along the

path to determine the electrostatic component of the free energy, ∆Gelec in Eq. 2.2, for each position

(Figure 2.3B). Parameter values for all calculations are listed in Table 1. The energy profile is marked

by asterisks corresponding to locations of interest, and the positions were also identified on the structure

(from top to bottom): two minima in the selectivity filter, one minimum in the central cavity between

both gates, and one location near the lower gate. These positions most likely reveal regions of the

channel involved in selectivity or function, which we explore in more detail in Case II. Additional

technical aspects of the calculation concerning timings, the choice of molecular surfaces, linear versus

non-linear solutions, and grid spacing are discussed in the Supplemental Information.

2.3.2 Case II: Contribution of individual residues to the electrostatic interaction

Specific residues often play a crucial role in determining protein function by stabilizing bound ligands,

facilitating ion permeation, or providing structural integrity through salt bridge interactions. While sev-

eral phenomena contribute to stabilization, electrostatics is often a key factor, and in some cases it can be
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Figure 2.3: Ion stepping for potential energy profiles through TRPV1. A, Molecular image of the fully
open TRPV1 tetramer bound to RTX and DkTx (PDB ID: 3j5q) colored by chain and embedded in a
low-dielectric, ion-impermeable membrane. The upper and lower leaflets of the membrane are pale grey
surfaces. Asterisks highlight positions along the channel that correspond to energy minima in B. B,
Calcium ion solvation energy through TRPV1. The upper two minima are in the selectivity filter, the

third from the top is in the cavity and the bottom position is near the inner gate.

the dominant term. With this in mind, it is useful to determine the contribution of a particular residue to

an electrostatic interaction, and this information can help interpret structural information to guide future

experiments, as reported by Robertson and colleagues in their work on inward rectifier channels [33].

The technical details for isolating electrostatic interaction energies between ions or small molecules with

specific residues in a protein can be found in the Experimental Procedures and Supplemental Informa-

tion.

Here, we highlight the utility of APBSmem’s ability to dissect the electrostatic contribution of each

residue by reexamining Ca2+ permeation through TRPV1. As described in Case I, the ion experiences

energy minima at four locations in the channel (asterisks in Figure 2.3B), and we identified the top

five amino acids that interact most strongly with the ion at each of these positions (vertical dashed

lines in Figure 2.4A-D). The interaction energy of these residues with the ion is plotted throughout the

channel to reveal the spatial extent of their influence. The channel with the ions (red) at each of the four

positions is shown to the right of each profile. Not surprisingly, charged residues contribute the most

to the electrostatic interaction energy. However, this is not always the case as the carbonyl group of
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G643 plays an important role in stabilizing the cation in the narrow portion of the filter (panel B), which

is observed for potassium channels. The ease with which APBSmem identifies these crucial residues

through these calculations provides a convenient and rational means to select targets for mutational and

functional studies.

Many of the residues in Figure 2.4 were previously shown to play a role in conduction. Counterin-

tuitively, Liu and coworkers demonstrated that a basic residue, K639, is essential for cation conduction,

and neutralization (i.e., K639Q) reduces current [34]. Our calculations reveal that K639 destabilizes

permeating ions more than any other residue in the channel, offsetting the deep energy well created by

acidic amino acids that would otherwise trap Ca2+. This result supports the hypothesis that decreased

single channel conductance in the K639Q channel results from longer Ca2+ dwell times in the primary

binding sites. Stabilization in the selectivity filter is dominated by D646, E636 and to a lesser extent

E648 (panels A and B). Indeed, mutations that neutralize D646, E648 and E651 reduce Ca2+ permeabil-

ity [35, 36, 37, 38], and result in a loss of Ca2+ selectivity with respect to Na+ [37]. A more recent study

showed that D646, E648, and E651 provide a strong Ca2+ binding site [39], which is in agreement with

the deep electrostatic well shown in Figure 2.3B, but APBSmem does not reveal an electrostatic role

for E651. Unlike the other acidic residues, E636Q causes a significant increase in the agonist induced

fraction of total current carried by Ca2+ [39]. It is often difficult to determine the kinetic properties of a

channel, such as conduction rate and non-equilibrium selectivity, from equilibrium free energy profiles.

However, these profiles can be coupled with simple kinetic models to reveal estimates of single channel

flux and differential flux for different ions, thus providing deeper mechanistic insight into how residues

control channel properties.

Data suggest the existence of an ion-binding site deeper in the pore than the ones stabilized by

D646/E648/E651 in the filter [35]. Our calculations show that the minimum in the central cavity at 17.6

Å is slightly more stable than the other sites, and the top contributor at this position is D576 (panel

C). Previously, the charge at this position was recognized as being important for capsaicin-dependent

activation [40], but to our knowledge, its importance in ion stabilization had gone unnoticed. We suggest

that mutations at D576 may change channel conduction properties. Together, APBSmem provides an

automated pipeline to gain inferences about new protein structures in which critical residues may not

yet have been identified.
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Figure 2.4: Critical residues contributing to the electrostatics of ion permeation through TRPV1. Top
five residues interacting with the permeating ion (by absolute value) at each of the positions (A, 32 Å;
B, 24.8 Å; C, 17.6 Å; and D, 2 Å) identified in Figure 2.3. The vertical dashed line is the ion position
of interest at which the rank order was compiled, but interaction strengths are plotted through the entire
channel. The molecular image to the right of each graph shows the ion (red asterisked sphere) at the z
position corresponding to the dashed line. TRPV1 is yellow with impactful residues rendered in stick
mode. For clarity, only two subunits of the channel are represented, and a Ca2+ ion is pictured at all four

positions for perspective, but calculations are performed with only a single ion in the channel.
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Next, we explored the influence that the protonation state of particular acidic residues had on the

very stable energy profiles in Figure 2.3B. Using patch clamp photometry and site-directed mutagenesis,

Samways and co-workers demonstrated that protonation of residues D646, E648 and E651 significantly

reduces the fraction of total current carried by Ca2+ in a manner indistinguishable from pH-dependent

loss of selectivity [37], hinting at a mechanism for pH-dependent loss of Ca2+ selectivity in which these

residues become protonated. They later estimated that the D646N/E648Q/E651Q triple mutant lacked

any selectivity for Ca2+ over Na+ [39]. Our initial calculation showed that D646 is most important for

ion stabilization, and since TRPV1 is a tetramer, there are four copies of this residue. We protonated

each in turn and recomputed the corresponding Ca2+ and Na+ profiles. To facilitate such calculations,

we created a dialog box so that charge states for individual residues can be set prior to each calculation

using the integrated PROPKA plugin [41, 42]. In the Assign charge states section of the GUI a button

exists to select any amino acid in the protein identifying them by their chemical name, residue number,

and chain ID.

Neutralization of all four D646 residues results in a 6.8 kcal/mol decrease in Ca2+ binding energy at

the most extracellular site (32.0 Å) and an extracellular shift in the position (Figure 2.5A). The sites at

24.8 Å and 17.6 Å are also destabilized, but by a much smaller amount: 4 and 0.4 kcal/mol, respectively.

Protonation changes in the protein can therefore dramatically influence binding energy and ion dwell

times at positions along the pore. Additionally, we carried out the electrostatic free energy calculations

on a sodium-like cation (Figure 2.5B). Even when all four D646 residues are charged, the binding energy

is much smaller due to sodium’s reduced valency, and the most extracellular site is barely present.

Correspondingly, protonating D646 has less of an impact on the energy profile, and a rough comparison

of the binding energy changes at each site reveal an energy difference between Ca2+ and Na+ of -4.5,

-2.3 and -3.7 kcal/mol prior to protonation and 1.7, 0.4 and -3.4 kcal/mol after full protonation at the

extracellular filter site, intracellular filter site, and the cavity site, respectively (Figure 2.5C). Thus, the

electrostatic changes alone show a dramatic loss of binding energy for Ca2+ compared to Na+ when

the filter sites are protonated in response to a drop in pH. These calculations corroborate the loss of

selectivity as the pH decreases, as reported [35, 39, 37].
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Figure 2.5: Selectivity is influenced by protonation state. A, B, Ion stepping profile with zero to four
D646 residues neutralized for Ca2+ and Na+, respectively. Note that the energies near 32 Å for both
ions become comparable once all D646 residues are neutralized. C, Energy difference between profiles

shown in panels A and B. This energy is the Ca2+ energy minus the Na+ energy.

2.3.3 Case III: Determination of membrane induced pKa shifts

The protonation state of a residue can be influenced by the local electrical environment, changes in pH

(as discussed in Case II), and the dielectric environment. There is significant literature centered on the

use of continuum electrostatics for predicting pKa shifts of residues since charge changes can impact

protein structure, ligand binding, and protein-protein interactions, see [43], and earlier studies have

used solutions to the PB equation to explore pKa shifts in the presence of the membrane for membrane

proteins such as bacteriodopson [13] and outer-membrane porins [14]. When a charged group moves

from a high-dielectric environment, like water, into a low-dielectric medium, such as the bilayer core,

there is an electrostatic penalty, which can be thought of as the energy associated with stripping away

polar water molecules from the protein. Neutralizing the residue can mitigate this energetic cost, and if

the resulting energy decrease is greater than the free energy of ionization, then the group will likely be

neutral in the membrane. As shown in Figure S1, we calculate these shifts using two thermodynamic

cycles for de/protonation of a residue of interest in solution (∆pKa1, cycle 1) and a cycle corresponding

to a change in charge state in the membrane (∆pKa2, cycle 2). PROPKA is used to compute the shift

along cycle 1 [41, 42], and APBSmem is used to estimate the shift due to the membrane using the PB
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approach developed by Honig and co-workers [44] as described in the Supplemental Information. Thus,

the pKa of a residue is given by:

pKa = pKa0 + ∆pKa1 + ∆pKa2, (2.3)

where pKa0 is the experimentally determined pKa of the isolated residue. APBSmem will calculate

the ∆ pKa of a single residue, or it will provide a rank ordered list of residues most likely to be shifted

based on a single, heuristic approximation presented next.

Here, we demonstrate APBSmem’s ∆ pKa calculator with mVDAC1 and LeuT for which timings

and memory usage can be found in Table S1. As an initial evaluation, we ran a single solvation energy

calculation for mVDAC1 with all residues set to standard protonation states at pH 7 to obtain the per-

residue components of the solvation energy (Figure 2.6A). For these calculations, we subtract the total

fixed charge energy of mVDAC1 in solution from the membrane embedded value and report the per-

residue contribution. While not a direct indicator of ∆ pKa, large energy values might be reduced if the

residue is neutralized. This quick calculation singled out E73 and K110 as having the largest solvation

energies. The side chain of E73 is oriented towards the hydrophobic core of the membrane, as suggested

earlier by De Pinto and co-workers [45], while K110 points toward the bilayer at the headgroup-core

interface (Figure 2.6C). Figure 2.6B shows membrane induced residue pKa shifts for all R, K, D, E, Y,

and C residues in mVDAC1 (∆pKa2), assuming a protein dielectric of 2 and 8 since it is often debated

which dielectric value is most appropriate [46]. As predicted by the fixed energy solvation values, both

E73 and K110 have the most profound shifts, regardless of the protein dielectric constant employed.

The modified pKa of E73 and K110 are 25.37 and -0.87, respectively (Table 2). Values above 7 indicate

protonation at neutral pH, while values less than 7 indicate a lack of protonation; thus, we predict that

K110 and E73 are both neutral. Our findings corroborate recent MD simulations showing that E73

causes bending and water penetration into the membrane when charged [47]. However, simulations

have not reported deprotonation of K110 [48, 49, 50, 47] potentially due to electrostatic compensation

due to snorkeling into the headgroups.

The per-residue solvation energies for the LeuT transporter reveal that K288 is an outlier (Figure

2.6D). The membrane induced pKa shift is -12.64 (Figure 2.6E), indicating that it is most likely neutral
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Figure 2.6: Membrane induced pKa shifts. A, mVDAC1 (PDB ID: 3emn) per-residue solvation energy
contributions. B, Membrane induced pKa (∆pKa2) shifts for mVDAC1 calculated with the protein
dielectric set to 2 (+) or 8 (circle). C, Image of mVDAC1 showing E73 poking into the membrane
and K110 in the headgroup. D, LeuT (PDB ID: 2a65) per-residue solvation energy contributions. E,
Membrane induced pKa shifts for LeuT with the protein dielectric set to 2 (+) or 8 (circle). F, LeuT

showing K288 poking out into the membrane.
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and which is consistent with its position in the bilayer core (Figure 2.6F). Not surprisingly MD simula-

tions with K288 charged result in membrane deformations, water penetration, and membrane thinning

at the site [51, 52], and these deformations could help keep the residue charged [53, 54, 51, 52, 55].

We want to emphasize that the membrane-induced pKa shifts described here are a first order ap-

proximation of a more complete statistical-mechanical treatment, which accounts for the interaction of

multiple charged sites in all possible ionization configurations [44]. This full treatment can be done

using the shell scripting feature with APBSmem, but except for the smallest proteins, this calculation

can be extremely time consuming; thus, it is useful to consider solving this problem with approximate

methods [13, 56], or Monte Carlo-based approaches [57]. Furthermore, charged side chains are often

able to reduce their electrostatic penalty either by snorkeling into the head group region, or by forming

hydrogen bonds with nearby residues that would otherwise not form if the protein were in aqueous so-

lution. Thus, in addition to exploring the full ensemble of possible titration states, one would also need

to optimize side chain conformations in order to obtain a more accurate pKa.

2.3.4 Case IV: Electrostatic survey of membrane proteins of known structure

We combined the automatic membrane detection algorithm with command line scripting to expand

our per-residue solvation energy analysis to 1,614 multi-pass membrane proteins available in the OPM

database [58]. For each protein, we identified residues that incurred a 10 kcal/mol or greater electro-

static penalty for residing in the membrane, assuming standard protonation states at pH 7. We used the

membrane thicknesses determined by OPM for each protein. While most membrane proteins have no

residues (41%) or one residue (15%) in violation, APBSmem identified 707 proteins that have 5 or more

residues in violation (44%). For instance, the method correctly identified all 12 copies of the titratable

rotor site (D61) on the rotor domain of the FO-ATPase (PDB ID: 1c17), whose protonation is crucial for

ion transport (Rastogi and Girvin, 1999). In Figure 2.7A, we picture three of the top five structures with

the most violations: the KvAP voltage-gated potassium channel (PDB ID: 2a0l, [59]) with 52 penalties,

the capsaicin-bound TRPV1 channel (PDB ID: 3j5r, [21]) with 25 penalties, and the mechanosensitive

channel of large conductance MscL (PDB ID: 3hzq, [34]), with 24 penalties. The physiological rele-

vance of the KvAP structure is not clear [60] and many of the high energy residues are buried deep in

what would be the core of the membrane, but offending residues are located near the headgroup interface
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for both MscL and TRPV1. It is possible that minor membrane bending could accommodate the residual

hydrophobic mismatch for these proteins. In the future, we will explore membrane bending effects with

our implicit membrane-bending model [53].

We next categorized the proteins by family using the Mpstruct database. Figure 2.7B shows the

proportion of α-helical structures evaluated that had at least five residues with electrostatic insertion

penalties above 10 kcal/mol for the top twenty families. The majority of these groups are transporters and

ion channels, but we also identified families involved in the electron transport chain and light harvesting.

For example, APBSmem indicates large penalties for E78 and R207 in cytochrome b6f, which line the

proton transfer pathway [61]. Thus, α-helical proteins that move charge across membranes appear to

have an increased number of charged residues in the transmembrane region that are energetically costly.

In contrast, β-barrel proteins generally have fewer residues with large electrostatic penalties. However,

many of these proteins also facilitate charge movement, and we hypothesize that the large water filled

cavities found in porins reduce the electrostatic fields and corresponding energy penalties. Only the

PagP outer membrane palimitoyl transferase (PDB ID: 1mm4, [62]) returned five or more high-energy

residues, and these residues are located on the loops of the barrel and at the head group-core interfaces.

We found only a very weak correlation (R2 < 0.1) between the resolution of the structures and the

number of electrostatically unfavorable residues for α-helical proteins, and there was no correlation for

β-barrels (Figure S2A-E). That said, the five structures with the highest number of reported residues

have resolutions greater than 3.2 Å.

Finally, we categorized the total number of residues with large electrostatic insertion penalties for

both α-helical (Figure 2.7C) and β-barrel (Figure 2.7D) proteins. As expected, the majority of identified

residues are charged, and α-helical proteins contain more basic residues while the most prevalent residue

in β-barrels is aspartate. Clearly, many of these residues will be neutralized in the membrane, but we

note that some residues we identified are not titratable. For example, the backbone of residue S2 in

mitochondrial cytochrome c oxidase (PDB ID: 2zxw, [63]) is exposed to the membrane core, giving the

residue an electrostatic penalty of 11.0 kcal/mol. Table S2 contains the full list of residues with large

solvation energy penalties greater than or equal to 10 kcal/mol, and details on the calculations can be

found in the Supplemental Information.
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Figure 2.7: Electrostatic scan of multi-pass membrane proteins. A, Three of the structures with the
largest number of electrostatically unfavorable residues: KvAP, TRPV1, and MscL (PBD IDs: 2a0l, 3j5r
and 3hzq, respectively). Residues with over 10 kcal/mol electrostatic insertion penalty are shown in red
licorice, and the total number of offending residues are given in parentheses. The water-head group and
head group-tail interfaces are shown as green and white surfaces, respectively. B, Proportion ofα -helical
structures with five or more residues characterized as electrostatically unfavorable. Families are defined
according to the Mpstruct database, and we excluded families with less than three structures used in the
final calculations. The total number of structures analyzed for each family is given in parentheses. C,D,
Total number of electrostatically unfavorable residues for α -helical and β -barrel proteins, respectively.

In total, calculations involved 794 α -helical proteins and 215 β -barrel proteins.
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2.3.5 Case V: Prediction of membrane protein insertion energies

Next, we use APBSmem to explore the stability of proteins in the membrane. There are several com-

putational methods available to quantitatively assess the energy of partitioning from water into the

membrane, including computational expensive fully atomistic MD simulations [64, 65], more tractable

physics based approaches [15, 58], and statistical potentials [66, 67]. We employ the method outlined

by Honig and co-workers, which assumes that the non-polar energy of insertion (∆Enp) is proportional

to the surface area of the molecule [26]:

∆Enp = a · (Amem −Asol), (2.4)

where Amem is the solvent accessible surface area (SASA) of the protein or molecule in the membrane

and Asol is the SASA in solution, and a = 0.028 kcal/mol/Å2 is a constant of proportionality. Both areas

are calculated by APBSmem using a call to the external program MSMS [68], which must be separately

downloaded and installed locally. APBSmem includes three models for calculating ∆Enp: 1) all surface

atoms between the upper and lower leaflets are included in the calculation ofAmem, 2) only atoms in the

hydrophobic core of the membrane are included, or 3) the constant a in the headgroup regions is linearly

scaled from 0.028 kcal/mol/Å2 to zero as the z-position of a buried atom approaches the membrane-

water interface from the headgroup-core interface. The later model is consistent with the observation

that water penetration falls off linearly in the headgroup region [69], and this is the model we employ

here.

Predicting the relative stability of membrane-spanning domains is critical to understand the balance

between membrane protein biosynthesis and quality control. As integral membrane proteins are trans-

lated and inserted into the endoplasmic reticulum (ER), their TMs must adopt the proper topology and

interact correctly with subsequent TMs to ensure native folding and function [70]. Failure to fold can re-

sult in protein destruction by ER-associated degradation (ERAD), a quality control pathway that triages

misfolded proteins [71]. Folding of multi-pass membrane proteins is highly problematic due to the num-

ber of membrane spanning domains and the complexity of intermembrane interactions, especially for

ATP binding cassette (ABC) transporters, which possess 12 TMs and two large cytoplasmic nucleotide

binding domains (NBDs). Indeed, destabilizing mutations within ABC transporters lead to a number of
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diseases [72].

A model misfolded ABC transporter is a truncated form of the yeast mating pheromone transporter

Sterile 6 (Ste6p*). Following translation, wild type Ste6p* traffics to the plasma membrane; however,

a 42 amino acid truncation in the second NBD (NBD2) results in ER retention and destruction by the

ERAD pathway [73]. To model ABC transporter TM insertion, folding, and quality control, we created

an internal deletion of Ste6p* to remove all but the first two TMs, which were then appended to the

truncated NBD2. This species was termed Chimera N*. When expressed in yeast cells, the native TM2

in Chimera N* fails to partition into the membrane (data not shown). However, proper topology is cor-

rected by substitution of TM2 with an artificial poly-A/L hydrophobic stretch offset by helix terminating

linkers [74]) (Figure 2.8).

Because a high resolution structure of Ste6p* is lacking, we created a homology model of the wild

type and mutant constructs based on the related P-glycoprotein (P-gp) ABC transporter (PDB ID: 3g5u,

26% identity, [75]) (see Supplement Information and Figure S3 for details on model construction).

Superposing the 2TM model of Ste6p* (yellow) on the P-gp transporter (green) reveals that both helices

have extensive interactions with other TM segments (Figure 2.8A), which may explain why Chimera

N* fails to adopt the correct topology. To explore the energetic stability of the isolated wild type and

artificial hydrophobic TM2 segments, we calculated the sum of the non-polar (Eq. 2.4) and electrostatic

energies (from Eq. 2.1) for each segment at different positions in the membrane, and with each compared

to their respective value in solution. We used command line scripting to rotate each segment through

a wide range of positions, including fully transmembrane, titled, and interfacial configurations with the

hypothesis that the native TM2 sequence may be predisposed to adopt an interfacial configuration, while

the engineered TM2 may be more stable in the fully inserted state. An energetic heat map was created

for each helix by rotating 360 degrees along the long axis (φ) and then pivoting the helix from 0 to 90

degrees with respect to the membrane normal (θ) while pinning the N-terminus as shown in panel B.

See the Supplemental Information for a complete description of the electrostatic energy and scripting.

As hypothesized, the native TM2 is significantly more stable bound to the membrane than in aque-

ous solution with nearly equal values in interfacial (-35 kcal/mol) and transmembrane configurations

(-36 kcal/mol). The overall stability in or near the membrane is not surprising given the hydrophobic

character of the primary sequence, and the similarity between these two energetic values may explain
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Figure 2.8: Membrane protein insertion energies. A, Superposition of homology model of Ste6p* 2TM
construct (yellow) on the Pg-P template structure (green). B, Model of isolated TM2 from wild type
(yellow on left) and poly-alanine/leucine construct (red on right) with molecular surface showing amino
acid chemistry (white - hydrophobic, green - polar, blue - basic). Coordinate system corresponds to
panels C and D. The primary sequence of each construct is shown at the bottom. C-D, Insertion energy
heat map for wild type TM2 (C) and the artificial hydrophobic TM2 (D). The total energy consists of
electrostatic and non-polar terms. The most stable configurations are fully inserted (less than 30 degrees)
or interfacial (near 90 degrees). Minimum energy configurations of each orientation are depicted to the
left and right, respectively. The headgroup-water interface is pink and the headgroup-core interface is

white.
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why this segment fails to insert. Meanwhile, the artificial hydrophobic TM2 segment is more stable in

the transmembrane (-43 kcal/mol) than the interfacial configuration (-33 kcal/mol) due to the poly-A/L

sequence. The 10 kcal/mol increased stability of the transmembrane configuration likely explains its

correct topological insertion.

2.4 Discussion

We have explored a diverse set of biological problems related to the electrostatics and stability of mem-

brane proteins. In doing so, we used several new features of the APBSmem software that significantly

enhance its usability and power. The ability to manipulate protein orientation and position coupled with

the bundling of PDB2PQR now makes it possible to initiate calculations entirely within APBSmem

directly from a PDB file without the use of external software packages. Added functionality for ion

placement and movement allows users to easily explore the electrostatics of ion movement through

channels. Moreover, increased handling of energetic terms makes it possible to extract specific interac-

tions between protein residues and ions or small molecules in the system, which helps identify amino

acids critical to permeation or binding. We also developed a scheme to determine the membrane-induced

shifts in residue pKa values in combination with existing methods in the incorporated PROPKA soft-

ware. Using newly added command line scripting, we compiled a comprehensive list of residues likely

to have altered protonation states for all integral membrane proteins in the OPM database. Finally, a

more complete model of membrane protein stability that includes non-polar energies can now be calcu-

lated with APBSmem, since it interfaces with the program MSMS. While other energetic terms such as

protein conformational change, entropy, and membrane distortions are ignored, non-polar and electro-

static energies alone can provide a first approximation to protein stability. Thus, the ease and speed of

APBSmem coupled with its ability to predict changes at the single amino acid level make it a first line

approach for exploring the stability of membrane and membrane-associated proteins.

Throughout this study we have assumed that the membrane remains flat and undeformed, and there

are instances where this will not be true. An ongoing effort in our lab is to incorporate membrane

deformations into a continuum framework consistent with APBSmem [53], and future releases will

include this feature. Additionally, the parameters listed in Table 1 are based on typical continuum
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electrostatics calculations. For example, the high dielectric value of 80 used in the head groups is

inspired by fully atomistic simulations carried out in the Feller lab [76], but they are not intended to be

applicable to all situations. The APBSmem GUI makes it easy for researchers to explore different values.

In particular, it will be interesting to use APBSmem with the flexibility provided through batch scripting

to benchmark known pKa shifts for membrane protein residues to identify optimal model parameters

and test quantitative aspects of our method.
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Chapter 3

New continuum approaches for

determining protein induced membrane

deformations

3.1 Introduction

In the past decade there have been great advancements in the understanding and modeling of proteins

embedded in the membrane [77, 78, 79]. One of the first lessons from experiment was that membrane

structural and mechanical properties can induce proteins to undergo conformational changes to carry out

their function. Early experiments on the antibiotic ion channel forming peptide gramicidin A showed

that the thickness of the membrane drives dimerization of the channels [80], while later experiments on

the mechanosensitive channel MscL [81] showed that in-plane tension and the hydrophobic thickness of

the membrane bias the opening and closing of MscL. In addition to the influences of membrane rigidity

and thickness, further advancements in experimental techniques have shed light on how membrane shape

is coupled to protein function, localization, diffusional properties, and protein-protein interactions [79].

For instance, membrane curvature plays a crucial role in the mobility of proteins in the membrane [82].

Curvature is thought to affect the probability of alamethicin conductance states [83] and to play an

allosteric regulatory role for ion channel function of α−hemolysin [84]. Moreover, proteins are not

static. Proteins push back on the bilayer, potentially acting as shape remodeling elements that may even

influence how cells carry out their biological function [85, 86] For example, protein coats composed of
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COPI or COPII complexes have been associated with the distinct shapes of spherical vesicles that shuttle

between the endoplasmic reticulum (ER) and Golgi [87], while the homotypic fusion of embedded

proteins on opposing membranes is believed to induce ER tubular networks [88]. Also, there is growing

evidence that rows of transmembrane F-ATPase dimers are partially responsible for the complex folds

of the cristae (inner mitochondrial membrane) [89, 90], and recent experiments using EM and electron

paramagnetic resonance of endophilin A1 show that vesiculation and tubulation are likely a function of

the depth of protein insertion [91].

Parallel to the new experimental evidence, several theoretical efforts to study the interaction between

transmembrane proteins and their host membranes have also emerged. Fully-atomistic simulation [92],

coarse-grained models [93], purely analytic continuum approaches [94] and hybrid models [95, 96]

have been developed to explain what is observed in experiment and to further explore these interactions

beyond the spatial and temporal resolutions of current experimental techniques. A key characteristic

of molecular dynamic simulations is the possibility of extracting a lateral pressure profile which de-

scribes the non-homogeneous membrane stress inside a bilayer arising from hydrophobic, electrostatic

and steric interactions [97]. The membrane stress profile can then be used to study the mechanical

coupling between the protein and the bilayer but results are affected by the level of coarsening in the

simulation [98]. Protein driven membrane deformations require system sizes and time scales that are

challenging for fully-atomistic simulation. Continuum approaches, however, are less computationally

demanding and have proven to be an effective tool to study these systems [79]. Numerous continuum

models for the membrane exist, most of which predict the deformation of the membrane that minimizes

the mismatch between the hydrophobic core of the membrane with the hydrophobic belt of amino acids

around the protein [99, 100, 101, 102, 103, 78]. The models calculate the shape of membrane surfaces

and also provide the resulting membrane compression and curvature energies.

Gramicidin A (gA) function in the membrane has been well characterized using experimental tech-

niques [80, 104], and for this reason it serves as a model system for the validation of continuum and

computational approaches. This antimicrobial, short peptide forms anchors in either upper and lower

monolayers, and individual peptides come together to create a homodimer that spans the membrane.

The ion channel is only functional as a dimer, and in thicker membranes, gramicidin must pinch the

upper and lower leaflets to dimerize. For this reason, dimer formation is a function of the hydrophobic
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mismatch between the dimer hydrophobic region and the membrane hydrophobic thickness. Membrane

bilayer energetics are related to the changes of the average gramicidin channel lifetimes [102, 105], and

this phenomenon provides experimentally measurable evidence of the underlying physical interactions

between the membrane and the protein. Many groups have successfully studied these lifetimes using

continuum membrane models [99, 106, 107, 101, 108, 103]. These theoretical approaches have pro-

vided deep insight into the effects of membrane elastic properties and protein boundary conditions on

the energetics of the system and the equilibrium shapes of the membrane near the protein. Neverthe-

less, the majority of these continuum-based studies have represented the protein as an idealized cylinder

lacking chemical detail. Consequently these continuum models have failed to reproduce outcomes of

detailed atomistic studies [92, 94, 98]. This observation has prompted the field to refine the continuum

approaches and include atomistic detail [95, 109, 110], geometric effects [111, 112], or both [96, 51].

For example, the Weinstein group [96, 51] developed a novel method to account for deformations of the

bilayer by non-cylindrical shape inclusions. Their model represents the membrane as two uncoupled sin-

gle sheets. They used a finite difference solver on a Cartesian grid where the membrane is represented

by a continuum elastic model but the boundary conditions for the model are directly extracted from

the membrane heights at the protein-membrane interface from molecular dynamics (MD) simulations.

This coupling to observations from MD proved useful in quantifying the hydrophobic mismatch-driven

remodeling of membranes by G-Protein Coupled Receptors (GPCRs) [96] and studying the coupling

between membrane shape and conformational states of the bacterial leucine transporter (LeuT) [51].

Similarly, Haselwandter and coworkers developed sophisticated analytic and numerical treatments of

the membrane-protein contact boundary to explore the influence of protein shape on the membrane de-

formation energies of MscL [113, 111, 112]. The authors used a continuum elastic representation of

the membrane together with mixed finite element formulation to solve for the membrane energies. Al-

though currently their methods do not include atomistic detail, their approach yields rapid numerical

convergence for complex domains and have successfully been applied to study the relations between the

shape of MscL and the supramolecular architecture of MscL lattices and clusters [112].

Here, we present a hybrid continuum-atomistic model that can describe membrane deformations

induced by membrane proteins of arbitrary shape. The model uses the structural information from the

protein inclusion [95, 53, 109] together with a finite volume, continuum representation of the membrane
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[114]. In contrast to previous models [95, 96, 112], we include protein chemistry and geometrical

effects, but our methods are self-consistent and do not require any input from molecular dynamics.

The finite volume numeric scheme for describing the membrane shape allows us to distort the grid

near the protein interface resulting in smooth membrane-protein boundaries and a distorted grid that

increases the accuracy of our solver with fewer discrete elements than a Cartesian grid. The membrane

is allowed to undergo asymmetric bilayer deformations, where the effects of possible redistribution of

the membrane lipids near the inclusion are captured by the space-dependent behavior of the elastic

moduli [103]. The deformation profile is calculated by minimizing the sum of the elastic, electrostatic

and non-polar energies. Incorporating all three energies provides a more sophisticated and realistic view

of global membrane-protein energetics than provided by membrane-only models. In the next section, we

derive our continuum model for bilayer deformations in response to the insertion of an integral protein.

Then we validate our method by comparing membrane shapes produced by fully atomistic simulations

of gramicidin with membrane shapes produced from our continuum calculations. Our model is able to

accurately reproduce the membrane height profiles, boundary conditions, and protein orientation seen

in our simulations. We discuss how care must be taken when producing average membrane surfaces

from MD trajectories with a particular emphasis on periodic boundary effects and fluctuations in protein

position. Finally, to illustrate the capability of our model to handle complex protein shapes, we study

the membrane induced deformations by the thermosensitive ion channel, TRPV1. These deformations

significantly reduce the electrostatic penalties caused by exposing charged and polar residues to the

membrane core.

3.2 Methods

3.2.1 Model Description

As in our previous works [95, 53, 109], the total energetic stability of the membrane-protein system is

approximated as:

GT = G(me) +G(e) +G(np) +G(o), (3.1)
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where G(me) is the membrane elastic energy due to the shape distortions in the membrane, G(e) is the

electrostatic penalty caused by inserting a charged protein into the low-dielectric environment of the

membrane, G(np) is the non-polar energy associated with burying protein surface area in the membrane

(hydrophobic effect), and G(o) represents the orientational entropy cost of a protein constrained to only

explore a subset of tilted configurations. We calculate the change in free energy of the protein-membrane

system with respect to a reference state where the protein is completely in solution, far away from from

the undistorted (flat) membrane. For transmembrane proteins, the hydrophobic effect tends to be the

largest component, and it stabilizes the protein in the membrane through the non-polar energy G(np).

Typically, G(np) is about three times larger than the electrostatic interactions G(e), which in turn tend

to destabilize the protein; however, these two components can vary significantly depending on the size

and charge makeup of the protein in question. While G(np) and G(e) play the major role in determining

the insertion energy, the membrane can still deform to accommodate a charged protein leading to an

unfavorable elastic penalty G(me) that is approximately an order of magnitude smaller than G(np), in

many cases. Finally, the orientational entropy G(o) has a very modest effect in stabilizing the protein.

In this section, we outline the elements of our theory that allow us to account for arbitrary shape protein

inclusions. First, we describe the general geometry of the protein-membrane system, and then we present

the theory behind the membrane elasticity G(me) term in Eq.4.2. For details on the energetic description

on the non-elastic energetic terms (G(e) +G(np) +G(o)), we refer the reader to our previous publications

[95, 53, 109, 1, 79] and the Supporting Material.

We consider a bilayer membrane made up of two monolayers (leaflets) of identical lipid composition

with an embedded protein of arbitrary shape (a graphical representation is given in Fig. 3.1). Due to the

non-uniform cross sectional area of the protein, the area projections in the x-y plane of the upper and

lower leaflets do not coincide (see Fig. 3.1 B). The projected area in the x-y plane covered by the upper

leaflet is denoted Ω+, and it is described by the field variable h+(x, y). Similarly, Ω− is the projected

area of the lower leaflet, where the leaflet’s height is given by h−(x, y). Since the leaflets do not coincide

at all x-y values, it is useful to characterize the matched and unmatched regions between the projected

areas. The region ΩM = Ω+ ∪ Ω− is defined as the matched x-y region, where h+ and h− are well

defined. On the other hand, Ω1 = Ω− − ΩM represents the unmatched region in the x-y plane where

only the lower leaflet variable h− is well defined, while Ω2 = Ω+ −ΩM represents the unmatched area
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Figure 3.1: Continuum membrane model for proteins of arbitrary shape. (A) Side view of membrane
deformation around an embedded membrane protein from continuum model. The membrane headgroup-
tail interfaces are shown as grey surfaces, where h+(x, y) describes the upper leaflet shape and h−(x, y)
describes the lower leaflet shape. The membrane dividing (compression) surface cM is shown by the
dashed line and the unperturbed membrane thickness is labeled L0. The protein is shown in molecular
surface representation. Residues are blue and white for hydrophilic and hydrophobic residues, respec-
tively. (B) Top down view of grid used in membrane solver. The blue area denotes the region where
the upper and lower leaflets are matched ΩM , meaning u+ = h+ − L0/2 and u− = h− + L0/2 are
defined. The red areas near the boundary correspond to the unmatched Ω1 region where only the lower
leaflet variable u− is defined. The black areas near the boundary represent the unmatched region Ω2

where only the upper leaflet variable u+ is defined and ~r2 is the normal vector to the curve describing
the protein/upper-monolayer interface. For illustrative purposes, the grid spacing has been enlarged and

truncated around the protein.
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where only the upper leaflet variable h+ is well defined. Finally, we define the shape variables u± as

the difference between the height h± of the upper and lower leaflets with respect to the flat equilibrium

height of the membrane h0 = L0/2:

u±(x1, x2) =

(
h± ∓ L0

2

)
. (3.2)

As mentioned earlier, G(me) represents the elastic energetic penalty due to membrane deformation

in the presence of an inserted protein. We chose to use a continuum theory to describe the shape defor-

mations of the bilayer by considering independent variables for each monolayer [99, 53]. For a general

configuration (e.g. Fig. 3.1) where there are two unmatched regions Ω1 and Ω2, we define the total

membrane free energy as the sum of the independent contributions of each monolayer:

G(me) = G
(me)
M +G

(me)
1 +G

(me)
2 , (3.3)

where G(me)
M is the elastic energy contribution of the two monolayers over the region ΩM where both

u+(x, y) and u−(x, y) are defined, G(me)
1 is the contribution over the unmatched region Ω1 where only

u− is defined, and G(me)
2 is the contribution over unmatched Ω2 where only u+ is defined. The energy

G
(me)
M over the matched region ΩM is given by [99]:

G
(me)
M =

1

2

∫
ΩM

Kc

2

[(
∇2u+ + J+

0

)2
+
(
∇2u− − J−0

)2]︸ ︷︷ ︸
Mean Curvature−Bending

dxdy (3.4)

+
1

2

∫
ΩM

α

2

[(
~∇u+

)2
+
(
~∇u−

)2
]

︸ ︷︷ ︸
Surface tension

dxdy

+

∫
ΩM

Ka

L2
0

[(
u+ − cM

)2
+
(
u− − cM

)2]
︸ ︷︷ ︸

Compression

dxdy

+

∫
ΩM

KG

2

[(
∂2u+

∂x2
· ∂

2u+

∂y2

)
−
(
∂2u+

∂x∂y

)2

+

(
∂2u−

∂x2
· ∂

2u−

∂y2

)
−
(
∂2u−

∂x∂y

)2
]

︸ ︷︷ ︸
Gaussian Curvature

dxdy,

where we have used the u± definitions in Eq. (3.24), + refers to the upper monolayer and − the lower
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one, and factors of 2 are present due to a monolayer versus bilayer description. Kc is the bilayer bending

modulus, α is the surface tension parameter, Ka is the bilayer area compression modulus and KG is the

bilayer Gaussian modulus. The variables J+
0 and J−0 are the spontaneous curvatures of the upper and

lower leaflets, respectively. We have defined J±0 using the standard sign convention, such that a lipid at

equilibrium with a positive spontaneous curvature is one with a large headgroup with a preference for

a micelle geometry [115]. Above, we have written the compression term as a function of the surface

cM (x, y) separating the two leaflets (Fig. 3.1A). For more details, we refer the reader to [116, 117, 118,

119] and the Supporting Material accompanying this article.

Minimizing the free energy in Eq. (3.4) with respect to cM (x, y) yields: cM = (u+ + u−) /2, which

corresponds to the midplane of the bilayer [116]. Using this last result for cM in the compression term of

Eq. (3.4) recovers the liquid crystal based energy expression proposed by [99] and used in our previous

works [95, 53, 109].

The functional forms of G(me)
1 and G(me)

2 over the unmatched regions are analogous to the expres-

sion (3.4), but each term only has contributions from a single leaflet. Where the in-plane areas of the

inserted protein do not match in the upper and lower leaflets there are projected regions where the bilayer

mid-plane does not exist. For such scenarios, the lipids in opposing monolayers will still be compressed

against a dividing surface c(x, y), which is constrained by the protein’s geometry. We define the field

variables c1(x, y) and c2(x, y) as the dividing (compression) surface over regions Ω1 (upper monolayer)

and Ω2 (lower monolayer), respectively. The functions c1(x, y) and c2(x, y) are protein specific, but for

transmembrane proteins spanning both leaflets, where the mismatched region is small compared to the

total protein surface area projection (i.e. gramicidin, TRPV1), we propose an approximation:

c1 =
u− + u+

B

2
and c2 =

u+ + u−B
2

, (3.5)

where u+
B(x, y) is the boundary condition of the field variable u+ enforced at the contact curve between

the upper leaflet and the protein. Similarly u−B(x, y) is the boundary condition of u− at the contact curve

between the lower leaflet and protein. Eq. (3.5) assumes that the monolayer dividing surfaces c1 and c2

are not heavily distorted with respect to cM and can be approximated by extending the bilayer mid-plane

cM = (u+ + u−) /2 by using the boundary values u±B in regions where either the upper or lower leaflets
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are not defined. Eq. (3.5) ensures that the resulting surface dividing the two monolayers is continuous

in space. For more details please refer to the Supporting Material.

We can write the free energy contribution G(me)
1 over region Ω1:

G
(me)
1 =

1

2

∫
Ω1

Kc

2

(
∇2u− − J−0

)2
+
α

2

(
~∇u−

)2
dxdy (3.6)

+

∫
Ω1

Ka

L2
0

(
c1 − u−

)2
+
KG

2

(
∂2u−

∂x2
· ∂

2u−

∂y2
−
(
∂2u−

∂x∂y

)2
)
dxdy,

and the contribution G(me)
2 over region Ω2:

G
(me)
2 =

1

2

∫
Ω2

Kc

2

(
∇2u+ + J+

0

)2
+
α

2

(
~∇u+

)2
dxdy (3.7)

+

∫
Ω2

Ka

L2
0

(
u+ − c2

)2
+
KG

2

(
∂2u+

∂x2
· ∂

2u+

∂y2
−
(
∂2u+

∂x∂y

)2
)
dxdy.

As before, we have assumed that both monolayers have equal elastic moduli, and we have expressed the

energy contributions in terms of bilayer moduli to be consistent with Eq. (3.4).

The membrane equilibrium shape equations associated with the elastic energyG(me) are determined

by minimization of Eqs. (3.4)-(3.7) resulting in the following Euler-Lagrange equations:

∇4u+ −∇2J+
0 − γ∇

2u+ + β
(
u+ − u−

)
= 0, in ΩM , (3.8)

∇4u− +∇2J−0 − γ∇
2u− + β

(
u− − u+

)
= 0, in ΩM , (3.9)

∇4u− +∇2J−0 − γ∇
2u− +

β

2

(
u− − u+

B

)
= 0, in Ω1, (3.10)

∇4u+ −∇2J+
0 − γ∇

2u+ +
β

2

(
u+ − u−B

)
= 0, in Ω2, (3.11)

where we have made use of Eqs. (3.5) and defined:
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γ =
α

Kc
, β =

2Ka

L2
0Kc

, u±B =

(
h±B ∓

L0

2

)
. (3.12)

Under the assumption of constant or vanishing spontaneous curvatures J±0 , we recover the equations

of our earlier work [95, 53, 109]. Note that Gaussian terms do not appear on the Euler-Lagrange equa-

tions (3.52)-(3.55). The Gaussian curvature terms can be transformed into boundary integrals by means

of the divergence theorem [120, 121] and consequently do not contribute to the shape equations of the

system.

The equilibrium equations (3.52)-(3.55) can be readily solved for u+ and u− given a suitable set

of boundary conditions. First, it is physically reasonable to assume that far away from the protein the

perturbation effects on the membrane deformations vanish. As the perturbations vanish, the membrane

asymptotically approaches its unstressed equilibrium configuration:

u+ = u− = ~∇u+ = ~∇u− = 0 far away from inclusion. (3.13)

Meanwhile, at the protein-membrane boundary, we impose a fixed set of boundary conditions:

u+ = u+
B, u− = u−B,

~∇u+ · ~r2 = S+ and ~∇u− · ~r1 = S−, (3.14)

where ~r1 is the normal vector to the curve describing the protein/lower-monolayer interface and ~r2 is the

corresponding vector at the protein/upper-monolayer interface (See Fig. 2). This last set of conditions

(3.14) depends on the geometry and atomic structure of the protein and for this reason is optimized by

an iterative procedure that attempts to minimum the total energy of the system, GT [53, 109]. Details

on the minimization procedure are in the next section.

Although we have chosen to use fixed boundary conditions Eq. 3.14, there are other alternatives

conditions that still satisfy Eqs. (3.52)-(3.55). In the Supporting Material, we address in detail the

treatment of boundary conditions for elastic continuum models and the proposed version of a hybrid

continuum-atomistic model.
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3.2.2 Minimization of the Total Energy GT

Recently [94] suggested that elastic continuum descriptions fail to reproduce the membrane deforma-

tions near the protein boundary observed in molecular dynamics (MD) simulations. The disparity be-

tween MD and continuum methods has been argued to result from the lack of explicit chemical and

geometrical effects of the inserted protein [94, 96, 79]. The contact conditions between membrane and

protein will have a large effect not only on the membrane deformation energy but also on non-polar

and electrostatic penalties. Therefore, determining the minimum energy of the system GT (Eq.(4.2)) re-

quires a thoughtful choice of the prescribed boundary conditions at the protein-membrane interface. Our

hybrid-continuum approach is equipped to determine the correct boundary conditions. We search for the

optimal set of fixed boundary conditions Eqs. (3.14) that minimize the total energyGT and consequently

play the key role in coupling the elastic and non-elastic effects (see Eq. (4.2)). To find the optimal value

of the displacement boundary conditions u+
B and u−B , we use a simulated annealing algorithm [122],

where an iterative search is performed over all displacement parameters to obtain the membrane shape

that minimizes GT . The displacement boundary conditions are then further optimized using Powell’s

method [123], then the slope boundary conditions are optimized using a Nelder-Mead simplex method

[124]. The Powell and Nelder-Mead optimizations are performed one more time to ensure convergence.

We express the variables u+
B and u−B in Fourier series representation of order n (three or higher) where

the search is over the (2n+1) amplitude coefficients. The upper and lower slope variables, S+ and S−,

are set as proportional to the upper and lower displacement boundary conditions

S+ = α+u+
B, S

− = α−u−B, (3.15)

where α+ and α− are the scalar parameters that are optimized. This simplification reduces the parameter

space and the search time. More information can be found in [122].

3.2.3 Identifying the membrane-protein contact curve

Within the dual monolayer framework, there are two contact curves - one for the upper leaflet and

one for the lower leaflet. These curves represent the lipid excluded surface, which is the surface of

closest contact between a spherical lipid probe and the protein atoms [125]. To identify these curves,
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we first erect a flat Cartesian grid for the upper and lower leaflets, and then use level set theory to move

grid points near the membrane-protein surface onto the boundary curve representing the lipid excluded

surface [114]. The mathematical details on how to obtain the distorted grid representing the monolayer

surfaces with geometrically accurate boundary curves can be found in Ref. [114].

For both upper and lower leaflets, we define the smooth curve C(x, y) that represents the lipid ex-

cluded surface. Next, we find the level set function L(x, y) (isocontour) rendering the signed minimum

distance from every coordinate point (i, j) in the Cartesian grid to the curve C(x, y). Therefore, the

interface C(x, y) is represented implicitly by the zero of the level set function L(x, y) = 0 and the unit

normal to the curve C(x, y) is given by:

~r = −
~∇L(x, y)

|~∇L(x, y)|
. (3.16)

Fig. 3.1 shows the unit vector ~r = ~r2 corresponding to the upper leaflet. Next, from the distance map

L(x, y) we identify the set B of all Cartesian grid points (iB, jB) within one Cartesian grid edge length

gl of the curve C:

B = (iB, jB) for (i, j) satisfying |L(i, j)| ≤ gl. (3.17)

The collection of points in setB define the curve that most closely describes each leaflet boundary curve

in a Cartesian grid. Finally, we distort the Cartesian grid points at the boundary by spatially moving

all points in set B from their initial position ~R(iB, jB) onto the curve C(x, y) using the following

transformation:

~RD(iB, jB) = ~R(iB, jB) + L(iB, jB)~r, (3.18)

where the new position vector ~RD(iB, jB) describes the location of the distorted grid points representing

the protein-membrane interface. In Eq.(3.18) the function L(iB, jB) tells how far the points (iB, jB) in

the regular Cartesian grid are from the curve C, while ~r tells the direction in which the position vector

~R needs to be displaced. One of the convenient features of this procedure is that the distorted grid (See

Fig. 3.1) retains four point connectivity and results in smooth boundaries [114]. As with all numeric

solutions of PDEs, an accurate description of the boundary is important for faithfully representing the

shape of the system and properly applying boundary conditions. Once the boundaries are established



Chapter 3. New continuum approaches for determining protein induced membrane deformations 37

we solve the shape equations Eq. (3.52) - (3.55) using a finite volume method. Details of the numerical

procedure can be found in [114].

3.2.4 Continuum Model Parameters

Here, we only consider homogeneous POPC membrane systems, and we have summarized the elastic

and continuum parameters used throughout our calculations in Table 3.1. We assume the area com-

pression modulus in the bulk for the upper and lower monolayers K±a,m is half of the reported area

compression modulus of the bilayer (Ka,B). This condition is justified over the bulk region ΩM if we

assume a constant and equal density of lipids per leaflet (See Supporting Material). We point out that

although constant elastic rigidity is commonly used in continuum elastic models of the membrane [79],

this assumption likely breaks down near the protein interface [94, 103]. From a physical point of view,

one can expect spatial changes of the elastic constants due to limitation on the mobility and packing

of the lipid molecules near the inclusion (shell hardening) [103, 102, 101, 98, 93]. For this reason, it

has been previously suggested that the common assumption of constant elastic parameters might be an

oversimplification at the shorter length scales of a protein-membrane system [101]. [103] implemented

a model where values of the elastic constants near the inclusion are larger than the values in the bulk.

In their work, this shell hardening effect has a decay length (∼15 Å) comparable to the width of lipid

molecules. In their work the bending and compression moduli are both increased near the protein, but

the authors found that only the perturbation of the compression bilayer constant Ka has a significant

effect on the membrane energy. Comparison to gramicidin experiments showed that the compression

modulus is ∼5 times larger at the protein-membrane boundary than in the bulk (Ka,B) [103]. In the

present model, we have incorporated shell hardening through a spatially dependent compression mod-

ulus K±a (x, y) that is greatest at the protein-membrane boundary and exponential decays to the bulk

monolayer value (K±a,m) as distance increases. Hardening primarily affects the first and second lipid

shells surrounding the protein (for details see Supporting Material). We point out that in the present

model the function K±a (x, y) can be arbitrary and this does not change the governing Euler-Lagrange

equations (3.52)-(3.55). As in our previous work [109], we found that the surface tension (α) does not

contribute significantly to the energy and for this reason we assume it to be a constant over all space.

Finally, the last integral term in Eq. (3.4) is the Gaussian curvature energy contribution. In our problem,
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the membrane does not change topology between the initially flat surface and final distorted surface

because both states include the protein hole. In addition to topological changes, the Gaussian term can

be formally shown to contribute only through the boundary effects [100, 121, 126, 127]. When using

fixed boundary conditions, as we do here, the equilibrium shape is independent of the Gaussian term, but

the total energy GT of any given configuration still depends on the Gaussian curvature. Consequently

this term will affect the search for the optimal equilibrium shape as described in section Minimization

of the total energy GT . We have chosen to use Gaussian modulus KG values from simulation [128,

129], which are in reasonable agreement with reported experimental values. Also, in writing our en-

ergies we have assumed the Gaussian monolayer modulus to be half of the measured bilayer modulus

KG. This assumption is justified in our calculation given that we use zero spontaneous curvature for

each monolayer. In general the relation between the monolayer and bilayer Gaussian curvature moduli

has a correction term involving the monolayer spontaneous curvature and the position of the monolayer

pivotal plane [130, 115].

We point out that our model, like any continuum membrane representation, is limited by the phe-

nomenological nature of the parameters describing the membrane mechanical properties [115]. Experi-

ments have shown that there are still uncertainties regarding the specific values of mechanical parameters

[131, 132], and the MD reported values do not always agree with experiment [133, 134]. In this work,

we constrain ourselves to a smectic liquid-crystal model [99] where the mechanical parameters (Table

3.1) have been picked from the the gramicidin-POPC literature [92, 94] keeping in mind that our goal is

a comparison between our hybrid continuum model and MD simulations.

3.2.5 Simulation Methods

Simulations were prepared using the NMR gramicidin structure (PDB: 1JNO) [135]. With CHARMM-

GUI [136], the structure was inserted into a 97 Å × 97 Å POPC membrane, and solvated with TIP3P

water molecules [137], and 150 mM KCl. The total system size was 38,876 atoms. The system was

run in NAMD [138] using the CHARMM36 lipid forcefield [139] with an anisotropic Nose-Hoover-

Langevin barostat and Langevin thermostat. Equilibration and production simulations were carried out

using the default parameters provided by CHARMM-GUI. Two independent gramicidin simulations
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Parameters Values Reference

Membrane thickness (L0) 28.5 Å [92]
Surface tension (α) 3.00 × 10−13 N/Å [109]

Bending modulus (Kc) 8.5× 10−10 NÅ [92]
Gaussian modulus (KG) ∼ −0.9×Kc [128]

Shell hardening factor∗ (Θ) ∼ 4.27 [103]
Area compression modulus (bulk)∗ (Ka,B) 2.13× 10−11 N/Å [109]

Protein dielectric (εp) 2.0 [109]
Membrane dielectric (εhc) 2.0 [109]
Headgroup dielectric (εhg) 80.0 [109]

SASA prefactor for nonpolar energy (a) 0.028 kcal/(mol·Å2) [26]

Table 3.1: Elastic membrane material properties specific to POPC and prescribed parameters for all con-
tinuum calculations. ∗We have used non-uniform values of the compression modulus Ka (see Support-
ing Material). For the remaining parameters necessary for the electrostatic calculations (i.e. electrostatic

grid dimensions) we use the same values presented in our previous publication [109].

were separately prepared and run for 250 ns each, and another membrane-only simulation was prepared

and run for 100 ns.

The hydrophobic interfaces of the upper and lower leaflets were averaged over time to obtain a

single MD-generated membrane surface to compare with the continuum predictions. The goal of such

averaging is to provide a physically accurate representation of the equilibrium shape of the membrane,

but we note that the average of a solution set is not necessarily a solution itself. That is, averaging

the membrane surface may produce physically unrealistic shapes. To reduce possible artifacts from

averaging, we used an interpolation method. When comparing membrane surfaces between MD and our

continuum model, each frame from MD was aligned to the initial snapshot by centering the protein. Then

the upper and lower surfaces were interpolated from the C2 carbon atoms of the POPC acyl chains [140]

using a cubic spline method. After the alignment, the upper and lower surfaces were averaged over all

frames. When comparing the predicted boundary conditions of our continuum model to MD, the protein

was further aligned by rotating in the x-y plane to minimize the RMSD of the protein backbone. Since

the continuum model assumes the membrane lies in the x-y plane, the simulations were only allowed to

rotate about the z-axis during the alignment. Other rotations were not allowed since this would rotate

the membrane out of the x-y plane. Additional details are provided in the Supporting Material.
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3.3 Results and Discussion

3.3.1 Gramicidin induces asymmetric deformations

We first applied our model to study the membrane deformations created around the antibacterial ion

channel gramicidin. This protein is often used to explore protein-membrane interactions, since its ability

to conduct ions is intimately connected to the properties of the membrane [80], and experimental stud-

ies have demonstrated membrane thinning/thickening at the protein interface [104]. Continuum elastic

models have proven useful in predicting the energetics of gramicidin induced deformations and using

these energies to accurately estimate open channel lifetimes [141, 102, 94]. All of these models use a

simplified cylindrical description of gramicidin leading to radially symmetric membrane distortions. Re-

cently, Kim and coworkers [92] rigorously compared the continuum distortions to those observed from

all-atom molecular dynamics simulations. Interestingly, despite their reliability in determining channel

function, the authors noted that simplified continuum elastic models fail to reproduce the deformations

observed in simulation [92].

We chose to revisit this analysis using a more accurate treatment of the channel chemistry and ge-

ometry to determine if these features could overcome the deficiencies inherent in simpler continuum

models. We started by running two independent simulations of gramicidin in a 100 Å × 100 Å mem-

brane patch of POPC membrane for 250 ns each (500 ns total). The average membrane deformation

profiles from the two MD simulations are shown in Fig. 3.2 A-C. Similar to previous studies [92, 98],

we observe highly non-symmetric deflections in the upper and lower leaflets with respect to the bilayer

midplane (Fig. 3.2 A and B). The greatest distortion in the upper leaflet is the blue region adjacent to

the protein (Fig. 3.2 A), while the greatest distortion in the lower leaflet is the red region adjacent to the

protein but on the opposite side (Fig. 3.2 B). Both distortions result in membrane compression as sum-

marized in the plot of the membrane hydrophobic thickness (Fig. 3.2 C). The bulk, equilibrium POPC

thickness is 28.5 Å, and at the protein the membrane is 22 Å while along the outer edge (about 50 Å

away) the membrane thickness is between 27 and 30 Å. The thickness at the middle of the simulation

box edges is ∼1 Å thicker than the equilibrium value indicating that it has not returned to equilibrium.

However, in the corners the membrane is quite close to the bulk value. This observation indicates that

care must be taken when interpreting protein-membrane coupling on small patches of membrane where
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the boundary conditions of the box enter, as has been highlighted previously [109, 142].

As a first test of our continuum model, we asked whether it could reproduce the membrane surfaces

observed in fully-atomistic simulation if we extracted the boundary conditions at the membrane-protein

interface and the outer boundary directly from the simulation. Thus, we focused only on the elastic

component of our model (G(me)), ignoring for now the electrostatic (G(e)) and non-polar (G(np)) con-

tributions. For consistency between the MD calculations and our continuum approach, we calculated the

most probable protein orientation from MD, and then used the same orientation in our continuum cal-

culations. To obtain the boundary conditions, we first identified the boundary curve of a single snapshot

from the MD simulations using the level set method described earlier. The displacements at the bound-

aries were found by interpolation from the MD membrane surfaces, and the slope boundary conditions

were calculated by taking the dot product of the surface gradient and the normal of the boundary. The

corresponding continuum surfaces are plotted in panels D, E, and F under their respective averaged sur-

faces from MD (Fig. 3.2). In the solution domain, the continuum membrane surfaces match remarkably

well with the surfaces seen in MD, indicating that continuum elastic models can accurately describe

membrane distortions on protein-sized lengthscales. Both methods predict very similar damped oscillat-

ing profiles where the membrane first pinches down by ∼4 Å near the protein forming a ring where the

membrane is compressed (compression ring), then the membrane expands to overshoot the bulk value

before finally returning to equilibrium values at the corners of the simulation box (Fig. 3.2). The upper

leaflet height in panel D differs by less than 1.0 Å with the MD results (panel A) over the entire surface,

and the mean absolute deviation between both surfaces is only 0.2 Å. Similarly, the continuum and MD

surfaces for the lower leaflet are at most 1.5 Å different from each other with a mean absolute deviation

of 0.3 Å. The most notable difference between the continuum calculations and the MD simulations is the

size of the compression ring around the protein (panels C and F). The ring extends radial from the center

of the protein for 25-30 Å in the continuum calculations, but only 20-25 Å in the MD simulations.

It has been suggested that the bilayer becomes "harder" near embedded proteins [103], and In

Fig. 3.2, we used a variable compression modulus with a hardening factor Θ = 4.27 (taken from Ref.

[103]) to capture this effect. We found that this hardening factor is essential for modulating the radial

extent of the membrane compression ring. In the absence of hardening (Θ = 1), gramicidin-induced

distortions extend over a larger ring (30-35 Å) (data not shown), which results in a poorer match with



Chapter 3. New continuum approaches for determining protein induced membrane deformations 42

what is observed in MD. Increasing the hardening factor beyond 4.27 produces an even better match to

MD, but the deformation energy increases significantly and there is no experimental estimate of Θ for

the gramicidin-POPC system.

Continuum elastic models readily provide estimates of the membrane distortion energy, while MD

simulations do not, and extracting boundary conditions from MD to solve continuum elasticity equa-

tions to determine deformation energies has been used previously [96, 89]. The gramicidin membrane

configuration in Fig. 3.2 produces a POPC membrane distortion energy of 10.4 kcal/mol. The energy is

equally shared by the upper and lower leaflets with the compression mode accounting for most of the

energetic penalty (49%), followed by the mean curvature effects (33%) and Gaussian curvature effects

(17%). As in previous studies, we find that the surface tension has a negligible contribution (<1%) [99,

103, 101, 95, 94]. Returning to the full energetic calculation of our implicit membrane model, the elas-

tic deformation (∼10 kcal/mol) and electrostatic component (∼25 kcal/mol) are unfavorable, but overall

gramicidin is stabilized in the membrane by the non-polar energy (∼−83 kcal/mol), which arises from

the significant fraction of buried protein surface area.

Next, we wanted to determine if we could use our full continuum energy model to predict the ori-

entation of gramicidin in the membrane. The full model (Eq. (4.2)) includes electrostatic and non-

polar contributions in addition to the membrane deformation energy. The boundary conditions at the

membrane-protein interface are extracted from the protein structure using our proposed methodology in

section Minimization of the Total Energy GT . Starting with the long axis of the protein aligned with

the z-axis and the protein center of mass in the middle of the membrane, we carried out a search over

the upper and lower membrane-protein contact curves to determine the optimal membrane deformation

profile that minimizes the total energy. We applied flat outer boundary conditions on a 150 Å × 150

Å outer boundary, far enough from the protein that our MD simulations predicted that the membrane

should return to its equilibrium value. Once the optimal membrane contact curve and energy were de-

termined for this one orientation, we scanned through a series of tilt and rotation angles and identified

the minimum energy membrane configuration for each orientation, E(θ, ρ). Tilting of gramicidin breaks

the bilayer symmetry about the midplane leading to different membrane-protein interfaces in the upper

and lower leaflets. Our model and numeric scheme is equipped to handle symmetry breaking that arises

from complex protein shape as well as protein orientation in the membrane caused by tilt. With these
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Figure 3.2: Comparison of protein-induced membrane deformations from molecular dynamics and con-
tinuum elasticity. Panels (A-C) show average membrane height profiles for the upper leaflet (A), lower
leaflet (B), and hydrophobic thickness (C) from one 250 ns MD simulation of gramacidin in a POPC
bilayer. Panels (D-F) show the corresponding continuum membrane surfaces. For the continuum calcu-
lations (D-F) we used boundary conditions at the protein-membrane boundary and at the edges of the
box that were extracted from the MD data in panels A-C. The region where the membrane is compressed
near the protein (compression ring) can be clearly seen in the hydrophobic mismatch panels of both the
MD (C) and continuum calculations (F). Dashed arc line in Panel (C) shows a 50 Å radial distance mea-
sured from the center of the protein. White asterisks show the location of maximum difference between
leaflet heights calculated using simulation (A) and (B) when compared to continuum (D) and (E). For
reference, in Fig. S8 in the supporting material we show the gramicidin induced membrane deformations

calculated using our hybrid-atomistic model without any input from MD.
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energies, we created a two dimensional pseudo histogram of gramicidin orientation, H(θ, ρ) using the

relation: H(θ, ρ) = exp (−E(θ, ρ)/kBT ). The map generated by our continuum model provides good

agreement with the histogram obtained from simulation (Fig. 3.3 A, B). Additionally, the minimum en-

ergy orientation matches remarkably well with the average orientation seen in simulation (Fig. 3.3 D,

E). The model predicts an optimal orientation of 10◦ tilt and 77◦ rotation, while the MD predicts 12.5◦

tilt and 62◦ rotation. The orientational entropy term G(o) slightly stabilizes the predicted tilted configu-

ration by∼ 1 kcal/mol with respect to the vertical configuration, which is expected given the increase in

accessible states for moving off axis. For both the MD and the hybrid continuum-atomistic model, the

protein orients to maximally expose the hydrophilic indole nitrogens on the tryptophan residues. Since

the POPC bilayer is thicker than gramicidin, the membrane must also pinch to expose these hydrophilic

groups. We hypothesized, therefore, that this orientation would no longer be the most energetically

favorable if the membrane was very stiff. To test this idea, we carried out the same search with a non-

deformable membrane. The predicted orientation no longer matches MD or our deformable membrane

model (Fig. 3.3 C, F) demonstrating that membrane deformation is necessary to predict protein orienta-

tion in the membrane in this instance.

Next, we wanted to determine if our hybrid continuum-atomistic model (Eq. (4.2)) could actually

predict the shape of the membrane-protein contact curve observed in the MD simulations. First, we

investigated our two independent MD simulations to determine if the contact curve is characterized

by a single contour with very little variation, or if it fluctuates wildly, which would be impossible for

our deterministic model to reproduce. Individually averaging the results from both simulations showed

pronounced membrane pinching at the contact interface by as much as 2 Å at the upper leaflet and 2 Å

at the lower leaflet (solid green and blue curves compared to constant dashed line Fig. 3.4), but there

are subtle differences between the simulations since the membrane thickness varied in the azimuthal

direction and it showed fluctuations over time. Calculating the standard deviation of the contact curve in

time revealed that it fluctuates up to 4 Å in both leaflets (blue and green shaded intervals in Fig. 3.4). The

variance in the height arises from changes in side chain rotamer conformation, changes in protein tilt

and rotation angle, and thermal motion of the membrane-protein system. Thus, the average membrane

surfaces and contact curves result from a superposition of many different protein configurations. With

this in mind, we identified 32 snapshots from our MD simulations that populated the most probable
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Figure 3.3: The continuum model predicts the correct protein orientation in the membrane. Orientation
of gramicidin in the membrane predicted from MD simulations (A), our hybrid continuum-atomistic
model (Eq. (4.2)) (B), and the continuum model without membrane bending (C). In all panels, the heat
map on the left shows the probability of finding gramicidin at specific tilt θ and rotation ρ angles, where
θ is the angle between the z-axis and the long axis of the helix and ρ corresponds to rotation about the
long axis of the channel. To define the rotation ρ, we use as reference points the projection of the z-axis
together with the vector formed by the helical principal axis and theCα position in residue W9 [92]. The
most probable configuration has been marked with a white asterisk (*). The right panel shows the protein
configuration corresponding to the most probable configuration, as well as the pictorial description of θ
and ρ. Probabilities were obtained by calculating the energy at each orientation, then using Boltzmann

weighting to convert the energies to probabilities.
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bin in Fig. 3.3 A, and we used our continuum model (Eq. (4.2)) together with the protein structure to

calculate the optimal membrane boundary for each snapshot configuration. The average membrane-

protein contact curves for the upper and lower boundary from these continuum calculations are shown

in Fig. 3.4 where we see good agreement with both MD simulations (dash/dotted line). Moreover,

panel C shows one of the continuum solutions revealing that membrane anchoring tryptophans are the

primary determinants of the membrane height around the protein. The membrane thins to expose these

nitrogens to the high dielectric environment of the headgroup region, in agreement with our simulations

and previous work [92]. We observe the indole nitrogen creating transient hydrogen bonds with the

headgroup phosphate or backbone carbonyls of the adjacent lipids, while the tryptophan ring interacts

with the positively charged choline through cation-π interactions.

Elasticity equations require two boundary conditions, and here we impose membrane height and

membrane slope conditions. Earlier gramacidin studies that used similar boundary conditions found that

it was necessary to imposing a zero slope on the surface to match experimental results [101, 108, 94],

and later studies with shell hardening revealed that a zero slope condition was no longer needed to match

experiment [103]. Here, we optimized for the slope that minimizes the total energy, and we found that

the most favorable contact slope is moderately positive (but not equal to zero) with a slight variability

along the boundary (see Fig. S6 in Supporting Material).

3.3.2 TRPV1 residues bend the membrane

The numeric advances described here let us explore membrane distortions around embedded proteins

with complex shapes, and the continuum nature of our model scales well to large systems. Thus, we

used our approach to predict the membrane deformations around TRPV1, a large non-selective cation

channel with four voltage-sensor like domains that harbor basic residues buried in the membrane inter-

face. Previously, we used our software APBSmem to scan through all multi pass membrane proteins

of known structure and calculate the electrostatic energy (Ge) associated with embedding the protein

in a flat, low-dielectric lipid-like environment [1]. We found that the closed, capsaicin-bound (partially

open), and RTX-bound (fully open) structures returned more than 10 residues that incurred large elec-

trostatic penalties for being in or near the membrane (Fig. 3.5 A). Examination of the structures revealed

that many of these residues were near the hydrophobic interface, but buried in the membrane according
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Figure 3.4: Comparison of protein-membrane boundary distortions from the continuum model and MD
simulation. Membrane height values at the protein-membrane boundary for the upper leaflet (A) and
lower leaflet (B). The dotted line corresponds to the average solution calculated from 32 protein snap-
shots by our continuum model. The blue and green solid lines are the average membrane height values
from the two independent 250 ns MD simulations. The blue and green shaded regions correspond to
MD solutions within one standard deviation and the overlap between the blue and green shaded region
has been highlighted in a darker color. The equilibrium height of the undeformed monolayer L0/2 is
shown by dashed lines. (C) Membrane surface profiles calculated from model. The angular coordinate
in panels A and B are with respect to the x-axis shown here. The protein-membrane boundaries align
with the indole nitrogens of the tryptophans and the hydroxyl of the terminal ethanolamine. The right

view corresponds to a 180◦ rotation about the z-axis.
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to the hydrophobic thickness estimated by the Orientations of Proteins in the Membrane (OPM) database

[58]. We reasoned that minor distortions in the membrane may expose these charged and polar residues

to water relieving the electrostatic penalty, and we also hypothesized that these membrane deformations

may be coupled to the function of the channel. We used our continuum model (Eq. (4.2)) and searched

for the membrane configuration that minimized the total energy of the system. As reasoned, the optimal

solution exhibits large deformations around the protein, and these deformations significantly reduce the

electrostatic insertion penalty of the high energy residues (Fig. 3.5 B, C). The membrane deformation

energies induced by the closed, partially open, and fully open structures are 38 kcal/mol, 52 kcal/mol,

and 64 kcal/mol, respectively. These energies indicate that as the TRPV1 channel opens, it generates

larger membrane deformations. K464 and R491 are two membrane anchoring residues that are partially

responsible for these deformations. In an undeformed membrane, K464 and R491 cause very large 12.8

kcal/mol and 19.9 kcal/mol electrostatic penalties in the open structure, respectively, but these penalties

are almost completely relieved when the membrane is allowed to bend. It is tempting to speculate that

theses residues are involved in thermosensitivity or voltage sensing, and their displacement may bias the

opening of the channel. However, more detailed experimental analysis on the mechanistic role of K464

and R591 is required.

3.4 Conclusion

While continuum elasticity theory has been successful at reproducing the long wavelength, equilibrium

shapes of membrane structures [115], whether such models can accurately describe membrane defor-

mations at the Ångstrom length scale has been debated. A recent comparison to fully atomistic MD

simulations suggests that continuum models fail to reproduce key features observed in the simulations

[94]. Here, we presented a self-consistent continuum approach to model protein-mediated distortions in

the bilayer, which overcomes much of the shortcomings of simpler continuum treatments. Our model

builds off of our earlier work in which we accurately represent the protein at the atomic level and incor-

porates a biophysically meaningful energy model of the system that includes electrostatic, non-polar, and

membrane elastic energies [95, 53, 109]. Here, we have significantly advanced our geometric handling
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Figure 3.5: The hybrid continuum-atomistic model predicts that TRPV1 deforms the membrane. (A)
Electrostatic membrane insertion penalties for membrane exposed residues when the membrane is rep-
resented as a rigid slab. Hydrophobic interfaces are shown as transparent surfaces. Residues are colored
by electrostatic insertion penalty. We calculate this penalty as the electrostatic energy of the protein in
membrane minus the electrostatic energy of the protein in solution. (B) Electrostatic insertion penalty
after membrane is allowed to deform. In panels A and B, only residues with a penalty greater than 1
kcal/mol are shown. (C) Reduction in electrostatic penalty after membrane is allowed to deform. This
is penalty of panel A subtracted from the penalty in panel B. For clarity, only residues with reductions

greater than 1 kcal/mol are shown. TYR 511 and TM helices are labeled.
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of the protein shape and elasticity calculations by employing a finite volume solver [114] to address in-

sertions of arbitrary shape. The membrane calculations are performed in a distorted grid that is mapped

to the membrane-protein boundary, which increases the fidelity of our solver with lower grid densities

than a strictly Cartesian grid. We show that the method matches results from MD simulations with high

accuracy, and our approach highlights how the boundary conditions of the elastic solver preserve the

chemical information of the protein. Nonetheless, the method is computationally fast since it relies on

implicit energy models at all stages. Thus, we assert that continuum membrane models have the poten-

tial to provide deep insight into membrane-protein interactions involved in a wide range of biological

phenomena with high spatial resolution, but with minimal computational overhead.

We validate our continuum model by comparing to molecular dynamics simulations of gramicidin in

a POPC membrane. First, we test our continuum membrane description by only using our elastic solver

and boundary conditions extracted from MD. As seen in Fig. 3.2 the continuum predictions nicely match

MD membrane deformation profiles and the extent of the membrane compression ring around grami-

cidin. We then move on to make predictions for gramicidin orientation and depth of penetration using

the full energy model given by Eq. (4.2) without any input from MD. Our continuum model agrees with

the atomistic predictions for membrane contact heights and tilt as shown in Figs. 3.3 and 3.4. We show

that a flat-slab representation of the membrane fails to determine the preferred protein orientation, indi-

cating that membrane deformation plays a crucial role in determining the final equilibrium configuration.

Finally, as an application of our self-consistent continuum model we study POPC membrane deforma-

tions induced by the transient receptor potential cation channel TRPV1. We found that allowing the

membrane to deform greatly reduces the electrostatic penalty of charged residues near the headgroup-

tail interfaces of the membrane. Our calculations further showed that TRPV1 charged residues generate

much larger deformations in the open and partially open structures than the closed structure. Based

on this observation, we speculate that the same residues involved in the membrane distortions could

be involved in thermosensitivity or voltage sensing. More detailed experimental analysis is required to

uncover the mechanistic role of these residues.

When comparing to continuum descriptions of the membrane, the MD surface profiles require care-

ful analysis of periodic boundary effects [142, 109] and spatial fluctuations of the protein orientation and

side chain movements. Our MD simulations of the gramicidin channel in a 100 Å × 100 Å patch reveal
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that the membrane is not fully relaxed at the edges (Fig. 3.2). If one desires to match MD simulation

results, continuum elastic membrane models should explicitly impose similar far field conditions. While

gramicidin has been a test case for exploring continuum models of the membrane and comparing these

solutions to MD, we believe that it is likely one of the harder systems to match due to the small size of

the protein which allows it to change its orientation in the membrane on a fast time scale resulting in

sizable fluctuations in the protein-membrane contours (Fig. 3.4). Care must be taken when averaging the

membrane surfaces from the MD simulations to avoid unphysical artifacts (see Supporting Information),

and our experience suggests that comparisons between MD and our continuum model is much easier for

larger proteins that are better anchored in the membrane [79]. Additionally, the computational demand

is significantly lower for continuum calculations as opposed to MD. For gramicidin, the boundary condi-

tions and energies can be calculated within 3 hours on a desktop CPU, while the converged MD surfaces

required 54 days of computation time using GPU-accelerated NAMD with 1 GPU and 32 CPUs.

Elastic moduli are key elements of the model that directly impact the membrane deformation energy

and surface profiles. Previous work has suggested that these moduli vary spatially due to protein effects

[103, 94], and we found that including a lipid hardening factor as suggested in Ref. [103] significantly

improves the quantitative match between continuum results and atomistic MD. As membrane elastic

models become increasingly more sophisticated through the inclusion of spatially dependent elastic

moduli that vary with membrane composition [134], we believe that our solver can serve as an efficient

tool to test models and elastic constants by quickly calculating energetics and membrane shapes to com-

pare with experiments [143, 99, 101] and atomistic simulations. Additional experimental estimates of

the energetics of the gramicidin-POPC system would be needed to further parameterize continuum mod-

els. Lastly, we point out that while hardening is a compelling candidate to explain differences between

continuum predictions and MD, certainly there are other factors that are known to affect membrane en-

ergetics such as lipid tilt [144], entropic cost of lipid confinement [145, 146], line tension effects on lipid

ordering [147, 148, 149] and additional terms penalizing the changes in area per lipid molecule [150].

In future work, we plan to refine our elastic model by adding these elements.

Our hybrid continuum-atomistic model offers a distinct advantage over fully atomistic simulations

for studying protein-membrane interactions due to its speed and accuracy, and this advantage grows

with the size of the system. Since the model accurately reproduces results from MD simulations, we
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now plan to use it to probe larger, more complex biological situations such as multi-protein problems

like the F-ATPase complexes that form rows of proteins along the inner membrane of the mitochondrial

cristae [89], M2 channel mediated fission [151], and SNARE mediated fusion [152]. Since continuum

calculations are inexpensive and fast, our model provides a promising framework for exploring these

multi-protein phenomena, where we can not only address geometrical effects in the membrane and the

protein shape [111, 113, 112], but also extract membrane deformation energy values and reveal how

specific protein structure and chemistry drives the processes.

3.5 Supplemental Material

3.5.1 Analysis of molecular dynamics membrane deformation profiles: effects at the

boundaries

To compare molecular dynamics (MD) simulation results with our continuum-atomistic model, we av-

eraged lipid positions of individual MD snapshots to obtain a final equilibrium membrane shape. The

procedure is described in Simulation Methods in the main text. Fig. 3.6 shows the running time average

of the membrane thickness, which indicates the time required to average out spatial fluctuations to arrive

at a converged static pattern. Panel (A) contains a gramicidin dimer and (B) is a protein free bilayer.

Analysis of these profiles reveals several interesting features. First, even at 100 ns, the protein free

system exhibits a spatial pattern showing inhomogeneity present in the starting configuration. The mag-

nitude of the inhomogeneity is much reduced (10 Å at 25 ns versus 4 Å at 100 ns), and it is centered on

the bulk equilibrium thickness of 28.5 Å, but a pattern persists nonetheless. The pinching pattern in the

gramicidin simulations is set up quickly (in 25 ns), but the spatial fluctuations are so large that the sys-

tem must be averaged for at least 250 ns before a somewhat static pattern emerges. This time difference

when compared to the protein-free system is not surprising since the membranes are pre-equilibrated in

a flat undeformed state closer to the protein-free simulation. But we want to point out that even these

simple simulations must be averaged for 200 ns, preferably more (500 ns in the main text), to achieve

static patterns. Second, protein induced deformations extend to the simulation boundaries indicating that

bilayer patch size should be carefully considered to allow full relaxation to bulk values at the bound-

aries. At 250 ns, panel (A) shows the membrane height reaches bulk values (28.5 Å) at the corners of
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the periodic box (55 Å from the center), but not at the centers of each side (40 Å from the center). If the

box is too small, periodic boundary conditions will muddy interpretation of the patterns.

Figure 3.6: Running time average of hydrophobic mismatch from MD simulations with gramicidin
(A) and without protein (B). Both systems contain POPC lipids. In panel A, membrane height values
converge to the bulk value (∼28.5 Å) at the corners of the simulation box between 100 ns and 250 ns,
but the pattern is still fluctuating when averaged for less time. Moreover, at the center of the outer edges
of the box (40 Å from the protein) the membrane heights are 2-3 Å higher than bulk values. (B) MD
simulation of a pure POPC membrane. Even after averaging for 100 ns a spatial pattern persists, but the

amplitude of the fluctuations is only ±2 Å from the mean value of 28.5 Å.

We carefully considered several methods for averaging the surfaces from MD, because the average

of a solution set often results in an entity that is not a member of the set. However, averaged mem-

brane surface profiles should reflect, as much as possible, an equilibrium membrane distortions that is

physically allowable. Gramicidin is a small peptide and during MD simulations the protein position and

tilt orientation fluctuate resulting in corresponding fluctuations in the protein-membrane boundary. If

these changes are not carefully accounted for during averaging, it can magnify artifacts resulting from

averaging. One option for averaging involves binning membrane height at the upper and lower leaflets

to determine the thickness profile. To do this, we created a 2D grid of squares 1 Å in size, one for the

upper surface and one for the lower surface, and recorded the heights of upper/lower lipid molecules

in each respective bin for every snapshot. However, as shown in Fig 3.7 this approach leads to two

scenarios that produce artifacts when binning results from MD. Panels (A-C) show the effect of binning

straight (A) and tilted (B) protein configurations. Panel (C) shows how the tilted configuration in (B)
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Figure 3.7: Averaging membrane configurations can produce unrealistic surfaces. (A-B) Binning a
straight (A) and tilted (B) protein configuration. When the protein tilts to the left, the protein-membrane
boundary also shifts to the left. (C) Combining bins from configurations A and B leads to non-monotonic
behavior that is otherwise not present in either configuration. (D-E) Binning membrane surfaces from
snapshots in which the protein radius is dilated (D) or constricted (E). The later configuration is represen-
tative of what occurs during the creation of hotspots in which individual lipid molecules extend over the
top of the channel to interact with specific tryptophan residues. (F) Combining bins from configurations

D and E leads to non-monotonic behavior, which is not representative of either configuration.

results in missing data, and combining bins from configurations (A) and (B) leads to non-mononotic

behavior that is otherwise not present in either true configuration. Similarly panels (D-F) show the ef-

fect of binning a protein with a dilated effective radius (D) at one point in time and constricted effective

radius (B) at another. The averaged surface in (F) has missing data resulting from configuration (D), and

it also exhibits non-monotonic behavior. This later scenario occurs during the creation of hotspots in

which individual lipid molecules extend over the top of the channel to interact with specific tryptophan

residues [92]. When hotspots are present, the effective protein area is reduced due to lipids encroach

on the protein-occupied region. Panel (F) shows how combining bins from both configurations leads to

non-mononotic behavior that is otherwise not present in (D) or (E).

As an alternative approach to determining representative, averages of the membrane surface, we used

an interpolation procedure where each node value of a Cartesian grid was assigned the interpolated z-

value of nearby lipid C2 carbon atoms for each MD snapshot. This approach guarantees that every node

of the surface has a value for each membrane configuration. Fig. 3.8 shows a comparison between the

membrane thickness obtained using the interpolation (A) and binning (B) methods. In the interpolation
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Figure 3.8: Different averaging methods produce different membrane hydrophobic thickness profiles.
(A) Surface profile obtained using an interpolation averaging method. For each snapshot, membrane
heights are first interpolate to a two dimensional grid of one Å spacing. All grid points are evaluated
regardless of protein occupancy. The final surface is the average of all grids over the course of the
trajectory. We see that extending radially away from the center of the membrane, the deformation profile
exhibits pure monotonic behavior (blue to red) within a distance comparable to the width of a few lipid
shells. (B) Surface profile obtained using a bin-based averaging method that simply averages local lipid
height in each snapshot (each bin is 1 Å2). Unlike the method in panel (A), if a lipid is not located within
a bin for a given snapshot, the bin will receive no value. For bins near the protein boundary, they are often
occupied by protein, and hence rarely populated by lipid. There are several localized hotspots adjacent
to the protein where the membrane becomes very thick, 32 Å. Extending radially away from the protein
in these regions, the membrane deformation profile exhibits non-monotonic behavior within a distance
comparable to the width of a few lipid shells. The simulation system is composed of POPC lipids and
the protein is gramacidin. For both methods, the protein was centered from snapshot to snapshot prior

to computing membrane heights.
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averaging procedure (A) the membrane deformation profile that extends radially away from the protein

exhibits a monotonic behavior (blue to red) within a distance comparable to the width of a few lipid

shells, while the binning method (B) generates a non-monotonic radial profile arising from hotspots

near the protein (red and yellow) with increased thickness. Analysis of the specific MD snapshots that

give rise to the non-monotonic behavior in the averaged surfaces in Fig. 3.8 B are themselves radially

monotonic near the protein indicating that the averaged thickness profile harbors artifacts likely resulting

from the mechanisms illustrated in Fig. 3.7. Moreover, the non-monotonic profile is highly curved with

a high corresponding deformation energy casting further doubts on the physical appropriateness of the

binning scheme. A deeper analysis of the influence hotspots (black or white circled region) play on

the binned hydrophobic profile (reproduced in Fig. 3.9 A) shows that they are poorly sampled bins

(panel B), yet they dramatically influence the final average thickness. We computed the membrane

thickness with this sparse data corresponding to only membrane configurations in which the textithotspot

was populated, and the resulting average profile is radially monotonic within the first few lipid shells

(panel (C)). Importantly, the membrane is quite thick for these snapshots, but the radial relaxation is

smooth. We conclude that individual membrane configurations are quite smooth in the first few lipid

shells adjacent to the protein, and simple binning schemes mask this observation.

Figure 3.9: Hotspots are rare, but still smooth. (A) Binned POPC average thickness around gramacidin
(same as Fig. 3.8 B). The dashed oval encompasses a single hotspot where lipids extend up over the
channel, and the oval corresponds to the region in all three panels. (B) Bin occupancy by lipids during
MD simulation. The hotspot is rarely sampled by a lipid. (C) Membrane thickness calculated using
only snapshots in which a lipid occupies the hotspot. The surface was constructed with the interpolation
method, since binning resulted in a highly discontinuous surface due to poor sampling. The resulting
profile is monotonic and smooth in the radial direction, and these properties are present in the individual

snapshots.
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3.5.2 Non-Elastic Energy terms

Electrostatic Energy G(e)

The electrostatic energy of the inclusion in the bilayer was determined using the non-linear Poisson-

Boltzmann equation (in e.s.u-c.g.s unit system) [153, 7]:

−∇ · [ε(~p)∇φ(~p)] + ε(~p)κ2(~p) sinh [φ(~p)] =
e

kBT
4πρ(~p), φ(~p) =

eΦ(~p)

kBT
, (3.19)

where φ(~p) is the reduced electrostatic potential at position ~p, kB is the Boltzmann constant, T is the

absolute temperature, κ is the Debye-Huckel screening coefficient, ε is the spatially-dependent dielectric

constant, ρ is the space-dependent charge density within the protein and e is the elementary charge. The

electrostatic calculations were carried out using the APBS software [7] together with modifications to

include membrane dielectric effects as described in Callenberg [122]. As in our recent work Ref. [1], a

six way flood fill method is used to add the dielectric influence of the membrane to the protein system.

Additional details on the electrostatic calculations can be found in our previous publications [109, 1].

Finally, we point out that in our calculations we include the effects of ionic screening, but find that

the strength of the ionic solution has little effect in the membrane deformations induced by gramicidin.

Setting the ionic strength to zero or increasing it by an order of magnitude changes the energy by less

than 0.5 kcal/mol.

Nonpolar Energy G(np)

The non-polar energy of the protein in the membrane environment is related to the amount of protein

surface area buried in the membrane. Here, we assume the non-polar energy is:

G(np) = a · (Amem −Asol) , (3.20)

where Amem is the protein’s solvent accessible surface area (SASA) in the membrane and Asol is the

total SASA in solution. The total protein Asol and per atom surface areas are calculated using Michael

Sanner’s Molecular Surface program, MSMS [68]. To determine Amen, membrane exposed atoms were

first identified using the same six way flood fill algorithm used for the electrostatic calculations. Atoms
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that are determined to be membrane exposed are set to have an Amem = 0.0. The nonpolar energy of

each atom was calculated based on its height relative to the leaflets of the membrane. For atoms in the

membrane core, its SASA was multiplied by the surface tension, a = 0.028 (kcal/mol)/Å2. For atoms

in the headgroup regions, the surface tension constant decays linearly from 0.028 to 0.00 (kcal/mol)/Å2

over the 8 Å thickness of the headgroups. The phenomenological constant 0.028 (kcal/mol)/Å2 is taken

from the work of Sitkoff and co-workers [154], and we ignore the constant term usually found in these

treatments to zero given that it is typically a small energetic value when compared to other terms in our

theory. For more details see Refs. [109, 1].

Protein Orientational Entropy G(o)

The orientational entropy cost is the energetic penalty associated with the protein’s inability to explore

certain configurations when inserted in the membrane, which can be expressed in terms of the Euler

angles ρ, θ and φ describing the protein’s orientation in the membrane. The angle ρ represent rotations

about the long axis of the protein, θ is the angle created between the z-axis of the membrane and the long

axis of the protein (See Fig. 3 in main text), and φ represents rotations of the protein about the z-axis

of the membrane. As the protein axis tips away from the membrane normal (θ), it is able to explore

a greater number of states associated with free rotation about φ. The entropy at a given θ value in the

range δθ is related to the area swept out by the tip of the protein as it rotates about φ. Thus, the entropic

energy change with respect to the protein aligned with the membrane normal is given by:

G(o) = −kBT ln

(
∆Aθ
∆A0

)
, (3.21)

where ∆Aθ is the area swept out by the tip of the helix over the surface of a sphere and ∆A0 is the

effective area explored by the helix tip when it is oriented vertically. The ratio in areas is then given by:

∆Aθ
∆A0

=

∫ θ+δθ
θ−δθ sin θdθ∫ δθ

0 sin θdθ
, (3.22)

where δθ ≈ r/h accounts for tilt angle spanned by a cylinder of finite radius r and height h.
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3.5.3 Geometrical description of the membrane
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Figure 3.10: Cartoon model of the membrane in the presence of a conically shaped protein. In the
regions where the upper and lower leaflet both exist, the compression surface is labeled cM (x, y), while
in regions where either the upper or lower leaflet does not exist, the compression surface is labeled
c1(x, y). The variable u+

B corresponds to the membrane boundary displacements at the interface between
the protein and the upper leaflet. The angle α of the conically shaped protein can be used to describe the

degree of mismatch between the upper and lower leaflets.

We start by defining the geometry of the system. In Fig. 3.10, we illustrate a special case where the

conical shape of an inclusion causes a mismatch between a region of the upper monolayer and the lower

monolayer. A lack of corresponding patch along the z-direction poses a problem for the compression

coupling between the leaflets. In general, protein shapes are complex, and this coupling problem arises

in many instances. To address this type of biological problems we propose a two-sheet membrane model

where the compression of each sheet is derived independently with respect to the bilayer compression

surface cM (x, y) which acts as the coupling element between leaflets (Fig. 3.10).

We use small deflection theory [115, 79] to model the monolayer surfaces. We define the normal

vector to the surface representing the upper monolayer as ~N+ and the lower monolayer as ~N−, which

are approximately given by the following relations [118, 115]:

~N+ =

{
∂h+

∂x1
,
∂h+

∂x2
,−1

}
, ~N− = −

{
∂h−

∂x1
,
∂h−

∂x2
,−1

}
. (3.23)

The variables h±(x1, x2) represent the shape, or distance from z = 0, of each leaflet. From the shape

variables, we define the normalized variables u±(x1, x2) as the difference between the shape function

of the upper and lower monolayer h±(x1, x2) with respect to the flat, undistorted monolayer thickness
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h0:

u±(x1, x2) = h±(x1, x2)∓ h0. (3.24)

The deformation represented by the leaflet shape variables given in (3.24) is equivalent to the mathemat-

ical description of bilayer deformation in terms of a dilation variable d = (u+ − u−)/2 and the bilayer

midplane h = (u+ + u−)/2 [155]. Finally, it important to distinguish the true monolayer surface in

three dimensional space (Γ±) from the two dimensional projection of the surface used in calculations

(Ω±):

dΓ± ≈
[√

1 + (∇u±)2

]
dΩ± ≈

[
1 +

(∇u±)
2

2

]
dxdy, (3.25)

where dΩ± is the differential dxdy in the projected plane [115].

3.5.4 Elastic energy of an arbitrarily shaped inclusion in the membrane

We describe the total elastic energy of the system as the sum of the independent contributions of each

monolayer:

GT = E+
m + E−m, (3.26)

where +/− denotes variable associated with the upper/lower monolayer, respectively. We account for

energies associated with mean curvature bending (E±B ), changes in the area per lipid (compression)

(E±C ), surface tension (E±S ), and changes in the gaussian curvature (E±G):

E±m = E±B + E±S + E±C + E±G , (3.27)

where each term is briefly described in the following sections.

Mean bending curvature

The bending energy is [115]:

E±B =
1

2

∫
Γ±
K±b

(
2H± + J±0

)2
dΓ±, (3.28)
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where the integration is performed over each monoloyer surface Γ±, K±b are the monolayer bending

moduli, H± are the mean curvature fields describing the neutral surfaces of each monolayer, and J±0

are the spontaneous curvatures in each leaflet. Under small deformations, the mean curvature can be

approximated as [99, 115]:

H+ = ~∇ ~N+ ≈ 1

2
∇2u+(x1, x2) and H− = ~∇ ~N− ≈ −1

2
∇2u−(x1, x2). (3.29)

For the chosen normal vectors in (3.23) positive curvature H+ at the upper leaflet is a concave up

shape, while positive curvature H− at the lower leaflet is concave down. The plus sign in front of

the spontaneous curvature term J±0 follows the standard convention that a lipid in equilibrium with a

positive spontaneous curvature is one with a large headgroup that prefers to adopt a micelle geometry

[115]. Since this sign convention varies in the literature, care must be taken when comparing different

Hamiltonians [115, 79].

Making use of the definitions of the projected area and expanding up to quadratic order in the defor-

mation variables, the bending energy is [115]:

E±B ≈
1

2

∫
Ω±

K±b
(
∇2u± ± J±0

)2
+
K±b
2

(
J±0
)2 (∇u±)2 dxdy. (3.30)

Surface tension

The tension/stretching energy (E±S ) for each monolayer can be written as [115]:

E±S =

∫
Γ±
σ±dΓ± − σ±Γ0, (3.31)

where σ is the surface tension parameter, and the integration is performed along the neutral surface of

each monoloyer Γ±. Γ0 is the initial undeformed area of the membrane, and it is the same for both upper

and lower monolayers. Making use of (3.25), we can rewrite expression (3.31) as:

E±S =
1

2

∫
Ω±

σ±
(
∇u±

)2
dxdy. (3.32)

It is important to point out that the surface tension parameter σ is a subtle term that has generated
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significant controversy depending on its physical interpretation [115]. For a detailed description of the

numerous interpretations of this term, we refer the reader to the works of Schmid [156], Diamant [157]

and Watson et al. [119]. Here, we interpret σ to be the conjugate variable that opposes the addition of

new area to the total bilayer surface Γ. For constant area per lipid, Γ is proportional to the total number

of lipids, and therefore, σ plays the role of the chemical potential. Combining the ∇2u± term in (3.30)

with (3.32), we obtain the effective surface tension parameter γ± = σ± + K±B (J±0 )2/2. In the main

text, we have expressed the energy in terms of the effective surface tension γ±.

In addition to the gradient term, σ (∇u±)
2, in the Hamiltonian, it is often common to find a linear

term in the literature, σ (u+ − u−), that arises due to changes in lipid area for a volume incompressible

membrane [158, 150, 119]. This linear term results in systematic change in the equilibrium thickness of

the membrane [150, 119]:

L∗0 = L0

(
1− σ

Ka

)
, (3.33)

where Ka is the bilayer compression modulus, L0 is the membrane thickness of a tension-free mem-

brane and L∗0 is the new equilibrium membrane thickness. Using (3.33), we can rewrite our deformation

variables u± with respect to L∗0 rather than L0. By doing this change of reference configuration, we

recover the same Hamiltonian (without a linear term) in our deformation variables u+ and u−. Mem-

brane vesicles are known to burst when the tension goes beyond a few mN/m, but exact values for the

surface tension as a function of the membrane composition and protein are unknown. For this reason we

have decided to use σ ≈ 3 mN/m as originally postulated by H.W. Huang [99] and often employed in

more recent works [95, 109, 18, 53, 94]. Adding the linear term and keeping σ ≈ 3 mN/m results in a

membrane thickness shift L0 − L∗0 of less than 1.4%.

Bilayer compression

As derived in Refs. [159, 158], the compression energy for each monolayer is given by:

E±C ≈
∫

Ω±

K±a
2

(
A± −A0

A0

)2

dΩ±, (3.34)

where A0 is the initial area per lipid and A± is the deformed area per lipid. The compression modulus

of each monolayer does not need to be the same, hence K+
a represents the modulus for the upper leaflet
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and K−a is the modulus for the lower leaflet. As discussed later, for a protein of arbitrary shape with un-

matched leaflet regions, a framework where the upper and lower leaflets can have different compression

moduli becomes important when including shell hardening effects through spatially dependent moduli

[92, 103] (see section 3.5.4).

Returning to (3.34), the compression energy can be rewritten in terms of the shape variables u±

since the change in area (A± − A0) is related to the vertical compression along the z-axis by means of

the lipid volume constraint [160]:

V = χV0, V0 = h0A0, V = (h+ − c)A+ = −(h− − c)A−, (3.35)

where V0 is the initial volume of the lipids, V is the volume of the lipids in the deformed configuration

(assumed to be the same for the upper and lower leaflets) and c(x, y) is the compression surface [116,

117, 118, 119] (Fig 3.10). The parameter χ ∈ [0, 1] is a phenomenological term describing the degree

of volume conservation of the lipids before and after deformation. It is well known that the lipid volume

is nearly incompressible [158, 160]. For this reason, we have constrained our analysis in the main text

to the incompressible case of χ ≈ 1, but note that our methods can accommodate lipid compressibility

through the phenomenological variable χ. For a compressible lipid mix, there would be a new term

appearing in the energy functional that can be treated as a line tension (linear on the deformation variable

u±). Having a line tension term in the energy functional can be easily accounted for using a change of

variables [111, 113], resulting in no change to the form of the equilibrium equations. Using (3.35),

the energetic penalty for compression in (3.34) can approximated up to quadratic order on the shape

variables to be:

EC =

∫
Ω+

K+
a

2h2
0

[
u+ − c

]2
dΩ+ +

∫
Ω−

K−a
2h2

0

[
u− − c

]2
dΩ−. (3.36)

Bilayer compression: matched regions

When the upper and lower leaflets match (Ω+ = Ω− = ΩM ) the energy in (3.36) reduces to:

EC =

∫
ΩM

K+
a

2h2
0

[
u+ − c

]2
+
K−a
2h2

0

[
u− − c

]2
dΩM . (3.37)
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For the static case, the deformations associated with the compression surface c(x, y) will equilibrate

very fast, and consequently, we can minimize over c(x, y) without loss of generality [116, 117]. The

solution yields:

c(x, y) =
K+
a u

+ +K−a u
−

K+
a +K−a

. (3.38)

Using (3.38), the bilayer compression energy of the bilayer can be rewritten as:

EC =

∫
ΩM

Keff

2h2
0

[
u+ − u−

]2
dxdy, Keff =

K+
a K

−
a(

K+
a +K−a

) , (3.39)

where Keff is analogous to the effective spring constant of two Hookean springs coupled in series. In the

main text, we have labeled the compression surface in matched regions c = cM (x, y).

Bilayer compression: unmatched regions

When the area of protein insertion in the upper and lower leaflets do not match there is a region in space

Ω1 where the shape variable u+ is not defined and/or a region Ω2 where the variable u− is not defined.

For such scenarios, we expect that the surface of compression c(x, y) is a function of the geometry of the

inserted protein, where the energy minimization with respect to c(x, y) is subject to a spatial constraint.

As an illustrative example, we consider the insertion of a conically shaped protein shown in Fig. 3.10.

In the unmatched region Ω1 in the lower leaflet, the compression energy is described by:

E−C =

∫
Ω1

2K−a
L2

0

[
u− − c(x, y)

]2 − λ (c(x, y)− c1) dxdy, (3.40)

where λ is the conjugate Lagrange multiplier to the constraint in the compression surface c(x, y). The

function c1 is unknown and probably the result of complex coupling between the geometry of the mem-

brane protein and distortion of the lipids. Fig. 3.10 shows a mismatch region between upper and lower

surfaces that is described by an angle α. For small values of (π/2−α) (small mismatch region Ω1), we

expect that the bilayer midplane cM (compression surface in the matched region ΩM ) is not to heavily

distorted such that the compression surface c1(x, y) in Ω1 can be approximated as:

c1(x, y) =
h+
B + h−(x, y)

2
, (3.41)
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where h+
B = u+

B +h0 is the set of boundary conditions between the upper leaflet and protein (Fig. 3.10).

Although we have used a conically shaped protein for illustrative purposes, the approximation in (3.41) is

valid for proteins of arbitrary shape as long as the mismatched regions are moderately small. Importantly,

this approximation preserves continuity of the midplane function c(x, y) over the entire space. We make

the same approximation in the lower leaflet for u−(x, y) in the region Ω2:

c2(x, y) =
h−B + h+(x, y)

2
, (3.42)

where h−B = u−B − h0 is the set of boundary conditions between the lower leaflet and protein (figure

not shown). Note the deflection values h+(x, y) and h−(x, y) can in general vary in space along the

boundary of the protein. In that case the values of h+
B and h−B inside the regions Ω1 and Ω2 are calculated

through an interpolation procedure. We emphasize that in our proposed elastic model h+
B and h−B are

prescribed as fixed conditions used to compute the compression plane c(x, y) on mismatched regions.

Hardening effects near the protein

The decreased conformational freedom of lipids near the boundary of an inclusion leads to greater

molecular packing and greater resistance to elastic deformations – an effect known as hardening [103,

92]. Partenskii and Jordan [103] accounted for this effect by developing a membrane free energy model

where the elastic moduli were higher at the boundary of the inclusion, but returned to bulk values away

from the protein-membrane interface with a decay length λD ∼ 15 Å (comparable to the length of a lipid

molecule). In their model the protein was assumed to be a cylinder and the slope condition was allowed

to relax by using natural BCs on the curvature (See 3.5.5 for details on boundary conditions). Their

model could describe experiments carried out on gramicidin [141] by only modulating the compression

modulus as:

Ka(x, y) =

[
1 + (Θ− 1) · exp

(
−r − r0

λD

)]
Ka,B, for r ≥ r0, (3.43)

where Ka,B is the bulk compression modulus, Θ ∼ 4.5 is the fitted phenomenological hardening factor,

r0 is the protein radius, and r is the radial distance from the protein center. Hence, lipids located

r − r0 > 15 Å from the protein have bulk-like behavior. Recently Lee et al. [94] noted that this

approach still fails to provide bilayer thickness values consistent with molecular dynamics. We presume
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that these differences are due to the simplified protein representation in the elastic model and not the

theoretical methodology. Therefore, in the main text we have implemented the Partenskii and Jordan

[103] and Kim et al. [92] hardening effect in the context of specific protein geometry. In our model, the

upper (+) and lower (−) leaflet compression moduli follow from (3.43):

K±a (x, y) =

[
1 + (Θ± − 1) · exp

(
−r − r

±
0

λD

)]
Ka,m, for r ≥ r±0 , (3.44)

where Ka,m is the monolayer bulk compression modulus, which we assume is half of the bilayer value

Ka,B . For non-cylindrical proteins, the quantity r−r±0 is computed by identifying the membrane-protein

contact point, r±0 , that lies along the radial line connecting r to the origin. In general, the hardening field

will be different in the upper and lower leaflets due to differences in the protein geometry in both leaflets

(as in Fig. 3.10) leading to K+
a (x, y) 6= K−a (x, y). Therefore, when studying the distortions induced by

arbitrary shape proteins, the bilayer compression modulus including the effects of hardening is readily

given by the effective modulus Keff in expression (3.39). Throughout this work, we set Θ± ∼ 4.5

based on the gramicidin analysis in Ref. [103]; however, it is possible to compare our calculations to

deformation profiles determined from all-atom simulations to arrive at appropriate hardening values.

Gaussian curvature

The Gaussian curvature energy in the upper leaflet is given by (see Refs. [126, 127, 118]):

EG = −KG

2

∫
Ω+

~∇ ·
[(
~∇~n
)
~n−

(
~∇ · ~n

)
~n
]
dxdy, (3.45)

where KG is the Gaussian bending modulus, ~n = ∇h+ is the two dimensional surface normal (neglect-

ing the z-component), and we have dropped much of the leaflet specific notation. There is a similar

energy term corresponding to the lower leaflet. In the expression above, we have used the notation

~∇~n = nj,k to represent a second order tensor containing the derivatives of the normal vector ~n and

hence
(
~∇~n
)
~n =

(
~n · ~∇

)
~n = nj,knk is a vector. With the divergence theorem, we can recast the

Gaussian bending energy on the boundary ∂Ω as:

EG = −KG

2

∮
∂Ω

[(
~∇~n
)
~n−

(
~∇ · ~n

)
~n
]
· (−~r ) dl, (3.46)
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where we define ~r as the outer normal to the surface describing the boundary ∂Ω in the x-y plane. Next,

we show that the Gaussian contribution only depends on the boundary condition ~n = ~n0 = ~∇h0 on ∂Ω

[126, 127]. To do this, we first define the tangential surface gradient operator (see Ref. [126]):

~∇T~n = ~∇~n−
(
~∇~n
)
~r ⊗ ~r, (3.47)

which essentially removes any contribution of the tensor ~∇T~n in the normal direction to the surface ~r.

Consequently, ~∇T~n only depends on tangential derivatives, or in other words, only values of ~n = ~n0 on

∂Ω. Making use of ~∇T~n, we can rewrite (3.46) as:

[(
~∇~n
)
~n−

(
~∇ · ~n

)
~n
]
· ~r = ni,jnjri − ni,injrj (3.48)

= (ni,j − ni,krkrj)njri − (ni,i − ni,krkri)njrj

=
[(
~∇T~n

)
~n− tr

(
~∇T~n

)
~n
]
· ~r.

From (3.48), we see that the Gaussian contribution (3.46) is only a function of normals ~n0 on the bound-

ary. Consequently, if ~n0 is fixed as part of the boundary conditions, then there is no variation of the

Gaussian energy EG with respect to ~n at the boundary (δ(EG)/δ~n = 0) and there is no contribution of

the Gaussian component to the minimization equations. Thus, (3.46) does not influence the minimum

energy configuration, but it must be included to determine the total energy of the system.

Gaussian bending modulus KG

Let c1 and c2 be the two principal curvatures such that mean curvature is 2H = c1 +c2 and the Gaussian

curvature is K = c1 · c2. Then the energy density associated with changes in curvature is given by[115]:

G =
1

2
Kc(H

2) +KG(K) = [c1, c2] · [A] · [c1, c2]T , A =

 Kc Kc +KG

Kc +KG Kc

 , (3.49)

where Kc is the bending modulus. For the free energy G to have a minimum, the matrix A must be

positive definite, which requires 2Kc > −KG > 0. In the main text, we have used KG ∼ −0.9Kc as
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recently measured from simulation [129].

3.5.5 Boundary conditions at the membrane-protein contact curve

The total energy of the membrane-protein system (GT ) is given by the sum of the membrane elastic

energy (G(me)), the electrostatic energy (G(e)), and the nonpolar energy G(np). For the elastic energy

G(me), we assume that the only unknowns are the fields u+(x, y) and u−(x, y). The energy minimiza-

tion is obtained using the variational formulation:

δG(me)(u+, u−) = δG
(me)
u+

+ δG
(me)
u− = 0, (3.50)

where δGu+ and δGu− represent the variation in energy resulting from variables u+ and u−, respec-

tively. (3.50) yields the equilibrium shape equations of the membrane as well as a set of requirements

(boundary conditions BCs) that the membrane deformation variables must satisfy at the boundary inter-

face[161].

To see the role and physical significance of the BCs, we write the membrane’s elastic energy func-

tional δG(me) as the sum of the interior membrane surface contributions (δG(me)
Ω ) and the contribution

at the boundary edge (δG(me)
B ) [161]:

δG(me)
(
u+, u−

)
= δG

(me)
Ω

(
u+, u−

)
+ δG

(me)
B

(
u+, u−

)
. (3.51)

Under the assumption that no external forces are acting over the interior surface of the membrane and

that the only perturbations are due to the inclusion on the internal edge-boundaries, then the first term

δG
(me)
Ω over the interior surface yields the Euler-Lagrange equations presented in the main text:

∇4u+ −∇2J+
0 − γ∇

2u+ + β
(
u+ − u−

)
= 0, in ΩM , (3.52)

∇4u− +∇2J−0 − γ∇
2u− + β

(
u− − u+

)
= 0, in ΩM , (3.53)

∇4u− +∇2J−0 − γ∇
2u− +

β

2

(
u− − u+

B

)
= 0, in Ω1, (3.54)

∇4u+ −∇2J+
0 − γ∇

2u+ +
β

2

(
u+ − u−B

)
= 0, in Ω2, (3.55)
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The second term δG
(me)
B in (3.51) must account for the external shearing force p±ext and mechanical

moments m±ext imposed by the inclusion at the edges (interior boundary) of the upper and lower leaflets,

respectively. The latter yields the following set of allowable BCs [103]:

δu+
[
p+(u+, u−)− p+

ext
]

+ δ
(
∇u+ · ~r2

) [
m+(u+, u−)−m+

ext
]

= 0 at the upper leaflet boundary,(3.56)

δu−
[
p−(u+, u−)− p−ext

]
+ δ

(
∇u− · ~r1

) [
m−(u+, u−)−m−ext

]
= 0 at the lower leaflet boundary,(3.57)

where ~r1 is the unit vector pointing perpendicular to the curve described by the lower leaflet-protein

interface and ~r2 is the unit vector pointing perpendicular to the curve described by the upper leaflet-

protein interface (see Fig. 1 B in the main text). The variable p± represents the internal forces and m±

are the internal moments generated at the interface by the stressed upper and lower leaflets.

From (3.56) and (3.57), we see that there there are several different BCs that satisfy the physi-

cal situation. The first, and most intuitive situation, is fixed BCs, where u± and ~∇u± are predeter-

mined at the boundaries. In this case, variations on the deformation variables at the boundary are zero

(δu± = δ∇u± = 0) and (3.56) - (3.57) are immediately satisfied. For the protein induced membrane

distortion problem, we have following set of fixed conditions (See Refs. [103]):

u±= 0, ~∇u± = 0 far away from inclusion, and (3.58)

u±= u±B,
~∇u− · ~r1 = S−, ~∇u+ · ~r2 = S+ at the protein-monolayer interface,

where S± reflects the monolayer slope, or contact angle, at the point of contact with the protein. The

fixed conditions far away from the inclusion in (3.58) are commonly used in the literature since it is

expected that the protein induced membrane deformations should decay to bulk values; however, there is

more disagreement about the appropriate BCs at the protein-monolayer interface in (3.58) [94]. Earlier

work found that setting the slopes equal to zero at the protein-membrane interface yielded compatible

energetics with experiments carried out on gramicidin [101, 108, 103]. Yet there is no formal justification

for the zero slope condition, and more recent comparison with MD simulations suggests that the zero

slope boundary condition fails to properly describe membrane deformations near the protein [94].
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A second set of BCs compatible with (3.56) and (3.57) arise from the physical constraints of forces

and torques at the membrane-protein interface [103]:

p+(u+, u−) = p+
ext and m+(u+, u−) = m+

ext at the upper leaflet boundary, (3.59)

p−(u+, u−) = p−ext and m−(u+, u−) = m−ext at the lower leaflet boundary. (3.60)

It is not possible to know the analytic form of the constraints p±ext and m±ext, thus precluding an easy

implementation of these conditions. However, a special situations, referred to as natural BCs, arises

when u± and/or S± are allowed to freely and independently adjust to the effects of the inclusion [103,

94]. When u± is free to adjust, it implies no external forces are being applied (p± = 0), while freely

adjusting slopes (S±) imply no externally applied moments (m± = 0) [103]. For instance, instead of

fixing the value of S± at the boundary, many authors have used the alternative natural BCs of prescrib-

ing the curvature (∇2u± = 0). For the case of gramicidin, it was determined that natural BCs on the

curvature poorly correlated with experimental energies [94]. Moreover, a formal mathematical deriva-

tion shows that the spontaneous J0 and Gaussian modulus KG should directly influence the curvature

boundary condition [121]. Both of these quantities are usually neglected in continuum elastic models

that use the natural boundary condition on curvatures [121, 94]. This could potentially contribute to the

discrepancies reported between continuum elastic predictions and simulation/experiment.

What are the correct boundary conditions for real proteins?

The unknown functional form of the forces p±ext and torques m±ext at the boundary precludes the use of a

purely elastic continuum model for the membrane. Instead we use a hybrid continuum-atomistic model

that couples the membrane deformation energy (G(me)), non-polar energy (G(np)) and electrostatic

energy (G(e)). The set of boundary conditions of the elastic model that minimizes the total energy of

the system (GT ) is the key coupling element between the three explicit energies appearing in our hybrid

approach. In the main text, we describe the optimization procedure used to minimize the energy by

optimally choosing BCs, and these optimized displacement values at the protein-membrane boundary

(u±B) are shown in Fig. 3 of the main text.
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For completeness, the optimized slope boundary conditions (S±) together with the slopes extracted

from MD are shown in Fig. 3.11. The MD slope data is rather noisy due to the highly fluctuating nature

of the gramicidin protein (center of mass translations, rotations, off axis tilting, and rotamer flipping), but

our continuum slope predictions are in good agreement with the average values from MD. Convergence

of the search over the boundary conditions depends on the protein’s geometry and size, but generally

it requires 500 to 1500 iterations to achieve an absolute convergence in the energy of 0.5 kcal/mol.

Typical optimization times are about 2 to 7 hours on a desktop computer using a single core. As shown

in Fig. 3.11, our optimized slopes are slightly positive and not zero as suggested by previous authors

[99, 101, 108]. Our solutions show evidence that at the protein-membrane interface, the slopes adapt in

order to reduce the elastic penalty. This result agrees with the expected physical behavior for an elastic

slab that is compressed. The hydrophobic region of gramicidin is slightly smaller than the hydrophobic

thickness of the membrane (POPC), and in order to reduce the compression penalty near the protein the

membrane returns to its undeformed shape more quickly resulting in non-zero slope. Having a positive

slope will have a favorable effect to reduce compression at the expense of introducing curvature into the

system. Including lipid hardening effects near the protein tends to increase the degree of the slope since

the compression penalty increases. Despite our finding of a non-zero slope, the values reported here

are smaller than the values reported previously [103] when using using lipid hardening in a membrane

elastic model together with natural boundary conditions (free slope).

Figure 3.11: Predicted slopes at the protein-membrane boundary obtained from continuum calculations.
The dotted line represents the optimal slope at the upper leaflet, and the dashed line corresponds to the
slope values at the lower leaflet. The x-axis is the angular parameterization of the displacement along

the membrane-protein boundary.
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3.5.6 Convergence of the continuum elastic energy.

We tested the convergence of our numeric solver for three different cases: an idealized cylindrical in-

clusion with r0 = 15 Å, a configuration of gramicidin A examined in the main text, and the config-

uration of nhTMEM16 examined in our previous work [79]. Each case has its own advantage. The

cylinder has an analytic solution that we used to assess the absolute convergence of our method, while

the later two cases are real proteins. Gramicidin is small and largely cylindrical, while nhTMEM16

is a large dimer with 20 transmembrane helices total [79]. For the cylinder and gramicidin, solutions

were calculated on a 100 Å by 100 Å grid, but nhTMEM16 is much larger, it was calculated on a 200

Å by 200 Å grid [79]. For each boundary, we applied symmetric displacement boundary conditions:

u±B = ∓1.5 ± 1.5 · Sin(2t) ∓ 1.5 · Cos(t). For the cylinder, a slope of zero was applied with no

Partenskii-Jordan hardening near the protein, while the other two systems employed a hardening factor

of 4.27 and a slope factor of -0.04. The error on the membrane displacement field was evaluated using

the L∞-norm, while the relative error was used to assess convergence of the total membrane energy

(GT ). Analytic solutions do not exists for the gramicidin and nhTMEM16 cases, so the errors were

calculated relative to the solution obtained at the highest grid density. In all cases, the greatest error over

the entire displacement field is less than 0.7 Å when the grid spacing is less than 1.5 Å, which is greater

than 64 grid points for A and B and greater than 128 grid points for C (Fig. 3.12). For the cylindrical

inclusion, the error in the L∞-norm asymptotically approaches 0.065 Å rather than 0 Å. The element

corresponding to this maximum error is located on the outer boundary at 50 Å, where we assumed that

the displacement field returned to zero in the numeric calculation, but we assume boundaries at infinity

in the analytic solution. Thus, the true error in the numeric solver is even smaller than what is presented,

due to inconsistencies between our numeric calculation and our analytic reference. The relative energies

have converged to approximately 5 % in all cases when the grid spacing is 1 Å (Fig. 3.12 D-F). For all

calculations in the main text, we use a grid spacing of 1 Å.

3.5.7 Membrane height profiles from hybrid continuum-atomistic model.

Finally, we wanted to show the full 2D membrane profile predicted from our hybrid-continuum atomistic

model (Fig. 3.13) using the self-consistently optimized membrane boundary displacements (shown in
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Figure 3.12: Convergence of membrane distortions on boundaries of different size and complexity. (A-
C)L∞-norm of the membrane shape variable for a cylinder of radius 15 Å, gramicidin, and nhTMEM16,
respectively. The error is E∞ = max{unumeric

i,j − uanalytic
i,j } for the cylinder and E∞ = max{unumeric

i,j −
unumeric max refinement
i,j } for the two real proteins, and the indices i, j correspond to all elements in the xy-

plane. Note that this error is identical to the maximum component of the L1-norm as indicated in the
figure label. (D-F) Relative error in the elastic energy for the cylinder, gramicidin, and nhTMEM16,
respectively. The total energy for each test case was 8.8, 17.9, and 31.5 kcal/mol, respectively, where
the last two values were determined from the numeric solution at the highest grid density and the former

was determined analytically.



Chapter 3. New continuum approaches for determining protein induced membrane deformations 74

Fig. 4 of the main text) and slopes (Fig. 3.11). At the outer edges of the solution domain, we have

imposed far field boundary conditions (u± = ∇u± = 0). The corresponding membrane shape is quite

similar in nature to the profiles from MD shown in Fig. 2A,B (main text); however, they are not identical

for several important reasons. First, the MD simulations impose periodic boundaries and the continuum

calculation in (Fig. 3.13) do not. Second, the profiles from the MD simulations are averaged over the

entire simulation trajectory, while the continuum boundary conditions were taken from a small subset of

protein configurations around the most populated orientation. As discussed throughout the manuscript,

it is not advisable to closely compare deformation profiles of averaged membranes with static snapshots.

Figure 3.13: Gramicidin induced membrane deformations in the upper leaflet (A) and lower leaflet
(B) calculated using our hybrid-continuum atomistic model. The boundary conditions at the protein-
membrane interface are determined by a self-consistent optimization of our hybrid model. At the outer
edges of the box we have imposed far field boundary conditions for the membrane deflections u± =

∇u± = 0.
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Chapter 4

Atomistic insight into lipid scrambling by

a TMEM16 scramblase

4.1 Introduction

The compositional asymmetry between the leaflets of the plasma membrane influences the signaling

properties of cells. Scramblases are a class of proteins that disrupt membrane asymmetry by facilitat-

ing the transfer of phospholipids from one leaflet to the other in an energy independent manner. These

transmembrane proteins play a role in events such as coagulation of the blood and cellular apoptosis by

transporting phosphotidylserine (PS) from the inner leaflet to the outer leaflet of the plasma membrane

[162]. In particular, TMEM16 family members have gained recent attention for their role in phospho-

lipid scrambling in platelets and fungi. The TMEM16 family members have diverse functions. For

example, TMEM16A and B are calcium activated chloride channels (CaCC), TMEM16F is a nonspe-

cific cation channel and scramblase, and the fungal Aspergillus fumigatus (af) TMEM16 is another dual

scramblase/ion channel [163, 164, 165, 166, 167].

The structure of the Nectria hematococcus (nh) TMEM16 membrane protein revealed a possible

mechanism for phospholipid conduction across the membrane (Fig. 4.1A) [4]. The protein forms a

dimer, and each subunit has a hydrophilic groove composed of polar and charged residues that face

the membrane core and traverses the entire bilayer (blue strip in Fig. 4.1B). Flippases and floppases

(ATP dependent proteins that shuttle lipids from or to the extracellular leaflet, respectively) possess a

similar hydrophilic groove, and lipids are believed to permeate these grooves in a similar manner as in
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scramblases [168]. Computational analysis has revealed that it is energetically costly to place polar and

charged residues in the core of the membrane [64], and these high energy costs have been corroborated

experimentally [169, 170], albeit the per residue experimental insertion energy scales are generally less

unfavorable than computational predictions. The hydrophilic groove likely distorts the membrane shape

to provide a more favorable environment for polar headgroup conduction from one leaflet to the other

[4]. This mechanism was later supported by experimental evidence that helices forming the hydrophilic

groove are essential for scrambling in TMEM16F [171]. Nonetheless, there is currently little information

concerning the specific interactions involved in facilitating headgroup conduction along the hydrophilic

groove. Moreover, it is not known if nhTMEM16 is also an ion channel, and if it is, whether the

hydrophilic groove plays a role in ion conduction.

Computational approaches provide a unique set of tools for probing protein function at a high spatial

and temporal level. However, large-scale membrane deformations and lipid translocation are slow pro-

cesses that are difficult to study with traditional fully-atomistic molecular dynamics (MD) simulations

given current computational limitations. To mitigate some of these concerns, the Sansom group used

their membrane protein simulation pipeline, MemProtMD, to run less demanding coarse-grained simu-

lations on nhTMEM16 [172]. Over the course of 1 µs, they observed approximately 15 lipids traverse

the hydrophilic groove from the extracellular to the cytoplasmic leaflet of the membrane. While making

important strides toward revealing how this protein functions, since the protein was restrained and coarse

grained, little can be said about the individual interactions facilitating lipid permeation and the timescale

of lipid permeation.

Here we use our implicit membrane model together with fully-atomistic MD simulations to revisit

the global and local mechanisms of lipid scrambling in nhTMEM16. We previously developed a fast,

hybrid continuum-atomistic model that treats the protein in atomistic detail, while implicitly represent-

ing the membrane using elasticity theory [95, 53, 173]. Both our continuum model and MD simula-

tions show that nhTMEM16 generates large-scale membrane deformations around the entire membrane-

protein interface, including areas far away from the hydrophilic groove. We also identify conserved,

charged residues at the ends of the groove that transiently bind to phosphatidylcholine (PC) headgroups.

These residues appear to coordinate lipid translocation and are conserved in many mammalian TMEM16
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family members. One of these headgroup interaction sites appears to nucleate headgroup-stacking inter-

actions that extend through the hydrophilic groove. Lastly, continuum calculations on homology models

of mammalian TMEM16 members also reveal large membrane deformations with a similar distortion

pattern of distortion.

4.2 Methods

Continuum membrane bending calculations were carried out as described in Refs. [95, 53, 173]. Briefly,

a physics based model is employed that considers the energy of the protein in the membrane as the sum

of three dominant terms:

GT = G(e) +G(np) +G(me), (4.1)

where G(e) is the electrostatic energy, G(np) is the non-polar energy, and G(me) is the membrane de-

formation energy. The membrane deformation and its associated energy are determined by prescribing

displacement and contact angle boundary conditions and solving the Euler-Lagrange equation that comes

from a Helfrich-like energy functional [99, 53]. Further details on the continuum calculations can be

found in the supplemental methods.

All MD simulations used the 4WIS structure of nhTMEM16 [4]. Missing loops were built with

MODELLER 9.15 [19]. The structure was embedded in a POPC lipid membrane and solvated in 150

mM KCl using CHARMM-GUI [136]. Two initial systems were constructed of sizes: 1) 335,204 total

atoms, 74,394 waters, and 666 lipids and 2) 356,426 total atoms, 79,428 waters, and 710 lipids. All

simulations were run in the NPT ensemble with Amber on GPUs using the CHARMM36 force field

[174, 139]. The membrane simulation protocol follows closely recent published standards [136]. Each

system 1 simulation was run for 120 ns each, while system 2 simulations were run for 400 ns. There

were no noticeable differences between 1 and 2, so all simulations were combined for the analyses,

yielding a total aggregate time of 4.16 µs. For further details on our simulation setup, please refer to our

previous work Ref. [173] and the supplemental methods.

Homology models were constructed using MODELLER 9.15 [19]. A multiple sequence alignment

of all ten human TMEM16 proteins and nhTMEM16 was first performed using the promals3d web server

[175], and the results for TMEM16A, F, K, and nhTMEM16 are shown in Fig. S9. This alignment was
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used along with the automodel routine with symmetry constraints to create 3,000 homology models each

of TMEM16A, F, and K using nhTMEM16 (PDB ID: 4WIS) as a template. For each protein, the model

with the lowest DOPE score was then chosen as the representative structure to carry out the continuum

membrane bending calculations in Fig. S10 [176].

4.3 Results

4.3.1 TMEM16 induces large-scale membrane deformations

Using our continuum model, we calculated the membrane deformation induced by nhTMEM16. We

found that nhTMEM16 significantly distorts the membrane. A large amplitude, slow gentle bend occurs

around the entire skirt of the protein with the most pronounced deformation at the hydrophilic groove

(Fig. 4.1). Since the protein is a symmetric dimer, the distortion pattern has a 2-fold symmetry when

viewed perpendicular to the plane of the membrane. The deformation is not a direct pinch, or vertical

thinning, of the membrane across the groove, but rather, nhTMEM16 induces bending curvature in the

angular direction along the protein-bilayer contact curve (i.e. the membrane is high on the left side of

the groove and then dips down low on the right side as viewed in Fig. 4.1B). The energetic cost of the

deformation, using standard material properties of palmityloleoylphosphotidylcholine (POPC) bilayers

(Table S1)[177, 109, 178, 128, 129, 134, 179, 103, 173, 26, 76], is 60 kcal/mol, and the bending energy

dominates over the compression and surface tension terms.

The highest point of the lower leaflet and lowest point of the upper leaflet are offset from each

other, but the distance of closest approach between the two surfaces (red arrow in Fig. 4.1B) is directly

through the hydrophilic groove. This shortened path length is 18.3 Å compared to 28.5 Å for the flat

POPC bilayer at equilibrium. We hypothesized that this deformation is not only driven by the residues

within the hydrophilic groove, but rather the shape is driven by surface anchoring residues along the

skirt of the protein. To test this idea, we neutralized all charged and hydrophilic residues within the

hydrophilic groove. If the electrostatics of the hydrophilic groove is driving the deformation, one would

expect little to no deformation from the neutralized mutant. On the contrary, while we see less extreme

distortion, the deformation persists, with only a 12 kcal/mol reduction in the total membrane bending

energy (Fig. S1). Thus, this large scale deformation appears to be a global mechanism that requires
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Figure 4.1: Predicted membrane bending around nhTMEM16 dimer based on continuum modeling. A
Crystal structure of the fungal scramblase, nhTMEM16 (PDB ID: 4WIS), deforming the upper and lower
membrane leaflets (gray surfaces) predicted from our hybrid continuum-atomistic model. Each surface
represents the hydrophobic-hydrophilic interface where the polar headgroups meet the hydrophobic core
of the acyl chains. The membrane bends in a large amplitude wave that attempts to expose polar and
charged residues (blue), while burying hydrophobic residues (white). B Ninety degree rotation of the
view in panel A showing one of the two hydrophilic grooves that span the membrane core. The mem-

brane is maximally distorted at each groove, and the leaflet-to-leaflet distance is 18.3 Å (red arrow).
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the entire protein, rather than just the hydrophilic groove. That said, 18.3 Å is still a large distance

for a zwitterionic or charged lipid to permeate through the low-dielectric core of the membrane, so we

turned to atomistic MD simulations to further investigate how specific interactions within the groove

may further aid passage.

4.3.2 Molecular simulations reveal lipid interaction sites

Ion channels often have ion binding sites along the conducting pore [180], and these sites serve as

‘stepping stones’ for ions as they pass through the channel. To determine how lipids interact with

nhTMEM16 and if lipid conduction occurs via a similar stepping stone mechanism, we carried out 16

independent fully-atomistic MD simulations of nhTMEM16 embedded in a homogeneous POPC bilayer

– 8 lasting 120 ns and 8 lasting 400 ns for an aggregate simulation time of 4.16 microseconds. We started

by comparing the average, computed headgroup-core surfaces from all simulations with the results from

our continuum calculations (Fig. S1). The deformation profiles of the upper and lower leaflets using both

methods are remarkably similar, as we noted previously [173]. The MD simulations confirm that the

protein induces a large-amplitude sinusoidal wave along the membrane-protein contact boundary with

the greatest distortion centered on the hydrophilic groove. Moreover, the close match to the continuum

results suggests that the MD simulations have relaxed close to equilibrium.

Next, we calculated the phosphate density averaged over all simulations. If lipid headgroups were

localizing to specific sites on the protein, then these sites would be revealed by an increase in density.

During the simulations, lipid headgroups entered the hydrophilic groove, and the analysis revealed two

regions of increased density compared to bulk – one at each end of the groove (Fig. 4.2A). The extra-

cellular site (SE) has a local density about three times higher than the equilibrium density far from the

protein, and we found two oppositely charged residues, E313 and R432, that were responsible for stabi-

lizing PC lipids (Fig. 4.2B). Lipids at this site are isolated from nearby headgroups; and therefore, the

SE site might be a stepping stone for lipid conduction through the groove. In the cytoplasmic leaflet at

the base of the groove, we found another high density region (SC) with 3.5 times the bulk density value.

The SC site contains two charged residues, E352 and K353, that heavily interact with nearby headgroups

(Fig. 4.2C). To investigate these two sites further, we calculated residence times of lipid headgroups at

each position. We considered an encounter an interaction in which a headgroup approaches within 8
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Figure 4.2: Phosphate density computed from MD simulations reveals headgroup localization. A Cross
section of phosphate density overlaid on the nhTMEM16 structure. Two maxima (red) are highlighted
at both sides of the hydrophilic groove. B Simulation snapshot showing a lipid (yellow) interacting with
two residues, E313 and R423, at the extracellular site (SE). C Simulation snapshot showing a lipid

(yellow) interacting with two residues, E352 and K353, at the cytoplasmic site (SC).

Å of one of the sites and remains for more than 5 ns. Both the SC and SE sites have many collisions

with lipids, and some events persist for over 80 ns (Fig. S2B,C), but the majority of these encounters

are rather short lived compared to well defined binding sites, such as cardiolipin binidng to the UraA

symporter [181]. Moreover, these residence times are comparable to another randomly chosen posi-

tion at the protein-membrane boundary (SD, Fig. S2A,D), Thus, despite increased localization of lipid

headgroups at the SE and SC sites, lipids at these sites are still quite dynamic.

Most revealing, we observed two flopping events where a lipid headgroup fully traversed the hy-

drophilic groove from the cytoplasmic to the extracellular leaflet (Movie S1, Fig. S3) and two flipping

events where a lipid traversed the groove in the opposite direction (Movie S2). All four events occurred

in independent simulations. Once each crossing event started, it took 20-40 ns to complete indicating

that when permeation does occur, it happens quickly. During passage, the headgroup interacts transiently

with the hydrophilic sidechains in the groove. At one point the lipid phosphate forms simultaneous hy-

drogen bonds with T333 and Y439, residues at a narrow constriction point in the groove. Additionally,

water penetrates into the groove to further stabilize the headgroup during passage (Fig. S4). Most
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Figure 4.3: Lipid penetration into the groove occurs via a dipole-stacking mechanism. Panels A, B, and
C are sequential MD snapshots during the lipid flopping event. The negative phosphate groups (gold)
interact with the positive choline groups (blue) of neighboring lipids. Lipid 2 inserts between lipids 1
and 3 and then stretch out to push lipid 3 far into the groove on the way to the extracellular space over
the course of 20 ns. For clarity, only the phostidylcholine group is shown. The phosphorus atoms of all

other lipids in the cytoplasmic leaflet are shown as black spheres.

importantly, the permeating phospholipid forms dipole-dipole interactions with neighboring phospho-

lipid headgroups that grow into the hydrophilic groove in a single-file chain (Fig. 4.3). The negative

charge of the phosphate (gold/red) interact electrostatically with the positive charge on the choline group

(blue/yellow) of the adjacent lipid. Analysis of all of our simulation data revealed that these dipole stacks

are a common feature, and they often extend halfway through the groove from the inner leaflet. In one of

the two flopping transitions, the third lipid in the stack is the one that transits to the extracellular leaflet

(Fig. 4.3). Initially lipid 3 is adjacent to lipid 1 (panel A), but lipid 2 inserts itself between 1 and 3 (panel

B), growing the chain into the groove (panel C). Next, lipid 3 moves on to the SE site before entering

the outer leaflet, and this jump is catalyzed by transient interactions with hydrophilic side chains and

water in the groove. We also see this process happen in reverse for the lipid flipping events (Fig. S5).

Tracing these dipole stacks backward, they end at the SC site (Fig. 4.4A). We quantified the length

of the dipole stack over time, and found that the permeation event is associated with extension of the

stack to 5 lipids at which point the upper lipid moves to the other leaflet and the entire stack retreats (Fig.

4.4B). The headgroup at the top of the chain is closest to SE , and thus, is more likely to traverse the

hydrophobic core (Fig. 4.4C). We conjecture that residues at the SC site at the mouth of the hydrophilic

groove may stabilize and orient lipids to nucleate these stacking interactions. To further investigate

dipole ordering, we calculated the three dimensional dipole vector field near the SC site (Fig. S6). The

vector field reveals that lipid dipoles point away from the SC site into the hydrophilic groove, reaffirming
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that this is a common feature in all of our simulations. The simulations show that headgroups can insert

or remove from any point in the chain so growth does not always happen as illustrated in Fig. 4.3.

We wanted to determine the energetics of lipid translocation. To do this, we aligned 4,160 snapshots

spaced 1 ns apart from the full 4.16 µs unbiased data set, partitioned space into cubes of side length 2 Å,

and computed the lipid density based on the center of mass of each headgroup. The two fold symmetry

of the protein was taken into account to double the configurations used to construct the map. Next,

we generated a three dimensional potential of mean force from the headgroup density in the vicinity

of the hydrophilic groove. Using a string method [182, 183, 184], we calculated, post analysis, the

minimum energy path through this landscape from one leaflet to the other (Fig. S7). The procedure

borrows heavily from the method described in Ref. [184]. Briefly, we started by fitting a straight line

through the groove, assigned 20 equally spaced beads along this string, and minimized the pathway by

a simulated annealing procedure. We find that the energy profile along the minimized path is smooth

with a small barrier on the order of 1 kcal/mol near the mid plane of the membrane. This result indicates

that lipids are relatively stable in the groove, which is likely a consequence of both dipole stacking and

water penetration. The SE site is adjacent to the barrier, and it slightly stabilizes lipids by 0.4 kcal/mol

relative to bulk.

TMEM16 scramblases are largely nonspecific, and they scramble lipids of varying size and chem-

istry [185]. In particular, PS scrambling is an important cell signal. These headgroups are negatively

charged, and thus cannot form dipole-dipole interactions. To examine the stability of PS in the groove,

we ran two 100 ns simulations replacing the headgroup of a single POPC lipid in each hydrophilic

groove by a PS headgroup resulting in a POPS lipid. All four PS lipids remain stable in the groove

over the entire simulation, and there is no significant drift away from the midplane (Fig. S8). Either the

phosphate or carboxylate of the PS form charge-charge interactions with the choline of the neighboring

PC lipid in a stacking-like manner.

4.3.3 Mammalian TMEM16 family members bend membranes

Next, we investigated if mammalian family members influence the geometry of the membrane. Unfor-

tunately, there are no structures of the mammalian homologues, so we created homology models with

MODELLER [19] using nhTMEM16 as a template structure and the alignments in Fig. S9. While the
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Figure 4.4: Lipid stacking originates at the SC site. A Stacking headgroup dipole interactions from Fig.
4.3 trace back to the SC . The lipid numbering and coloring scheme are the same as Fig. 4.3. B Height
of the dipole stack in time for the simulation in which a lipid permeates the groove. The permeation
event occurs in the gray region. C Cartoon model of SC mediated dipole stacking. One headgroup binds
to SC . Lipids randomly insert at different locations on the dipole stack. As the stack grows, the top

headgroup is placed deeper into the hydrophilic groove.
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sequence identity is rather low (17% - 20.5%), the final models have relatively well defined hydrophobic

transmembrane domains (white regions in Fig. S10) indicating that the gross features of the alignments

are likely to be correct. We then employed our hybrid continuum-atomistic model to qualitatively pre-

dict the deformation around TMEM16A, TMEM16F, and TMEM16K (Fig. S10A-C, respectively). All

three proteins produce significant distortions in the membrane, similar to nhTMEM16, with TMEM16A

producing the least energetic distortion (41 kcal/mol), followed by TMEM16K (58 kcal/mol), and finally

TMEM16F (75 kcal/mol). In addition, all three proteins thin the membrane at the hydrophilic groove,

and the distances of closest approach between headgroup regions are 23.2 Å, 20.8 Å, and 20.5 Å for

TMEM16A, TMEM16K, and TMEM16F, respectively. Since TMEM16F has been shown to scramble

lipids, it is not surprising that it produces a similar deformation field, and the distortion energy is 25%

higher than the value for nhTMEM16. However, while TMEM16A produces an energetic distortion 32%

less than nhTMEM16, this protein does not scramble, so the membrane deformation was unexpected.

Likewise, it is not known if TMEM16K scrambles lipids; however, the bending energy produced by the

homology model is comparable to the distortion produced by nhTMEM16, suggesting that it may cause

scrambling.

4.4 Discussion

4.4.1 Global and local mechanisms of lipid scrambling

By combining our continuum membrane bending model with fully atomistic simulation, we discovered

two features that likely facilitate lipid scrambling. First, we find that nhTMEM16 twists the membrane

around the hydrophilic groove (Fig. 4.1B). This deformation thins the membrane by 36%, thus provid-

ing a shorter pathway for a hydrophilic headgroup to cross. The computed membrane distortion energy

value for nhTMEM16 is 8-20 times higher than theoretical and experimental values for gramicidin [101,

103] and rhodopsin [96] and about twice as high as values estimated for the membrane associated gat-

ing energy of the mechanosensitive channel MscL [186, 187]. Since the leaflet-to-leaflet distance is

still large (18.3 Å), thinning is not likely the sole mechanism. The MD simulations also reveal that the

hydrophilic groove is flanked by two lipid-interaction sites. The cytoplasmic SC site appears to coordi-

nate PC headgroups, orienting their dipoles so that they stack up through the groove into the membrane
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Figure 4.5: Sequence alignment of TMEM16 family members at the SC and SE sites. A The SC site
in nhTMEM16, composed of E352 (red) and K353 (blue), is in TM4. Family members with robust
scrambling activity all have an SC-like site with adjacent glutamate and lysine pairs, while this positive
and negative pairing is not present in the family members with weak or non-existent scrambling. The
minimal scramblase domain (SCRD* [171]) encompasses the SC site. B The SE site is composed of
residue E313 (red) in TM3 and R432 (blue) in TM6. The charge pairing is conserved in many TMEM16
members, but glutamate is found in TM6 and the arginine in TM3. In both panels, basic and acidic

residues we suggest influence scrambling activity are highlighted in cyan and red, respectively.

core (Fig. 4.4A). Our simulations suggest that the SC site is not an obligate stepping stone since the

four lipids that traverse the hydrophilic groove never visit the area, but are simply passed to/from the

cytoplasmic leaflet by an existing dipole chain. We frequently observe lipids skirt the SC site as they

enter/leave the groove in part due to its large width at the cytoplasmic leaflet. On the other hand, all four

permeating lipids pass through the SE site. Thus, the extracellular SE site appears to be a stepping stone

for lipids during the scrambling process.

The energy barrier for PC permeation is quite small, revealing that lipids are relatively stable through-

out the groove. Based on this profile, we suggest that the rate of permeation is within a factor of 2-10

of the free diffusion value along the pathway. Enhanced kinetic-based simulations will be required to

confirm this claim. The simulations also reveal that solo PS lipids are stabilized in the groove through fa-

vorable electrostatic interactions with the choline group of the neighboring PC lipid (Fig. S8); however,

there are several open questions regarding lipid scambling for non-PC like molecules. Since charged

lipids like PS cannot form dipole stacks on their own, do they require PC-like lipids to enter the groove?

What is the energetic barrier for PS or other lipids? Perhaps co-permeation with ions or different lipid

types is an important feature. Additional studies are required to quantitatively answer these questions.
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4.4.2 Connections to the mammalian TMEM16 family members

The mammalian TMEM16 proteins are potential therapeutic targets for a range of pathologies, and

we attempted to connect our observations on the fungal nhTMEM16 to these mammalian homologs.

Homology models of all three proteins produced significant distortions in the membrane (Fig. S10),

which was expected for TMEM16F since it has been shown to scramble lipids. TMEM16K function is

less clear. No scrambling activity at the plasma membrane was observed using annexin binding assays,

which measure PS exposure at the cell surface [188]. However, TMEM16K localizes to the endoplasmic

reticulum (ER), rather than the plasma membrane, so additional studies must be carried out to determine

if it scrambles lipids or permeates molecules.

If TMEM16A conducts ions at the membrane-protein interface via a structure analogous to the hy-

drophilic groove in nhTMEM16, then there must be key differences within this region that differentiate

lipid scrambling from ion conduction. This claim is supported by TMEM16A and TMEM16F chimera

studies which tested for scrambling [171]. It was found that a stretch of residues on transmembrane

helix 3 (TM3) and TM4 are responsible for the lack of scrambling in TMEM16A, and swapping these

residues with the corresponding residues in TMEM16F enabled scrambling in TMEM16A. This region

was termed the scrambling domain (SCRD), and a subset of residues was found to be essential for lipid

scrambling (SCRD*). The SC site falls in the SCRD* domain drawing close connections between the

simulations and the functional studies (Fig. 4.5A). The charged glutamate and lysine of the SC site are

present in the robust scramblases [188, 189], but shifted one helix turn into the membrane compared to

nhTMEM16. Given the overall alignment of the entire TM4 segment, we believe that this shift is correct,

but we acknowledge that it may be an alignment artifact. The other mammalian proteins with little to

no scrambling activity, such as TMEM16A, lack an SC site. In addition, TMEM16A and TMEM16B,

another chloride channel, have a glutamate and aspartate pair situated one more helix turn deeper into

the membrane than the SC site in mammalian scramblases. As we have argued, the oppositely charged

SC residues in nhTMEM16 coordinate headgroup geometry to facilitate dipole stacking deep into the

hydrophilic groove. The acidic pair of charges in TMEM16A and B may disrupt phosphate binding to

prevent a chain of lipids growing into the groove. It will be interesting to see if manipulating any of

these charged pair sites within the SCRD* domain has a strong effect on scrambling in TMEM16A or F.
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The SE site is conserved across the mammalian TMEM16s, except in TMEM16K and H; however,

the basic and acidic residues have switched positions compared to the fungal protein (Fig. 4.5B). Thus,

we believe that oppositely charged residues at the extracellular ends of TM3 and TM6 are important for

lipid interactions in nearly all family members, but it does not matter which helix the basic and acidic

residues reside in. The arginine in TMEM16A (R511), which makes up one half of the SE site, was

previously shown to be critical for ion selectivity and pore blocker sensitivity [190]. It was deduced that

R511 forms part of the binding site for the pore blocker 1PBC (PubChem SID 49642647). Combined

with our lipid permeation studies, we believe that the SE site is important for both lipid permeation and

ion conduction.

We wanted to return to our finding that TMEM16A, a non-scramblase, bends the membrane. We hy-

pothesize that membrane bending and thinning across the hydrophilic groove and the coincident location

of the extracellular SE site in scramblase and ion channel members may be related. Thinning may aid in

shuttling charged ion and polar headgroups between leaflets. Perhaps lipids interact with the SE site and

penetrate part of the way across the thinned membrane to form a more favorable electrostatic pathway

for ions through the low-dielectric hydrophobic core. While lipids diffuse into and out of the SE site in

our simulations, perhaps in TMEM16A they are tightly coordinated setting up a non-permeating set of

sites for ions to hop along from one leaflet to the other [191]. Additional studies will be needed to test

these claims.

4.5 SI Methods

4.5.1 Continuum calculations

Continuum membrane bending calculations were carried out as described in Refs. [15-17]. Briefly, a

physics based model is employed that considers the energy of the protein in the membrane as the sum

of three dominant terms:

GT = G(e) +G(np) +G(me), (4.2)
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where G(e) is the electrostatic energy, G(np) is the non-polar energy, and G(me) is the membrane defor-

mation energy. The membrane deformation and its associated energy are determined by prescribing dis-

placement and contact angle boundary conditions and solving the Euler-Lagrange equation that comes

from a Helfrich-like energy functional [16, 43]. The electrostatic energy is calculated by solving the

Poisson-Boltzmann equation using the software package APBS [49]. The non-polar energy associated

with burying portions of the protein in the water-excluded regions of the membrane is assumed to be

proportional to the protein’s buried solvent-accessible surface area (SASA):

G(np) = a · (Amem −Asol) , (4.3)

where Amem is the SASA of the protein in the membrane, Asol is SASA of the full protein prior to

membrane insertion, and a is a surface tension (0.028 kcal/mol·Å2) [15, 26, 49]. The displacement

and contact angle boundary conditions that minimize GT are determined by optimization staring with a

global simulated annealing method followed by local optimization with Powell’s method [16, 51]. All

continuum membrane surfaces are the final minimized results computed using the 3.3 Å X-ray structure

of nhTMEM16 (PDB ID: 4WIS) or homology models based on 4WIS.

4.5.2 MD methods and analysis

Eight independent simulations of system 1 and eight of system 2 were equilibrated using the default

equilibration scheme provided by CHARMM-GUI for a total 5.075 ns. The last step of equilibration

was extended by 4.8 ns with no restraints on the membrane, but a 0.1 kcal/mol/Å2 restraint on the

protein backbone heavy atoms to allow the membrane to relax around the protein prior to production

runs. For production, simulations were run using a semi-isotropic pressure tensor and the Berendsen

barostat. The Langevin thermostat was employed with a temperature setting of 303.15 K and a friction

coefficient of 1 ps−1. The SHAKE algorithm was used with a 2 fs time step. A non-bonded cutoff of

8 Å was used and electrostatics were calculated using the particle mesh Ewald method. Two additional

simulations were initiated starting from production snapshots from systems 1 and 2 in which a single

POPC lipid in the hydrophilic groove was replaced by a POPS lipid. Since the lipid tails of POPS and

POPC are identical, only the headgroups were replaced. These systems were equilibrated using the
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default scheme from CHARMM-GUI for 375 ps followed by 100 ns of production for each.

Representative membrane surfaces from the MD simulations were calculated by averaging mem-

brane configurations at a 0.2 ps stride as follows. Each snapshot was aligned to the starting structure at

time zero by first centering the transmembrane domain of the protein and then rotating the system about

the z-axis to minimize the root mean squared deviation (RMSD) of the transmembrane domain backbone

atoms. We only allowed rotations about the z-axis to prevent out of plane rotation of the membrane from

frame to frame. For each snapshot, we constructed the upper and lower surfaces where the headgroups

meet the lipid tails by considering the collection of C2 carbon atoms of the phospholipid acyl chains.

The space between these surfaces defines the hydrophobic core of the membrane. Interpolated surfaces

for the upper and lower leaflets were generated using the cubic interpolation function available in SciPy

[51]. To determine the phosphorus densities in Fig. 2, we followed the same alignment procedure and

then binned on the phosphorus positions using a three dimensional Cartesian array with 2 Å spacing.

The reported density was averaged over all snapshots. The dipole vector field was calculated by tak-

ing snapshots from all simulations using 1 ns spacing. We aligned the helices forming the hydrophilic

groove then binned lipid headgroups in 3D space and averaged their Dipole vector in each bin. Bins

with less than 20 lipids were omitted due to poor sampling.
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Figure 4.6: Extracellular view of upper and lower leaflet heights predicted from MD and continuum
calculations. A, B The upper and lower leaflet surfaces, respectively, calculated from averaging results
from MD simulations. C, D The upper and lower leaflet surfaces, respectively, determined from contin-
uum calculations. E, F The upper and lower leaflet surfaces, respectively, determined from continuum
calculations when all residues within the hydrophilic groove are neutralized. Surfaces are colored by
height, where red is an upward deflection, blue is a downward deflection, and white is no deflection.

The area occupied by the protein is shaded gray.
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Figure 4.7: Residence times of lipid binding sites compared to control site. A Residues forming the
dummy site SD used as a control in the residence time calculations. The methionine and lysine forming
this site are circled in red. B,C,D Residence times of lipid headgroups at the SE , SC , and a control SD

site, respectively. Two outlier residence times of 248 and 317 ns were omitted from panel B.
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Figure 4.8: Phospholipid configurations during a flopping event where 1, 2, and 3 are early, middle, and
late in the processes, respectively. TM3 and TM4 were removed for clarity.
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Figure 4.9: Cross section of normalized water density overlaid on nhTMEM16 structure. Water enters
the hydrophilic groove achieving densities close to bulk values (red) at several locations.
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Figure 4.10: Atomic details of lipid flipping. Panels A, B, and C are sequential MD snapshots showing
dipole stacking during a lipid flipping event. Prior to panel A, lipid 3 crossed the narrow portion of the
groove from the SE site to add itself to the top of the dipole stack already composed of lipids 1 and 2.
In panel B, lipid 2 dissolves from the stack, and then in panel C, lipid 3 forms a new dipole interaction
with lipid 1 resulting in a shorter stack. These interactions closely resemble the time-reversed stacking

interactions seen during the lipid flopping events (Fig. 4).
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A B C

Figure 4.11: Lipid dipoles align near SC site. A, Three dimensional vector field of PC lipid dipoles at
the cytoplasmic end of the hydrophilic groove. Arrows point from the positive to the negative charge. B,
Dipole lipid stack from the SC . This snapshot is from a simulation where a lipid did not fully permeate.

C, Dipole stack superimposed on the three dimensional dipole vector field.

AAA B

C

90°

SE

Figure 4.12: Permeating lipids experience a small energy barrier. A, Minimum energy pathway through
the hydrophilic groove determined using a string method. B, Rotated view of the minimum energy path.
The extracellular half of TM4 is removed for clarity. C, Free energy profile along the minimum energy

path. The color scheme matches the coloring of the path in panels A and B.
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A B

C D

simulation 1

groove A 

t = 99 ns

simulation 2

groove A 

t = 73 ns

simulation 1

groove B 

t = 49 ns

simulation 2

groove B 

t = 22 ns

Figure 4.13: POPC dipole stacking stabilizes POPS in the hydrophilic groove. Single PC headgroups
were replaced with PS (indicated by dashed circles) and restarted for two simulations (two grooves
per simulation, 4 POPS lipids total). Two POPS molecules were placed in the cytoplasmic side of the
groove (A,B), and two were placed in the extracellular end (C,D). Simulations were run for 80 ns, and
the snapshots were taken at different times after 20 ns of production. Dipole stacks were observed in
all four hydrophilic grooves. For panels C and D, the dipole stacks observed were not present at the
beginning of the simulations. Interestingly in panel B, when POPS in the middle of the dipole chain, the
PC dipoles switch directions, as expected. This could have an important consequence on lipid flipping

through the mid plane barrier.
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nhTMEM16  -GVD--FVIHYKVPAAE----------------------------------------------RDEAEAGFVQLIRALTTVGLATEVRHGE--NESLLVFVKVA
hsTMEM16F RRID--FVLVYEDESRKET---------------------------------------NKKGTNEKQRRKRQAYESNLICHGLQLEATRSVLDDKLVFVKVHAP
hsTMEM16A RKVD--YILVYHHKRPSGNRTLVRRVQHSDTPSGARsVKQDHPLPGKGASLDAGSGEPPMDYHEDDKRFRREEYEGNLLEAGLELERDEDTKIHGVGFVKIHAP
hsTMEM16K SSFTPLVVIELAQDVKEET----------------------------------------KEWLKNRIIAKKKDGGAQLLFRPLLNKYEQET-LENQNLYLVGAS

nhTMEM16  SPDLFAKQVYRARLGDWLHGV---------------------------------------RVS-----APHNDI-AQALQDEPVVEAERLRLIYLMITKPHN--
hsTMEM16F -WEVLCTYAEIMHIKLPLKPNDLKNRSSAFGTL------NWFTKVLSVDE-SIIKPEQEFFTAPFEKNRMNDFY--IVDRDAFFNPATRSRIVYFILSRVKYQV
hsTMEM16A -WNVLCREAEFLKLKMPTKK-MYHINETRGLLKKINSVLQKITDPIQPKVAEHRPQTMKRLSYPFSREKQHLFD--LSDKDSFFDSKTRSTIVYEILKRTTCTK
hsTMEM16K -KIRMLLGAEAVGLVKECND---------------------------------------NTMRAFTYRTRQNFKGFDDNNDDFLTMAECQFIIKHELENLRAKD

nhTMEM16  -----------------------EWKHVESIFPLHSH------------SFNKEWIKKWSSK-YTLEQTDIDNIRDKFGESVAFYFAFLRSYFRFLVIPSAFGF
hsTMEM16F IN----------NVSKFGINRLVNSGIYKAAFPLHDCKFRRQSEDPSCPNERYLLYREWAHPRSIYKKQPLDLIRKYYGEKIGIYFAWLGYYTQMLLLAAVVGV
hsTMEM16A A------------KYSMGITSLLANGVYAAAYPLHDGDYNGEN---VEFNDRKLLYEEWARYGVFYKYQPIDLVRKYFGEKIGLYFAWLGVYTQMLIPASIVGI
hsTMEM16K EKMIPGYPQAKLYPGKSLLRRLLTSGIVIQVFPLHDS------------EALKKLEDTWYTR-FALKYQPIDSIRGYFGETIALYFGFLEYFTFALIPMAVIGL

nhTMEM16  GAWLLLG---------------------------------------------------QFSYLYALLCGLWSVVFFEYWKKQEVDLAVQWGVRGVSSIQ-----
hsTMEM16F ACFLYGYLNQDNCTWSKEVCHPDIGGKIIMCPQCDRLCPFWKLNITCESSKKLCIFDSFGTLVFAVFMGVWVTLFLEFWKRRQAELEYEWDTVELQQEE-----
hsTMEM16A IVFLYGCATMDENIPSMEMCDQR--HNITMCPLCDKTCSYWKMSSACATARASHLFDNPATVFFSVFMALWAATFMEHWKRKQMRLNYRWDLTGFEEEEEAVKD
hsTMEM16K PYYLFVWE------------------------------------------------DYDKYVIFASFNLIWSTVILELWKRGCANMTYRWGTLLMKRKF----E

nhTMEM16  QSRPEFEWEH--EAEDPI---------------------------TGE-PVKVY-PPMKRVKTQLL-QIPFALACVVALGALIVTCNSLEVFINEVYSG-----
hsTMEM16F QARPEYEARCTHVVINEI---------------------------TQE-EERIPFTAWGKCIRITL-CASAVFFWILLIIASVIGIIVYRLSVFIVFSAKLPKN
hsTMEM16A HPRAEYEARVLEKSLKKESRNKEKRRHIPEESTNKWKQRVKTAMAGVKLTDKVKLTWRDRFPAYLT-NLVSIIFMIAVTFAIVLGVIIYRISMAAALAMNS---
hsTMEM16K EPRPGFHGV---LGINSI---------------------------TGK-EEPLY-PSYKRQLRIYLVSLPFVCLCLYFSLYVMMIYFDMEVWALGLHENS----

nhTMEM16  -----------PGKQYLGFLPTIFLVIGTPTISGVLMGAAEKLNAMENYATVDAHDAALIQKQFVLNFMTSYMALFFTAFVYIPFGHILHPFLNFWRATAQTLT
hsTMEM16F INGTDPIQKYLTPQTATSITASIISFIIIMILNTIYEKVAIMITNFELPRTQTDYENSLTMKMFLFQFVNYYSSCFYIAFFKGKFVGYPGDPVYWLGKYRNE--
hsTMEM16A -----SPSVRSNIRVTVTATAVIINLVVIILLDEVYGCIARWLTKIEVPKTEKSFEERLIFKAFLLKFVNSYTPIFYVAFFKGRFVGRPGDYVYIFRSFRME--
hsTMEM16K ---------GSEWTSVLLYVPSIIYAIVIEIMNRLYRYAAEFLTSWENHRLESAYQNHLILKVLVFNFLNCFASLFYIAFVLKD--------------------

nhTMEM16  FSEKELPTREFQINPARISNQMFYFTVTAQI-VNFATEVVVPYIKQQAFQAEF-----------------LQRVREECTLE-EYDVSGDYREMVMQFGYVAMFS
hsTMEM16F -------ECDPGGCLLELTTQLTIIMGGKAI-WNNIQEVLLPWIMNLIGRFHRVSGSE-------KITPRWEQDYHLQPMG-KLGLFYEYLEMIIQFGFVTLFV
hsTMEM16A -------ECAPGGCLMELCIQLSIIMLGKQLIQNNLFEIGIPKMKKLIRYLKLKQQSPPDHEECVKRKQRYEVDYNLEPF---AGLTPEYMEMIIQFGFVTLFV
hsTMEM16K --------------MKLLRQSLATLLITSQI-LNQIMESFLPYWLQRKHGVRVKRKVQALK--ADIDATLYEQVILEKEMGTYLGTFDDYLELFLQFGYVSLFS

nhTMEM16  VAWPLAACCFLVNNWVELRSDALKIAISSRRPIPWRTDSIGPWLTALSFLSWLGSITSSAIVYLCSNASPLKA-------------------------------
hsTMEM16F ASFPLAPLLALVNNILEIRVDAWKLTTQFRRLVPEKAQDIGAWQPIMQGIAILAVVTNAMIIAFTSDMIPRLVYYWSFSVPPYGDHTSYTMEGYINNTLSIFKV
hsTMEM16A ASFPLAPLFALLNNIIEIRLDAKKFVTELRRPVAVRAKDIGIWYNILRGIGKLAVIINAFVISFTSDFIPRLVYLYMYSK-------NGTMHGFVNHTLSSFNV
hsTMEM16K CVYPLAAAFAVLNNFTEVNSDALKMCRVFKRPFSEPSANIGVWQLAFETMSVISVVTNCALIGMSPQVNAVF--------------------------------

nhTMEM16  -----------------------------------------------WGLLLSILFAEHFYLVVQLAVRFVLSKLDSPGLQKERKERFQTKKRLLQENLGQDAA
hsTMEM16F ADFKNKSKGNPY-SDLGNHTTCRYRDFRYPPGHPQEYKHNIYYWHVIAAKLAFIIVMEHVIYSVKFFISYAIPDVSKRTKSKIQREKYLTQKLLHENHLKDMTK
hsTMEM16A SDFQNGTAPNDPLDLGYEVQICRYKDYREPPWSENKYDISKDFWAVLAARLAFVIVFQNLVMFMSDFVDWVIPDIPKDISQQIHKEKVLMVELFMREEQDKQQL
hsTMEM16K ---------------------------------------PES--KADLILIVVAVEHALLALKFILAFAIPDKPRHIQMKLARLEFESLEALKQQQMKLVTE--

nhTMEM16  AAPGIE-----HSEKITREALEEEARQASIEMFWQRQRG-------------MQETIEIGRRMIEQQL---AAG
hsTMEM16F NMGVIAERMIE-------------------------AVD---NNLRPKSE------------------------
hsTMEM16A -LETWMEKERQ--------------------------KDEPPCNHHNTKACPDS-LGSPAPSHAYHG-GVL---
hsTMEM16K NLKEEPMESGK--EKAT---------------------------------------------------------

Figure 4.14: Sequence alignment of TMEM16A, TMEM16F, TMEM16K, and nhTMEM16. This align-
ment was carried out with the program Promals3d [47] using all 10 human TMEM16 family members
plus nhTMEM16. No hand adjustments were performed. Strictly conserved residues are highlighted

green and homologous residues are yellow.
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A

B

C

TMEM16A

TMEM16F

TMEM16K

Figure 4.15: Predicted membrane deformations around mammalian TMEM16 family members based on
continuum modeling. A TMEM16A, B TMEM16F, and C TMEM16K. Ninety degree rotations of each
protein showing the hydrophilic groove are displayed to the right. The predicted membrane surfaces at
the upper and lower hydrophobic-hydrophilic interfaces are gray. Hydrophobic and hydrophilic residues

on the proteins are white and blue, respectively.
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