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Biology 5357: Chemistry & Physics of Biomolecules - Membranes & Membrane Proteins 
 
Lecturer:  Prof. Janice L. Robertson, Dept. of Biochemistry & Molecular Biophysics 
Office: MCD 223A (in Lab 223) 
Email: janice.robertson@wustl.edu 
 
Lecture 5: Membrane protein folding and self-assembly 
 
Required reading: 
 
Ernst, M. & Robertson, J. L. The Role of the Membrane in Transporter Folding and Activity. J Mol 
Biol 433, 167103 (2021). 
 
Corin K, Bowie JU. How physical forces drive the process of helical membrane protein folding. EMBO 
Rep. 2022 Feb 3;23(3):e53025. doi: 10.15252/embr.202153025. Epub 2022 Feb 8. PMID: 35133709; 
PMCID: PMC8892262. 
--------------------------------------------------------------------------------------------------------------------- 
 
Purification & Reconstitution of Membrane Proteins 
 
Membrane reconstitution. Lipids are solubilized in chloroform and dried down under N2 gas.  Oxygen 
is avoided as the lipids containing double bonds can become oxidized, destabilizing the lipid bilayer.  
The dried lipid film is then resuspended in aqueous buffer by sonication which leads to the spontaneous 
formation of small unilamellar vesicles.  For membrane protein reconstitution, the lipids are solubilized 
in a detergent with a high CMC, e.g. CHAPS and then combined with the protein, also in detergent.  
The detergent is removed by dialysis or bio-beads leading to the incorporation of the lipid bilayer with 
the membrane protein embedded within.  Note, this typically leads to random incorporation of the 
protein orientation within the membrane, unless the protein is asymmetric.  Another method of protein 
incorporation is by the addition of the protein in detergent to the liposomes with a small amount of 
additional detergent.  This can allow for the incorporation of the protein directly into the membrane but 
is not always successful, i.e. can increase the aggregated fraction outside of the membrane. 
 
Altering liposome area.  When studying membranes, it is often important to control the form of the 
structure of the membrane being studied.  While vesicles are stable and do not spontaneously exchange 
with other vesicles, there are ways of altering the sizes of these membranes.  One can fuse membranes 
together by multiple freeze-thaw cycles of the sample, which dehydrates and destabilizes the membrane 
to allow breakage and fusion into larger areas leading to multi-lamellar vesicles (MLVs) that are quite 
large - diameters > several microns.   
 
Giant unilamellar membranes can be formed by osmotic swelling or electroformation in which the 
samples are loaded onto a platinum wire, partially dehydrated and then rehydrated under an electric field 
which leads to GUVs with diameters that are > microns.   
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To make liposomes smaller, we can take MLVs or GUVs and extrude them through nucleopore 
membrane filters with defined pore sizes.  This leads to a reproducible distribution of smaller liposomes, 
typically mixtures of unilamellar and multilamellar depending on the pore size.  The smaller the pores, 
the more uniform the size distributions and the population is more unilamellar. 
 
Measuring the size of liposomes.  To measure the size of liposomes, this can be done by cryo-electron 
microscopy and direct measurements of the liposome radii from which yields the histogram of liposome 
sizes.  In addition, the population can be estimated by dynamic light scattering, which measures the 
auto-correlation function of scattered laser light to define the size distribution.  Note, that 
experimentally, the size distributions can be very different than the pore size, for instance extrusion of a 
E. coli polar lipid membranes through a 400 nm filter yields a population that is peaked at 30 nm radii. 
 
Supported membranes.  For many studies, it is useful to work with a planar bilayer reconstitution.  
This can be useful for electrophysiological studies or microscopy studies.  It is possible to form 
membranes by fusion of vesicles to surfaces.   

• Black lipid membrane, formation of a lipid bilayer on a hole in the presence of some solvent 
like decane.  Useful for single-channel electrophysiology. 

• Supported lipid bilayer, spontaneous fusion of a bilayer onto a surface like a glass slide.  Can 
be directly on the surface, with a 10 Å hydration layer, or extended further with cushioning 
such as with agarose or polymers. 

 
Scaffolded membranes.  For structural studies, scaffolded membranes allow for the membrane protein 
to be purified in a confined bilayer environment.  These include nanodiscs involving apolipoproteins, 
saponins or styrene maleic acid copolymers (SMAs).  While these provide a confined membrane area, 
conformational changes are often observed in these small membrane patches along with changes in 
membrane structure.  
 
Membrane Protein Folding – stage 1 
 
Charges are energetically unstable in lipid bilayers.  The lipid bilayer is made of oil which has a low 
dielectric constant (~2-3) compared to water (80). The dielectric constant describes how an electric field 
around a charge is reduced relative to a vacuum (1).  Water molecules have electric dipoles, and each 
individual molecule is free to rearrange to stabilize the solvation of the charge.  However, lipid 
molecules, and especially those constrained in a lipid bilayer, cannot rearrange, so the electrostatics are 
more similar to vacuum. The electrostatic component of the solvation free energy of a spherical point 
charge is described by the Born equation.  This is the energy to take an ion from vacuum and solvate it 
in a continuum solvent like water.   It is favorable to transfer into water, but unfavorable in the other 
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direction (i.e. water to lipid).  This means that charges, on ions or molecules, are all electrostatically 
prohibitive inside a stable low dielectric medium. 
 
The cost of putting proteins in the membrane.  Thus, with the partial charges on the peptide backbone, 
an unfolded polypeptide is inherently unstable in the membrane solvent.  This cost can be 
experimentally measured by examining the partitioning of compounds from water into a non-polar 
solvent.  N-methylacetamide is used as a model for the peptide backbone and is found to be unfavorable, 
~ +6-7 kcal/mole into carbon tetrachloride and alkane.   
 
It is important to note that the lipid bilayer is not an isotropic hydrophobic solvent like carbon 
tetrachloride or alkane.  It has a particular structure and regions that are far more polar. It is slightly 
more stable in octanol or the interface of the POPC bilayer which both offer partially polar solvation, 
+1-2 kcal/mole.   
 
The hydrogen bonded structures of membrane proteins.  As a result, membrane proteins must fold into 
structural forms in which the secondary structure of the peptide backbone is hydrogen bonded.  This 
comes in two types: 

• beta-barrels - are found in prokaryotic outer membranes.  Some toxins also form beta-barrel 
structures that can spontaneously partition into membranes 

• alpha-helical structures - all eukaryotic membrane proteins 
 
The two-stage model of membrane protein folding.  Therefore, membrane proteins differ from soluble 
proteins in this one essential way.  In the first step of folding, they must fold and adopt specific 
secondary structures that reduce unpaired hydrogen bonds in order to transition from water to the 
membrane.  To be stable, these segments must also be lined by non-polar residues to optimize stability 
of the unfolded structure.  The second step is the equilibrium assembly of these non-polar segments 
while within the 2-dimensional hydrocarbon core of the lipid bilayer.  Thus, we refer to this model as 
the two-stage model of membrane protein folding. 
 
Amino acid partitioning.  We know that the cost of partitioning N-methylacetamide into the 
hydrocarbon is reduced upon hydrogen bonding.  It is further modulated depending on the side chains 
that are present.  Tryptophan allows for favorable partitioning at the water-bilayer interface, but what 
about the other amino acids?  How do we know that residues are hydrophobic, and which residues are 
the most hydrophobic? 
 
However, if the hydrogen bonded form of the molecule is more favorable, stabilized by 3-6 kcal/mole.  
In addition, the side chain group offers additional stability, e.g. tryptophan of -3 kcal/mole, which 
provides favorable partitioning into the headgroup region of lipids, but is still insufficient for 
partitioning in the hydrophobic core.  
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This information is obtained by measuring the partitioning free energies of amino acids from water into 
different solvent phases that represent the lipid bilayer.  Some examples include: 

• Radzika - experimental measurements of amino acid partitioning from water into isotropic 
cyclohexane.  The amino acid water/cyclohexane system is mixed and then left to equilibrate and 
the quantity of the amino acid is measured in each solvent phase. 

• MacCallum - computational calculation of the potential of mean force of an amino acid as it 
crosses the membrane.  This is calculated using molecular dynamics simulations and the 
umbrella sampling approach to target sampling across the entire reaction coordinate, here the 
position along the membrane.  Since this is done with an atomistically detailed model of the 
system, it can model in rearrangements of the molecular structure of the membrane where 
continuum models cannot. 

• Wimley - partitioning of a small pentapeptide with a different amino acids on the central residue.  
This has been done for interfacial models such as octanol, a partially polar solvent which 
contains aqueous pockets, and the POPC lipid bilayer interface.  This does not capture the full 
energetic cost of partitioning within the hydrocarbon core, which is better represented by an 
isotropic hydrophobic solvent model. 

• Moon - this scale is determined from the equilibrium folding free energies of the OMPLa in the 
membrane, with a guest amino acid at a position embedded within the membrane core.  It is the 
cost to put that side chain into the membrane core, but it is not completely independent of the 
rest of the protein, and so it also decreases the free energy cost relative to isotropic solvent 
scales.  This cooperativity with the backbone scaffold means that the cost to partitioning even 
charged amino acids is much lower than expected when calculated with continuum solvent 
models. 

• Hessa - this scale is a biological partitioning model because it is measured in a cellular system, 
following the partitioning of non-polar alpha helices into the lipid bilayer via the translocon 
complex.  To measure the proper insertion, they follow the glycosylation of two sites on the 
neighboring loops which will define whether the helix is transmembrane or it is in the aqueous 
solution.  By varying the central amino acid on the helix, they can measure the change in the free 
energy of partitioning.  Note, the same issues of cooperativity may apply here as in the OMPLa 
model, and the resultant protein may not be folded so other defects in the membrane may occur. 

 
In general, from all of these scales, we obtain a quantification of the free energy cost to put amino acids 
into membrane environments. There is general agreement in the types of residues considered 
hydrophobic vs. polar, but the quantities of these energies depend on where these residues are 
partitioning in the experimental models.  Comparing the different models highlights how these energies 
can differ.   
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Hydrophobicity plots.  From these scales, one can predict the existence of transmembrane helices within 
protein sequences.  This is known as hydropathy analysis and can use any one of these scales as the 
quantitative input for calculating the score.  Depending on the scale, different results may be obtained 
which can affect the output of the prediction algorithm.  Keep in mind that membrane proteins can be 
quite complicated, with transmembrane helices that are broken or do not fully traverse the membrane, 
which can make these prediction methods inaccurate. 
 
Biological membrane protein folding.  The first step of partitioning is something that is rare to observe 
in a laboratory setting.  While the free energy may favor the first step to occur, there appear to be high 
barriers to this step, and hydrophobic peptides will also aggregate in aqueous solution.  Thus, biology 
has evolved chaperones and enzymes to assist in these steps. 

• alpha helical proteins - membrane proteins are synthesized in the membrane, complexed with the 
SEC translocon complex that facilitates partitioning into the membrane.  If the peptide is 
sufficiently hydrophobic, achieved via the formation of alpha-helical secondary structure, it 
partitions spontaneously into the lipid bilayer.  Otherwise, it is translated into the periplasmic 
space, cytoplasm or ER. 

• beta barrel proteins - in prokaryotes, are synthesized through the translocon complex but the 
peptide partitions into the periplasmic space.  These hydrophobic peptides can spontaneously 
partition and fold into the membrane but there is a high kinetic barrier and many chaperones that 
are present to prevent aggregation.  These complexes target the peptide to the outer membrane 
and the BAM chaperone complex which facilitates the folding into the membrane. 

 
Membrane Protein Folding – stage 2 
 
Membrane protein assembly in membranes.  In the second stage of membrane protein folding, the 
helices come together and assemble into a folded structure, or multiple helices bind to one another to 
form complexes.  Membrane proteins reside in a free energy minimum that is determined by the energy 
balance of interactions between the protein with water, other proteins segments, the lipid bilayer and 
cofactors. 
 
Bacteriorhodopsin re-naturation.  A key experiment was conducted in 1987 showing that membrane 
proteins are thermodynamically driven to specific folded forms in lipid bilayers.  In this experiment, 
bacteriorhodopsin - the classic membrane protein model that showed the first structure of a membrane 
protein, was proteolytically cleaved into fragments.  These fragments were reconstituted separately and 
then reintroduced into the same lipid bilayer by freeze-thawed fusion of the vesicles.  A marker for 
proper folding is the absorbance of trans retinal form that is only obtained upon binding to the fully 
assembled protein.  Thus, the components are driven to assembly through for some physical reason, 
encoded by the protein sequence. 
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Studying equilibrium protein folding/association in membranes.  In the bacteriorhodopsin studies, 
they demonstrated that membrane proteins come together and are in principle thermodynamically 
driven, however it does not provide quantification of this reaction.  This is a major challenge within the 
field because one cannot simply denature a membrane protein within the membrane.  As we learned 
previously, detergents are required to solubilize membrane proteins.  Sometimes they can lead to un-
folded state, as is the case with SDS.  However, these denaturants also dissolve the membrane structure 
and so the challenge is to study the reaction without a significantly changing reference state. 
 
Gramicidin is a nonribosomal ionophoric antibiotic that partitions into the membrane in a helical 
structure forming head to head dimers that conduct Na+ across the membrane.  The equilibrium between 
monomers and dimers is easily observable by single-channel electrophysiology experiments in black 
lipid bilayers.  This is an excellent model system that has been used to interrogate the effect of 
membrane thickness, curvature, lipid composition, drugs and anesthetics.  However, it is one particular 
type of protein assembly, and its fold is not common to the membrane proteins in our membranes. 
 
 
Single-molecule studies of passive dilution of known membrane protein oligomers.  Instead, another 
option is simply to study the many known oligomeric proteins that do exist in our cell membranes. 
These are ones that have been structurally identified in oligomeric forms, but often times it is not clear 
why they are oligomeric.  Many of them resemble a parallel pathways type of architecture, with no clear 
structural coupling of the activity.  With this, it appears that these proteins might exist in monomer-
oligomer equilibrium and that this can be observable under the right conditions. 
 
CLC chloride/proton antiporter - a model for high affinity greasy binding.  The CLC 
transporter/channel family is a prime example of this.  It is known that this contains separate functional 
pathways, yet this protein has always been observed as a dimer.  Yet, looking at the dimerization 
interface, the surface is completely non-polar.  This raises the question, why do these greasy interfaces 
choose to interact with one another instead of the similarly greasy lipid solvent? 
 
The single-molecule subunit capture approach.  The trick to measuring the equilibrium of these 
complexes by passive dilution is to use single-molecule TIRF microscopy.  Here, the protein is 
quantitatively fluorescently labeled and reconstituted into lipid bilayers.  The lipid bilayers are fused 
into large multilamellar vesicles, a critical step in ensuring an equilibrium environment upon extreme 
dilution of the protein in the membrane.  Then, since one cannot resolve the monomer-dimer species in 
the 2D membrane directly (diffraction limit of light is ~400 nm while the protein is 5 nm per monomer), 
a trick is carried out to get the monomer-dimer information in the equilibrium membrane.  When 
membranes are extruded into liposomes, the protein is incorporated into the liposomes according to the 
Poisson distribution, which depends on the liposome size distribution and the monomer-dimer 
equilibrium.  Therefore, we simply measure this Poisson distribution of protein incorporation into the 
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vesicles by carrying out single-molecule photobleaching analysis and this gives us the monomer-dimer 
information. 
 
Correcting for artifactual togetherness.  Since a titration of protein to lipid must be carried out, one 
increases the chance of random co-occupancy with increasing protein density.  This is an important 
problem in detergent micelles also.  To get around this, the monomer and dimer benchmarks can be 
simulated knowing the liposome size distribution.  Experimental monomer and dimer controls agree 
with the theoretical predictions, and so a reactive species can be examined showing a change in the 
Poisson distribution as a function of protein density. 
 
Binding isotherms at ridiculously low protein densities.  The result is the ability to obtain binding 
isotherms for membrane proteins a low-dilutions in the membranes.  Note, the standard state is 1 subunit 
per lipid, a mathematically suitable but totally artifactual standard state in 2D.  The study of CLC 
indicates that the complex is almost always dimeric in a biological setting, even with only a few copies 
expressed. Perhaps the strong dimerization has evolved to be just strong enough in the biological 
context.  Mutations show that quantitative changes in the binding free energy can be resolved using this 
approach. 
 
Steric-trapping.  One of the challenges in measuring membrane protein folding equilibrium is that the 
folds are often stable and kinetically trapped, thus equilibrium information cannot be ascertained.  We 
have not found a useful chemical denaturant, so instead, a method has been developed to use steric 
competition with equilibrium binding of a large protein like strepavidin to biotin.  With this, the stability 
between alpha helices and within the protein core can be measured between different structural features 
of the protein in lipid bilayer membranes.  However, this requires some sophisticated engineering of the 
protein, which may not work in all circumstances. 
 
What is the role of lipids in equilibrium association/folding?  Furthermore, there is a significant 
debate about the role that lipids play in membrane protein reactions.  We know that there are at least two 
different environments for lipids around a protein, the annular lipids and lipids that are farther away, in 
the bulk.  By ESR measurements, analyzing the spectra, the estimates are that lipid exchange from the 
annular region is slightly slower than lipid exchange in the bulk, about 10-fold.  This occurs with no 
significant specificity, and is not indicative of ligand binding, so seems to be a consequence of a change 
in membrane environment.  
 
Lipid linkage to protein folding/association equilibria. In order to understand the type of lipid linkage 
that actually occurs, one needs to measure the coupling of an equilibrium protein reaction as a function 
of lipid activity titration in the equilibrium phase. 
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But what about the effect of lipids?  Coarse grained molecular dynamics simulations can tell us about 
the structural changes of the membrane in each of the reaction states, often an unknown in these 
reactions.  However, it is very important to always assess sampling and convergence when running 
simulations. 
 
The monomer introduces a non-bilayer membrane defect.  While the dimer is matched to the 
surrounding C16:0/C18:1 bilayer, the monomer introduces a defect that thins and twists the membranes.  
Lipids are at an extreme angle, and this leads to an increase in interleaflet interactions, a decrease in 
local lipid density, and increase of water into the acyl chains.   Surely, this must be energetically 
unfavorable in many ways.  This also illustrates why a molecular model may need to be used for 
membrane changes, as the changes observed are not strictly stretch, bend or pinch. 
 
Optimizing the solvent by adding short-chain lipids that are more similar to the defect.  The 
hypothesis is that if this is an energetically unfavorable state, then simply changing the solvent will 
stabilize the monomer.  Thus, we tested adding short chain C12 lipids with the same head group and 
studied the effect on monomer-dimer equilibrium.  Adding short-chain lipids leads to a dose dependent 
shift to the monomer state as exhibited by single-molecule photobleaching. 
 
The type of linkage of dimerization to short-chain lipid activity indicates preferential solvation.  
The change in dimerization occurs before changes in function or bilayer thickness measured by SANS.  
The dependency also shows two phases, one at very low short-chain lipid concentration and this exhibits 
a change in free energy of dimerization that is linearly proportional to the logarithm of the lipid activity.  
If this was competitive lipid binding, we would have expected to see a different, sigmoidal type of 
relationship centered at the KD of the lipid binding affinity.  Preferential solvation is a well known 
thermodynamic effect of linking solvent to equilibrium reactions in aqueous solution, and explains the 
Hoffmeister salt effects, chaotropic denaturants, glycerol and sugar solubility effects.  This is the first 
experimental observation of preferential solvation in the membrane, although it has been postulated for 
many decades. 
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