The Journal of Membrane Biology (2020) 253:185-190
https://doi.org/10.1007/500232-020-00126-1

TOPICAL REVIEW q

Check for
updates

How We Came to Understand the “Tumultuous Chemical Heterogeneity”
of the Lipid Bilayer Membrane

William C. Wimley'

Received: 7 May 2020 / Accepted: 29 May 2020 / Published online: 3 June 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

The path to our modern understanding of the structure of the lipid bilayer membrane is a long one that can be traced from
today perhaps as far back as Benjamin Franklin in the eighteenth century. Here, I provide a personal account of one of the
important steps in that path, the description of the “Complete Structure” of a hydrated, fluid phase dioleoyl phosphatidyl-

choline bilayer by the joint refinement of neutron and X-ray diffraction data by Stephen White and his colleagues.
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Introduction

Some authors contend that the path to our modern under-
standing of membrane structure began in 1774 when the
American polymath Benjamin Franklin had an opportunity
to become the first membrane biophysicist (Tanford 1989;
Wang et al. 2013). However, Franklin and his contempo-
raries let the opportunity slip away—essentially unnoticed.
Franklin poured oil on a small pond in England to test its
ability to calm waves. He wrote “The oil, though not more
than a teaspoonful produced an instant calm over a space
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of several yards square, which spread amazingly...making
all that quarter of the pond, perhaps half an acre, as smooth
as a looking glass”. Franklin noted that the spreading oil
pushed away objects that were floating on the surface of
the water. He concluded “I think it is a curious enquiry,
and I wish to know whence it arises (Brownrigg and Far-
ish 1774)”. The concept of the molecule was more than a
century old in 1774, yet no one reasoned that Franklin had
created a molecular monolayer on the surface of the water.
Thus, no one at the time made what would have been the first
measurement of the thickness of a membrane-like film—a
teaspoonful (~5 ml) of oil spread over half an acre (~2000
mz) has a thickness of 2.5 nm, a value that is remarkably
close to half of the ~5 nm thickness of a lipid bilayer mem-
brane. In fact, had this calculation been done at the time, it
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would have been the first measurement of the size of any
molecule.

To my knowledge, no calculation like this was done until
more than 100 years later when researchers including Lord
Rayleigh, Agnes Pockels, Irving Langmuir, and many others
began to study lipid films in earnest (Rayleigh 1890; Pockels
1891; Langmuir 1917; Tanford 1989; Maget-Dana 1999).
Rayleigh performed his famous oil film experiment, a care-
fully controlled laboratory version of Franklin’s experiment,
in 1890. He specifically designed the experiment to enable
measurement of the thickness of an oil film, and reported a
thickness of 1.6 nm (Rayleigh 1890). Ultimately, soap film
work combined with the work of Meyer and Overton on
general anesthetics (Overton 1901; Meyer 1901) around the
turn of the century helped lead to the realization that living
cells were bounded by a lipid film. Here, I recount how,
two centuries after Franklin stilled the waves on Clapham
Common, and one century after Lord Rayleigh stilled the
movement of camphor chips on the surface of water in his
laboratory, waves of another sort were used to describe the
“Complete Structure” of a lipid bilayer membrane (Wie-
ner and White 1992a). I discuss how this new image of the
Complete Structure of the bilayer was acquired, how it trans-
formed our understanding of bilayer structure by delineating
how matter and thermal motions are distributed across the
thickness of the bilayer, and how it catalyzed new insights
in areas such as molecular dynamics simulations and mem-
brane protein folding.

In this short account, I can mention or cite only a few of
the scientists who contributed across several centuries, to
our understanding of the structure of the lipid bilayer. But
clearly, this long evolution of ideas was the collective effort
of many exceptional scientists. The long combined efforts
of some led to the consensus, in the mid-twentieth cen-
tury, that the cell membrane was a fluid phase, lipid bilayer
membrane. The combined efforts of others, including the
researchers discussed here, led to our modern understand-
ing of lipid bilayer structure and dynamics. Some of that
rich history is described in two publications (Tanford 1989;
Singer and Nicolson 1972) which, in my opinion, should
be read by any student or researcher who is serious about
studying membranes.

How was the “Complete Structure” Obtained?

In the biologically relevant fluid phase, lipid bilayers are two-
dimensional fluids, with a structure that cannot be determined
with atomic resolution. The story of the Complete Structure of
the lipid bilayer is about the development of “liquid crystallog-
raphy” by Stephen White and postdocs Glen King and Michael
Wiener which was used to extract maximum structural insight
from available lamellar X-ray and neutron diffraction. These
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authors published a series of papers culminating in the 1992
paper “Structure of a Fluid Phase DOPC Bilayer by Joint
Refinement of X-ray and Neutron Diffraction Data. Il The
Complete Structure” by Wiener and White (Wiener and White
1992a). The first paper in the series, by King and White (King
and White 1986), established a framework for analyzing neu-
tron (and X-ray) diffraction data by using strip function models
(Worthington 1969) of quasimolecular groups; bonded groups
of atoms expected to behave coherently. Examples of natu-
ral quasimolecular groups in a phosphatidylcholine molecule
include the choline headgroup, the phosphate, the glycerol
backbone, the carbonyls, and the terminal methyl groups.
The second paper in the series, by Wiener and White (Wiener
and White 1991a), built upon previous work (Mitsui 1978;
Wiener et al. 1989) to demonstrate how Gaussian functions
can be used to describe the distributions of the quasimolecu-
lar groups. In this paper, Wiener and White also established
a way to think about membrane diffraction. A stack of fluid
phase bilayers is a near perfect one-dimensional crystal along
the bilayer normal (Franks and Lieb 1979; Smith et al. 1987;
Wiener and White 1991a). The small number of diffraction
orders observed, usually 4-8, is not due to stacking/lattice
disorder, but to the inherent length-scale that best describes
the system. The third paper in the series (Wiener and White
1991b) established a “joint refinement” method in which the
significant differences in X-ray and neutron atomic scatter-
ing cross-sections can be exploited to form a detailed image
of the transbilayer distribution of quasimolecular groups by
global fitting of data sets acquired using both techniques. The
fourth, fifth and sixth papers (Wiener and White 1991c, 1992b;
Wiener et al. 1991) described the distribution of the fatty acid
double bonds, terminal methyl groups, and water. These papers
also addressed the critical issue of scaling of neutron and X-ray
diffraction data for the joint refinement. This body of work led
to the Complete Structure paper in which the distribution of
all lipid quasimolecular groups and water were determined by
a global fit of X-ray and neutron membrane diffraction scat-
tering factors. The global fit was unconstrained except for the
positions and widths of the water and double bonds which
had been measured in the previous papers. The center of mass
and 1/e Gaussian half-widths of each quasimolecular group
were individually allowed to vary. The result, Fig. 1a, was the
time-averaged distribution (i.e. position and width) of each
quasimolecular group along the bilayer normal.

What Did We Learn from the “Complete
Structure”?

The “Complete Structure” of a fluid phase DOPC bilayer
was built upon the work of many researchers who had pre-
viously studied bilayer structure and dynamics using tech-
niques such as electron microscopy and NMR in addition to
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Fig.1 The “tumultuous chemical heterogeneity” of the fluid phase
lipid bilayer membrane. a Number density distributions of quasimo-
lecular groups determined in the Complete Structure of a dioleoyl
phosphatidylcholine (DOPC) bilayer determined using joint refine-
ment of X-ray and neutron lamellar diffraction (Wiener and White
1992a). The 5.4 waters and 28 —CH,— groups have been scaled down
for display. b Number densities enable calculation of partial charge
density, a reasonable surrogate measure of polarity across the bilayer.
The Complete Structure showed that the interfacial zone occupies
fully half the thickness of the bilayer, bridging the bulk water and

X-ray and neutron diffraction. For example, see (Luzzati and
Husson 1962; Stoeckenius 1962; Stoeckenius 1962; Luzzati
1968; Fettiplace et al. 1971; Wilkins et al. 1971; Levine and
Wilkins 1971; Hitchcock et al. 1974; Worcester and Franks
1976; Biildt et al. 1978; Zaccai et al. 1979). Many aspects
of the structure of fluid phase lipid bilayer membranes had
previously been glimpsed by these influential prior studies.
However, the Complete Structure of a hydrated, fluid phase
DOPC bilayer provided a holistic image of bilayer structure
and dynamics. The fluid bilayer shows substantial thermal

hydrocarbon core with a continuous gradient of polarity that is wide
enough to fully accommodate folded a-helices and B-hairpin struc-
tures which may sample the edge of the hydrocarbon core. ¢ DOPC
bilayer deconstructed into individual quasimolecular parts. Validated
molecular dynamics simulations show the distributions of these
quasimolecular groups in a hydrated, fluid phase DOPC bilayer. d
Snapshots of individual lipid conformers separated out from a real-
istic simulation of a DOPC bilayer (Benz et al. 2005). The thermal
motion of individual groups and whole lipid molecules is revealed.
Coloring of atoms is the same as in (c)

disorder in the transbilayer distributions of the lipid groups.
Wiener and White showed that Gaussian distributions accu-
rately describe the time-averaged positions of quasimolecu-
lar groups along the bilayer normal. Comparison of the hard
sphere widths with the experimentally determined widths
showed that there are motional gradients. The glycerol back-
bone moiety has the lowest thermal motion, but thermal
motion increases in both directions; toward the headgroup
moieties and toward the acyl chains. The greatest thermal
disorder occurs in the terminal methyl groups (Mihailescu
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etal. 2011). A few years after the Complete Structure, Post-
doc Kalina Hristova and White (Hristova and White 1998)
made critical measurements of how bilayer thermal motions
change as a function of hydration level, enabling the descrip-
tion of a more biologically relevant fluid phase bilayer in
excess water.

Paradoxically, although the transbilayer Gaussian dis-
tributions of quasimolecular groups are broad, their cent-
ers and widths are each determined with high precision in
the Complete Structure. Thus, these experimentally deter-
mined transbilayer distributions of atomic groups can (and
should!) be used to validate molecular dynamics simulations
of lipid bilayers as White and colleagues have done (Benz
et al. 2005). Experimentally validated (i.e. realistic) thermal
motions (Fig. 1c, d) and subsequent lateral pressure profiles
across the bilayer remain critical parameters for correctly
modelling peptide/protein insertion, folding and structure
in membrane simulations.

Another significant revelation in the Complete Structure
was the true nature of the interface between the hydrocarbon
core and the bulk water. Memorably described in the Com-
plete Structure as a region of “tumultuous chemical hetero-
geneity”, the interfaces of a fluid bilayer occupy fully half
the total thickness of the bilayer. All lipid groups, including
the terminal methyl groups (Mihailescu et al. 2011), spend
some of their time in the interface due to their thermal
motion. The interface also contains a significant amount of
water. The time-averaged density of these groups creates
a gradient of polarity, Fig. 1b, that forms a broad zone of
transition between the very polar bulk water phase and the
very non-polar hydrocarbon core, in the center of the bilayer.
Importantly, the Complete Structure showed that the inter-
facial zones each occupy ~ 15 A along the bilayer normal,
more than wide enough to encompass whole elements of
protein secondary structure (Fig. 1b). Hristova, with White
and others, demonstrated experimentally that amphipathic
a-helical peptides are readily accommodated within the
bilayer interfacial zone (Hristova et al. 1999, 2001). The
existence of these broad interfacial zones, with physical
properties that are very different from the hydrocarbon
core, means that a minimum of two hydrophobicity scales
are needed to describe the thermodynamics of peptides and
proteins partitioning into a lipid bilayer (White and Wimley
1999); at least one for the interface(Wimley and White 1996)
and one for the hydrocarbon core (Wimley et al. 1996). Fur-
ther, the broad interfacial zones mean that the thermody-
namic cost of partitioning charged and polar molecules in
the bilayer is much lower than previously thought (Hessa
et al. 2005; Schow et al. 2010; Hristova and Wimley 2010).

Nonetheless, for peptides and proteins that partition into
the bilayer interface, the reduced polarity, compared to
bulk water, greatly increases the thermodynamic favora-
bility of hydrogen bonded-secondary structure, giving rise
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to a very strong coupling between membrane binding and
folding, a concept that has been useful in the understand-
ing of membrane active peptides as well as membrane pro-
teins (White and Wimley 1999).

Although the hydrocarbon core occupies only half
the total thickness of the bilayer, the Complete Structure
verified what many other researchers had previously con-
cluded; the ~25-30 A thick hydrocarbon core has a low
abundance of water and lipid polar groups, making it one
of the most hydrophobic micro-environments known in
biology. Gunnar von Heijne, with White and others, later
showed that the translocon, the protein machinery that
folds and inserts membrane proteins in the endoplasmic
reticulum, acts in accordance with the transmembrane
distribution of polarity first revealed in the Complete
Structure of DOPC (Ojemalm et al. 2011). The effective
hydrophobicity sensed by the amino acids in a potential
membrane spanning helix is highest in the center of the
membrane, becoming lower as the amino acid in ques-
tion is moved away from the hydrocarbon core towards
either interfacial zone. While the mechanistic details of
translocon-mediated insertion and folding are still being
investigated, the Complete Structure of DOPC set the stage
for understanding the role of the bilayer physical proper-
ties in the process.

Conclusion

Although Benjamin Franklin and his contemporaries missed
their chance in 1774 to be the first membrane biophysicists,
many other great scientists helped evolve our view of the
structure of the lipid bilayer membrane. For a long time,
the prevailing cartoon image of a lipid bilayer had been that
of a hard-edged slab of hydrocarbon, created by lipids with
a thin interface and little or no thermal motion along the
bilayer normal. Such simplistic cartoons of bilayers not only
imply the wrong structure and dynamics, but also ignore the
immense compositional and spatial complexity of cellular
membranes (Lorent et al. 2020). Here, I have highlighted
how Stephen White and colleagues contributed to our mod-
ern view of the bilayer by giving us the Complete Structure
of a fluid phase lipid bilayer membrane. They helped us to
see the whole structural and dynamic complexity previously
reported, in part, by many others. Unfortunately, old ideas,
and simplistic cartoons, die only very slowly. Incorrect and
unrealistic depictions of static, rigid, uniform membrane
structures, with thin interfaces, have not yet been eradicated
from textbooks, scientific papers, and the internet. Such
images may adversely affect how scientists and students
think about membrane biology, so we should do our best to
present realistic images of bilayer structure and dynamics.
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