
Figure 1. Diagram of computational methods for studying biophysical systems across a range of time- and 
length-scales. Representative snapshots depict an all-atom lipid bilayer, peptides embedded in a coarse-grained 
bilayer and proteins remodeling a continuum mechanics membrane model. Bilayers were simulated with the 
CHARMM36 [15] and Martini [16] force fields and rendered with Visual Molecular Dynamics [17]. 
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Molecular dynamics simulations of membranes

POPE POPG

C16:0/C18:1

Lipid composition
headgroup:   67% PE, 33% PG
tails:              100% PO 

Simulation details
Software: Gromacs 
FF: MARTINI
Simulation time: 160 μs  
total
10 + 8 replicas 

Chadda, Bernhardt, Kelley, Teixeira, Griffith, Gil-Ley, Ozturk, Hughes, Forsythe, Krishnamani, Faraldo-Gómez* & Robertson*, eLife 2021
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Lipid configurations can vary in many ways

Chadda, Bernhardt, Kelley, Teixeira, Griffith, Gil-Ley, Ozturk, Hughes, Forsythe, Krishnamani, Faraldo-Gómez* & Robertson*, eLife 2021



Methods for analyzing lipid configurations & dynamics
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Table 1. Descriptors of membrane structure and dynamics accessible in MOSAICS 1.0 and in other simulation analysis tools‡ 

 MOSAICS LiPyphilic LoMePro APL*Voro LipidDyn Grid-MAT LOOS Membrainy 
MEMB-
PLUGIN 

MemSurfer 

Bilayer shape Yes Yes ---- ---- ---- ---- Yes ---- ---- Yes 
Bilayer thickness Yes Yes Yes Yes ---- Yes ---- Yes Yes Yes 
Lipid-chain order parameter* Yes Yes Yes ---- ---- ---- Yes ---- ---- ---- 
Area per lipid* Yes Yes Yes Yes ---- ---- ---- ---- ---- Yes 
Multicomponent lipid enrichment* Yes ---- ---- ---- Yes ---- ---- ---- ---- ---- 
Lipid density* Yes ---- ---- ---- Yes ---- Yes Yes Yes Yes 
Mean lipid tilt*,§ Yes ---- ---- ---- ---- ---- Yes ---- ---- ---- 
Mean instantaneous lipid tilt*,§ Yes Yes ---- ---- ---- ---- ---- ---- ---- ---- 
Leaflet interdigitation Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Interleaflet contacts* Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid-chain end-to-end length* Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid-chain splay* Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid-solvent contacts* Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid-protein H-bond & salt-bridges Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Average lipid conformation* Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid radius of gyration Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid residence time Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Multicomponent lipid mixing Yes ---- ---- ---- ---- ---- ---- Yes ---- ---- 
Lipid self-diffusion coefficients Yes Yes ---- ---- ---- ---- ---- ---- ---- ---- 
Lipid solvation-shell on/off rates Yes ---- ---- ---- ---- ---- ---- Yes ---- ---- 
Lipid flipping Yes Yes ---- ---- ---- ---- ---- ---- ---- ---- 
Membrane protein tilt angle Yes ---- ---- ---- ---- ---- ---- ---- ---- ---- 
Parallelization MPI ---- ---- ---- Multi-core ---- Multi-core Multi-core ---- ---- 
Supported trajectory file format GROMACS Multiple GROMACS GROMACS GROMACS GROMACS Multiple GROMACS Multiple Multiple 
Programming language C++ Python C C++ Python Perl C++ Java TCL C++/Python 

(‡) In MOSAICS 1.0, most descriptors are provided as 2D spatial distributions across the membrane plane, which can be represented as heat maps filtered by 
user-defined statistical-significance thresholds; selected observables (*) are also available as 3D distributions. Only self-diffusion coefficients and lipid-mixing 
are provided as global average properties. Descriptors available in other software tools but not in MOSAICS 1.0 are not included in this table, for conciseness; 
we refer the reader to the corresponding publications for further details.  (§) Further details on these alternative definitions are provided below.  
  

Bernhardt N, Faraldo-Gómez JD. MOSAICS: A software suite for analysis of membrane structure and dynamics in simulated trajectories. Biophys J. 2022 Nov 3:S0006-3495(22)00903-1. doi: 10.1016/
j.bpj.2022.11.005. Epub ahead of print. PMID: 36333911.
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typically used to quantify protein dynamics, hybrid quantum
mechanical/molecular mechanics (QM/MM) models can also
be used with compatible lipid FFs. The QM/MM approach
enhances chemical detail with the ability to create/destroy
chemical bonds while maintaining computational efficiency in
nonreactive areas. Enzymes are commonly treated with this
method, which allows the active site of the enzyme to be
calculated with QM while the periphery is calculated using
MD.309 Likewise, all atom/coarse grain (AA/CG) simulations
have been used to simulate protein folding with the accuracy of
AA and efficiency of CG.310 Boundary regions are particularly
important for these methods, including the treatment of
covalent bonds in QM/MM and particle resolution in AA/CG.

7. STRENGTHS AND WEAKNESSES OF
CHEMICAL-SPECIFIC FORCE FIELDS

As described in the above sections, all FFs are validated
directly against experiment or fit to FFs that are tested with
experiment. This section first summarizes some accuracy
measures for lipid FFs and how commonly used FFs compare
with common structural metrics, i.e., SA/lip, thickness, and

SCD, based on published values. The second part of this section
will focus on key properties of bilayers (mechanical, electro-
static, and diffusion) that are not general targets for lipid FF
development. The accuracy of various FFs will be compared
for these properties. The section will conclude with a summary
of lipid diversity available in 0commonly used FFs.
7.1. Common Structural Properties

First, we consider three key properties to define lipid bilayer
structure (SA/lip, thickness, and SCD) with some brief
discussion on phase transition temperatures. The comparison
is based on published data from the respective FF para-
metrization papers and manuscripts that faithfully follow the
cutoff schemes with which FFs were developed. Using different
cutoffs for evaluating nonbonded interactions in real space,
e.g., potential based or hard cutoffs in the CHARMM lipid FFs
can lead to inaccuracies in lipid properties because the FF was
not tuned to these truncation schemes. Work by Skjevik et
al.311 present SA/lip that are ∼10 Å2 too low for DPPC due to
the use of hard cutoffs with the C36 FF.
SA/lip is the most common structural measure of lipid FF

accuracy because it can be reliably estimated from

Figure 5. SA/lip obtained from simulation are compared with experiment for various FFs.42,75,107,109,110,112,113,120,126,181,188,189,191,206,313−318 Solid
and empty squares are PC and PE lipids, respectively. Black diagonal lines represent the 95% confidence intervals of the experimental DHH. Outliers
are circled for clarity and described in the text. Data from common saturated and monounsaturated lipids are shown.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00384
Chem. Rev. 2019, 119, 6227−6269
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Cell membranes are greasy



Davson & Danielli model

The problem of protein partitioning into membranes 

Polypeptides are expected to be unstable in 
membranes due to unsatisfied charges in the 

backbone
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the bilayer normal (Seelig, 1977):
3(cos2 ß) - 1

^mol Z (2)

The relationship between (cos2 ß) and  is established through
use of the lattice theory of chain packing (Dill & Flory, 1980;
Dill, 1984). Accordingly, chain bonds are classified as either
approximately parallel (||) with the bilayer normal (ß = 0°)
or perpendicular (_L) to it (ß = 90°). Therefore, the ensemble
average at depth z from the interface is simply
(cos2 ß) =

(no. of || bonds)z cos2 0° + (no. of ± bonds)z cos2 90°

(no. of || bonds)z + (no. of_L bonds)z

=
Q)*

Pz
(ll)z + U)z

(3)

(4)

the fraction of all bonds at depth z which are parallel, since
cos2 90° = 0 and cos2 0° = 1.

According to the theory (Dill & Flory, 1980; Dill, 1984),
P\ =

Ppiateau is calculated as the solution to

(1 -PxY + (1 -   1 + (1 - , 2 + + (1 ~Pi) +
1 = l/ (5)

where n is the number of segments per chain. For chains of
sufficient length that a plateau in the order exists, we can use
the approximation 1 + x + x2 + x3 + ... + x” = 1/(1 - x),
and eq 5 simply becomes

\/  = 1/ (6)

Combining eq 4 and 6 leads to

A0
(COS2 ß)plateau

= * = — (7)

Taking the value of e2qQ/h = 170 kHz (Burnett & Muller,
1971), the normalized surface density is thus given in terms
of the plateau region quadrupolar splitting as

where Ai>Q(plateau) is the maximum quadrupolar splitting in the
spectrum. The molecular areas determined in this manner are

comparable to those determined by X-ray diffraction mea-
surements as described below. Hence, we adopt the combi-
nation of 2H NMR and eq 8 above for the purpose of deter-
mining surface densities of the bilayer phospholipids.

Calculations of phospholipid areas from 2H NMR quad-
rupolar splittings have previously been reported (Schindler &
Seelig, 1975; Seelig & Seelig, 1974). However, those com-

parisons are derived from the use of an empirical model
(Marcelja, 1974) inappropriately based on the assumption that
anisotropic attractions are responsible for chain organization
[for a discussion of this assumption, see Dill (1984), Gelbart
and Gelbart (1977), and Warner (1980)] and based on the
use of an adjustable parameter to fit the order parameters.
The approach outlined here does not require free parameters
and is based on the more appropriate physical model that
anisotropy arises from steric repulsions.

Partition Coefficient. A gas-phase equilibration of radio-
labeled benzene, in the simple bottle system shown in Figure
1, was used to determine benzene partition coefficients. This
method is similar to others previously published (Wishnia &
Finder, 1966; Simon et al., 1982). We placed 3 mL of H2G
and two glass vials containing a small magnetic stir bar and
250 µ - of either 0.1 M NaCl-10-4 M EDTA or MLVs in the
same aqueous solution into a 70-mL glass bottle with a

salt
solution

magnetic
stir bar

figure 1: Experimental apparatus used to measure partition coef-
ficients. The vesicle solution and corresponding aqueous solution are
each placed in a glass vial along with a magnetic stir bar. Water
surrounds the vials to facilitate equilibration with the external water
bath. Radiolabeled benzene is pipeted into the bottle and equilibrates
through the vapor phase. A TFE-lined cap prevents vapor leakage.
The bottles are placed on a magnetic stirrer, submerged in a water
bath, and incubated at fixed temperature.

TFE-lined cap to prevent gas leakage. There was no depen-
dence of K on the volume of solution inside the vials, up to
500 µ . In experiments above 35 °C, the bottle and water
were preequilibrated to saturate the gas phase with water. For
oil/water partitioning, 250 µ of the water-saturated oil or
oil-saturated water was placed in the vials. A small volume
(0.25-36 µ ) of the radiolabeled benzene was pipetted onto
the side of the glass bottle which was then quickly capped. To
avoid oxidation of its unsaturated acyl chains, egg PC studies
were done under nitrogen. The bottles were stirred on a 15-
position magnetic stirrer submerged in a water bath. Equi-
librium was reached within 2 or 4 h for samples above and
below the Tc of the pure phospholipid, respectively, regardless
of the cholesterol concentration. For the lowest temperatures
in DMPC and DPPC, stirring was intermittent to prevent
foaming of the lipid. For oil/water partition coefficients
samples were equilibrated for 6 h.

An aliquot was sampled from each vial and transferred
directly into scintillation fluid. The aliquots cannot be placed
into the scintillation vial first with later addition of scintillation
fluid as this causes benzene to adsorb irreversibly to the glass
surface of the scintillation vial. Mole fraction partition
coefficients were calculated after correction for the cpm in the
aqueous fraction of the MLV solution; lipid densities were
taken from Nagle and Wilkinson (1978). Mole fraction
partition coefficients are only appropriate for solute molecules
whose size is the same as that of the solvents. However, it is
currently unclear what lipid volume is appropriate to use in
the volume fraction partition coefficient. The benzene dis-
tribution within the membrane likely changes with surface
density (Marqusee & Dill, 1986). Moreover, surface ad-
sorption can also contribute to partitioning. Therefore, some

headgroup region, in addition to the hydrocarbon core, may
be the relevant partitioning volume. Statistical thermodynamic
theory is presently being developed to define the appropriate
concentration variable for bilayer systems with solute and
solvent molecules of different size (Naghizadeh and Dill,
unpublished results). Little benzene is lost during sampling
as determined by (i) investigation of the time dependence of
sampling and (ii) the correspondence with literature values
(see below) of partition coefficients and the Henry’s law
constant for benzene in water.

The dependence of K on benzene concentration was de-
termined for DMPC at 5, 15, and 30 °C, DMPC with 15 and
40 mol % cholesterol at 10 and 40 °C, and egg PC and DPPC
at 25 °C. For comparison with surface densities obtained in
the corresponding perdeuteriated MLVs, the temperature
dependence of partitioning was studied in DLPC, DMPC, and
DPPC MLVs with 0-40 mol % cholesterol in the temperature

Measurement of free energy of membrane partitioning

ΔG° = μ0,bilayer - μ0,buffer 
= -RT ln KX 

KX = Xbilayer/Xbuffer 
= [P]bilayer/([L]+[P]bilayer) 
 [P]buffer/([W]+[P]buffer)
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Figure 3 Summary of the energies of peptide bond partitioning between water and nonpolar
phases (kcal/mol). The cost of partitioning non-hydrogen-bonded peptide bonds into completely
apolar phases is very high but is lower for partitioning into octanol or into the interface of palmi-
toyloleoylphosphocholine (POPC) bilayers. The cost of partitioning is dramatically reduced in all
cases when peptide bonds participate in hydrogen bonds. This reduction is a major driving force for
the formation of secondary structure in membranes and their interfaces. The free energy reduction
associated with the partitioning of the most hydrophobic amino acid side chain, tryptophan, is too
small to compensate for the cost of partitioning non-H-bonded peptide bonds. Therefore, a TM
polypeptide segment composed of nonpolar amino acids can traverse the membrane only if there is
complete backbone-backbone hydrogen bonding, as in Æ-helices or Ø-barrels (Figure 1). The free
energies are from (a) Roseman (130), (b) Ben-Tal et al (10), (c) Wimley et al (174), (d) Wimley &
White (179), and (e) Wimley et al (176) and Ladokhin & White (78).
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H-bonded secondary structures in membranes



But what about the cost of side-chain partitioning?



Amino Acid side-chain transfer free energies

to understand the folding of globular proteins, this scale is
relevant for membrane partitioning because the center of
the membrane has physicochemical properties similar to
those of bulk hydrocarbon.

The sidechain analogs are added to a biphasic system of
water and cyclohexane. After equilibration, the concentra-
tion is measured in each phase and the free energy of transfer
is determined from the ratio of concentrations. In these
experiments, the local microenvironment of each residue
is well defined; it is surrounded by water or by cyclohexane.

Although conceptually simple, there are two caveats for
applying this scale to membrane partitioning: (1) lipid
bilayers (Figure 1) do not resemble isotropic solvents; (2)
sidechains by themselves ignore important aspects of pro-
tein structure, most notably the backbone.

MacCallum: The MacCallum et al. molecular dynamics
potential of mean force scale
MacCallum et al. used molecular dynamics simulations
to calculate the distribution (Figure 2, MacCallum) of the

Radzicka-Wolfenden sidechain analogs in a 1,2-dioleoyl-
sn-glycero-3-phosphocholine bilayer (DOPC, a lipid with
two mono-unsaturated tails with 18 carbons each). The
free energy of partitioning between water and any region of
the membrane can be calculated from these distributions
[11,29]. The results include the full response of the lipid
bilayer and water but, as above, are limited to sidechain
analogs. They show that glutamate and aspartate quickly
become neutral, whereas lysine maintains its charge some-
what further into the bilayer and arginine does not become
deprotonated [29]. The local environment of each residue
is complex and depends on the chemical nature of
the sidechain and the location in the bilayer; however,
because these are computer simulations, the local environ-
ment is known in atomic detail. One of the most striking
features is the importance of the formation of water
defects, local deformations in the membrane that allow
water to penetrate into the bilayer core and maintain
hydration of charged and polar groups, in partitioning
of polar and charged molecules into the membrane
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Figure 2. Summary of systems and environments in the different hydrophobicity scales addressed in this work. Each panel shows an overview of the system studied by the
experiment and an indication of the environment encountered by an arginine residue.
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groups is to distort the lipid–water interface so that effec-
tively the four regions become locally deformed [9–12].
Despite these caveats, the four-region model is a useful
conceptual starting point for thinking about membrane
structure.

Importance of hydrophobicity scales
Structural biology of membrane proteins remains a chal-
lenging area of research. Only !290 unique membrane
protein structures are known (http://blanco.biomol.uci.edu/
mpstruc, accessed June 23, 2011), in stark contrast
with the total of !68,000 structures in the RCSB Protein
Data Bank (http://www.rcsb.org/pdb/statistics/holdings.do,
accessed June 23, 2011). This is particularly sobering when
considering that as many as 20–30% of all proteins are
membrane proteins [13,14] and the majority of currently
approved drugs interact directly with membrane proteins
[15–17]. Membrane proteins do appear to follow simpler
structural principles than water-soluble proteins; they are
primarily helical, with the major exception of beta-barrel
proteins found in the outer membranes of bacteria and
mitochondria. In addition, membrane proteins are confined
in space by the lipid environment. These restrictions offer
hope for computational prediction of membrane protein
structures, at least at a low level of resolution. Indeed,

one of the main practical uses of hydrophobicity scales is
to recognize transmembrane helices in amino acid
sequences. This provides a starting point for identifying
the topology of membrane proteins, a major step in the
design of experiments and in the identification of regions
of structural or functional importance.

In addition to being a computational tool to recognize
transmembrane sequences, the hydrophobicity scales out-
lined in this review also provide physical insight into lipid–
protein interactions. One reason for the slow progress in
membrane protein structural biology is that the physical
driving forces for membrane protein folding and stability
remain poorly understood [18,19]. Although simplified
models based on helix insertion and folding are widely
used [20–22], we still lack understanding of the detailed
energetic balance between water, lipids, and proteins
in various states of folding, unfolding and aggregation.
Recent studies on helix insertion into the membrane by
the Sec machinery have put these conceptual models in a
more directly biological context and suggest that the deci-
sion to insert a helix into the membrane is based on simple
physical chemistry principles [5,23], but the second stage of
this process, folding into a larger membrane protein, is
more complicated. Further, not all membrane proteins
require the Sec machinery.

It has become increasingly clear that lipids play crucial
roles in both membrane protein folding and function [24].
Although there are a few high-resolution membrane pro-
tein structures that also resolve some lipid or, in some
cases, surfactant density and detailed structural data on
lipid–protein interactions remain rare [25]. Experimental
hydrophobicity scales reveal the thermodynamics of inter-
actions between sidechains and lipids and have the poten-
tial to provide insight into more complex phenomena, such
as non-additivity and cooperative effects.

A focus on basic thermodynamics also makes these
scales useful in understanding a variety of other processes
that involve partitioning of a diverse range of chemical
groups, both by themselves and in complex molecules.
Examples include antimicrobial peptides, peptides and
other molecules designed to transport cargo across the
membrane, and hydrophobic cationic drugs that permeate
passively through a membrane. Finally, the simpler sys-
tems provide important data for the development of simu-
lation methods and parameters (see [26]).

Physics-based hydrophobicity scales
In this review, we consider five approaches for deriving
hydrophobicity scales from molecular interactions
(Figure 2). Three of these are based on experiments that
measure thermodynamic equilibrium through partitioning
or folding/unfolding protein equilibria, one is based on
computer simulations and one is based on the biological
Sec translocase system.

Radzicka: The Radzicka–Wolfenden small molecule
partitioning scale
Radzicka and Wolfenden developed an early hydrophobic-
ity scale based on partitioning of small molecule analogs of
amino acid sidechains between water and cyclohexane
(Figure 2, Radzika) [27,28]. Although initially developed
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Figure 1. Lipid bilayers contain large variations in density and polarity on a
nanometer scale. (i) Snapshot of a DOPC bilayer. (ii) Partial density profile of a pure
DOPC bilayer. The system is divided into four regions with different physicochemical
properties [7]. Region I, the center of the bilayer, is hydrophobic and significantly
disordered with properties similar to decane. In Region II, the lipid tails are more
ordered and have a higher density, similar to a soft polymer. Region III contains a
diverse mixture of functional groups including the carbonyl and glycerol groups of
the lipid tails, most of the head group density and water. Region IV is defined by
water that is perturbed by the lipid bilayer and can be quite deep.
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The lipid bilayer is not an isotropic solvent

to understand the folding of globular proteins, this scale is
relevant for membrane partitioning because the center of
the membrane has physicochemical properties similar to
those of bulk hydrocarbon.

The sidechain analogs are added to a biphasic system of
water and cyclohexane. After equilibration, the concentra-
tion is measured in each phase and the free energy of transfer
is determined from the ratio of concentrations. In these
experiments, the local microenvironment of each residue
is well defined; it is surrounded by water or by cyclohexane.

Although conceptually simple, there are two caveats for
applying this scale to membrane partitioning: (1) lipid
bilayers (Figure 1) do not resemble isotropic solvents; (2)
sidechains by themselves ignore important aspects of pro-
tein structure, most notably the backbone.

MacCallum: The MacCallum et al. molecular dynamics
potential of mean force scale
MacCallum et al. used molecular dynamics simulations
to calculate the distribution (Figure 2, MacCallum) of the

Radzicka-Wolfenden sidechain analogs in a 1,2-dioleoyl-
sn-glycero-3-phosphocholine bilayer (DOPC, a lipid with
two mono-unsaturated tails with 18 carbons each). The
free energy of partitioning between water and any region of
the membrane can be calculated from these distributions
[11,29]. The results include the full response of the lipid
bilayer and water but, as above, are limited to sidechain
analogs. They show that glutamate and aspartate quickly
become neutral, whereas lysine maintains its charge some-
what further into the bilayer and arginine does not become
deprotonated [29]. The local environment of each residue
is complex and depends on the chemical nature of
the sidechain and the location in the bilayer; however,
because these are computer simulations, the local environ-
ment is known in atomic detail. One of the most striking
features is the importance of the formation of water
defects, local deformations in the membrane that allow
water to penetrate into the bilayer core and maintain
hydration of charged and polar groups, in partitioning
of polar and charged molecules into the membrane
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Figure 2. Summary of systems and environments in the different hydrophobicity scales addressed in this work. Each panel shows an overview of the system studied by the
experiment and an indication of the environment encountered by an arginine residue.
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The biological translocon scale

to understand the folding of globular proteins, this scale is
relevant for membrane partitioning because the center of
the membrane has physicochemical properties similar to
those of bulk hydrocarbon.

The sidechain analogs are added to a biphasic system of
water and cyclohexane. After equilibration, the concentra-
tion is measured in each phase and the free energy of transfer
is determined from the ratio of concentrations. In these
experiments, the local microenvironment of each residue
is well defined; it is surrounded by water or by cyclohexane.

Although conceptually simple, there are two caveats for
applying this scale to membrane partitioning: (1) lipid
bilayers (Figure 1) do not resemble isotropic solvents; (2)
sidechains by themselves ignore important aspects of pro-
tein structure, most notably the backbone.

MacCallum: The MacCallum et al. molecular dynamics
potential of mean force scale
MacCallum et al. used molecular dynamics simulations
to calculate the distribution (Figure 2, MacCallum) of the

Radzicka-Wolfenden sidechain analogs in a 1,2-dioleoyl-
sn-glycero-3-phosphocholine bilayer (DOPC, a lipid with
two mono-unsaturated tails with 18 carbons each). The
free energy of partitioning between water and any region of
the membrane can be calculated from these distributions
[11,29]. The results include the full response of the lipid
bilayer and water but, as above, are limited to sidechain
analogs. They show that glutamate and aspartate quickly
become neutral, whereas lysine maintains its charge some-
what further into the bilayer and arginine does not become
deprotonated [29]. The local environment of each residue
is complex and depends on the chemical nature of
the sidechain and the location in the bilayer; however,
because these are computer simulations, the local environ-
ment is known in atomic detail. One of the most striking
features is the importance of the formation of water
defects, local deformations in the membrane that allow
water to penetrate into the bilayer core and maintain
hydration of charged and polar groups, in partitioning
of polar and charged molecules into the membrane
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to understand the folding of globular proteins, this scale is
relevant for membrane partitioning because the center of
the membrane has physicochemical properties similar to
those of bulk hydrocarbon.
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to calculate the distribution (Figure 2, MacCallum) of the
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sn-glycero-3-phosphocholine bilayer (DOPC, a lipid with
two mono-unsaturated tails with 18 carbons each). The
free energy of partitioning between water and any region of
the membrane can be calculated from these distributions
[11,29]. The results include the full response of the lipid
bilayer and water but, as above, are limited to sidechain
analogs. They show that glutamate and aspartate quickly
become neutral, whereas lysine maintains its charge some-
what further into the bilayer and arginine does not become
deprotonated [29]. The local environment of each residue
is complex and depends on the chemical nature of
the sidechain and the location in the bilayer; however,
because these are computer simulations, the local environ-
ment is known in atomic detail. One of the most striking
features is the importance of the formation of water
defects, local deformations in the membrane that allow
water to penetrate into the bilayer core and maintain
hydration of charged and polar groups, in partitioning
of polar and charged molecules into the membrane
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Figure 3. Arginine partitioning into lipid bilayers is non-additive. (a) Calculations show that arginine causes a water defect in the membrane. Adding a second arginine to an
existing defect causes almost no increase in free energy. Adapted with permission from [47]. (b) Experimental observation of non-additivity of arginine partitioning. This
panel summarizes five different experimental observations. Adapted with permission from [35].
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water–octanol environment, whereas the Moon–Fleming
and Hessa et al. scales measure properties directly related
to membrane protein insertion and stability. However, these
scales involve the complex environments of the Sec translo-
case and the unfolded protein as reference states.

The absolute magnitudes of the Wimley–Hessa–Moon
scales and the MacCallum–Radzicka scales differ by a
significant amount (shown as the slope, s, in Figure 4).
Interestingly, a scale based on the yeast Sec61 translocase
correlates well with the original Sec translocase scale, but
the absolute difference between the most hydrophobic and
most hydrophilic residues is a factor of !2 lower for the
yeast scale [40].

How can these differences be reconciled? Where does the
large difference in absolute scale come from? It is also of
interest to consider how the measured values for single
residues translate to multiple residues, which is a func-
tionally more important case.

The two simplest scales, Radzicka and MacCallum, are
unambiguous and easily understood. However, they lack
several essential details: both lack the polypeptide back-
bone entirely and Radzicka considers only a simple hydro-
phobic solvent that differs from a lipid bilayer in many
ways.

The remaining scales, Wimley, Moon and Hessa, are
based on more realistic systems involving partitioning of
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Popot JL, Engelman DM. Membrane protein folding and oligomerization: the two-stage model. Biochemistry. 1990 May 1;29(17):4031-7. doi: 10.1021/
bi00469a001. PMID: 1694455.

The two-stage membrane protein folding model



The “two-stage” model is a bit more complex …

https://doi.org/10.1016/j.jmb.2014.09.014

https://doi.org/10.1016/j.jmb.2014.09.014


The “two-stage” model is a bit more complex …

https://doi.org/10.1016/j.jmb.2014.09.014

Stage 1 Stage 2

https://doi.org/10.1016/j.jmb.2014.09.014


Stage 1: Free energies of peptide partitioning



Stage 1: Measurements of equilibrium peptide partitioning

ΔG° = μ0,bilayer - μ0,buffer 
= -RT ln KX 

KX = Xbilayer/Xbuffer 
= [P]bilayer/([L]+[P]bilayer) 
 [P]buffer/([W]+[P]buffer)



Stage 1: Peptide partitioning



Stage 2: Protein assembly inside the membrane

https://doi.org/10.1016/j.jmb.2014.09.014

Stage 1 Stage 2

https://doi.org/10.1016/j.jmb.2014.09.014


Self-assembly of membrane proteins in membranes

FIGURE 3 Vesicles with ribbons of paired receptors extending across their surfaces. The incubation conditions were 3 wk at 
17°C. Bar, 0.t pro. x 150,000. (inset) Bar, 0.1 /Lm. x 270,000. 
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applied in earlier studies. Both methods correct for long-range
variations in the surface lattice and for distortions, such as
bending and out-of-plane tilt, which are inevitably present in
ACh-receptor tubes because of their shell-like architecture
and the fluid nature of the lipid matrix in which the protein is
embedded. The (!17, 5) tubes have dihedral (D1) symmetry
and form a single-start helix with average twist and rise values
of 147.0" and 5.9 Å, respectively.

The specimens were imaged with an FEI Titan Krios
transmission electron microscope incorporating a 70 mm
diameter objective aperture and operating in nanoprobe mode
at an accelerating voltage of 300 kV. Micrographs were
recorded on a Falcon 2 4096 # 4096 pixel direct-electron
detector after searching for straight (!17, 5) tubes spanning
holes in the carbon support film (Fig. 1a). The calibrated pixel
size was 1.34 Å and the total dose on the specimen was
35 e Å!2 fractionated over 22 frames.

We used 295 micrographs of the tubes, recorded with an
underfocus range of 1–3 mm and selected by inspection of their
Fourier transforms. Each tube image was divided into over-
lapping segments using a box size of 1024# 1024 pixels and an
inter-box spacing of 100 pixels. Micrograph frame stacks were
drift-corrected using UCSF MotionCorr (Li et al., 2013), and
contrast-transfer function parameters were determined locally

along the tube axis using Gctf (Zhang, 2016). For three-
dimensional classification, an initial 20 Å resolution model
was generated by Fourier–Bessel synthesis from structure-
factor terms along the layer lines (Miyazawa et al., 1999). All
subsequent image-processing steps were performed in
RELION (Scheres, 2012; He & Scheres, 2017) after binning
the images times two.

Reference-free two-dimensional classification was applied
to the extracted segments, yielding 34 class averages (Fig. 1b),
of which 80% were considered good on the basis of the quality
of their Fourier transforms (Fig. 1c). Rejected segments
included disordered or defective regions of tubes and regions
where the projected p2 symmetry (indicated the presence of
‘pairing layer lines’; arrows in Fig. 1c) was weak or absent.
Only segments associated with the good classes were retained
for subsequent three-dimensional classification.

Three-dimensional classification was performed on 7196
extracted segments using a cylindrical mask of inner and outer
radii sufficient to include all densities comprising the tube with
a margin of $40 Å on either side. The ‘central Z-length’, used
for searching and applying helical symmetry in real space, was
10% of the box size. In an initial step, three class averages
were generated. One of these class averages (class 1; 2563
segments) showed better alignment errors and resolution than

research papers

IUCrJ (2017). 4, 393–399 Nigel Unwin % Segregation of lipids near acetylcholine-receptor channels 395

Figure 2
Single-particle helical reconstruction from (!17, 5) tubes. (a) Masked-out volume showing the helical arrangement of ACh receptors; a !–! linked dimer
of receptors and a ribbon of dimers are shaded in pink and grey, respectively. (b) Central cross-section (top) and radial section (bottom) from the three-
dimensional density map cutting through receptors and the lipid-bilayer matrix in which they are embedded. (c) Enlargements of regions in (b) with
atomic models of the ACh receptor (PDB entry 2bg9) superimposed. Circles identify areas next to the ! subunit where densities corresponding to the
outer phospholipid headgroups are weak or missing; the adjacent helices are M1 (lower circle), and M4 and M1 (upper circle). Subunit colours: "#, red;
"!, orange; $, green; #, cyan; !, blue. Inverted contrast.
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from a mixt)ure of purified fragments gave t)he sa,me 
result Rccaunc there are variations in regeneration 
under the st,andard conditions (see Fig. 3). minor 
Pfkc~ts may have remained unnoticed. The 
(‘onsequences of varying the concentration of 
taurocholate, SI)S or KC1 are described in Materials 
and Methods. Taurocholate concent’ration is below 
its r.m.c.: upon dodecyl sulfate precipit,ation. 
taurocholate-containing vesicles should form. not 
mixed micelles. It is possible to suppress tauro- 
cholate entirely without obvious effects on the 
rxt,ent of chromophore regeneration and the quality 
of the lattice (Fig. 3). The renat.ured PM sediment.s 
rapidly. however; and becomes difficult to separat’r 
from the PIIS precipitate. High levels of chromo- 
phore regeneration can be obtained using various 
liljids. but Ifalobacterium lipids are necessary in 
order to obtain well-ordered lattices (see Materials 
and Methods: Fig. 2). Similarly. reformation of the 

(cl) (b) Cc) 

lattice is much more sensitive t,han chromophore 
regeneration to variations of the lipid to protein 
ratio. 13est results were obtained at ratios of 0.75 : 1 
to 14 : 1 (w/w) (see Materials and Methods). 

(b) Kenaturation %n the absence of retinwl 

(i) bimultaneou~s refoldiny of the CT-1 nnd 
P-% frayments 

(Ieaved IW could be renatured using the same 
reconstitution protocol but omitting retinal from 
t~he reconstitution mixture. No lattice was observed 
in X-ray experiment’s (Fig. 3). However, upon 
subsequent’ addition of retinal, the chromophore 
was regenerated (Fig. 5(a)) and the P3 lattice could 
be observed (Fig. 3). Titration with retinal 
indicated an extinction coefficient similar to that of 
preparat’ions renatured in the presence of retinal 
(see Table 1). The quality of the lattice observed at 

0.5 
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Figure 5. Regeneration of BR chromophore from fragments refolded either separately or simultaneously in the 

ahsencr of retinal. Purified fragments in SDS buffer were mixed with Halobacterium lipids (lipid to protein ratio 10 : I, 
M./W) in the absence of retinal and taurocholate and reconstituted by PDS precipitation as described in Materials and 
Methods. Following dialysis, the vesicle suspensions were clarified by a brief sonication. (a) C-l and C-2 in SDS buffer 
were mixed prior to PDi precipitation and simultaneously refolded in the same vesicles (top panel). Absorption spectra 
were recorded before (thin line) and after (thick line) addition of excess retinal (middle panel). Bottom: difference 
spectrum. (b) C-l and C-2 were reconstituted into separate vesicles (top panel). The vesicles were mixed (eyuimolar ratio 
of the fragments) and absorption spectra recorded before (thin line) and after (thick line) addition of excess retinal 
(middle panel). Bottom: difference spectrum. (c) C-1 and C-2 were reconstituted into separate vesicles. The vesicles were 
mixed (equimolar ratio of the fragments) and freeze-thawed (top panel) in the absence (thin line) or presence (thick line) 
of excaess retina1 (middle panel). Absorption spectra were recorded after clarification by brief sonication. The identical 
result was obtained if retinal was added after freeze--thawing. Bottom: difference spectrum. 
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In-membrane oligomeric assembly of membrane 
transporters & ion channels (e.g., CLC)
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scale for reference. The area density scale is calculated from the mole fraction scale using the follow-

ing equation:

!Area ¼
2"

SAlipid

(24)

where SAlipid is the surface area per lipid in nm2. Assuming ideal dilute conditions, the mole fraction

equilibrium constant for dimerization is:

K"" ¼
""
D

""
Mð Þ2

(25)

where "" is the total reactive mole fraction, equivalent to "=2, that subunits are randomly incorpo-
rated into the membrane (Matulef and Maduke, 2005) and that the reaction only occurs between

oriented subunits. ""
D is the dimer/lipid mole fraction, ""

M is the monomer/lipid mole fraction, and

K"
" is the dimerization equilibrium constant in inverse mole fraction units (i.e. lipid/subunit) (Flem-

ing, 2002). The total mole fraction of subunits in the membrane is:

"" ¼ ""
M þ 2""

D (26)

The fraction of protein in the dimer state (FDimer) is derived by substituting (26) into (25) to deter-
mine "D:

FDimer ¼
2""

D

""
¼
1þ 4""K"" &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 8""K""

p

4""K""
(27)

To determine FDimer from the photobleaching analysis, we used the theoretical calculations of the

ideal monomer probabilities, PD
n¼1&5þ, and ideal dimer probabilities, PD

n¼1&5þ as the respective all-

monomer and all-dimer signals. Least-squares analysis was carried out on the sum of squared resid-

uals (R2) between the experimental data, Pexpt
n, and a linear combination of PM

n¼1&5þ, and, PD
n¼1&5þ,

weighted by FDimer

R2 ¼
X

n¼1&5þ

Pexpt
n & 1&FDimerð Þ 'PM

n þFDimer 'P
D
n

" #" #2
(28)

Table 2. Summary of dissociation constants, equilibrium association constants and standard state free energy based on the best-fit
parameters of FDimer vs. the reactive mole fraction, c* or area density, rArea*.

Mole fraction scale (c*)
standard state = 1 subunit/lipid

Area density scale (rArea*)
standard state = 1 subunit/nm2

ClC-ec1
construct

Kd

(subunits/
lipid)

Kc
(lipids/
subunit)

DG˚c
(kcal/mole)

Kd

(subunits/
nm2)

Kr
(nm2/
subunit)

Eq. Box
(nm ( nm)

DG˚r
(kcal/mole)

WT mean
± SE

4.7 ± 1.1 ( 10-9 2.1 ± 0.5 ( 108 -11.4 ± 0.1 1.6 ± 0.4 ( 10-8 6.4 ± 1.4 ( 107 8002 ± 3794 -10.7 ± 0.1

Y0
const. = 0.07

95% CI 2.6 to 6.8 ( 10-9 1.2 to 3.1 ( 108 -11.6 to
-11.1

8.5 ( 10-9 to
2.3 ( 10-8

3.5 to 9.3 ( 107 5919 to 9644 -10.9 to -10.4

W mean
± SE

2.7 ± 1.1 ( 10-7 3.7 ± 1.6 ( 106 -9.0 ± 0.3 8.9 ± 3.8 ( 10-7 1.1 ± 0.5 ( 106 1049 ± 707 -8.3 ± 0.3

Y0 =
0.07 ± 0.06

95% CI 3.5 ( 10-8

to 5.0 ( 10-7
2.3 to 5.1 ( 106 -9.5 to

-8.5
1.2 ( 10-7

to 1.7 ( 10-6
1.5 ( 105

to 2.1 ( 106
387 to 1449 -8.8 to -7.7

WW mean
± SE

4.7 ± 1.8 ( 10-6 2.1 ± 0.8 ( 105 -7.3 ± 0.2 1.6 ± 0.6 ( 10-5 6.3 ± 2.4 ( 104 251 ± 155 -6.6 ± 0.2

Y0 =
0.06 ± 0.02

95% CI 1.2 to 8.3
( 10-6

5.0 ( 104 to 3.7 ( 105 -7.7 to
-6.8

3.9 ( 10-6

to 2.8 ( 10-5
1.5 ( 104

to 1.1 ( 105
122 to 332 -7.0 to -6.1

Best-fit parameters are reported as mean ± standard error (SE) and 95% confidence intervals (CI). The area density scale is calculated by converting the

mole fraction scale using SAlipid = 0.6 nm2 per lipid in a single leaflet and is not corrected for differences in the subunit vs. lipid volume. Eq. Box

denotes the box size defined by the equilibrium constant Keq. Y0 indicates the baseline offset parameter that is either fitted or constrained.

DOI: 10.7554/eLife.17438.022
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Research article Biochemistry Biophysics and Structural Biology

eq2M D
Side 2" ⇌ $ 

Top



MLVs  
(d = 10 
μm)

WT  
CLC-ec1-Cy5 

2:1 
POPE:POPG

incubation (time, 
temperature)A

membrane fractionation 
liposome extrusion

B

Measuring membrane protein association equilibrium in 
membranes by single molecule subunit capture

C D

single- 
molecule 

TIRF

0 100 200 300
0

20000

40000

60000

80000

time (s)

In
te

gr
at

ed
 In

te
ns

ity

photobleaching 
analysis

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100
0.0

0.2

0.4

0.6

0.8

1.0

protein per lipid

F D
im

er

10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

-0.4

-0.2

0.0

0.2

0.4

R
es

id
ua

ls

KD, 2:1 POPE/POPG = 4.2 ± 1.7 x 10-6

R2 = 0.73

KD, POPC = 1.7 ± 0.4 x 10-6

R2 = 0.93

F

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

protein per lipid

Emax

0 1 2 3 4 5
0.00
0.05
0.10
0.15
0.20
0.25
0.30

PCy5/PCy3

E

1 2 3 4 5
-0.05

0.00

0.05

0.10

0.15

0.20

PCy5/PCy3

E

1 2 3 4 5
-0.05

0.00

0.05

0.10

0.15

0.20

PCy5/PCy3

E

+E

WT-Cy3/Cy5

I422W-Cy3
+

I422W-Cy5

WT-Cy3
+

WT-Cy5

40 Å

RCy3-Cy5 = 56 Å

550 600 650 700
0.00

0.25

0.50

0.75

1.00

Wavelength (nm)

P
ea

k 
N

or
m

al
iz

ed
 F

lu
or

es
ce

nc
e

Cy3

A B C

20 40 60
0.00

0.25

0.50

0.75

1.00

time (s)

N
or

m
al

iz
ed

 F
lu

or
es

ce
nc

e

Ex = 532 nm

Cy5

after Cy5 
bleaching

CLC-ec1-Cy3/Cy5
+ SDS

CLC-ec1   
Cy3/Cy5 MLVsCy5

Cy3

CLC-ec1-I422W 
Cy3/Cy5 MLVs

ECLC-ec1-Cy3/Cy5 = 0.73 ± 0.09 

MLVs

Chadda & Robertson, MIE 2016



WW W

ΔG°W =
 -8.8 ± 0.2 
kcal/mole

WT

ΔG°WT = 
-10.9 ± 0.1 
kcal/mole

Dimerization isotherms of CLC-ec1 in membranes

Chadda, Krishnamani, Mersch, Wong, Brimberry, Chadda, Kolmakova-Partensky, Friedman, Gelles 
& Robertson, eLIFE 2016 Chadda, Cliff, Brimberry & Robertson, JGP 2018



Steric trapping for kinetically limited reactions 

Steric-trapping studies folding in the native state 



Single-molecule force microscopy methods



Gramicidin dimerization is sensitive to membrane properties

https://doi.org/10.1073/pnas.1611717114

https://doi.org/10.1073/pnas.1611717114


What are the driving forces for membrane protein stability
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Perspectives in Biochemistry 

relatively insoluble in each other, then the free energy of 
transfer is dominated by this opposing enthalpy, which is much 
larger than the mixing entropy, and transfer is disfavored. This 
is the ordinary form of incompatibility of two components A 
and B.  

Oil and water are also incompatible a t  25 OC. Oil/water 
incompatibilities tend to be stronger than “normal” incom- 
patibilities. However, the free energy alone (Le., the solubility 
or the partition coefficient) is not the principal distinction of 
normal from hydrophobic processes; in both cases the transfer 
can be disfavored. The distinction between normal and hy- 
drophobic processes is in the temperature dependence. What 
was first recognized as unusual about nonpolar transfers to 
water a t  25 “C (Edsall, 1935; Butler, 1937; Frank & Evans, 
1945) was that they are not principally opposed by the en- 
thalpy; they are principally opposed by an excess (Le., 
“unitary”) (Gurney, 1953; Tanford, 1970) entropy (Gill & 
Wadso, 1976; Tanford, 1980; Privalov & Gill, 1988). The 
excess entropy is that which remains after the mixing entropy 
(the RT In x term in the chemical potential) is subtracted from 
the total measured entropy. The enthalpy of mixing oil and 
water is generally small, sometimes even negative (favorable), 
at 25 OC (Privalov & Gill, 1988). Because these conclusions 
derive from experiments with solutes a t  high dilution, they 
imply that the excess entropy must arise from the water 
solvation around the solute rather than from some possible 
solute-solute interaction. A molecular interpretation of these 
data, which is supported by computer simulations (Geiger et 
al., 1979; Pangali et al., 1982; Ravishanker et al., 1982), is 
that a t  25 OC nonpolar solutes are surrounded by ordered 
waters. Waters surrounding the nonpolar solute prefer to 
hydrogen bond with other waters rather than to “waste” hy- 
drogen bonds by pointing them toward the nonpolar species 
(see top of Figure 6) (Stillinger, 1980; Geiger et al., 1979). 

However, the aversion of nonpolar solutes for water becomes 
more ordinary, and less entropy driven, at higher temperatures. 
This is because there is a second fundamental difference be- 
tween simple incompatibility on the one hand and oil/water 
incompatibility on the other. For simple solutions, the heat 
capacity change upon transfer is small. For nonpolar solutes, 
the heat capacity change upon transfer from the pure liquid 
to water is large and positive (Frank & Evans, 1945; Christian 
& Tucker, 1982; Privalov & Gill, 1988; Edsall & McKenzie, 
1983). This means that for simple solutions the transfer of 
A into B is characterized by an enthalpy and entropy which 
are temperature independent and a free energy which is 
constant or linear with temperature. However, the situation 
is quite different for the transfer of nonpolar solutes into water. 
A large heat capacity implies the enthalpy and entropy are 
strong functions of temperature, and the free energy vs tem- 
perature is a curved function, increasing at  low temperatures 
and decreasing at  higher temperatures. Hence, there will be 
a temperature a t  which the solubility of nonpolar species in 
water is a minimum (Crovetto et al., 1982; Becktel & 
Schellman, 1987; Edsall & McKenzie, 1983; Privalov & Gill, 
1988) (see Figure 5 ) .  A striking consequence follows, one 
which i s  at variance with the view that water ordering is the 
principal feature of the aversion of nonpolar residues for water. 
The free energy of transferring nonpolar solutes into water 
is extrapolated to be most positive in the temperature range 
130-160 OC (Privalov & Gill, 1988). Therefore, the aversion 
of nonpolar species for water, whatever its molecular nature, 
is greatest at these high temperatures. Because this maximum 
aversion, by definition, arises where the free energy of transfer 
is a maximum, and thus where the entropy (the temperature 
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FIGURE 5: Comparison of the enthalpy (AH), entropy (AS), and free 
energy (AG) of solute transfer from the pure liquid into a hypothetical 
regular solution and into an aqueous solution. The data in (A) are 
for benzene, from Privalov and Gill (1988); the entropy at high 
temperature is extrapolated on the basis of assumed constant heat 
capacity. The figure on the right represents an idealization according 
to regular solution theory. Reprinted with permission from Privalov, 
P. L., & Gill, S. J. (1988) Ado. Protein Chem. 39, 191. Copyright 
(1988) Academic Press. 

derivative of the free energy) equals zero, then the maximum 
aversion of nonpolar solutes for water must be driven by en- 
thalpy (Privalov & Gill, 1988; Baldwin, 1986). In other words, 
at the temperature for which hydrophobicity is strongest, the 
entropy of transfer is zero! At those temperatures, the aversion 
of nonpolar solutes for water is enthalpic, as in simple classical 
solutions. I t  is therefore inappropriate to refer to nonpolar 
solvation processes in water, with large heat capacity changes, 
as “entropy driven” or “enthalpy driven”, since either de- 
scription is only accurate within a given temperature range. 
At 25 “C, the hydrophobic effect is entropic; a t  140 OC, it is 
extrapolated to be enthalpic (Privalov & Gill, 1988). 

For processes of constant ACp, the enthalpy and entropy of 
transfer are 

AH(T) = A H ( T I )  + sT>Cp d T  = 

AH(7-J + A C p ( T -  TI) (2) 
T 

AS(T)  = AS(T2) + s A C p / T  d T  = 
T2 

W T 2 )  + ACp In ( T / T 2 )  (3) 

and therefore the free energy of transfer is 

AG(T) = AH - TAS = 
A H ( T l )  - TAS(T2) + AC,[(T - TI) - T In ( T / T 2 ) ]  (4) 

These quantities are defined in terms of two arbitrary reference 
temperatures: T I ,  for which the enthalpy is known, and T2, 
for which the entropy is known. There are three alternative 
ways to express this free energy in terms of two particularly 
convenient reference temperatures, Th, the temperature a t  
which the enthalpy is zero, and T,, the temperature for which 
the entropy is zero: 

TI = Ti, T2 = T,  
AG(T) = ACp[(T - Th) - T In ( T / T , ) ]  ( 5 )  

TI = T2 = T, 

AG(T) = AH(T,) + ACp[(T - T,) - T In ( T / T , ) ]  ( 6 )  

T I  = T2 = Th 

Non-linear van’t Hoff of 
benzene partitioning into 
water   
From Dill 1990, adapted 
from Privalov & Gill 1988.

CLC dimers driven by burial of membrane defects 
(mimicking the hydrophobic effect)



What is the role of lipids in protein reactions?  
Solvent or ligands?

• ESR reports lipid exchange between annular lipids as ~ 107 s-1 

• Lipid exchange in bulk ~ 108 s-1 

• Intrinsically different membrane environment around a protein 
• Not necessarily binding

Frick M, Schmidt C. Mass spectrometry-A versatile tool for characterising the lipid environment of membrane protein assemblies. Chem Phys Lipids. 2019 Jul;221:145-157. doi: 10.1016/
j.chemphyslip.2019.04.001. Epub 2019 Apr 3. PMID: 30953608.



POPE POPG

C16:0/C18:1

DLPE DLPG

C12:0

ΔΔG ∝ log(DL) → preferential solvation

Timasheff, 2002

Chadda, Bernhardt, Kelley, Teixeira, Griffith, Gil-Ley, Ozturk, Hughes, Forsythe, Krishnamani, Faraldo-Gómez* & Robertson*, eLife 2021

Lipids link to equilibrium by co-solvent effects



Soluble vs. Membrane Protein Folding

Stage II

St
ag

e 
I

Popot JL, Engelman DM. Membrane protein 
folding and oligomerization: the two-stage model. 
Biochemistry. 1990 May 1;29(17):4031-7. doi: 
10.1021/bi00469a001. PMID: 1694455.



Alpha-helical membrane protein synthesis 

https://doi.org/10.1016/j.bbamcr.2013.10.023

https://doi.org/10.1016/j.bbamcr.2013.10.023


Beta-barrel folding

DOI: 10.1098/rstb.2015.0026 

ΔGOMPLA(w,l,DL)  
= -32.5 kcal/mole


