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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.

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.

SCD, based on published values. The second part of this section
will focus on key properties of bilayers (mechanical, electrostatic, 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 parametrization papers and manuscripts that faithfully follow the
cutoﬀ schemes with which FFs were developed. Using diﬀerent
cutoﬀs for evaluating nonbonded interactions in real space,
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Purifying membrane proteins

Methods for lipid bilayer reconstitution

Image from Lasic, D.D., Recherche 20, 904, 1989

•

Chloroform solubilized lipids are
dried down under N2 gas (no O2
as lipids containing double bonds
can become oxidized )

•

The dried lipids are resuspended
in buﬀer by sonication

•

For reconstitution of detergent
solubilized membrane proteins,
the lipids are solubilized in a
detergent buﬀer with a high CMC
(e.g. CHAPS), then mixed with
protein. The detergent is removed
by dialysis or bio-beads.

Altering liposome area

DOI: 10.1039/C3CS60299K

Fig. 1 Sketch representing the different preparation protocols for obtaining different model membranes. Abbreviations are: MLVs,
multilamellar vesicles; SUVs, small unilamellar vesicles; LUVS, large unilamellar vesicles; LOVs, large oligolamellar vesicles; GUVs: giant
unilamellar vesicles; PSM, planar supported membranes; LF, Langmuir films. The different colors in the PSM indicates lipid asymmetry.
DOI: 10.1039/B901866B

Electroformation of GUVS

Measuring liposome sizes - cryo EM

Measuring liposome sizes - dynamic light scattering

http://www.otsukael.com/product/detail/productid/23/category1id/2/
category2id/2/category3id/32

Sizes of biological membranes

https://doi.org/10.3389/fphys.2017.00063

Supported membranes
•

Supported bilayer on glass/silica has a hydration
layer of ~10-20 Å.
https://doi.org/10.3389/fphys.2017.00063

The BLM preparation for electrical
measurements of permeability, adapted
from Tien (1968).
DOI: 10.1085/jgp.201812153

DOI:10.4236/ojbiphy.2013.31A008

Scaﬀolded membranes

SMALPs - styrene maleic acid copolymers (SMA)

Nanodiscs - apolipoprotein (MSP)
MSP - Membrane scaﬀold protein

Saponin (Salipro)

https://www.labome.com/method/Nanodiscs-MembraneProtein-Research-in-Near-Native-Conditions.html

Soluble vs. Membrane Protein Folding

Soluble vs. Membrane Protein Folding

Stage I

Stage II

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.

Stage 1: protein partitioning into membranes

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

Davson & Danielli model

The cost of putting a charge in the membrane
• e.g. consider the electrostatic component of the free energy cost to putting an
ion into the center of the hydrophobic membrane
• The Born equation provides a continuum estimation of this component of the
solvation free energy
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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 palmitoyloleoylphosphocholine (POPC) bilayers. The cost of partitioning is dramatically reduced in all
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The importance of hydrogen bonding in membranes

H-bonded secondary structures in membranes
secondary structures

multi-TM
Helices

Beta barrels

But what about the cost of side-chain partitioning?
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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 palmitoyloleoylphosphocholine (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 ↵-helices or -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).

The lipid bilayer is not an isotropic solvent
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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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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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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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Figure 4. The hydrophobicity scales are correlated but differ in overall magnitude. (i) Correlation between the normalized scales. in order to emphasize the correlation (r)
among the scales; all scales are normalized so that the values range from –1.0 to 1.0. The scales differ in overall magnitude, as indicated by the slope (s). (ii) Hessa and
Radzicka scales are correlated, but differ in overall magnitude scale factor. This panel plots the energies on an absolute scale to emphasize the difference in overall
magnitude. Residues are colored by type. His, Pro, Gly were not present in all scales and are not shown. The values for Glu and Asp in Moon might represent a partially
neutral state as the experiments were done at pH 3.8.

“Two-stage” model of membrane protein folding

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

Alpha-helical membrane protein synthesis

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

Beta-barrel folding

DOI: 10.1098/rstb.2015.0026

The two-stage membrane protein folding model

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.

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 overlapping 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
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Self-assembly of membrane proteins in membranes
The Torpedo electroplax membrane
50 Volts!

Downloaded from https://rupress.org/jcb/article-pdf/99/4/1202/461442/1202.pdf by Readcube user on 12 December 2019

pure
nicotinic
acetylcholi
ne receptor

Downloaded from http://rupress.org/jcb/article-pdf/82/1/150/1073791/150.pdf by Washington University In St. Louis Libraries user on 23 September 2021

Heuser & Salpeter (JCB, 1979)

Figure 2

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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Unwin (JCB, 1984)

Unwin (IUCrJ, 2017)

Single-particle helical reconstruction from (!17, 5) tubes. (a) Masked-out volume showing the helical arrangement
of receptors and a ribbon of dimers are shaded in pink and grey, respectively. (b) Central cross-section (top) and ra
dimensional density map cutting through receptors and the lipid-bilayer matrix in which they are embedded. (c)
atomic models of the ACh receptor (PDB entry 2bg9) superimposed. Circles identify areas next to the ! subunit w
outer phospholipid headgroups are weak or missing; the adjacent helices are M1 (lower circle), and M4 and M1 (u
"!, orange; $, green; #, cyan; !, blue. Inverted contrast.
IUCrJ (2017). 4, 393–399

Nigel Unwin
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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.

Gramicidin dimerization is sensitive to membrane properties

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

ing equation:
2"
oligomerization
!Area ¼
SAlipid

In-membrane
for measuring
thermodyanmic changes associated with
where SAlipid is the surface area per lipidassembly
in nm2. Assuming ideal dilute conditions, the mole f
equilibrium constant for dimerization is:
Side

2M

K""
eq ¼

""D
ð""M Þ2

2" ⇌ $D

+

where "" is the total reactive mole fraction, equivalent to "=2, that subunits are randomly in
rated into the membrane (Matulef and Maduke, 2005) and that the reaction only occurs be
"
"
2" ⇌ $
oriented subunits. "Top
D is the dimer/lipid mole fraction, " M is the monomer/lipid mole fractio
K" " is the dimerization equilibrium constant in inverse mole fraction units (i.e. lipid/subunit)
ing, 2002). The total mole fraction of subunits in the membrane is:
"" ¼ ""M þ 2""D

The fraction of protein in the dimer state (FDimer ) is derived by substituting (26) into (25) to
mine "D :
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"
"
2"D 1 þ 4" K "" & 1 þ 8"" K ""
FDimer ¼ " ¼
4"" K ""
"

To determine FDimer from the photobleaching analysis, we used the theoretical calculations
ideal monomer probabilities, PD
, and ideal dimer probabilities, PD
as the respect

Measuring membrane protein association equilibrium in
membranes
by single molecule subunit capture
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Dimerization isotherms of CLC-ec1 in membranes
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ΔG°W =
-8.8 ± 0.2
kcal/mole

Alpha-helical membrane protein folding

Steric-trapping studies folding in the native state

Single-molecule force microscopy methods

What are the driving forces for membrane protein stability

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 lipid 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.

C12:0

C16:0/C18:1
POPE

POPG

DLPE

DLPG

ΔΔG ∝ log(DL) → preferential solvation

Timasheff, 2002

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

