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Abstract

Membrane lipid composition can vary dramatically across the three domains of life and even
within single organisms. Here we review evidence that the lipid-exposed surfaces of membrane
proteins have generally evolved to maintain correct structure and function in the face of major
changes in lipid composition. Such tolerance has allowed evolution to extensively remodel
membrane lipid compositions during the emergence of new species without having to extensively
remodel the associated membrane proteins. The tolerance of membrane proteins also permits
single-celled organisms to vary membrane lipid composition in response to their changing
environments and enables dynamic and organelle-specific variations in the lipid compositions of
eukaryotic cells. Membrane protein structural biology has greatly benefited from this seemingly
intrinsic property of membrane proteins: the majority of structures determined to date have been
characterized under model membrane conditions that little-resemble native membranes.
Nevertheless, with a few notable exceptions most experimentally-determined membrane protein
structures appear, to a good approximation, to faithfully report on native structure.

It has long been appreciated that membrane proteins (MPs) are not always fully functional
following purification into model membranes such as detergent micelles or lipid-detergent
mixed micelles. Reduced functionality can reflect destabilization, misfolding, or
perturbation of MP structure in model membranes relative to native bilayer conditions. Loss
or perturbation of MP function can also reflect a requirement by certain MPs to form
specific complexes with lipids, which may play co-factor roles in promoting function and/or
serve to buttress native structure (reviews in (1-10)). Recent biophysical and structural
studies of integral MPs have also highlighted the degree to which some model membranes
such as micelles or lipid-detergent mixed micelles can fail to fully support native MP
stability or structure. For example, homodimerization of single-span MPs such as the
receptor tyrosine kinases is sometimes weaker in detergent micelles than in bilayers (review
in (11)), reflecting a reduction in the free energy for dimerization in micelles relative to
bilayers by as much as 5 kcal/mol (12). Another example is provided by the initial high
resolution structure determined for a voltage-gated potassium channel, KvAP, which was
crystallized from micelles (13). KvAP was seen to have a distorted disposition of the voltage
sensor domain relative to the channel domain, a fact that was appreciated later when a more
native-like structure was crystallized from lipid-containing mixed micelles (14).

Data such as that cited above has helped to drive the development of model membranes such
as bicelles, lipidic cubic mesophases, and nanodiscs that capture some of the advantages of
working with micelles and mixed micelles while at the same time providing a bilayered
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environment for MPs reconstituted therein (15-18). Moreover, techniques such as electron
2-D crystallography and solid state NMR are increasingly being used to directly probe MP
structure in actual bilayered lipid vesicles, sometimes to high resolution (see later section).

In the laudable impetus to carry out quantitative structural and functional measurements
under membrane conditions as close to native as possible, it can be tempting to view current
and previous studies of MPs conducted in model membranes with a skepticism that extends
beyond well-justified caution regarding extrapolating results obtained using model
membranes to the situation in native membranes. However, we suggest that there are a
number of reasons that an overly judgmental view of the relevance of model-membrane-
derived results is not well-justified. One reason is the tremendously useful body of
information gleaned from the many dozens of high resolution structures of MPs determined
during recent years, the vast majority of which employed detergent micelles as the model
membrane medium. Structural advances have been matched by tremendous progress in
studies of MP folding/stability and of MP function, work that has also relied heavily on
results derived using non-bilayered model membranes. It can also be observed that “native
membrane conditions” represent an ideal rather than a fixed reality in light of the facts that
(i) a given MP will often traffic through several different organelles, each with a distinct
lipid composition, en route to its destination membrane, (ii) membrane lipid composition is
dynamic even within a single plasma or organellar membrane, (iii) even within a single
membrane, all components are not uniformly and randomly mixed, but some lipids and
proteins will transiently form domains, the components of which are likely to also spend
significant time in the bulk (unorganized) membrane domain, and (iv) there can be even
more dramatic variations in lipid composition from organism to organism (see sections
below for more on this topic). Even studies conducted directly on unpurified MPs in natural
membranes often rely on conditions in which the protein of study is highly overexpressed
relative to normal physiological conditions.

In this review we explore a more fundamental reason why studies of MPs in model
membranes have been and are likely to continue to be informative. We propose that many
MPs are remarkably tolerant of significant variations in membrane composition, reflecting
the outcome of strong evolutionary selective pressure to be so. In the following sections we
cite bodies of evidence that this is the case. We emphasize that the purpose of this review is
NOT in any way to either discount previous work documenting specificity of MP-lipid
interactions or to encourage irresponsible use of model membranes. Rather, the purpose is to
highlight evidence that many MPs appear to be quite tolerant of major variations in
membrane composition and to reassure those pursuing structural or biochemical studies of
MPs in model membranes that good faith efforts to conduct experiments using the best
available model membrane medium compatible with a given experimental approach are
likely to be rewarded by illuminating data.

E. coli can survive knockout of all major classes of phospholipids

The tools of microbial genetics have been extensively used during the past 30+ years to
explore lipid metabolism and homoeostasis in E. coli, with mutations being used to knock
out enzyme activities required for biosynthesis of various native lipid species (19-21). A
major goal of these studies has been to discover specific roles for various phospholipid
species in E. coli physiology and associated cellular biology, biochemistry, and biophysics.
For example, elegant work from the Dowhan lab has established the fact that the presence of
phosphatidylethanolamine (PE) is required in order for certain transporters such as lactose
permease to adopt their correct topology in the plasma membrane and to functional normally
(22). A long term focus of the genetic studies has been to unravel specific examples where
lipids play specific roles in regulating or sustaining normal structure and function. However,
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a largely overlooked outcome of these studies is a large body of evidence that E. coli is
remarkably tolerant of extensive remodeling of its phospholipid composition.

Figure 1 (adapted from (20)) illustrates the plasma membrane (PM) lipid compositions of
wild type and phospholipid biosynthesis knock-out mutant strains of E. coli at various stages
of growth and/or under unusual culture conditions. Represented in this figure are wild type
E. coli (example 1) and strains in which its major phospholipids, phosphatidylethanolamine
(zwitterionic), phosphatidylglycerol (PG, anionic), and cardiolipin (CL, anionic) have each
been eliminated. Also represented is a strain in which both PG and CL have been removed.
Very unusual PM lipid compositions have been observed. One strain has membranes that are
almost exclusively zwitterionic (example 5); some have lipids that are almost exclusively
anionic (examples 2 and 4); one has membranes composed almost exclusively of cardiolipin
(example 4)—a lipid with a non-conventional architecture (see Figure 2); yet another has
membranes that are almost exclusively composed of lipids that are present only in very low
quantities in wild type cells (example 9). Despite such extreme differences in lipid
composition life persists, although the mutant strains often have more stringent growth
requirements and are less robust than wild type strains. It can also be pointed out that E. coli
and its set of essential MPs are also remarkably tolerant of the introduction of foreign lipids
such as phosphatidylcholine (up to at least 70% of total lipid (23)) or mono- or
diglucosyldiacylglycerols (at 40% of total lipid, (24-26)). Some foreign lipids can
successfully substitute for PE to fulfill its role in facilitating adoption of correct topology of
lactose permease (22), among which is glucosyl-diacylglycerol, the headgroup of which
resembles PE only in that both have a net charge of zero (26). The results summarized above
strongly suggest that a many of the of MPs present in E. coli are tolerant of major changes in
membrane lipid composition, remaining correctly threaded into the plasma membrane,
reasonably stable, and functional despite the loss of their usual phospholipid neighbors.

Membrane lipid composition is not static but can vary dramatically during
the lifetime of a cell

Any given MP inhabits a variety of different lipidic environments during its lifetime.
Eukaryotic MPs destined to reside in the PM are first synthesized and inserted into the
membrane of the endoplasmic reticulum (ER), transported to the Golgi body, and then
finally make their way to the PM. Each of these organelles has a different lipid composition,
with levels of cholesterol in the membrane varying from <15% in the ER to 20-50% in the
PM of mammalian cells (27, 28). The ratios of different phospholipids often vary greatly
between the organelles (27, 29-32). For instance, sphingomyelin makes up a significant
percentage of the phospholipids in the mammalian PM while sphingolipid content is very
low in the ER (27). The PC:PE:PI:PS ratio in the PM of rat liver is 28:17:6:6, while in the
Golgi and the rough ER it is 44:19:7:2 and 54:20:9:3, respectively (31). Similarly,
ergosterol:phospholipid ratios are greater at the plasma membrane (1:2) of yeast than in
organelles, where they range from 1:50 in the outer mitochondrial membrane and 1:30 in the
peroxisomes to 1:3 in lipid particles. Yeast inositol sphingolipids are greatly enriched at the
PM (ca. 25%) relative to other organelles (e.g., near 0 in the ER) (27, 33). Even more
specific differences between organelles exist. For example, phosphatidylserine and
phosphatidylethanolamine in the PM have fatty acid compositions that are 40% and 30%
saturated, whereas the corresponding degree of saturation for these lipids at the whole cell
level are 29% and 16%, respectively (33). Based on the observations outlined above, it can
reasonably be inferred that most MPs remain essentially folded in a variety of lipid
environments as they move from the ER to their destination membranes, an inference that
does not imply that the functions of these proteins are independent of environment. These
environments may vary in their bilayer thickness and bilayer fluidity as a consequence of
variations in sphingolipid and cholesterol content as well as acyl chain composition.
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In addition to trafficking through the secretory pathway en route to their destination
membranes, MPs are subject to internalization by pinocytosis and endocytosis and many are
recycled from endosomes back to the plasma membrane (34). Studies of cultured
hepatocytes indicate that these cells turnover the equivalent of their plasma membrane
surface areas ca. 5 times every hour (35). In plant cells, plasma membrane turnover rates can
be as rapid as once every ten minutes (36). MPs internalized and recycled back to the plasma
membrane are likely experiencing rapid variations in the local lipid composition and yet
retain their essential fold and ultimately remain functional after these transitions.

Cellular lipid composition also changes in response to various developmental and
environmental conditions. Alterations of the fluidity of the bilayer are evident from studies
of hepatocytes as they progress through the cell cycle, with an increase in membrane fluidity
due to decreased cholesterol:phospholipid ratios (dropping from a resting ratio of 3:4 to
under 2:4 during early regeneration) accompanying rapid cellular proliferation (37).
Neuroblastoma cells, which are often employed as a model for malignant cell
differentiation, show significant increases in cholesterol:phospholipid ratios during
differentiation—from 1:3 to 1:2 in the whole cell (38). Human epidermal cells also show
large changes in lipid composition during differentiation, such as an enrichment of
sphingolipids (which comprise from 7% the lipids of the strata basal and strata spinosum to
18% of the lipids of the stratum corneum) and neutral lipids (from 51% in the strata basal/
spinosum to 78% in the stratum corneum) coupled with a decrease in the fraction of polar
lipids (from 45% in the strata basal/spinosum to 5% in the stratum corneum) (39). E. coli,
too, demonstrates lipid remodeling during growth. For example, when grown in minimal
medium only 5% of the lipids of E. coli K-12 strain contained cyclopropane-containing fatty
acyl lipids in a 4.5 hour culture, while at 17 hours this number rose to 32% (40).

Studies on various plant species show that lipid composition is altered in response to
environmental conditions such as mineral exposure, aluminum stress, temperature variation
and light exposure (41-44). Similarly, yeast show lipid composition alterations in response
to nutrient source and temperature variation (45, 46). These alterations can range from
changes in saturation levels, large changes in sterol:phospholipid ratios, and significant
differences in the ratios of the most prevalent phospholipids. For instance, in soybean plants,
heavily shaded leaves see a decrease in the 18:3 fatty acids coupled with an increase in the
18:1 and 18:2 fatty acids, with the most desaturated 18:3 fatty acids decreasing by over 40%
in the most heavily shaded leaves (44). Not surprisingly, heat-stressed plants experience an
increase in the saturation levels of the fatty acyl tails of their membrane lipids to maintain
appropriate membrane fluidity and stability under hot conditions (43). The peroxisomal
membrane lipid composition of the yeast Pichia pastoris is altered by carbon source, with
80% of lipid fatty acyl groups becoming oleoyl when the yeast are cultivated with oleic acid
as the major carbon source, relative to only 30% otherwise (45).

The sometimes large variations in lipid and fatty acid content surveyed above are
representative of what likely is very common throughout all domains of life. Such variations
in lipid composition will, of course, often be accompanied by alterations in MP composition
via changes in transcription/translation/degradation as well as a result of altered protein
trafficking. Such variations are also likely to alter the functions of many MPs through
specific protein-lipid interactions and/or by altering the bulk properties of the surrounding
bilayer (fluidity, thickness, etc.). However, it can also be inferred that a great many MPs
must be fairly tolerant of swings in membrane composition—remaining membrane-
integrated, correctly folded, and functional. Else, life would cease.
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Many MPs have been conserved by evolution throughout all domains of life. Based on a
limited body of high-resolution structural data (below), it appears that MPs have generally
similar 3-D structures throughout all domains. Such high retention of protein structure
across eons of evolutionary time is in stark contrast to membrane lipid architecture and
composition. While the building block amino and nucleic acids used in proteins, DNA, and
RNA are essentially invariant across the furthest extremes of terrestrial and marine life, the
building block lipids of membranes can exhibit remarkable diversity from organism to
organism (see reviews in (27, 29, 32, 47-51)). The dominant lipids of hyperthermophilic
archaebacteria, which include cyclical ether-linked isoprenoid bolalipids (see Figure 2 and
(50)), are vastly different from the glycerophospholipid mixtures that dominate E. coli and
many other eubacteria, which in turn only partially overlap with the lipid compositions of
vertebrates, the latter of which include not only glycerophospholipids but also abundant
sphingolipids and cholesterol (see Figure 2). Plant chloroplast lipid compositions, on the
other hand, are often rich in neutral glycolipids (52). Diversity is great even among Gram
negative bacteria: E. coli is dominated by the diglyceride phospholipids PE, PG, and CL, yet
membranes of Trepenoma pallidum contain >50 mol% neutral glycolipid—galactosyl-
diglyceride, while >75% of the lipids of Megasphaera elsdenii are plasmalogen-based (48).

Given the widely variant and distinctive membrane compositions that have arisen in
different lineages, one might expect that this would place evolutionary pressure on lipid-
exposed residues of protein TMDs to diverge in an effort to adapt to relatively rapidly
evolving changes in membrane compositions. However, lipid-exposed surfaces of MPs
exhibit about the same degree of (relatively low) sequence conservation as water-exposed
surfaces of both membrane and water soluble proteins (53, 54). This is despite the fact that
the molecular identities of the “solvent” lipid molecules within the membrane vary
dramatically, in contrast to the constancy of water.

There are a few examples where the same MP from more than one organism has had its
structure determined to high resolution. In some cases, the membranes of these organisms
are widely divergent, yet the structures remain similar. Consider thermophilic eubacteria and
hyperthermophilic archaebacteria, whose membrane lipid compositions are very different
from mesophilic bacteria such as E. coli and eukaryotic membranes. One might expect that
there would be substantial differences in MP structure between thermophiles and mesophiles
both to confer thermostabilization and also to reflect adaptation to the very significant
differences in the structures of the lipids found in thermophiles relative to mesophiles.
However, we can cite examples of MPs from thermophiles that are very similar to those
found in mesophilic bacteria or higher organisms, at least in terms of static structure.

The lipids of the eubacteria genus Thermus have been determined to have high proportions
of glycolipids and glycophospholipids in their membranes, with the fatty acyl tails being
mainly composed of branched chains (55, 56). A crystal structure of a beta-barrel outer
membrane protein TtoA from Thermus thermophilus HB27 (optimal growth temperature
70°C) shows no obvious structural differences from mesophilic beta-barrel outer membrane
proteins(57, 58). An alignment of TtoA’s structure with that of OmpA from the E. coli outer
membrane demonstrates high conservation of structure as well as some sequence similarity
within the transmembrane regions (Figure 3) (48, 59-61). Indeed, the overall RMSD for the
corresponding alpha carbons in the two structures is only 1.1 A

To cite another example, Archaeoglobus fulgidus is an archaebacterial thermophile (optimal
growth temperature is 83°C) that has a very exotic lipid composition, with the two major

Biochemistry. Author manuscript; available in PMC 2012 September 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanders and Mittendorf Page 6

lipid backbones being ether-linked diglycerides of either conventional (diether) or cyclical
tetraether bolalipid architecture ((50, 62) see Figure 2). The chains are composed of
saturated isoprenoids. It has been shown that the ratio of the tetraether bolalipid to diether
lipids increases with increasing growth temperature (ratio = 1:1 at 83°C), indicating that the
bolalipids are involved in imparting extreme thermostability (63). Despite the extreme
differences in lipid structure between this organism and E. coli, the ammonium transporter
Amt-1 from Archaeoglobus fulgidus is remarkably similar to that of the E. coli transporter
AmtB, as illustrated by superposition of the two structures ((64, 65) Figure 3), where the
RMSD for the transmembrane domain alpha carbons is 0.9 A). The crystal structure of a
second MP from Archaeoglobus fulgidus, an aquaporin, was recently determined by the
Stroud lab (PDB ID: 3NEZ2). This protein shares ca. 30% sequence identity with the E. coli
aquaporin AgpZ, for which a crystal structure is also available (66). A superposition reveals
very similar structures (see Figure 3), with an RMSD for the transmembrane domain alpha
carbons in the two structures of 0.94 A.

That lipid structure is so highly variable from organism to organism likely reflects a
combination of both evolutionary selective pressure placed upon a successful membrane to
adapt to changes in environment (temperature, energy and/or carbon sources, pH, hostile
neighbors, etc.) and evolutionary drift. That MPs, in contrast, are often structurally well-
conserved between evolutionarily-distant organisms likely reflects the fact that all PMs
share some common structural and dynamic properties under organism-specific
physiological conditions even though their lipids are highly divergent. At the same time, it
appears equally likely that widely-retained MPs have been selectively adapted so as to
remain foldable, stable, and functional despite variations in membrane composition. It seems
that in the development of new species evolution can substantially alter membrane lipid
composition without at the same time having to dramatically alter the organismal
complement of membrane proteins.

Aquaporin-0 has atolerant lipid-exposed surface

Aguaporin-0 (AQPO) is a tetrameric helical MP that serves as a water channel in the fiber
cells of the vertebrate ocular lens and also forms intermembrane junctions between layers of
flattened cells. T. Walz and co-workers carried out pioneering structural studies that
provided atomic level details of the interaction of this protein with its annular layer of
interacting lipids. (For other examples of MP structures in which annular lipids have
observed see (67) and references therein). 2-D crystals of sheep AQPO were prepared in
lipid bilayers and then structurally characterized using electron crystallography. This led to a
1.9 A structure of the protein in dimyristoylphosphatidylcholine (DMPC) bilayers (68) and
to a 2.5 A structure in bilayers composed of E. coli phospholipids (69), (see Figure 4). In
both structures the annular lipids interacting directly with the exposed surface of the
transmembrane domains of the tetramer are observed, revealing specific modes of direct
interaction with the protein surface. The annular lipid-to-protein subunit stoichiometry is in
each case 7:1. There are a number of interesting observations that can be made about these
structures.

First, even though both structures reveal preferred modes of acyl chain/AQPO interactions,
neither pure DMPC nor E. coli phospholipids reflect compositions that are similar to the
lipid composition of native lens fiber membranes. Those membranes are extremely rich in
both cholesterol and sphingolipids, to the extent that they can be considered to be
homogenously raft-like in composition and biophysical properties (70, 71). It is remarkable
that AQPO exhibits specific and preferred modes of interactions with its surrounding lipids
even when those lipids are very different from its neighboring lipids under physiological
conditions.
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Secondly, while both DMPC and E. coli lipids exhibit preferred modes of interaction with
the sheep AQPO surface, the set of binding modes for the 7 annular DMPC molecules is
distinctly different from the 7 E. coli lipids (Figure 4). DMPC differs from the E. coli lipids
by having two relatively short and fully saturated acyl chains, whereas E. coli lipids usually
have both a saturated chain and an unsaturated chain, both of which are typically longer than
the C14 chains of DMPC. In both cases the acyl chains fit into grooves on the surface of the
transmembrane domain. It is notable that these grooves are able to accommodate multiple
(alternative) modes of acyl chain interactions to suit the properties of its lipid neighbors in
terms of chain length and possible sites of cis double bonds—even when these lipid
neighbors are non-native.

While E. coli lipids form fluid phase bilayers that are significantly thicker than liquid
crystalline phase DMPC, the structure of the protein is seen to be nearly identical regardless
of which lipids were used during 2-D crystallization (see Figures 1D and 4 (69)). Indeed, the
X-ray crystal structure of bovine AQPO determined in alkylglycoside micelles is nearly
identical to that determined in the electron crystallographic structures (see Figure 4 in
reference (72)).

While we do not yet know the degree to which AQPO can be regarded as a typical MP in
terms of its interactions with lipids, the above observations suggest a structural basis for MP
tolerance. The hydrophobic grooves on the lipid-exposed surface of AQPQ’s transmembrane
domain are compatible of participating in multiple alternative modes of intimate interaction
with lipid chains, even involving chains that may be rare or completely absent in native
membranes. It is as if the surface of AQPO is similar to a “master key” with one defined set
of notches that can nevertheless open many different locks. This surface appears to reflect
the Scouting imperative “Always be Prepared” in terms of being able to accommodate a
wide range of surrounding lipid compositions.

Despite being from organisms with very different membrane compositions from each other
(see Figure 2) and from lens AQPO, the lipid-exposed surfaces of the E. coli and
hyperthermophilic A. fulgidus AQPZ proteins exhibit surprisingly similar structural
properties to the lipid-contact face of AQPO (Figure 4). In all three structures, a tract of large
non-polar residues crisscrosses the lipid-contact surface found in the AQPO structure (see
Figure 4). In addition, the aquaporins presented here have a similar pattern of aromatic
residues on the lipid-contact face. When the E. coli lipids from the O. airies (sheep) AQPO
structure are overlaid across the E. coli and A. fulgidus crystal structures (as shown in Figure
4), it appears that these structures may similarly be able to accommodate these lipids with
only minor adjustments in acyl chain and head group positions. In fact, in the E. coli
structure, which was crystallized in micelles of n-octylglucoside, the detergent molecules are
found on the natively lipid-exposed face, with the hydrophobic tails lying along similar
grooves to the E. coli lipid niches in the lens AQPO structure (PDB ID: 1RC2 (66)). This
conservation would imply that the aquaporins did not need to drastically alter their lipid-
contact surface properties over the course of evolution, despite the large changes in lipid
composition of the evolving membranes. This observation provides further support for the
notion that the lipid-exposed surfaces of aquaporins are capable of accommodating multiple
modes of lipid-protein interactions.

The AQPO protein was seen to be resistant to structural changes induced either by differing
modes of lipid interactions in membranes of different compositions or to differing preferred
bilayer thicknesses for the mixtures of lipids in the membrane surrounding the protein.
AQPO’s tolerance is apparently rooted in a healthy intrinsic structural stability.
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Final Observations and Conclusions

Numerous additional examples of tolerance are provided by MPs that have been purified and
then functionally reconstituted in model membranes that often are very different in
composition than their native membranes. To cite an extreme example, E. coli
diacylglycerol kinase (DAGK) is a homotrimer with three transmembrane helices per
subunit that catalyzes an interfacial reaction between a lipid and a water soluble substrate
(73). Over 50% of DAGK’s residues lie within the membrane and its active site is partially
membrane-submerged. DAGK is active in a variety of different types of detergent micelles
provided that lipid is present, with full activation usually being observed at 10-20 mol%
lipid content (74-76). However, the lipid specificity is low—full activation can be
accomplished even using lipids not found in E. coli, such as saturated phosphatidylcholine
or hexadecylsulfate (74-76). More recently, using a water soluble form of diacylglycerol, it
has also been shown that DAGK is fully active in certain lysophospholipid micelles even in
the complete absence of any non-substrate lipid (77). Indeed, DAGK has been shown to be
fully active in lipid- and detergent-free amphipathic polymers known as “amphipols” (78),
in CHAPSO-DMPC bicelles (79) and in lipidic cubic phases composed of monoolein (80).
E. coli DAGK has also been shown to retain function following expression in mammalian
COS cells (81). DAGK is highly active following reconstitution in lipid vesicles, with
maximal activity being observed in vesicles composed of dioleoylphosphatidylcholine (not
present in E. coli membranes), and somewhat lower activity being observed in vesicles
composed of lipids chosen to mimic the lipid composition of the plasma membrane of E.
coli (82, 83). That DAGK is so exceedingly tolerant of extreme variations in its membrane
milieu may be closely related to the extremely high thermal stability of this protein in native
membranes (cf., (84)). Indeed, the fact that E. coli membranes can be boiled for several
minutes without any loss of DAGK activity suggests that DAGK’s thermal stability may
have been “overdetermined” by evolution. Perhaps this trait represents a “reserve” of
intrinsic stability that is not normally essential to DAGK or its host during the normal life
span of an E. coli bacterium, but that could facilitate evolutionary membrane remodeling
under conditions of selective pressure. While most membrane proteins are much less stable
than DAGK, this enzyme illustrates the extreme degree to which evolution can sometimes
confer tolerance to MPs.

In addition to numerous examples of reconstituting MPs into non-native model membranes,
there are also examples of functionally expressing a MP from one organism in another
organism that has a very different membrane composition. A revealing example is provided
by a number of mammalian G protein-coupled receptors that have been expressed into the
plasma membrane of E. coli and shown to remain functional, at least to the extent that they
retain the ability to specifically bind antagonists with high affinity (85-89). Such retention
of function is despite the fact that cholesterol is thought to be important for the stability and
function of some of these receptors, but is not present in E. coli (see review in (6)).

Finally, we note that there are a number of MPs that have now been crystallized from both
detergent micelles and from bilayered model membrane media (bicelles or lipidic cubic
phases). These proteins, which include AQPO (see above), the rhomboid protease (67),
bacteriorhodopsin (17), and VDAC (90) have been seen to adopt similar structures in both
detergents and bilayered model membranes, again supporting the notion that MPs are often
remarkably tolerant of their membrane or membrane-mimetic environment. There are, of
course, relatively rare exceptions such as the KvAP potassium channel, whose flexibly-
linked multidomain architecture makes it particularly susceptible to micellar distortion (see
Introduction). Also, it is acknowledged that at least some of the membrane proteins (such as
AQPO0) that have yielded to high resolution structural analysis represent “low hanging fruit”
in terms of being relatively stable and rigid membrane proteins. It should also be noted that
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even for proteins that exhibit the same static structure when determined in both detergent
micelles and in lipid-containing model membranes it has been seen that the conformational
flexibility of the protein in micelle-derived crystals is higher than in crystals with lipids
present (91).

To conclude, we emphasize that it is abundantly clear (1-10) that many membrane proteins
require specific lipid cofactors for proper folding, structure, and/or function. Some
membrane proteins also have rather specific requirements regarding membrane fluidity,
thickness, lateral surface pressure, or other membrane properties. However, the data
highlighted in this review suggests that some degree of fundamental tolerance to variations
in membrane lipid composition is also a trait that has been conferred in varying degrees by
evolution to many—if not all—membrane proteins. In this regard we should note that there
is no inherent contradiction between this property and the notion that many membrane
proteins also have specific lipid or membrane requirements. For example, a given membrane
protein might be generally tolerant of a wide range of membrane compositions and yet still
have a specific lipid cofactor requirement in order to function, both of these traits having
been evolutionarily-selected. Here, we have suggested a couple of structural and biophysical
mechanisms that may have been used by evolution to help confer tolerance to some
membrane proteins: protein stabilization and the generation of grooved “master key”-like
lipid exposed surfaces. There likely are others. Tolerance is an intrinsic property shared by
many membrane proteins that helps to explain the spectacular success of the reductionist
approach to membrane biology, which has relied heavily on the assumption that illuminating
and biologically-relevant information can be gleaned from carefully-controlled studies of
membrane protein structure, folding, and function under model membrane conditions. Such
studies should, of course, always employ the most realistic model membranes that are
consistent with a given experimental approach and should also include verification of
protein functionality, when possible.
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CHAPSO 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
CL cardiolipin

DAGK diacylglycerol kinase

DMPC dimyristoylphosphatidylcholine
DPM diphosphatidylmannitol

E. coli Escherichia coli

ER endoplasmic reticulum

MP membrane protein

NMR nuclear magnetic resonance

O. airies Ovis airies

PM plasma membrane
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Figure 1.

Phospholipid compositions observed for various strains of E. coli, as measured at various
growth phases or following culturing in unusual media. Example 1 is wild type strain SD12
during exponential growth. Example 2 contains an interrupted allele of PS synthase in strain
AH930 during exponential growth. Example 3 is strain SD10, which contains a temperature
sensitive PS synthase, during exponential growth. Example 4 is strain SD10 grown at
stationary phase. Example 5 is a double mutant of strain SD312 containing a mutated
phosphatidylglycerophosphate synthase and a defective CL synthase during exponential
growth. Example 6 is strain CB64-CLI with a knockout of CL synthase during exponential
growth. Example 7 is strain SD9 containing a temperature sensitive PS synthase and a
defective CL synthase during exponential growth. Example 8 is strain SD10 (see example 3)
grown under high D-mannitol conditions during exponential growth. Example 9 is strain
SD10 grown under high mannitol conditions during stationary phase. Abbreviations:
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL),
phosphatidylmannitol (PM), diphosphatidylmannitol (DPM), phosphatidylserine (PS). This
figure was adapted from (21).
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Structures of representative lipids from different domains of life. Cholesterol and
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sphingolipids such as sphingomyelin are found primarily in eukaryotes. Phosphatidylcholine
is among the most common glycerophospholipids of higher eukaryotes, but is less common
in bacteria (and is absent in E. coli). Phosphatidylethanolamine is common both in bacteria
and eukaryotes. Glucosyldiglyceride and related neutral glycoglycerolipids are the often the
most common lipids of plants. Cardiolipin is common in bacteria and in the mitochondria of
eukaryotes. Ether-linked isoprenoid lipids such as those exemplified by the bottom and far

right lipids dominate the membraned of thermophilic archaebacteria (50, 62).
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180°

Figure 3.

Superpositions of structures of thermophilic archaeal membrane proteins on those of
mesophilic counterparts reveal high similarity. Views onto the membrane surface are from
the extracellular space (second panel from right) and from the cytosol (far right). (Top
Panel) Superposition of porins TtoA from Thermus thermophilus (green, PDB ID: 3DZM
(58)) and OmpA from E. coli (magenta, PDB ID: 1QJP (59)). (Middle Panel) Superposition
of ammonium transporters Amt-1 from the archaeal hyperthermophile A. fulgidus (green,
PDB ID: 2B2H (64)) and AmtB from E. coli (magenta, PDB ID: 1U77 (65)). (Bottom
Panel) Superposition of aquaporin from A. fulgidus (green, PDB ID: 3NE2) with AgpZ from
E. coli (magenta, PDB ID: 1RC2 (66)).
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Figure 4.

The lipid-contact faces of aquaporins from three domains of life show some common
features. (A) Depiction of the lipid contact faces of aquaporins from an hyperthermophilic
archaebacterium, A. fulgidus (PDB ID: 3NE2), E. coli (PDB ID: 1RC2 (66)), and O. airies
(sheep) (PDB ID: 3M9I (69)). Residues are colored as follows; red: polar residues; blue:
large hydrophobic; green: aromatic/His; purple: small (Gly, Ala, Ser, Cys). In all three
cases, the structures have been overlaid with the annular E. coli lipids as found in the
structure of sheep aquaporin crystallized in the Walz laboratory (PDB I1D: 3M9I). (B)
Structure-based sequence alignment of the aquaporins depicted in (A). Arrows denote
residues that were in direct contact with the lipid aliphatic chains in the sheep AQPO
structure. Red arrows depict residues in contact with the head groups. Color coding of
residues is as given above for (A).
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