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Refining the Treatment of Membrane Proteins by Coarse-
Grained Models

Igor Vorobyov, Ilsoo Kim, Zhen T. Chu, and Arieh Warshel*

Department of Chemistry, University of Southern California, Los Angeles, California 90089-1062

Abstract

Obtaining a quantitative description of the membrane proteins stability is crucial for understanding 

many biological processes. However the advance in this direction has remained a major challenge 

for both experimental studies and molecular modeling. One of the possible directions is the use of 

coarse-grained models but such models must be carefully calibrated and validated. Here we use a 

recent progress in benchmark studies on the energetics of amino acid residue and peptide 

membrane insertion and membrane protein stability in refining our previously developed coarse-

grained model (Vicatos et al Proteins 2014; 82: 1168). Our refined model parameters were fitted 

and/or tested to reproduce water/membrane partitioning energetics of amino acid side chains and a 

couple of model peptides. This new model provides a reasonable agreement with experiment for 

absolute folding free energies of several β-barrel membrane proteins as well as effects of point 

mutations on a relative stability for one of those proteins, OmpLA. The consideration and ranking 

of different rotameric states for a mutated residue was found to be essential to achieve satisfactory 

agreement with the reference data.

Keywords

molecular modeling; folding energy; lipid membrane; membrane electrostatics; ion-induced 
defect; arginine; rotamer; mutation; partitioning free energy; OmpLA

I. Introduction

Membrane proteins play a major role in life processes1,2 and thus there is a great interest in 

realistic modeling of the functions of such systems. In some cases the functional properties 

can be simulated without taking the membrane into account, but in other cases it is crucial to 

consider the effect of the membrane in assessing the energetics of the action of membrane 

proteins (e.g. activation of ion channels 3-9, the action of the translocon10-13, F0 

ATPase 14,15). Modeling the effect of the membrane can range from including a grid of 

polarizable dipoles 16,17, to explicit all atom simulations.18-21 However, moving to explicit 

all atom membrane model is not always the most effective approach, in particular, when one 

is interested in landscape of processes that occur in long time scales and in large complex 

systems.
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One of the most promising options is to use multiscale modeling and, in particular, coarse 

grained (CG) models. Of course, CG models for proteins have been introduced long ago 22 

and refined significantly in recent years.12,13,23-30 Furthermore, CG models for membranes 

have been introduced and used extensively (e.g. MARTINI 31-34) and there has been also 

some progress in CG models for protein insertion to membranes.35-38 However, the focus on 

CG for the energetics of membrane proteins is more recent (e.g. 6,7,9,11-13,15,39,40). The 

move in the direction of obtaining realistic CG models for membrane proteins has been slow 

in part because of the difficulties of obtaining unique points of calibration. That is, while in 

the case of CG for the energetics of proteins we have a relatively extensive benchmark of 

folding experiments 25,41 the situation with regards to the membrane part is more 

complex.42 Here there are very few results that can be used with certainly in calibrating the 

energetics of peptide insertion (20-mer poly-Ala helix,43,44 12-mer poly-Leu helix,45 and the 

23-amino acid M2δ segment of the nicotinic acetylcholine receptor 35,46; see Table S1 from 

ref. 13 for more details), and even the energy of charge and peptide insertion has been 

controversial.3,10,12,13,47-55 Of course, one can benefit from the advances in microscopic 

simulations of penetration of charges as well as polar and nonpolar groups to membranes 

(e.g. 48,56-61) but experimental verification is also essential.

In order to address the above issues we chose to take an incremental approach of a gradual 

refinement of our CG model waiting for progress in benchmark studies on the energetics of 

amino acid residue and peptide membrane insertion and membrane protein stability. In 

doing so we notice the recent gradual progress in the experimental determination of 

membrane protein folding thermodynamics 62 including a systematic investigation of amino 

acid substitution effects, which allowed to establish a new hydrophobicity scale.63 In 

particular, Fleming and co-workers studied a reversible folding of β-barrel integral 

membrane proteins such as outer membrane phospholipase A1 (OmpLA) 63, outer 

membrane protein W (OmpW) and phospholipid:lipid A palmitoyltransferase PagP 64 into 

dilauroyl-phosphatidylcholine (DLPC) lipid membranes. Those measurements were 

performed on both wild-type proteins and for a number of OmpLA mutants, e.g., A210X 

where mutations of Ala-210 located near the membrane center to another amino acid residue 

X were performed.63 Several other positions across the membrane were probed for Arg and 

Leu mutations.63 The results of these studies were used as one of the primary sources for the 

validation of our CG model refinements.

We also noted other experimental studies on membrane protein folding thermodynamics 

including ones on bacteriorhodopsin (bR),65-67 diacylglycerol kinase (DGK),68 outer 

membrane protein A (OmpA)69-71 as well as some other systems (reviewed in 62). However, 

their applicability to our CG model validation is limited by ambiguities regarding the nature 

of the unfolded protein state, availability of a high-resolution structure for the whole protein 

or lack of folding reversibility.62

II. The CG model and the current modifications

II.1 The total CG free energy and its components

Our CG model has been described in great details elsewhere (e.g. 25), and here we will only 

outline the main terms and then focus on the new modifications.
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Briefly, the total CG free energy is given by

(1)

where the total CG folding free energy is taken relative to the free energy of the unfolded 

(uf) system in water at zero applied potential. The first two terms represent the main chain 

and side chain contributions, while the third term takes into account total protein and side 

chain flexibility in estimating the overall conformational entropy.

The main chain energy is given by the contributions of the backbone solvation and the 

hydrogen bonds

(2)

where c2 and c3 are scaling coefficients (0.25 and 0.15, respectively), while the side chain 

contribution is decomposed into four terms:

(3)

where  are the electrostatic, polar and hydrophobic components, 

respectively.

 is the van der Waals (vdW) component for side chain interactions, and c1 is a scaling 

coefficient (0.10 in our current implementation).

Finally, in the case of the presence of electrodes and electrolytes, Eq. 1 is expressed as,

(4)

where the  is the CG representation of the effect of the external 

potential.6

The overall model has been calibrated on the absolute folding energy of water soluble 

proteins, and in this work where we try to improve the treatment of membrane proteins we 

must make sure not to destroy the agreement for soluble proteins. Thus we will refine the 

terms that involve the interaction with the membrane.

II.2 Side chain electrostatic contribution

Our focus is placed on the electrostatic term , which is computed as a sum of change 

in free energy associated with charge-charge interactions between ionizable side chains, 

, and change in solvation free energy of those residues in their specific 

environment (self-energy), , inside protein and in water. That is, we write:
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(5)

where the first term reflects the change in charge – charge interactions, the second term is 

the change in self-energy of the ionizable groups.

The change in charge–charge interaction free energy is computed as:

(6)

 and  are the charge-charge interaction free energies in a folded and unfolded 

protein, respectively. The terms in Eq. 6 are given (in kcal/mol) by:

(7)

(8)

where the distances, rij, and charges, Qi, are expressed in Å and electronic charge units, 

respectively. rij is the distance between the indicated ionizable side chains in a folded 

protein, whereas  is the corresponding distance between those residues in an unfolded 

protein, assuming a linear protein chain with a distance of 6 Å between neighboring 

residues.6  is the charge of the ith residue in the given ionization state obtained using 

Metropolis Monte Carlo (MC) approach as described below, whereas  is the charge of 

the ith residue for the given pH in an unfolded protein. In the expressions above it is 

assumed that the protein charges are fully solvated by water (ε≈80) in the unfolded state.72 

 is an empirical scaling factor and has been taken to be 0.2.

εeff is the effective dielectric constant for charge-charge interaction, which reflects the idea 

established in many of our earlier works (e.g. 72,73) that the optimal value is large even in 

protein interiors (namely εeff>20). This type of dielectric constant has been found to provide 

very powerful insight in recent studies of protein stability (see 41,73).

In this study, following our previous work 25 we used a distance dependent dielectric 

constant 72:

(9)

where fε is dielectric factor, which modifies dielectric response for some electrostatic 

interactions. fε = 0.9 for electrostatic interactions between Lys and Asp/Glu side chains, fε = 
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0.6 for electrostatic interactions between Lys side chains located within 9 Å from each other. 

For all other cases fε = 1.0.

The change in the solvation free energies (self-energies) of the ionizable protein residues 

between the bulk water and the folded protein, , is given by 72,73:

(10)

where i runs over the protein's ionizable residues,  and  are the intrinsic pKa of 

the ith ionizable residue in the protein and in water, respectively, when all other residues are 

neutral.73 Here it is assumed that intrinsic pKa in the unfolded protein is approximately 

equal to .73 R is the gas constant and T is the absolute temperature.  is the charge 

of the ith residue in the given ionization state, obtained using Metropolis Monte Carlo (MC) 

approach as described below.

If we assume that the same protein groups are ionized in the unfolded and folded protein 

states we can write for the ionizable groups:72

(11)

However, this is generally not the case and we need to account for a possible change of a 

side chain ionization state upon unfolding. This is done by adding the correction term, 

, which reflects the scaled down effect of the change in an ionizable residue 

protonation state upon unfolding (i.e. penalty for finding that residue at a given pH in a 

charge state other than its native state in water determined by its )

(12)

where μ (0.2 in the present implementation as was determined in our previous study25 to 

provide the best quantitative agreement for absolute folding free energies of water-soluble 

proteins) is an empirically determined exponential factor and the other terms are as 

described above. The last term in Eq.12 is a new term that represents the previously 

neglected solvation free energy change of the uncharged form of an ionizable residue i, 

ΔΔGi
solv,ucg, and currently is only used for the His residue since its neutral form is more 

stable at pH=7 . Similar terms can be used for other ionizable residues. 

Moreover, an exponential term in Eq. 12 introduced in our previous work to provide 

accurate folding energies of water-soluble proteins25 can be also augmented by a membrane 

dependent contribution to achieve a better agreement with microscopic simulations and 

other reference data on the energetics of both charged and neutral forms of ionizable 

residues.

Vorobyov et al. Page 5

Proteins. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



By combining Eqs. 11 and 12 we can write:

(13)

Inserting the expression for  into Eq. 5 gives

(14)

In our CG model implementation the  term, given by Eq. 8, is scaled down by an 

empirically determined factor of 0.2 similarly to using factor μ for a correction term 

to provide a good agreement between experimental and calculated protein folding free 

energies.25 Moreover, using a scaled down effect of the change in the protonation state of an 

ionizable residue controlled by a value of μ we are able to provide different self-energies for 

its charged and neutral states in protein and/or membrane environment in agreement with 

microscopic calculation results as discussed below. If value of μ→∞ then Eqs. 10 and 13 

provide the same value of  and maximum contribution from a change in the 

protonation states between water and protein and/or membrane interior, whereas if μ=0 then 

 and  is determined by Eq. 11 without taking into account the changes in 

the protonation state (not considering a possible non-zero value of ΔΔGi
solv,ucg in Eq. 12 

above in both cases, which is necessary to account for a penalty to move an uncharged form 

of an ionizable residue into a membrane interior when its  and  are both equal to 0 

such as for His at pH=7 since its  as was discussed above).

The ionization states of the protein residues are determined by the Metropolis Monte Carlo 

(MC) approach of ref 24 for the given pH and temperature T, where a proton transfer (PT) 

between a randomly chosen pair of ionizable residues or an ionizable residue and the solvent 

is attempted at each MC step.74 This procedure in each MC move evaluates the electrostatic 

free energy of the folded protein, ΔGelec, for the mth charge configuration  of the 

ionizable protein residues75

(15)

The charge configuration is accepted if the electrostatic free energy achieves a lower value 

or satisfies the Metropolis criteria. The resulting charge configuration for a minimized 

ΔGelec is used for subsequent calculation of electrostatic contribution to folding free energy 

using Eq. 14. Alternatively, MC averaged charges, 〈Qi〉, can be used for calculation of 

folding free energy as was done throughout this work (i.e. .

An important component of our model is the calculation of the intrinsic pKa values of the 

ionizable residues, which are computed using 75,76:
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(16)

Here  is a sign function of the charge of the ith residue in its ionized form (which is 

+1 for Arg, Lys, His and −1 for Asp and Glu). ΔGself,i is the change in self-energy of an 

ionizable residue upon moving it from water to the protein, this term includes implicitly the 

solvation of the unionzed form.75 The sum of the ΔGself,i for all the ionizable residues in the 

protein gives us the total ΔGself, which along with the correction term  gives us the 

 discussed above. Thus a key element of our approach is the treatment of the self-

energy, ΔGself, associated with charging each ionizable group (residues Asp, Glu, Lys, Arg 

and His) in its specific environment. This term is given by:

(17)

where U designates effective potential, i runs over all ionizable residues, ,  and 

 are the contributions to the self-energy from non-polar (np) residues, polar (p) 

residues and membrane (mem) atoms (more precisely, membrane grid points as clarified 

below), respectively. Here ,  and  are, respectively, the number of non-polar 

residues, polar residues and membrane atoms in the neighborhood of the ith residue. Note 

that the non-polar contribution for the membrane is taken into account separately in the 

hydrophobic term (described below).

The empirical functions  and  are given by:

(18)

and

(19)

The number of non-polar residues neighboring the ith ionizable residue is determined by the 

analytical function:

(20)
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where rij is the distance between the simplified side chains of ionizable residue (i) and non-

polar residue (j), rnp and αnp are the parameter radius and factor, respectively, that determine 

the effect of the non-polar residues. Similar equations were used for the number of polar 

residues neighboring the ith ionizable residue, , with parameters rp and αp, and for 

number of membrane grid points neighboring the ith ionized residue, , with parameters 

rmem and αmem. The relevant parameters are given in Table S1.

The values of  and  have been estimated, by observing the values of neighbors in 

a set of diverse proteins.25,41 For specific values of rp and rnp given in Table S1 and used 

extensively in our previous work,6,7,12,23-25 we have observed that less than 5% of ionizable 

residues have more than . The same feature occurs for the non-polar neighbors: Less 

than 5% of the ionizable residues have more than , and those which do, are deeply 

buried inside the interior part of the contained protein.25 Parameters , ,  and 

 used in our model for all ionizable residues are provided in Table S2, whereas residue-

dependent parameters  and  are provided in Table S3.

In case of membrane proteins we represent the membrane by a grid of unified atoms, as we 

have done in our previous studies (e.g. see refs. 6-9,12,13,25). The membrane grid has a 

regular spacing between the membrane particles, Dspacing. Moreover, the width of such a 

CG membrane grid, Wmem, is equivalent to a hydrophobic thickness of a lipid bilayer or the 

membrane protein under investigation as described in Section III below. Membrane grid 

particles near the protein atoms and inside the protein internal cavities (e.g. central cavities 

in ion channels) are not being built. The CG membrane grid points are not modified during 

CG energy calculations (although the points that are too close to the protein gradually 

“disappear” through Eq. 28 below). Thus the membrane grid is primarily used to modulate 

membrane protein energetics rather than modelling membrane thickness fluctuations and/or 

phase behavior as done in other CG models. In our model a CG membrane grid is used to 

calculate  in a similar way to that used in Equation 20. The resulting self-energy term, 

which also reflects the boundaries between the protein and the membrane, is given by:

(21)

where the term  is given by:

(22)

The parameter Rsolvent in Eq. 21 is the distance to the closest solvent molecule, which is 

determined by a water grid around the system, and using the distance to the closest water 

grid point.12 The grid (also used for Langevin dipole generation in our previous studies77) 

was built up to 40 Å from system center, with points within 10 Å from system surface atoms 
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placed with spacing of 3 Å (inner grid) and those outside with spacing of 8 Å (outer grid). 

Grid points within 4.9 Å of system atoms were excluded. The parameters Lw and Ls 

determine the effect of the burial of residue (i), and their suggested values in our previously 

published studies (see refs. 6,7,25) were one half and one quarter of Wmem, respectively. For a 

membrane grid spacing Dspacing = 2Å and width Wmem = 36Å, the values of Lw and Ls were 

taken as 18 Å and 9 Å (see refs. 6,7,25 for more details). Ls value of 12 Å was also used for 

this membrane in our earlier study.12 However, we found that values of Lw and Ls in Table 

S4 for membranes with different thickness Wmem and 2 Å grid spacing provide better 

agreement with microscopic simulation results (see Section III.1 below). The Wmem values 

are multiple of 4 Å because of using 2 Å membrane grid resolution (Dspacing). So lipids 

having hydrophobic thickness closest to Wmem are indicated in the 1st column of Table S4 

along with their tail length and unsaturation. Eq. 22 parameters  and  used in 

our model for all ionizable residues are provided in Table S2, whereas residue-specific 

parameters  are provided in Table S3 for both previously published25 (model P14) 

and our refined model (model 0).

 in Eq. 12 was computed using Eq. 22 with  for His (in lieu of 

 in this equation with other parameters being the same). This term was not used for 

other ionizable residues in our current model implementation.

The effect of zwitterionic membrane head groups is simulated by placing positive and 

negative charges on the outer and the subsequent layer of the membrane grid, respectively. 

The corresponding electrostatic interactions with the protein charges were treated with Eq. 7 

and εeff = 20, which has been justified by earlier studies of the electric field from membrane 

head groups (see e.g ref. 78).

II.3 Side chain polar and hydrophobic contributions

The second term in Eq. 3, , is treated with equations identical to the ones used to 

calculate the self-energies of the ionizable residues and is given by:

(23)

where i runs over all polar residues (Ser, Thr, Tyr, Cys, Asn, Gln), ,  and  are 

the number of non-polar residues, polar residues, and membrane atoms in the neighborhood 

of the ith residue. The N terms in Eq. 23 are calculated by using Eq. 20 with exactly the same 

parameters given in Table S1. The functions ,  and  are given by the same 

expression as in equations 18-19 with Nmax and αU values provided in Table S2, and 

residue-dependent Bpolar values are given in Table S3.

The third term in Eq. 3, , is treated by adopting similar model used in the self-energy 

and polar free energy calculations, as follows.
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(24)

where i runs over all non-polar residues (Ala, Leu, Ile, Val, Pro, Met, Phe, Trp),  and 

 are the number of polar residues and membrane atoms in the neighborhood of the ith 

non-polar (hydrophobic) residue. They are calculated by using Eq. 20, with exactly the same 

parameters given in Table S1. The functions  and  are given by the same 

expression as in equations 18 and 19 with Nmax and αU values provided in Table S2 and 

residue-dependent Bhyd values given in Table S3. Please note that value of  in 

Table S2 is 14 whereas corresponding values for  and  are 28, the same as 

in our previous studies.25 The substantial reduction in maximum number of membrane 

particles around a non-polar residue was necessary to provide a good agreement with 

experimental relative folding free energies for hydrophobic mutations in a membrane protein 

as discussed in Section III.3.

The term , however, is being treated in a different way, compared to its counterparts. 

That is,  is given by:

(25)

where  is a constant, similar in nature with the constants described in equations 18, 19 

and 22 and with values provided in Table S3.  is the number of implicit water grid 

points within a certain radius from the side chain center.  is the total number of 

implicit water grid points that this specific residue is surrounded with, when it is by itself in 

a water environment.

To calculate  for each non-polar residue (i), we create an implicit water grid around 

that residue and eliminate the grid points, which collide with protein main chain atoms. Next 

we retain the grid points that are within the volume between the spheres of radii rhydro (i) and 

rhydro (i) + 4Ǻ from the center of the side chain atom of ith residue. The rest of the grid 

points are eliminated. The total number of these grid points is taken as the value of 

(see ref. 25 for more details). See Table S5 for residue-specific values of  and 

rhydro (i) used in our current model for all hydrophobic residues.

To achieve better agreement with microscopic simulations for side chain translocation 

energetics across lipid membranes we also tried to augment  by an additional term, 

, which describes residue binding to water/membrane interface. For a lipid membrane 

oriented along z axis it is given by an expression:
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(26)

where  determines depth of the interfacial binding minima (similar to , which 

determines the magnitude of the central barrier), αint determines width of the binding trough, 

zmem is a position of the membrane center, zi is a side chain position, Wmem is a membrane 

thickness. For all polar residues αint =0.04 was used whereas  values varied as shown 

in Table S3 since they were optimized to reproduce interfacial binding minima from 

microscopic simulations.60,61

The same formalism was used to augment  by an additional term,  using the same 

αint and  values from Table S3. If  there is no interfacial binding for that 

residue. Similarly,  can be augmented by an interfacial binding term. However, this 

was not done in the current implementation of our CG model for the reasons described in 

Section III.1.

In one of the variants of the refined CG model described in Section III below (called model 

2) we were forced to eliminate  and  terms by assigning  and  to 0 for 

all amino acid residues. In another variant (model 1) in line with one of our previous 

studies13 we scaled down by a factor of 3.57 hydrophobic contributions  and  in 

Eq. 24 with  term still present and did not consider polar contribution  given by 

Eq. 23 (as well as interfacial term ). Such modifications were done to be able to 

reproduce experimental absolute folding free energies of membrane proteins as will be 

discussed in Section III.4 below.

II.4 Side chain van der Waals contribution

The last term of Eq. 3, , describes the effective van der Waals interactions between 

simplified side chains. It consists of two components: a) the interactions between the protein 

residue simplified side chains,  and b) the interactions between side chains and 

membrane grid atoms,  is described by an “8-6” potential of the 

form:

(27)

where  and . The parameters  and  define, respectively, the 

well depth and equilibrium distance. These parameters were refined by minimizing the root-

mean-square deviations between the calculated and observed values of both the atomic 

positions and the protein size (i.e., the radii of gyration) for a series of proteins.25 The 

corresponding refined parameters are given in Table S6.
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The van der Waals interactions of membrane grid atoms are treated in a different way to 

allow for efficient modeling of the membrane effect. That is, the membrane grid is treated 

with continuous derivatives in order to reduce the need for generating a new grid when the 

protein is displaced or changes its structure. This was done by building a continuous 

membrane (instead of deleting membrane points that appears in direct contact with the 

protein). Accounting for the fact that the membrane grid should be deleted upon contact with 

the simplified side chain protein atoms, we replaced the standard van der Waals interaction 

between the protein and the membrane by

(28)

where Aij and Bij are parameters for interacting ith side chain and jth membrane grid atom, rij 

is the distance between the two atoms, and α is a vdW cutoff parameter.

(29)

where  and  are, respectively, the well depth and equilibrium 

distance for the pair of atoms i and j. Note the different way of calculating , compared to 

the one used for . Parameter α is equal to 7452.75 Å6.

II.5 Main chain contribution

For folding free energy calculations the main chain contribution is given by Eq. 2 where 

 and  are main chain solvation and hydrogen bonding contributions, 

respectively.

The main chain solvation term is the difference between main chain solvation free energies 

of the folded and unfolded protein and is given by

(30)

(31)

where Bsolv = −2 and i runs over all protein residues (Nres) in the sequence. Parameter αθ 

determines steepness of Uα,i function and is set equal to 10, whereas θmax determines cutoff 

for the fraction of polar residues and is set to be 0.8.

The function θ, which reflects the fraction of polar residues around the Cα atom of a given 

residue i, is given by
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(32)

where  is the maximum number of polar residues around a Cα atom (taken as 27 

based on the total number of neighbors around a residue buried inside SecY translocon that 

was used as a test system25);  is the maximum number for membrane atoms around a 

Cα atom (taken as 33 based on using Ala in a membrane with membrane spacing of 4 Å as 

described in ref. 25). Nnp,i and Nmem,i are the numbers of nonpolar and membrane residues 

around residue i, which are calculated by the same approach used in the self-energy 

calculations. The only difference is that we count the residues around the Cα and not the Cβ 

atom, as done for the calculation of the self-energy contributions. So if a residue is in bulk 

water and/or surrounded mostly by polar moieties, |θi| is close to 1, Uα,i = 1 and its 

contribution to  term is around −2 kcal/mol, which is effectively cancelled by the 

unfolded protein contribution, , whereas for a residue in the middle of membrane 

and/or surrounded mostly by nonpolar residues |θi| ≈ 0, Uα,i is small and its contribution is 

negligible resulting in a positive main chain solvation term due to an unfolded protein 

contribution.

The hydrogen bond function is given by

(33)

where  and  are determined by Eq. 31, and we have

(34)

and where

(35)

where we use μHB = 22.2 Å−2 and rHB = 2.9Å. Awater = 0.044 and Amem = 0.22 (see 

explanation below). Here rij is distance between H and O atom forming N–H…O=C 

hydrogen bond between protein backbone atoms. Here we counted hydrogen bonds 

satisfying the following geometric criteria: r(H…O)≤3.5 Å and angle N–H…O > 150°.

 is the regular HB function used in the standard MOLARIS force field.

(36)

while  is given by:
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(37)

with μ = 15 Å−2, r0 = 2 Å, and rij is the same as in Eq. 34.

The scaling factors Awater and Amem are evaluated by the function

(38)

where in water Uα is equal to 1 for all residues (see Eqs. 31-32 and discussion above), 

therefore from Eq. 38 we have

(39)

On the other hand, in membrane Uα is set to 0 for all residues (see Eqs. 31-32 and discussion 

above), and from Eq. 38 we have

(40)

Function for HB in water, , determined by Eq. 34 has a shallow minimum and a 

Gaussian centered at 2.9 Å (controlled by rHB). This reflects the fact that we have to spend 

some energy to break the HB, but once it is broken, the HB with water molecules can be 

formed. Function for HB in membrane, , determined by Eq. 35 has a deeper 

minimum, since it is more difficult to break the HB in a hydrophobic environment.

II.6 Scaled size contribution

Now we can turn to the so called scaled size term, ΔGsc.size of Eq. 1, which takes into 

account total protein size in terms of number of amino acid residues, Nres, as well as 

flexibility of amino acid side chains manifested in number of single bonds (excluding ones 

terminated by hydrogen), Nsbond.

(41)

Here sres and ssbond are empirical scaling factors and are set to be 0.042 and 0.044 in our 

current CG implementation to achieve good quantitative agreement with experimental 

folding free energies (Vicatos and Warshel, personal communication) for a number of 

proteins described in our previous study.25 Nsbond values for different residue types are 

provided in Table S7.

In one of the variants of our refined CG model discussed below (called model 2) in the 

presence of membrane, the scaled size term is multiplied for each residue contribution by 
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(1+smem,resFmem,i) and for single bond contributions by (1+smem,sbondFmem,i) resulting in the 

following overall expression:

(42)

where empirical scaling coefficients smem,res = 11.18, smem,bond =13.91, and Fmem,i 

determines whether a residue is located in the membrane environment and is given by:

(43)

where empirical factors , and Nmem,i is the number of membrane 

grid particles around protein residue i, which is calculated as described for Eq. 32 above.

II.7 CG energy for protein folding and MD relaxation

Thus protein folding free energy can be presented as:

(44)

It should be noted that the CG treatment of folding energy uses the simplified main chain 

treatment of Eq. 2. On the other hand the expression used for ΔGmain in MD relaxation 

simulations is (see ref. 25):

(45)

where ΔGbond, ΔGangle, ΔGtor, and ΔGitor are bond, angle, torsion and improper torsion 

contributions from the regular ENZYMIX force field.77  is a torsional correction 

potential, which is used to modify the gas-phase potential ΔGtor, since the protein secondary 

structure strongly depends on main chain solvation (see ref. 25 for more details). Also, the 

last term in Eq. 45, , is the charge-charge interaction free energy between the main 

chain atoms, which is calculated by Eq. 7 with a dielectric constant εeff =10 and using partial 

atomic charges of protein main chain atoms q instead of QMC (see ref. 25 for more details). 

The fact that we use different treatments for the main chain energy in relaxation runs and in 

evaluating the CG energetics reflects the awareness that the microscopic main chain energy 

(typically defined by similar terms to those included in Eq. 45) fluctuates enormously in 

relaxation runs and obtaining the corresponding converging microscopic average is exactly 

what we try to avoid in the CG model. Obtaining the CG contribution of ΔGmain, which has 

well converged statistical weights of different main chain conformations encountered during 

protein dynamics, remains a challenging problem. In the present study we only looked at 

protein crystal structures and considered only side chain conformations for different mutants 

(as will be described in Section III.3) but did not study main chain dynamics explicitly. We 
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are looking at several options for obtaining more consistent treatment including using virtual 

bonds between the Cα atoms22 and torsional normal mode analysis in that representation but 

at present we view the use of Eq. 2 as a powerful compromise as it is not extremely sensitive 

to the details of the main chain structure.

III. Results and Discussion

III.1 Inserting amino acid side chains into membranes

In our gradual approach of improving the CG model we started to explore the membrane-

protein electrostatic term by refining the energetics of ion insertion into a membrane. This 

was done by considering the energetics of inserting an ionized Arg side chain trying to 

reproduce the corresponding microscopic results for membranes of different thicknesses 

(Ref 79). In doing so we consider first the results expected from moving to an ideal 

undeformed membrane and then the results from the actual water penetration and charged 

group relaxation as revealed by microscopic simulations.79 The corresponding refinement 

effort started by exploring the membrane electrostatic energy for an isolated Arg residue 

moving across an ideal lipid membrane represented by a hydrophobic slab with ε=2 of 

different thicknesses. First, we made theoretical estimates of such a barrier using our 

previously developed model based on image electrostatics (see Eq.25 from ref. 80). We used 

Born radius a=2.75 Å for Arg side chain analog, methyl guanidinium (MGuanH+), 

calculated based on its theoretical estimate of hydration free energy (-61 kcal/mol, ref. 81), 

and obtained a barrier height of ∼26 kcal/mol regardless of membrane thickness (dotted 

lines in Fig. 1A). A similar estimate has been provided by the PDLD/S model 77 (dashed 

lines in Fig. 1A). Those calculations were done for a Na+ ion and the corresponding free 

energy profiles were downscaled by ratio of MGuanH+ and Na+ hydration free energies 

(−61 and −105 kcal/mol,81,82 respectively). Our CG model can also provide similar Arg 

self-energies shown as solid lines in Fig. 1A if we increase  value for Arg from 10 to 

26 kcal/mol (see Table S3). These results are also similar to previous continuum membrane 

estimates for MGuanH+ across non-deformable lipid membranes of different thicknesses79 

(cf. gray dotted and solid lines in Fig. S2B). There is an expected increase in the width of the 

barrier with the increase of membrane thickness but the barrier height remains nearly the 

same and is determined by the cost of the ion dehydration upon moving to an ideal 

undeformed membrane.

The above self-energies were calculated using Eq. 22 without taking into account membrane 

deformability and water penetration inside membrane modeled using parameters of Eq. 21. 

However, it is well known from microscopic MD simulations and from logical 

considerations that lipid membranes deform substantially upon burial of a charged amino 

acid residue or other ionic species.48,56,60,83,84 Water molecules and/or lipid head groups 

move deep inside lipid membrane core to solvate such buried charged species, which allows 

for a substantial decrease in the energetic cost of ion translocation.48,81 Thus the free energy 

barrier for ion translocation by this molecular mechanism (called “ion induced defect” 

mechanism) no longer directly depends on the energetic cost of ion dehydration82 but 

substantially varies with the lipid membrane thickness, e.g. decreasing from 26 to 6 kcal/mol 

when the hydrophobic membrane thickness decreases from ∼30 Å for 18-carbon long lipid 
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tails to a ∼15 Å for 10-carbon long tails (ref. 79, see dotted curves in Figs. 1B and S2A). 

The above considerations mean that the Arg CG self-energies calculated using Eq. 22 alone 

(solid curves in Fig. 1A or Fig. S1A) do not reproduce microscopic results as expected (cf. 

e.g. solid gray and dotted black lines in Fig. S2B), as they do not reflect the microscopic 

relaxation that follows the Arg burial. However, using Eq. 21 (that was introduced 12,25 to 

consider this effect) and varying the Ls and Lw parameters we can account for this effect and 

reproduce microscopic simulation results as shown in Figs. 1B and S2. Interestingly, the 

suggested Ls and Lw values from our previous study25, Lw=Wmem/2 and Ls=Wmem/4 do not 

provide good agreement with microscopic results predicting no changes (Fig. S1B) in the 

Arg translocation barrier as a function of membrane thickness. However, using Ls=7 Å with 

slight variation of Lw= 22 − 24 Å (see Table S4) we could reproduce a dramatic change in 

the Arg translocation free energy barriers consistent with microscopic results (Figs. 1B and 

S2). Especially good quantitative agreement has been achieved when we also increased by 2 

Å (from 2.9 to 4.9 Å) the minimum distance from the protein or membrane atoms to the 

water grid points generated to calculate Rsolvent in Eq. 21. Such a change was also shown to 

be necessary to predict energetics of Arg in membrane proteins as will be discussed below.

Similarly, we increased  for other ionizable side chains (Lys, His, Asp, Glu) from 10 to 

26 as well (see Table S3). The reason for using the same  for all ionizable residues is 

that the microscopic simulations and electrophysiology experiments predict similar barriers 

for different ionic species regardless of their aqueous hydration energetics or charge sign (+1 

or -1) (see e.g. ref. 82). Thus the Arg and Lys side chains were also predicted to have similar 

barriers for membrane translocation based on microscopic simulations.59 Other microscopic 

simulations show some differences, e.g. ∼12 kcal/mol barrier for Lys+, ∼14 kcal/mol for 

Arg+, ∼19 kcal/mol for Asp− and ∼20 kcal/mol for Glu−.61 This could be, however, 

partially related to using full side chain analogs in that study (e.g. butylammonium for Lys+ 

and propylguanidinium for Arg+), which allows for some snorkeling towards the interface 

and lowering free energy barriers,48,58 whereas shorter analogs (methylammonium for Lys+ 

and MGuanH+ for Arg+) were used in ref. 59. The latter model is more compatible with 

ionizable side chain definition for our CG model, where an effective atom X representing an 

Arg side chain is placed into its charge center.25

Next we extended our tests to all amino acid residues. Our goal was to check performance of 

our CG model against experimental data if available or microscopic simulations for amino 

acid side chain translocation across a lipid membrane. As a reference we used the recently 

published microscopic simulations of Tieleman and co-workers,60,61 who studied the 

translocation of side chain analogs across a DOPC (1,2-dioleoyl-sn-phosphatidylcholine) 

membrane. These workers achieved a very close correspondence between free energies at 

the membrane center and experimental water/cyclohexane partitioning free energies.85

The model system used in attempting to reproduce the above results (and in the Arg CG 

tests discussed above) has been an isolated side chain moving across a 28 Å thick CG lipid 

membrane with a 2 Å resolution to mimic a DOPC membrane used in the microscopic 

simulations.60,61 The CG simulation system consisted of an isolated amino acid CG residue 

and a CG membrane oriented along z axis with horizontal dimensions 56×56 Å2, where the 
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CG side chain effective atom X was moved along the z axis in 1 Å increment across the CG 

membrane, which was regenerated for each position. The main chain amino acid residue 

atoms were placed well outside the membrane with bonds between X and D (dummy atom 

placed at the position of a side chain Cβ atom and used for an atomistic side chain 

regeneration25) atoms with the main chain atoms removed. Results are presented in Figures 

S3-S4 and Table S8 for our previously published25 (model P14) as well as refined (model 0) 

CG models.

The Bmem values for polar and non-polar residues were initially set to be the same as Bnp 25, 

which provided sufficient accuracy for our previous CG studies of membrane protein 

systems (e.g. 12). However, the present refinement work, that included a comparison of the 

results of the CG model and microscopic simulations, found some discrepancies including 1) 

an underestimation of the free energy minima at the membrane center for several non-polar 

residues (Val, Leu, Ile), whereas the barriers at the membrane center were either non-

existent or strongly underestimated for some polar residues (Thr, Ser, Gln, Asn). For 

ionizable residues (Arg, Lys, Glu, Asp) the central barriers were also underestimated, while 

for Trp our previous CG model predicted too deep minimum in the middle of the membrane 

inconsistent with microscopic simulations and experimental water/cyclohexane partitioning 

(Table S8). Apparently, modifying the Bmem values in the new model (Table S3) allowed us 

to overcome these discrepancies and provide a better agreement between CG and reference 

values for most amino acid side chains (see Table S8). The Bmem were modified so that the 

CG results matched the microscopic results 60,61 with some exceptions. Although there are 

no microscopic results for Pro, we followed the trends for other non-polar residues between 

the old and new set and doubled the value of Bmem. For Tyr there is a large uncertainty (of 

±1 kcal/mol) in a microscopic free energy estimate, comparable to the magnitude of the 

barrier61 and thus a value closely matching experimental water/cyclohexane partitioning free 

energy85 (which is within the range of microscopic free energy uncertainty) was chosen as a 

target value.

Our previous CG model could not reproduce the existence of interfacial minima for polar 

and some non-polar residues (Tyr, Trp, Met, Cys, Thr, Ser, Asn, Gln). Such minima are 

crucial for the interfacial localization of some residues, e.g. Trp.86 Introduction of additional 

terms  and  (see Eq. 26 above), which can be controlled by a residue-dependent 

 and  parameters appeared to help in resolving this issue (see Table S8 and Fig. 

S3, panels B-D). A similar interfacial term was not used for self-energies since microscopic 

MD results show large variations in the interfacial binding of ionizable residues depending 

on a side chain analog and a membrane model used.56-59,61

Figs. S5 and 2 show the correlations between the CG free energies of the translocation of 

amino acid side chains through a 28 Å thick membrane and the corresponding microscopic 

counterparts from ref. 61 or the water-cyclohexane partitioning free energies from ref. 85. 

Our refined model (model 0) provides much better correlation with microscopic MD results 

compared to a previously published one (model P14, ref. 25) as expected since Bmem values 

for most non-polar and polar residues were adjusted to reproduce microscopic MD results 

(see Fig. S5). A linear regression coefficient for the new model (1.17) is > 1 since it 
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overestimates microscopic free energy barriers for most ionizable residues as model 0 

parameters were set to reproduce values for another set of microscopic calculations using 

shorter side chain analogs59 as was discussed above. More importantly, there is also a good 

correlation between model 0 membrane partitioning free energies and experimental water/

cyclohexane partitioning free energies (see Fig. 2B) with a linear regression coefficient very 

close to 1 (0.96), whereas model P14 (with a linear regression coefficient 0.78) shows 

substantial underestimation of experimental partitioning free energies (Fig. 2A).

III.2 Inserting amino acids on a long helix into membranes

The second system that was considered in our refinement study has involved an amino acid 

residue in the center of the long transmembrane α-helix sliding up and down across a lipid 

membrane. Such models were used in recent microscopic MD simulations to determine 

energetic cost of an ionizable residue translocation across lipid membranes (see e.g. 

refs. 48,58,59). In those studies an 81-residue poly-Leu helix with Arg or Lys residue in the 

middle, i.e. L40RL40 or L40KL40, was used. We used the same system: an 81-residue poly-

Leu helix with Arg in the middle, i.e. L40RL40. The reason for using such a long helix in our 

current and previous studies has been to allow for sliding a central Arg residue across a 

membrane with both ends of the helix still in water, which allows to get Arg contribution 

without need to take into account partial desolvation/membrane embedding of Leu residues 

at the ends of the helix.

To account for a possible Arg side chain snorkeling to lower its self-energy in the middle of 

membrane, as was predicted by microscopic simulations,48 it is important to consider 

different Arg side chain rotamers. Thus we used a protein side chain rotamer library from 

ref. 87 implemented in MOLARIS although we explored other available choices, for 

instance, rotamer library in Pymol mutagenesis toolkit from ref. 88 with very similar results 

(data not shown). For the 5 torsional angles that govern the conformations of Arg (χ1 to χ5: 

χ1=N-Cα-Cβ-Cγ, χ2= Cα-Cβ-Cγ-Cδ, χ3= Cβ-Cγ-Cδ-Nε, χ4= Cγ-Cδ-Nε-Cz, χ5= Cδ-Nε-Cz-Nh1) 

we identified 34 rotamers from the analysis of the PDB structures,87 32 of which were stable 

for the L40RL40 system (they do not have substantial steric clashes with other peptide 

atoms) and will be considered further. We then used MOLARIS to generate those rotamers 

in the explicit all-atom representations of our helix; converted each configuration to a CG 

model; added a CG membrane grid with a thickness of 28 Å, representative of a DPPC (1,2-

dipalmitoyl-sn-phosphatidylcholine) membrane used in microscopic MD simulations,48 and 

with a 2 Å spacing; and computed energies of those systems for different helix z positions 

represented by a position of a central Arg Cα, z(Arg Cα), across the membrane. All the 

generated rotamers for the Arg position in the middle of the membrane i.e. for z(Arg Cα)=0 

are shown in Table S9. It was found that a variation of χ1 to χ4 values (χ5 controls the 

flipping of the guanidinium group around Nε-Cz axis and does not affect Arg side chain 

position and thus was not varied) results in different z positions of the CG effective Arg side 

chain atom X, ranging from -5.2 to 2.9 Å, whereas the Cα-X bond length varied from 5.1 to 

7.0 Å, and the corresponding N-Cα-X angle has values ranging from ∼78° to ∼170° (see 

Table S9). This variation had a dramatic influence on the Arg self-energies using the refined 

CG model described in this work (model 0), ranging from 8.0 to 21.7 kcal/mol with much 

less variation (from 10.2 to 10.5 kcal/mol for stable rotamers) for a previously published one 
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(model P14) for the reasons explained above. The rotamer with the lowest CG energy was 

chosen as a representative for each z; e.g. rotamer 11 for z(Arg Cα)=0 with the self-energy 

of 8.0 kcal/mol. For this rotamer z(Arg X)=−5.2 Å i.e. Arg side chain snorkels downwards 

resulting in a substantial decrease of Arg self-energy (see Fig. 3). Rotamers with side chains 

oriented nearly parallel to membrane plane (see Table S9 and Fig. 3 for rotamer 20) and 

those with an upward oriented Arg side chain (i.e. z(Arg X)> z(Arg Cα), see e.g. rotamer 25 

on Fig. 3) were found to have higher self-energies than those with the downward orientation. 

The above finding is in agreement with previous microscopic studies on L40RL40 membrane 

translocation.48 For other z(Arg Cα) values different Arg rotamers result in lowest self-

energy values (see Fig. 3 and Table S12). Rotamer 20 with mostly parallel side chain 

orientation (with respect to membrane plane) is the most stable when Arg is in bulk water; 

downward oriented rotamers 10 and 11 are the most stable when Arg is in the lower 

membrane core and near the membrane center; whereas upward oriented rotamers 25 and 24 

provide lowest self-energies in the upper membrane core, respectively (Fig 3 and Table 

S12). One potential issue with choosing rotamers solely based on their CG energies is that 

we ignore possible steric clashes between an Arg side chain and the rest of the helix. For a 

L40RL40 system we found that rotamers 30 and 34 have substantial unfavorable Lennard-

Jones (LJ) interactions on the order of several thousand kcal/mol based on atomistic 

calculations (see Table S9, those rotamers are highlighted in red). Therefore we did not 

consider those rotamers in choosing ones with lowest CG energies. The situation becomes 

even more complex for membrane proteins and we need to choose objective criteria taking 

into account atomistic energetics as will be discussed in the next section.

Our study found that the self-energy profile for L40RL40 across a 28 Å thick membrane is 

very sensitive to the model used and our choice of rotamers (see Fig. S7A). For example, 

using a previously published CG model25 (model P14) produced a flat barrier of the same 

magnitude (∼10 kcal/mol) but a different width near the membrane center for an isolated 

Arg side chain and L40RL40 with or without choosing lowest-energy rotamers. However, the 

picture is very different using the current CG model modification (model 0). That is, 

choosing the lowest self-energy rotamer for each z, as was described above, the central 

barrier is also about 10 kcal/mol (Fig. S7A) at the top a Λ-shaped profile characteristic for 

results of microscopic simulations.58 Interestingly, if we were to ignore the relative energies 

of Arg side chain rotameric states across the membrane and use a rotamer with a parallel 

side chain orientation (e.g. rotamer 20, see Fig. 3 and Table S9) throughout, the central 

barrier would be comparable to that for an isolated Arg side chain (∼21.5 kcal/mol, see Fig. 

S7A).

We should also consider total CG folding free energy as described by Eq. 44 above (see Fig. 

4A). Using the lowest CG energy rotamer for each z, the central L40RL40 translocation 

barrier would be around 14.0 kcal/mol, using model 0 described in this work, and ∼12.6 

kcal/mol for the previously published model P14 (cf. red and blue curves in Fig. 4A). For 

both models the total ΔG barrier is dominated by a self-energy term followed by a 

hydrophobic contribution due to a displacement of a Leu residue from membrane to water as 

Arg moves to the membrane core (see Fig. S8 and Tables S11 and S12). The barrier height 

and a shape of the profile are in a reasonable agreement with those from a microscopic MD 
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simulation for the same system (black curve in Fig. 4A). Such an agreement is improved 

even further upon using a modification of model 0 with a scaled up size term from Eq. 42, 

which we call model 2 (pink curve in Fig. 4A) and which will be discussed in more detail 

below. In that model the scaled size term becomes as important as the hydrophobic 

contribution (see Fig. S8 and Table S14). On the contrary, model 1, model 0 modification 

with a reduced hydrophobic term (also to be discussed below), somewhat reduces 

quantitative agreement with microscopic MD for the barrier height (green curve in Fig. 4A) 

for obvious reasons (see Fig. S8 and Table S13).

Since the Arg residue may be deprotonated (and thus neutralized) in order to overcome the 

large self-energy for burying it in the middle of the membrane, we considered such 

possibility for the L40RL40 membrane translocation. The energetics of such deprotonation is 

governed by a  term given by Eq. 12. So if the Arg residue is deprotonated and its 

QMC = 0,  according to Eq. 13. Based on Eqs. 12 and 13  will 

be smaller for a neutralized Arg residue (Arg0) compared to a charged one (Arg+) in 

membrane relative to the same species in bulk water, which is confirmed by our L40RL40 

calculations (compare dashed and solid lines in Fig. S7A). The difference between CG 

energies for charged and neutral Arg forms greatly depends on the rotamer due to an 

exponential term in  (cf. last two columns in Table S9). For instance, such difference 

is only ∼2.8 kcal/mol for a downward oriented rotamer 11 but it increases to ∼14.3 

kcal/mol for a rotamer 20 with a parallel side chain orientation. There is a reasonably good 

agreement between our CG results and the microscopic MD estimates of ref. 58 for 

membrane translocation energetics of L40RL40 peptide with a neutral Arg in the middle (cf. 

dashed black and colored curves in Fig. S6A). We should also note that the fact that 

 is always smaller for a neutral Arg does not mean that it will be always 

deprotonated while inside the membrane. The prototonation states of ionizable residues are 

determined by minimizing an electrostatic free energy term given by Eq. 15. And in the 

absence of charge-charge interactions, as in the case of a L40RL40 system, it will be 

determined by Arg intrinsic pKa  given by Eq. 16, which in turn is a function of its 

self-energy (ΔGself) and pKa in bulk water . It should be noted that an electrostatic 

free energy given by Eq. 15 is determined for protein residues in their specific environment 

i.e. protein and/or membrane, whereas the electrostatic component of folding free energy 

provided by Eq. 14 is calculated for those residues in such environment relative to their 

contributions in an unfolded protein in bulk water. It is possible to provide a direct and 

accurate correlation between those quantities for simple systems (e.g. by using modifications 

of a  term in Section II.2 above) but it is beyond the scope of the present study.

In addition to the membrane translocation of L40RL40 system described above we performed 

similar calculations for a 79-residue poly-Ala helix with Arg in the middle, i.e. A39RA39, 

embedded in a CG membrane with 2 Å spacing and 20 Å thickness representing DLPC. The 

reason for using this model system was to provide some comparison with OmpLA 

experimental Ala→Arg mutant relative folding free energies,63 discussed in more detail in 

the next section. We considered the same set of Arg rotamers as for a L40RL40 system 
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choosing for each z(Arg Cα) ones, which minimize the CG energies (also excluding 

rotamers 30 and 34 due to steric clashes with other peptide atoms). There is also a 

substantial dependence of the Arg self-energy on its rotameric state, ranging from 2.1 to 

10.0 kcal/mol for model 0 at z(Arg Cα)=0, whereas for model P14 Arg rotamer self-energies 

at this position vary by less than 1 kcal/mol (from 10.2 to 10.9 kcal/mol, see Table S10). 

This determines the shape and height of a self-energy profile across the membrane, which 

has a plateau of ∼10 kcal/mol in the middle for model P14 (Fig. S7B), very similar in shape 

and magnitude to those for an isolated Arg side chain and a L40RL40 peptide. On the 

contrary, a Λ shaped self-energy profile for A39RA39 using model 0 reaches only ∼2 

kcal/mol at the membrane center when using lowest-energy rotamers for each z, much 

smaller than 9.4 kcal/mol for an isolated Arg side chain across a membrane of the same 

thickness and up to ∼10.0 kcal/mol for a L40RL40 helix across a 28 Å thick membrane (see 

Fig. S7). Furthermore, using neutral Arg residue in an A39RA39 expectedly reduces self-

energy in the middle of membrane (cf. solid and dashed curves in Fig. S7). This effect is 

substantial for model P14 (from 10.0 to 5.7 kcal/mol at |z|≤1 Å) but rather small using 

lowest-energy rotamers for model 0 (e.g. from 2.4 to 2.2 kcal/mol at z = 1 Å).

Considering the total ΔG for an A39RA39 peptide across a 20 Å thick CG membrane 

(dominated by self-energy, hydrophobic and/or scaled size terms, see Fig. S8 and Tables 

S15-S18) allows us to make a rough comparison with experimental Ala→Arg mutant 

relative folding free energies63 for OmpLA β-barrel membrane protein (cf. colored solid and 

black dotted curves in Fig. 4B). Model 0 (red curve in Fig. 4B) provides the best agreement 

with the experimental results, followed by model 1 with a downscaled hydrophobic term 

(green curve in Fig. 4B). A previously published model P14 (blue curve in Fig. 4B) 

substantially overestimates the experimental OmpLA relative mutational free energy, which 

can be expected due to high Arg self-energies in the middle of membrane nearly insensitive 

to its side chain orientation (see Table S10), and thus not reproducing the energy lowering 

due to the Arg side chain snorkeling. Interestingly though that model 2 with an increased 

size term (pink curve in Fig. 4B) also leads to a substantial overestimation of OmpLA 

relative mutant free energies despite accurately predicting microscopic MD results for a 

L40RL40 system as was described above. The overestimation seems to stem from a dominant 

scaled size contribution for an A39RA39 peptide energetics using model 2 (see Fig. S8 and 

Table S18). It is hard to say though, without additional reference data and/or calculations, 

whether it is an artifact of the model or a result of very different membrane energetics for an 

α-helical A39RA39 peptide and β-barrel membrane protein OmpLA. Therefore direct 

calculations on OmpLA system will be discussed in the next section.

III.3 The energetics of mutations in OmpLA

A main validation test for our refined CG model was the comparison of its results with the 

experimental data for the relative folding free energies, ΔΔGfold, for mutations of the 

OmpLA β-barrel protein. Experimental data from the study of Fleming and co-workers 63 

for a reversible folding of this protein in DLPC membranes are available for the wild-type 

(WT) protein, various mutants A210X for residue 210 located near the membrane center, as 

well as Arg and Leu mutants at several other positions across the membrane (see Fig. 5). For 

our CG studies we used the available PDB crystal structure 1QD5 of the WT protein. The 

Vorobyov et al. Page 22

Proteins. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutant structures were built by mutating a corresponding residue in the WT structure using 

MOLARIS. As in the case of Arg on the poly-Leu and poly-Ala helices, we had to consider 

different rotamers for the mutated residue side chains from the MOLARIS rotamer library87 

and choose those with the lowest CG energy. However, as for those helices we need to be 

aware for possible steric clashes of the built mutant side chain. Here due to the complexity 

of the system it is not feasible to discard rotamers with high LJ energy values for every 

mutant individually. Therefore we came up with an objective energetic criterion, which was 

used for choosing the lowest-energy rotamer: (ΔGfold + 0.1ULJ), where ΔGfold is the CG 

folding free energy given by Eq. 44 and ULJ is the atomistic Lennard-Jones energy. Thus the 

lowest-CG energy rotamer is being favored unless there are substantial steric clashes. In the 

OmpLA studies we also used CG membranes with two thicknesses Wmem: 20 and 24 Å (see 

Fig. 5). The former corresponds roughly to the hydrophobic thickness of DLPC bilayer, 

which was used in experimental studies, whereas the latter is approximately equal to the 

hydrophobic thickness of OmpLA.63 It would seem more natural just to use a DLPC 

thickness of 20 Å for these calculations as it would correspond to an experimental setup. 

However, since a hydrophobic mismatch can result in the adjustment of the membrane 

thickness we considered a 24 Å thick membrane as well. In a recent computational study no 

substantial membrane thickness change around OmpLA was reported during a multi-ns 

microscopic simulation.89 However, the authors reported membrane (and OmpLA) 

hydrophobic thickness of ∼23 Å,89 whereas an experimental estimate for an unperturbed 

DLPC membrane is 20.9 Å,90 which justifies using both 20 and 24 Å thick CG membranes 

in our calculations.

The relative CG folding free energies for the A210X mutants, ΔΔGfold(A210X) were 

calculated as differences between ΔGfold for the A210X lowest-energy rotamer and WT 

structure, using:

(46)

The corresponding results are summarized in Table S20 (with a more detailed information 

including lowest-energy rotamer geometries and relative CG energy components provided 

for different models in Tables S21-S28). First, we compared the experimental results to 

those for a previously published model (model P14). For most side chains ΔΔGfold are 

substantially underestimated in magnitude with an RMS error of ∼1.9 kcal/mol and the 

largest error of 4.6-4.8 kcal/mol for Lys mutant. The use of our refined model (model 0) 

leads to a substantially better agreement with the RMS error dropping to ∼1.1 kcal/mol and 

the largest error of ∼3.0 kcal/mol for Lys using a 20 Å thick membrane and ∼2.1 kcal/mol 

for Arg using a 24 Å thick membrane. Now the correlation between the experimental and 

CG ΔΔGfold values improves substantially. This is especially clear when performing a linear 

regression analysis as shown in Figs. 6 and S9. The linear correlation plots for model 0 

compared to those for model P14 are much closer to a y=x line representing a perfect 

agreement between the experimental and CG ΔΔGfold (see Fig. S9). Furthermore, the 

difference between the experimental and CG ΔΔGfold decreases for most residues (see Table 

S20). The exceptions are Cys, Phe, Met and Tyr but the difference between two models is 

well within 1 kcal/mol.
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Our revised model provides a good agreement with the experimental ΔΔGfold for the 

OmpLA A210X mutants. However, the absolute folding free energies, ΔGfold, should be 

compared as well, as will be discussed in more detail in the next section. Unfortunately, our 

revised model (model 0) substantially overestimates the experimental ΔGfold for OmpLA 

(see e.g. Table S19). To overcome this deficiency we tested several options. In one of them, 

which we called model 1, we scaled down the hydrophobic term by a factor of ∼3.6 and did 

not consider the polar term, similarly to what was done in one of our previous studies.13 In 

this case we achieved a good agreement with the experimental ΔGfold within 2 kcal/mol for 

the WT for both membrane thicknesses (see Table S19). However, the agreement with the 

experimental ΔΔGfold for the different A210X mutants decreases substantially, almost to the 

level of our previously published model, P14 (see Table S20). The linear regression 

coefficients drop substantially as well (see Figure 6, panels C and D). Thus we explored a 

different option, which we called model 2, in which we had to remove interfacial 

contributions  and  (see Section II.3 and Eq. 26 above) and introduced membrane 

dependence of the size term given by Eq. 42 in Section II.6. The membrane associated size 

term parameters were adjusted to provide good agreement with reference data for OmpLA 

WT (for a 24 Å thick membrane) as well as poly-Ala and poly-Leu helices, as will be 

discussed in the next section. Thus experimental ΔGfold for OmpLA WT in a 24 Å thick 

membrane is perfectly reproduced by model 2 and it is overestimated (but not nearly as 

much as for model 0 or P14) in a 20 Å thick membrane (see Table S19). What is more 

important, is that model 2 provides the same level of agreement (and even somewhat better 

for a 24 Å thick membrane) as model 0 (see Table S20) for A210X mutant ΔΔGfold values. 

For model 2 ΔΔGfold values in a 24 Å thick membrane, RMS error is ∼1.0 kcal/mol and 

maximum error is ∼2.4 kcal/mol (for Tyr mutant). A linear regression a coefficient (in the 

y=ax+b equation) is 0.79 (see Fig. 6F), comparable to that for model 0 (0.78, Figure 6B). 

The agreement with experiment is worse using a 20 Å thick membrane with model 2 (see 

Fig. 6E and Table S20), but it is still substantially better than for model 1 (except for 

absolute folding free energies, Table S19). Interestingly, all the models used in our study 

tend to underestimate the experimental ΔΔGfold(A210X) since a linear regression 

coefficients a are less than 1, even for models 0 and 2. This occurs despite the fact that 

model 0 provides excellent agreement between CG water→membrane and experimental 

water→cyclohexane partitioning free energies for isolated amino acid side chains (see Fig. 

2B and discussion in Section III.1 above). The largest (but still moderate, typically less than 

2 kcal/mol) underestimation of experimental ΔΔGfold(A210X) seems to come from some 

ionizable residues such as Lys, His and Asp (as well as polar Asn residue) and could be 

related to an underestimation of the electrostatic penalty for their burial in the middle of 

membrane. On the other hand, ΔΔGfold(A210R) is moderately overestimated in a 24 Å thick 

membrane, although this could be related to a lack of a mutant side chain relaxation as 

described below. Our CG estimates for a ΔΔGfold(A210Y) i.e. Ala→Tyr mutation are also a 

1-2 kcal/mol too unfavorable (see Table S20), which can be related to a missing favorable 

interaction of the mutant residue with other residue(s) nearby, water molecules or polar lipid 

moieties. A similar explanation was a proposed for a similar magnitude overestimation of a 

A210S mutant free energy in a recent microscopic MD study.91 A reason for experimental 

folding free energy underestimation for several charged and polar residues is harder to 

pinpoint and it can be related to more global protein structural relaxation and/or 
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readjustment in the membrane environment (tilting, shifting etc.) not considered in this 

study. Even though it might be possible to add residue-specific correction terms for different 

residues to provide a perfect agreement between experimental and CG ΔΔGfold(A210X) 

values, this might lead to a loss of transferability of our model. It will perfectly predict 

OmpLA mutant relative folding free energies but will likely result in substantial errors for 

absolute folding free energies of OmpLA as well as other systems (discussed in more detail 

in the next section). Similarly, by adding the same correction term to account for a 

systematic underestimation of many CG ΔΔGfold(A210X) values we will increase errors in 

those values for other important residues where such underestimation is not an issue (e.g. 

Arg and Tyr as discussed above) and will likely worsen the agreement for absolute folding 

free energies as well.

In addition to the A210X mutants we also considered Arg and Leu mutants at other positions 

across the membrane (see Figure 5) as was done in an experimental study.63 In this case all 

the ΔΔGfold values were calculated with respect to Ala residues at those positions. Therefore 

if a residue other than Ala was at the mutation position in the WT protein, e.g. Gly at 

position 212, we considered the quantities:

When Ala was present at the point of the mutation in the WT protein, the difference in free 

energies with respect to WT was calculated. The results are shown in Tables S29 and S30 

(with the lowest energy rotamer geometry and relative CG energy components for each 

mutant provided in Tables S31-S36) and Figures 7 and S10. Interestingly, the refined model 

(model 0) and its modifications (models 1 and 2) resulted in a substantial overestimation of 

ΔΔGfold(A120R) and a more moderate overestimation of ΔΔGfold(A210R) and 

ΔΔGfold(A214R) for most of them (see Table S29, part A and Figure S10, panel A). Such 

overestimation might be related to ignoring the low-CG energy rotamers due to substantial 

steric interactions (large ULJ). This is corroborated by large values of ΔGfold for rotamers 

with the lowest value of (ΔGfold + 0.1ULJ), especially for L120R mutant (3.9 kcal/mol for 

model 0 using a 24 Å thick membrane, with an overestimation of an experimental value by 

4.2 kcal/mol, see Table S32). To resolve this issue we performed 10 ps of an atomistic MD 

simulation of mutant Arg side chains (with other protein atoms fixed) for all rotamers in the 

gas phase with Arg partial atomic charges corresponding to a neutral state. Using the same 

criterion to choose the lowest energy rotamer (ΔGfold + 0.1ULJ), see Fig. 8 for representative 

structures, we found that the Arg side chain minimization improves the agreement with the 

experimental results (see Table S29, part B and Figs. 7A and S10B). Even though 

ΔΔGfold(A120R) is still overestimated, the error drops, especially for model 0 (from ∼4.2 to 

∼0.8 kcal/mol for a 24 Å thick membrane, Table S29). The worse performance for model 2 

is not unexpected in this case, as a bigger Arg size term results in higher ΔΔGfold(A120R) 

values (e.g. an increase in a scaled size term by ∼1.2 kcal/mol and an electrostatic term by 

∼1.0 kcal/mol results in a ΔΔGfold(A120R) error increase to ∼3.4 kcal/mol for model 2 

using a 24 Å thick membrane, see L120R(MD) entries in Tables S32 and S36), which was 
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also the case for A→R ΔG profile for an A39RA39 system using this model as was discussed 

in a previous section. Overall, model 0 provides the best agreement for A→R mutations 

with the RMS errors of 1.3 and 1.0 kcal/mol for 20 and 24 Å thick membranes. Models 1 

and 2 show somewhat worse agreement with experiment. None of the models presented here 

can provide the same trend in ΔΔGfold(A→R) as that observed experimentally, but this is 

not unexpected since in the present study we ignore large-scale protein structural relaxation 

and/or titling. However, the semi-quantitative agreement between computed and 

experimental free energy differences is reasonable.

Our study also evaluated ΔΔGfold for the A→L mutations across the membrane (see Table 

S30 and Figure 7B). The best agreement with the experimental results was achieved for 

model 0 with a fairly similar performance for model 2 (Table S30), which was achieved due 

to a substantial increase in  for Leu and halving of  compared to previously 

published model P14 values. However, model 1 systematically underestimates all the 

ΔΔGfold(A→L) values, which can be expected due to a reduced hydrophobic term (e.g. the 

hydrophobic term for the A210L mutant in a 24 Å thick membrane drops from -1.8 kcal/mol 

for model 0 to -0.5 kcal/mol for model 1 resulting in a 1.3 kcal/mol underestimation of the 

experimental value for the latter, see Tables S32 and S34).

III.4 Absolute folding energies of membrane proteins

In addition to the folding free energy changes associated with mutation of particular 

membrane protein residues, the refinement of the CG model was also aimed to reproduce the 

absolute folding free energies of membrane proteins. In our previously published CG 

model 25 this was done successfully for a number of water-soluble proteins. We started by 

examining the water-membrane partitioning free energies of several small peptides, for 

which experimental or other computational free energy estimates are available and which 

were also tested in our previous works.13,25 In the next step we examined the absolute 

folding free energies of several β-barrel integral membrane proteins, for which experimental 

estimates are available.62

Before considering our results it is useful to clarify how the folding and water–membrane 

partitioning free energies of membrane associated peptides and proteins have been 

calculated. This is illustrated on Figure 9 for poly-Ala (A20) helix. When the protein is 

embedded in a CG membrane ΔGfold values computed using Eq. 44 correspond to the free 

energy difference between folded peptide (or protein) in membrane and unfolded peptide (or 

protein) in bulk water, i.e. ΔGfold(wat→mem) = G(f)(mem) – G(uf) (wat). If a peptide or 

protein is located in the bulk water then its CG folding free energy will be determined as 

ΔGfold(wat) = G(f)(wat) − G(uf)(wat). In both cases our reference state was taken as the 

unfolded peptide or protein in the bulk water. Thus in order to calculate the partitioning free 

energy of a folded peptide or a protein between water and membrane, ΔG(f)(wat→mem), we 

use the following thermodynamic cycle: ΔG(f)(wat→mem) = ΔGfold(wat→mem) – 

ΔGfold(wat). In other words, we calculated partitioning free energies as a difference of CG 

folding free energies in membrane and water. Thus when the experimental folding free 

energies for membrane proteins are given with respect to unfolded protein in the bulk water, 

we can directly compare them with our calculated ΔGfold(wat→mem) values and we only 
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need one calculation – in the CG membrane environment. However, if the experimental 

reference state is an unfolded (or partially unfolded, as shown in Fig. 9) protein in a 

membrane as it is often the case 62 then the experimental and our computed ΔGfold values 

cannot be compared directly. Based on the thermodynamic cycle in Fig. 9, membrane 

protein folding free energy with a reference state of a partially unfolded protein in a 

membrane, ΔGfold(mem), can be computed as ΔGfold(mem) = ΔGfold(wat→mem) 

−ΔG(uf)(wat→mem). In other words, we will need to know water–membrane partitioning 

free energy of the unfolded protein, which cannot be directly computed by our CG model. In 

principle, we can estimate this quantity by assuming that there is no interactions between 

protein residues in the unfolded state and thus its water–membrane partitioning free energy 

will be a sum of corresponding partitioning free energies of all the protein residues (both 

side chain and backbone contributions). However, this might not be the case as experiments 

suggest that membrane proteins can be partially unfolded inside lipid membranes.62 

Therefore in this work we only focused on membrane proteins, for which reversible folding 

was observed with unfolded reference states in bulk water.

Partitioning free energies ΔG(f)(wat→mem) of 3 model peptides, poly-alanine, poly-leucine 

and M2δ peptide (representing a crucial part of acetylcholine receptor transmembrane 

domain) are shown in Table 1. Both the previously published CG parameters (model P14) 

and our refined CG model (model 0) substantially overestimate water –membrane 

partitioning free energies for all 3 systems due to a very large uncompensated hydrophobic 

term (see Table S37). In one of our previous CG studies this issue was solved by 

downscaling hydrophobic energies by a factor of 3.57, ignoring the polar term and 

modifying main chain solvation and hydrogen bond contributions 13 compared to a standard 

P14 model. Here we used a similar approach but with a refined CG model (model 0) as a 

starting point. We also did not perform modification of a main chain solvation and hydrogen 

bonding term (ΔGmain in Table S37). The resultant model (model 1) provides substantially 

better agreement with reference values, especially for poly-Ala and M2δ peptide. For poly-

leucine the ΔG(f)(wat→mem) value obtained with model 1 (−8.5 kcal/mol) is still 

overestimated by almost a factor of 3, but it should be noted that the reference value (−3.2 

kcal/mol) represents a microscopic MD estimate obtained at a high T of 80°C,92 and thus it 

is not clear how accurately it represents this system's thermodynamics at physiological 

conditions. Yet, as described in a previous section, model 1 provided poor agreement with 

experiment for OmpLA ΔΔGfold(A210X) as well as position-dependent ΔΔGfold(Ala→Leu) 

relative folding free energies. Thus we developed another modification of model 0 named 

model 2, which allows to overcome those issues. For that model we removed all the 

interfacial terms (  and , see e.g. Eq. 26 in Section II.3 above) and scaled up the 

size term given by Eq. 42 in the presence of membrane. In particular, as described in Section 

II.6 above, we introduced additional scaling factors, smem,res and smem,sbond. The location of 

a particular residue in membrane environment is determined by Fmem,i, which in turn 

depends on empirical factors  and  (see Eq. 43 in Section II.6). The optimal 

values of smem,res, smem,sbond,  and  for model 2 were determined by a least-

square fitting to get the best agreement with reference values for water-membrane 

partitioning free energies for poly-alanine and poly-leucine as well as an absolute folding 

free energy for wild-type OmpLA. Therefore model 2 provides an excellent agreement with 
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reference values for those systems (see Tables 1 and S37 for the peptides and Tables 2 and 

S19 for OmpLA). Unlike model 1, this model provides a good agreement with experiment 

for OmpLA ΔΔGfold(A210X) as well as position-dependent ΔΔGfold(Ala→Leu) relative 

folding free energies (see Section III.3 above for more details). However, there are some 

shortcomings for this model as well. For instance, it predicts positive water-membrane 

partitioning free energy for M2δ peptide (see Table 1) indicating that this peptide is more 

stable in water. This is in disagreement with previous continuum membrane studies that 

provided theoretical estimates of -11.3 kcal/mol from ref. 46 and -6.1 kcal/mol from ref. 35 

but to the best of our knowledge there are no experimental estimates that confirm those 

values. Nevertheless, the positive ΔG(f)(wat→mem) for this peptide obtained with model 2 

is worrisome and most likely indicates overestimated size term, also suggested by A39RA39 

peptide and some OmpLA calculations above. It is likely related to the dependence of the 

size term on a structure of a membrane associated peptide or protein as well as some other 

factors. This will need to be addressed in further refinements of our CG model provided an 

increase of available experimental data on peptide/protein membrane association and 

folding.

Tables 2 and S19 compare different estimates of ΔGfold(wat→mem) for the WT OmpLA. 

The main findings that were already mentioned in Section III.3 above, will be re-iterated 

briefly. The calculations were done for both 20 and 24 Å thick CG membrane, the former 

corresponding to DLPC (lipid used in an experimental setup), whereas the latter to the 

protein hydrophobic thickness. Both previously published (model P14) and the refined 

model 0 substantially overestimate ΔGfold(wat→mem) compared to experiment63 (see Table 

S19). Modifications of model 0, models 1 and 2, overcome this deficiency due to scaling 

down of hydrophobic and removal of polar term (model 1) or scaling up the size term in the 

presence of membrane near a protein residue and removal of the interfacial terms (model 2). 

Interestingly, model 1 provides good agreement with experiment (within ∼2.5 kcal/mol) for 

both 20 and 24 Å thick CG membranes, whereas model 2 does that only for a 24 Å thick 

membrane, i.e. a system, which was used in a membrane size correction fitting process (see 

above). However, for the 20 Å thick membrane ΔGfold(wat→mem) is substantially 

overestimated by model 2. This indicates a substantial stabilization of OmpLA in a 20 Å 

thick membrane, which is not corroborated by experimental values 63 and indicates a further 

need for a model refinement.

Table 2 (with CG energy components and results for several crystal structures provided in 

Tables S38 and S39) compares the experimental and the CG ΔGfold(wat→mem) values 

obtained with models 2 and 1 for several other β-barrel membrane proteins, OmpW, PagP 

and OmpA, for which experimental values are available. Tables 2 and S38 indicate that 

model 2 provides a good agreement with the corresponding experimental results (within a 

few kcal/mol) for the OmpW protein using 3 different crystal structures. Model 1 tends to 

underestimate ΔGfold(wat→mem) for this protein (see Table S39). For PagP the situation is 

different, where both models, 1 and 2, substantially overestimate ΔGfold(wat→mem) for this 

protein (see Table 2, S38 and S39). However, for OmpA (not to be confused with OmpLA 

discussed above), there is again substantial difference among models: model 1 overestimates 

ΔGfold(wat→mem) for all checked membrane thicknesses, whereas for model 2 a 20 Å 
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thickness provides a reasonable albeit overestimated result, and for thicker CG membranes 

ΔGfold(wat→mem)>0. For OmpA such discrepancies are not unexpected though as a full 

protein including a cytoplasmic domain was used in folding experiments71 whereas only a 

TM domain from an available X-ray PDB structure (1QJP) was used in our CG calculations.

IV. Concluding remarks

The recent increase in interest in modeling membrane proteins (e.g. 9,13,15,18,20,93-96) has 

reflected the growing realization of the biological importance of such systems and the 

emergence of key structural information. Nevertheless, major difficulties remain considering 

the enormously complicated landscape of the protein-membrane system. Here the use of full 

microscopic calculations is not yet at one level that expects to give quantitative results, in 

particularly, when one considers the overall stability of membrane proteins 97 (see below).

One possible effective strategy is to use CG models but such models must be calibrated 

carefully and validated repeatedly with the emergence of new experimental information. 

Here we use a recent progress in benchmark studies on the energetics of amino acid residue 

and peptide membrane insertion and membrane protein stability in refining our previously 

developed coarse-grained model. This new model provides a reasonable agreement with 

experiment for absolute folding free energies of several β-barrel membrane proteins 

(OmpLA, PagP, OmpW) as well as effects of point mutations on a relative stability of 

OmpLA. This point is important considering our aim of providing a model that captures the 

absolute free energy of proteins in different environments.

At this point it may be useful to comment on the appealing microscopic option. Obviously 

one would like to move to more microscopic treatments and one may point out to recent 

microscopic MD studies like that of Ref. 91, which used free energy perturbation (FEP) 

approach to estimate energetics of A210R, A210L and A210S OmpLA mutations. This 

work reported a reasonable agreement with experiment for Arg and Leu mutations and ∼2-3 

kcal/mol overestimation for Ser. Moreover there is a ∼2-3 kcal/mol range in the reported 

estimates due to an uncertainty with a reference state. The overall level of agreement with 

experiment is similar to one reported in our study (with many more mutational states 

explored in the latter). However, the main problem is that the microscopic FEP study (which 

is interesting and formally correct) is unlikely to obtain reasonably converged estimates of 

absolute membrane protein stabilities from those kind of simulations, which might be 

implied from a previous work by Ref. 98. Even an adequate sampling of membrane 

embedded Arg side chain rotational states and hydration is challenging and may not 

converge during the reported simulation length based on previous estimates for simple 

systems.48,58,99 However, the energetics of inserting a whole helix or larger fragments is 

simply unlikely to converge with current simulations, considering the need to obtain 

equilibration of water penetration as well as the ionization states of the protein residues. 

Therefore well calibrated CG calculations of absolute stability remain of substantial value.

It is useful to point out that the validation and calibration process should remain an ongoing 

effort and reflect the emergence of new information. Furthermore, microscopic studies will 

remain a major tool in the refinement of CG models, including the attempts to improve 
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accuracy of such models and to understand the origin of different phenomenological terms 

(e.g. the scaling coefficients in Eq. 42).

Another direction that requires further studies is the use of rotamer search in the CG 

optimization. Here we should look at efficient search approaches that will allow us to 

explore activation barriers in addition to the current search around available low-energy 

structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The energetics of a charged Arg side chain translocation through a non-deformable (panel 

A) or a deformable (panel B) membrane of different thicknesses (Wmem). All free energy 

estimates are shown relative to Arg side chain in bulk water. CG results using our refined 

model (model 0) are shown as solid lines. Only electrostatic term is shown in panel A 

whereas total CG energy (which also includes a small vdW contribution) is shown in panel 

B for a proper comparison with reference values. In panel A scaled PDLD/S electrostatic 

estimates are shown as dashed lines whereas theoretical estimates from continuum 

electrostatics (ref. 80) are shown as dotted lines. In panel B Arg side chain translocation free 

energies from microscopic all-atom MD simulations (ref. 79) are shown as dotted lines.
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Figure 2. 
The correlation between amino acid side chain experimental water/cyclohexane partitioning 

free energies, ΔGexp(wat→cHex),85 and their CG model relative free energies in the middle 

of a 28 Å thick membrane with 2 Å resolution, ΔGCG(wat→mem), using (A) previously 

published25 (model P14) and (B) our refined (model 0) CG model results. Linear regressions 

are shown as solid black lines with equations (y=ax+b) and Pearson's correlation coefficients 

(rxy) provided as well. Dotted black lines correspond to equation y=x. Standard one-letter 

amino acid names are shown. For ionizable residues (D, E, K, R and H) ΔGCG(wat→mem) 

for a neutral form with addition of an energetic cost of a residue discharging in bulk water 

was used to provide a direct comparison between CG and published experimental results.
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Figure 3. 
A few representative Arg rotamers providing lowest L40RL40 CG energies using our refined 

CG model (model 0) for different z positions across a 28 Å thick membrane. Rotamer (rot.) 

numbers, corresponding to those in Table S9 are shown. A poly-Leu α-helix is shown as a 

green ribbon, a central Arg residue is shown in an all-atom stick representation (C is dark-

gray, O – red, N – blue, H – white). Cα and CG X atoms of that residue are shown as pink 

and cyan balls, respectively. A CG membrane is shown as a grid composed of small gray 

dots. All molecular structures in this and other figures were drawn using VMD (Visual 

Molecular Dynamics) program.100
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Figure 4. 
A comparison of relative CG free energies for a long hydrophobic transmembrane (TM) α-

helix with charged Arg in the middle sliding across a membrane. (A) poly-Leu/DPPC and 

(B) poly-Ala/DLPC systems. Insets show CG simulation systems with Arg Cα at the 

membrane center (z=0). A TM helix is green, Arg Cα and CG X atoms are pink and cyan 

balls. A CG membrane grid is shown by gray dots. An atomistic ΔG profile for Arg/poly-

Leu helix translocation across a DPPC membrane from ref. 48 is shown by a solid black 

curve in panel A. Experimental relative folding free energies for OmpLA A→R mutants 

from ref. 63 are shown by a dotted black curve in panel B. CG results using a previously 

published (model P14, ref. 25) and refined models (models 0, 1 and 2) are shown by blue, 

red, green and pink curves. For each z an Arg rotamer with the lowest CG energy was 

chosen.
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Figure 5. 
Showing OmpLA (cyan) in a (A) 20 Å thick (DLPC) or (B) 24 Å thick (corresponding to 

protein hydrophobic thickness) CG membrane with 2 Å resolution (small dark-gray 

spheres). Cα positions of mutated residues are shown by large colored spheres: A164 – red, 

L120 – orange, A210 – yellow, G212 – green, A223 – blue, Y214 – purple.
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Figure 6. 

Linear correlation plots between experimental, , (ref. 63) and CG, , relative 

folding free energies of OmpLA A210X mutants using our refined CG model (model 0) and 

its variants with scaled down hydrophobic (model 1) or scaled up size term (model 2). 

Linear regressions are shown as solid black lines with equations (y=ax+b) and Pearson's 

correlation coefficients (rxy) provided as well. Dotted black lines correspond to equation 

y=x. An OmpLA crystal structure (PDB: 1QD5) was used to generate rotamers for different 

mutants. A rotamer minimizing an objective function combining CG energy with 0.1 of 

atomistic LJ energy was chosen for each mutant residue. No structural relaxation was 

performed. CG membranes of 20 Å (left column) and 24 Å (right column) thicknesses 

(Wmem) were used. See text for more details.
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Figure 7. 
Comparing experimental63 (black dotted curves) and CG relative folding free energies of 

OmpLA Ala→Arg (panel A) and Ala→Leu (panel B) mutants, ΔΔGfold(A→R) and 

ΔΔGfold(A→L), for different z positions (corresponding to a Cα atom of the mutated 

residue) across the membrane (membrane center is at z=0). An OmpLA crystal structure 

(PDB: 1QD5) was used to generate rotamers for different mutants. A rotamer minimizing an 

objective function combining CG energy with 0.1 of atomistic LJ energy was chosen for 

each mutant residue. 10 ps gas-phase mutant side chain atomistic MD was performed for 

rotamers to get CG data for Arg mutants in panel A whereas no structural relaxation was 

performed for rotamers to get CG data for Leu mutants in panel B. 20 Å (dashed lines) and 

24 Å (solid lines) thick CG membranes were used. See text for more details. See Tables 

S29B and S30 for numerical data.
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Figure 8. 
Showing minimum CG energy (model 2) rotamers for Arg OmpLA mutants for different z 

positions across a 24 Å thick membrane (after 10 ps atomistic mutant Arg side chain gas-

phase relaxation). Rotamer (rot.) numbers, corresponding to those in Table S36 are shown. 

OmpLA protein is shown as green ribbons. A mutated Arg residue is shown in an all-atom 

stick representation (C is dark-gray, O – red, N – blue, H – white). Cα and CG X atoms of 

that residue are shown as pink and cyan balls, respectively. A CG membrane is shown as a 

grid composed of small gray dots. See Table S29B and a solid pink curve in Fig. 7A for 

corresponding relative CG folding energies. See text for calculation details.

Vorobyov et al. Page 42

Proteins. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Folding (ΔGfold) and water – membrane (wat→mem) partitioning (ΔG(f) and ΔG(uf)) free 

energies for poly-Ala (A20) peptide. Folded (f) α-helical state in water and membrane as 

well as unfolded (uf) state in water and partially unfolded state in a membrane are shown in 

cartoon representation (green). A 28 Å thick CG membrane with a 2 Å separation is shown 

by small dark-gray balls.
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Table 1

CG membrane partitioning free energies, ΔG(f)(wat→mem), for several model peptides in a 28 Å thick 

membrane relative to bulk water.(
1)

Peptide Picture Model ΔG(f)(wat→mem)

Poly-alanine (A20) Reference43,44 -4

Model P14 -18.3

model 0 -25.5

model 1 -2.8

model 2 -4.0

Poly-leucine (L12) reference45,92 -3.2

model P14 -23.6

model 0 -37.7

model 1 -8.5

model 2 -3.0

M2δpeptide reference35,46
-8.7(2)

model P14 -17.7

model 0 -30.8

model 1 -8.1

model 2 21.1

1
All free energies are in kcal/mol. ΔG(f)(wat→mem) were computed as differences in corresponding folding free energies for a peptide embedded 

in a 28 Å thick CG membrane and those for a peptide in bulk water: ΔG(f)(wat→mem)= ΔGfold(wat→mem) – ΔGfold(wat).ΔGfold were 

computed using Eq. 44.See Section III.4 and Fig. 9 for more details and Table S37 for ΔG(f)(wat→mem) components. Poly-alanine and poly-

leucine helices were built in an ideal α-helical configuration using Molefacture plugin in VMD100 and were placed with the helical axis parallel to 
membrane normal. For M2δ peptide NMR structure 9 from a PDB entry 1A11 was used and its 2 N-terminal residues were removed to provide a 

direct comparison with a previous continuum membrane study.46

2
A –8.7 kcal/mol reference value for M2δ peptide is an average of two estimates: -11.3 kcal/mol from ref. 46 and -6.1 kcal/mol from ref. 35.
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Table 2

Absolute folding free energies, ΔGfold, for several β-barrel integral membrane proteins in CG membranes 

calculated using refined CG models 1 and 2 compared to experimental (exp.)values.1

Protein(PDB code) Picture ΔGfold(exp.) CG calculations

Wmem, Å ΔGfold(CG)

model 1 model 2

OmpLA (1QD5) -32.45(ref. 63) 20 -34.94 -52.53

24 -31.41 -33.01

OmpW (2F1V) -18.60 (ref. 64) 20 -4.66 -18.56

24 -2.85 -14.29

PagP (1THQ) -24.40 (ref. 64) 20 -51.49 -58.45

24 -47.01 -37.62

OmpA(1QJP) -3.40 (ref. 71) 20 -26.17 -7.72

24 -24.21 3.87

28 -19.56 17.19

1
All ΔGfold are in kcal/mol and were computed using Eq. 44.See Section III.4 for more details and Tables S38 and S39 for ΔGfold components. 

X-ray structures from PDB without any structural relaxation were used.
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