Chapter 16
Hydrophobic Mismatch in Membranes:
When the Tail Matters

Bhagyashree D. Rao, Sandeep Shrivastava, and Amitabha Chattopadhyay

Abstract Hydrophobic mismatch is a specific case of lipid-protein interaction that
takes place when the hydrophobic thickness of the transmembrane region of a
membrane protein does not match the hydrophobic thickness of the membrane in
which it is localized. Depending on the type of mismatch (positive or negative), the
responses of membrane lipids and proteins vary. Hydrophobic mismatch could lead
to changes in membrane protein folding, conformation, oligomerization and activ-
ity due to adaptation (mismatch response) by lipids or proteins. Hydrophobic mis-
match can be observed in peptides as well as in larger transmembrane proteins that
traverse the membrane a number of times such as G protein-coupled receptors
(GPCRs). We propose a model of GPCR activation via hydrophobic mismatch
based on literature data. Hydrophobic mismatch could play a role in cellular sorting
and trafficking due to the gradient of cholesterol present in cellular organelles
which gives rise to a gradient of increasing bilayer thickness from the endoplasmic
reticulum to Golgi to the plasma membrane. We envision that hydrophobic mis-
match could be an important player in lipid-protein interactions in the complex
cellular milieu.
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16.1 Lipid-Protein Interaction

Biological membranes are organized molecular assemblies held together due to
the hydrophobic effect [1] and display large variations in their lipid and protein
compositions. They offer individual identity to the cell and its organelles, and are
involved in cell-cell communication. Membrane proteins are crucial since they
carry out a number of vital processes in cells and cell membranes help in
maintaining an optimum environment for their function. Contrary to earlier
models [2], cellular membranes are often crowded [3, 4] with a high protein
density (typically ~25,000 proteins/um?; [5]). This is particularly true for bio-
logical membranes that carry out important cellular functions. A consequence of
such crowding is that lipid-protein interactions play a crucial role in maintaining
the structure and function of biological membranes [6, 7]. A major part of mem-
brane proteins is immersed in the lipid bilayer and this offers a chance to mem-
brane lipids to interact with the proteins for optimum functioning. Variations in
cell membrane lipid composition due to stress or stimuli could therefore alter
lipid-protein interactions.

In most cases of lipid-protein interactions, the interaction is mainly between
various residues of the protein and the headgroup of the lipid (the hydroxyl group
in case of cholesterol-protein interactions). However, there is a particular type of
lipid-protein interaction, where the tail of the lipid is more important in terms of
interaction with the membrane protein or peptide (and therefore ‘the tail
matters!’).

16.2 Hydrophobic Mismatch

The hydrophobic thickness of the membrane is a fundamental property that has a
profound effect on transmembrane protein structure and function [8, 9]. Hydro-
phobic mismatch is a specific case of lipid-protein interaction that takes place when
the hydrophobic thickness of the transmembrane region of a membrane protein
does not match the unperturbed hydrophobic thickness of the membrane in which it
resides (see Fig. 16.1). Hydrophobic mismatch could lead to changes in membrane
protein folding, conformation, and activity [10—12]. Such mismatch has obvious
energetic consequences due to the juxtaposition of energetically unfavorable
regions of the membrane lipids and the protein. While many lipid-protein interac-
tions involve interaction of specific residues of membrane proteins with specific
lipid headgroups (such as negatively charged lipids), hydrophobic mismatch is
dependent on the hydrophobic thickness of the membrane bilayer, specifically of
the annular lipids and the hydrophobic surface of the protein in contact with the
membrane lipids. Mismatch is therefore an interaction that causes local pertur-
bations in the membrane and may be linked to lateral heterogeneity in the mem-
brane [13, 14].
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Fig. 16.1 A schematic representation of two types of hydrophobic mismatch and possible
adaptations by membrane lipids. (a) A positive mismatch is induced when transmembrane domain
length (dry) of the membrane protein is greater than the membrane bilayer hydrophobic thickness
(dgr). Under this condition (dty > dyr), annular lipids surrounding the protein would get
stretched to match the hydrophobic thickness of the transmembrane segment of the protein. This
induces local ordering of lipid acyl chains in the vicinity of the protein and an increase in the phase
transition temperature, leading to a reduction in the phospholipid headgroup area. The top view is
shown at the right. (b) Negative mismatch results when the transmembrane domain length is
shorter than the bilayer hydrophobic thickness (i.e., dty < dgr). Negative mismatch induces local
disorder in annular lipid chains, and a decrease in the phase transition temperature. This results in
an increase in the phospholipid headgroup area. The top view is shown at the right

16.3 How to Determine Hydrophobic Thickness
of Membranes and Membrane Proteins?

The extent of mismatch between the hydrophobic thickness of the membrane and
the protein would determine the extent of the mismatch response [15]. A key
concern is to experimentally estimate the hydrophobic thickness of membrane
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proteins and the membrane bilayer. Determining membrane thickness is a
non-trivial issue due to fluctuations of the membrane bilayer in addition to the
inherent variations in available bilayer structural data [16]. One way to obtain
hydrophobic thickness is from continuous X-ray scattering which measures the
Gaussian distribution of the phosphate groups, and therefore the phosphate-to-
phosphate distance [17]. The boundary of the hydrophobic thickness of the mem-
brane is placed at the region where water ceases to be detected in the bilayer, i.e., at
the sn-2 carbonyl carbon [16, 18]. Hydrophobic thickness can therefore be obtained
from the phosphate-to-phosphate distance by subtracting the thickness of the polar
head group region, known from neutron diffraction of specifically deuterated
samples to be 5.5 A [19, 20]. Calculated this way, the hydrophobic thickness of
pure fluid phase bilayers is found to vary linearly with acyl chain length [17]. This
fluid phase thickness can be used to calculate the thickness of the gel phase by
accounting for lipid tilt (~30°) and increased thickness (~30%) due to the all-frans
acyl chain conformation in the gel phase [21]. However, such a calculation would
give only approximate values for gel phase bilayers since average lipid tilt is known
to be dependent on chain length [22].

The hydrophobic thickness of membrane proteins is more difficult to assess due
to difficulty in obtaining high-resolution structures of membrane proteins. Hydro-
phobic thickness may be determined directly from crystal structures when the struc-
ture contains resolved lipid molecules that would mark the membrane interface
[23]. In general, hydropathy profiles can provide an estimate of the number of
residues in the transmembrane domain. The length of the hydrophobic (transmem-
brane) region can then be calculated assuming the transmembrane domain to be an
o-helix, oriented parallel to the bilayer normal, with a vertical rise of 1.5 A per
residue. However, due to possible helical tilt, and contributions from the flanking
residues, calculation of membrane protein thickness based on the length of the
transmembrane domain may not always be straightforward. In addition, hydro-
phobic thickness of proteins has also been determined experimentally [24, 25].

16.4 Lipid and Protein Adaptation: Responses
to Hydrophobic Mismatch

Lipids and proteins adapt to two different types of hydrophobic mismatch (positive
and negative) in a number of ways. A positive mismatch occurs when the trans-
membrane domain length (dty) of the membrane protein is more than the mem-
brane bilayer hydrophobic thickness (dyt). When dry > dyr, annular lipids
surrounding the protein would get extended to match the hydrophobic thickness
of the transmembrane domain of the protein (see Fig. 16.1a). This induces local
ordering of annular lipid acyl chains resulting in an increase in the phase transition
temperature, and a decrease in the phospholipid headgroup area (see Fig. 16.1a).
The second kind of mismatch, i.e., negative mismatch, takes place when the
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transmembrane domain length is shorter relative to the bilayer hydrophobic thick-
ness (i.e., dtp < dyt). Negative mismatch causes compression and local disorder-
ing of annular lipid acyl chains, a reduction in the phase transition temperature and
a concomitant increase in the phospholipid headgroup area (see Fig. 16.1b). On the
other hand, there could be several possible adaptations of the protein in case of
positive mismatch (i.e., when dry > dgr) which include protein aggregation, tilting
of transmembrane helices and conformational changes (see Fig. 16.2a). In case of
negative mismatch (i.e., when dty <dyr), possible responses of the protein
could be lateral aggregation, surface orientation and conformational change (see
Fig. 16.2b). In addition, hydrophobic mismatch is believed to play an important role
in membrane protein insertion and folding [26].

16.5 Hydrophobic Mismatch Models

Adaptation to hydrophobic mismatch has previously been described using a com-
prehensive thermodynamic model termed as the ‘mattress model’ [27]. The main
idea underlying the mattress model is that any alteration of the sharp melting phase
transition temperature (7},) of lipid bilayers by the inclusion of proteins is a direct
consequence of adaptation to hydrophobic mismatch that would occur on either
side of the phase transition (since phase transition involves a large change (~30%)
in the hydrophobic thickness of the membrane; [21]). In this model, adaptation to
hydrophobic mismatch is modeled as a change in thickness of the annular lipid ring
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as a result of compression or stretching of acyl chains, which leads to a shift (AT) in
the phase transition temperature, relative to the Ty, of a pure lipid bilayer. The
magnitude of this shift is related to the extent of the mismatch. Therefore, long
proteins in a short bilayer would cause stretching of annular lipids resulting in a
shift toward a more gel-like (ordered) phase, and an increase in T}, (see Fig. 16.1a).
Short proteins in a long bilayer would lead to compression of annular lipids, shift
toward a more fluid phase and a decrease in T;, (see Fig. 16.1b).

In another model, Fattal and Ben-Shaul [28] characterized lipid-protein interac-
tions and perturbations due to mismatch in terms of lipid deformation free energy
change (AF), represented as a sum of hydrophobic core (lipid chain) and interfacial
contributions. Importantly, this model assumes that protein-induced deformations
persist in the membrane plane from the lipid-protein interface over typically a few
molecular diameters (see Fig. 16.1). The lipid deformation free energy change (AF)
accounts for changes in lipid chain order at the lipid-protein interface. When the
hydrophobic lengths of the membrane and protein are equal, AF > 0 due to the loss
of conformational entropy experienced by the lipid chains at the protein interface.
In mismatch situations, when the protein is longer than the membrane, AF further
increases due to the enhanced stretching of the lipid chains. On the other hand,
when the protein is shorter than the membrane, conformational entropy increases
due to compression, but AF increases due to an increase in interfacial free energy.
Therefore, AF is at a minimum when the hydrophobic lengths of the protein and
membrane are equal but is always positive.

It should however be noted that theoretical models treat transmembrane proteins
as smooth, rigid cylindrical impurities in the bilayer without vertical flexibility,
characterized only by cross sectional area and hydrophobic thickness [15]. At the
lipid-protein interface, the protein is assumed to be a nearly planar, smooth hydro-
phobic wall. In addition, these models are only valid for proteins at the infinite
dilution limit and therefore do not account for any possible protein-protein inter-
actions (e.g., lateral aggregation). Importantly, theoretical models highlight mem-
brane deformation as a vital consequence of mismatch. Membrane deformation is
related to the material properties of the membrane, and is therefore dependent on
membrane composition, specifically cholesterol content ([29]; see later).

16.6 Hydrophobic Mismatch in Peptides

We will highlight representative examples of hydrophobic mismatch in peptides,
which have been extensively studied. Gramicidin is a peptide which forms proto-
typical ion channels specific for monovalent ions and has been studied extensively
to chararcterize lipid-protein interactions [30]. Previous experiments have shown
that gramicidin adopts non-channel conformations under conditions of hydrophobic
mismatch and aggregates in thicker gel phase membranes [31]. Simulation studies
support the results obtained and revealed that in extremely negative mismatched
condition, bilayer thinning occurs and is accompanied by conversion of gramicidin
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from channel to non-channel form [32]. It has been previously shown that a mis-
match between the length of gramicidin and the lipid acyl chains could induce
non-bilayer phase (such as the hexagonal II phase) in model membranes [33]. In
another study, the affinity of the pore-forming cholesterol-dependent peptide
Perfringolysin O was found to increase for ordered lipid domains by hydrophobic
matching between transmembrane hydrophobic thickness and bilayer hydrophobic
thickness [34].

The WALP family of peptides [35], contains a stretch of alternating Leu-Ala
residues that form the hydrophobic core of the peptide and two Trp residues at both
ends that act as membrane interfacial anchors. Trp-flanked WALP peptides form
rigid a-helices in the membrane [36] and have proved to be useful to understand
basic characteristics of mismatch adaptation [37, 38]. Interestingly, synthetic
WALP peptides illustrate the role of anchoring residues in mismatch adaptation,
due to specific interactions of amino acid side chains with the membrane interface.
The mismatch response of peptides of equal transmembrane thickness (i.e., with the
same number of residues in the hydrophobic core) has been shown to be dependent
on the nature of the anchoring residues [39—41]. Trp-flanked WALP peptides
induce a larger lipid response (i.e., acyl chain ordering) in shorter bilayers as com-
pared to equivalent Lys-flanked (KALP) or Arg-flanked (RALP) peptides [40, 42]
due to the ‘snorkeling’ effect.

16.7 Hydrophobic Mismatch in GPCRs: A Model
for GPCR Activation

G protein-coupled receptors (GPCRs) are important signaling hubs that serve as key
drug targets in all clinical areas [43, 44]. Hydrophobic mismatch not only affects
peptide orientation and function, but recent reports show that it plays a key role in
maintaining the structure and function of GPCRs. For example, NMR measure-
ments have shown that increasing bilayer thickness favors formation of meta-
rhodopsin II (MII, active conformation) while oligomerization favors
metarhodopsin I (MI, inactive conformation) [45].

Integral membrane proteins such as GPCRs utilize oligomerization as a response
to hydrophobic mismatch since this helps to prevent the exposure of specific
residues. The dimerization of P,-adrenergic receptor has been studied at different
cholesterol concentrations and a modulation of the dimer interface was observed by
increasing cholesterol concentration [46]. Interestingly, in case of the ,-adrenergic
receptor, the hydrophobic mismatch was observed to be higher in presence of
cholesterol [7, 46].

An elegant model of GPCR activation could be envisaged based on results of
Alves et al. [47] on hydrophobic mismatch of human delta opioid receptor (see
Fig. 16.3). This is based on active state dependent partitioning of the receptor, i.e.,
preferential partitioning of the agonist bound delta opioid receptor to
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Fig. 16.3 Proposed model for activation of GPCR based on hydrophobic mismatch. (a) The
receptor is localized in the shorter phosphatidylcholine (PC)-rich domain in the absence of ligand.
(b) Upon activation by the agonist, the receptor undergoes conformational change such that the
length of its transmembrane domain increases from L (unliganded state) to L' (activated state). In
response to the change in the transmembrane length of the receptor, the activated receptor is
preferentially partitioned in the thicker sphingomyelin-rich domain due to favorable hydrophobic
matching. This model is inspired from data reported in Alves et al. [47] on the human delta opioid
receptor
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sphingomyelin-rich thicker regions of the membrane due to elongation of its trans-
membrane domain upon activation by the ligand (see Fig. 16.3).

16.8 Is Hydrophobic Mismatch Relevant in Cell
Membranes?

Cellular membranes display heterogeneity in thickness and composition due to the
presence of a cholesterol gradient in various intracellular membranes. In eukaryotic
cells, there is a gradient of increasing bilayer thickness from the endoplasmic reti-
culum to Golgi to the plasma membrane and all membrane proteins traverse this
path. Hydrophobic mismatch has been proposed to play a crucial role in such
sorting [48].

The endoplasmic reticulum is the site of cholesterol biosynthesis, yet interest-
ingly has the lowest cholesterol content in membranes of the secretory pathway
[48]. Cholesterol content increases gradually in the Golgi (along the cis-, medial-,
and trans-Golgi stacks) with the plasma membrane having the highest concentra-
tion of cholesterol (~90% of total cellular cholesterol). This cholesterol gradient
could set up a possible thickness gradient along the biosynthetic pathway of mem-
brane proteins since cholesterol is known to increase thickness of bilayers
[49, 50]. This means that hydrophobic mismatch could occur if proteins specific
to the Golgi, for example, gets mis-targeted to the plasma membrane. Interestingly,
several studies have pointed out the importance of the transmembrane domain
(TMD) in retention of proteins in the Golgi and ER [51-56]. Analysis from hydro-
pathy plots showed that the average length of the TMD in Golgi proteins is ~15
amino acids whereas the average length of the TMD in plasma membrane proteins
is ~20 amino acids [48, 51]. For example, replacing the TMD of a Golgi protein
(sialyltransferase) by a hydrobhobic poly-Leu stretch of the same length results in
its retention in the Golgi. However, when the length of the poly-Leu sequence was
increased to ~23 amino acids, the protein was expressed at the cell surface. This
proves the significance of the length rather than sequence of the TMD to be the
driving factor for sorting of proteins in cells [48, 51-53].

Long chain lipids and cholesterol often phase separate to form membrane
domains of increased thickness in a complex membrane. Mismatched proteins
could segregate to domains to relieve mismatch under such conditions. This type
of membrane domains act as clustering hubs for mismatched proteins. Hydrophobic
mismatch could lead to sorting of membrane proteins from cholesterol/sphingolipid
rich domains of the Golgi to the plasma membrane. This hypothesis is further sup-
ported by the prediction that shorter proteins are efficiently excluded out of thicker
cholesterol rich domains due to the high energetic penalty of deformation [57]. We
should mention here that an alternate hypothesis, based on membrane thickness
change along the exocytic pathway due to depletion of membrane proteins (rather
than cholesterol content), has been reported [58].
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16.9 Future Perspectives: What Lies Ahead

Biological membranes are complex, closely packed assemblies of lipids, proteins
and carbohydrates. Work from a large number of groups over the years has shown
the relevance of lipid-protein interactions in maintaining membrane structure and
function. Most of these interactions involve the phospholipid headgroup with its
various characteristics (size, shape, charge). In contrast, hydrophobic mismatch
brings into focus the importance of the lipid acyl chains in lipid-protein interac-
tions. In this review, we have highlighted the importance of hydrophobic mismatch
in model and biological membranes with representative examples. Since mem-
branes of eukaryotic cells contain thousands of diverse lipid types [59, 60], there
could be further implications of hydrophobic mismatch that would encompass a
broader area of cell biology. This will become apparent in years to come with
advancements in lipidomics, proteomics and related approaches.

Acknowledgments A.C. gratefully acknowledges J.C. Bose Fellowship from the Department of
Science and Technology, Govt. of India. B.D.R. thanks the University Grants Commission for the
award of a Senior Research Fellowship. We thank Dr. Devaki A. Kelkar for help in the initial
stages of this manuscript. A.C. is an Adjunct Professor of Tata Institute of Fundamental Research
(Mumbai), RMIT University (Melbourne, Australia), Indian Institute of Technology (Kanpur), and
Indian Institute of Science Education and Research (Mohali). We thank members of the
Chattopadhyay laboratory for their comments and discussions.

References

—_

. Tanford C. The hydrophobic effect and the organization of living matter. Science. 1978;200:
1012-8.
2. Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science.
1972;175:720-31.
3. Goose JE, Sansom MSP. Reduced lateral mobility of lipids and proteins in crowded mem-
branes. PLoS Comput Biol. 2013;9:e1003033.
4. Takamori S, Holt M, Stenius K, et al. Molecular anatomy of a trafficking organelle. Cell. 2006;
127:831-46.
5. Ramadurai S, Holt A, Krasnikov V, et al. Lateral diffusion of membrane proteins. ] Am Chem
Soc. 2009;131:12650-6.
6. Lee AG. Biological membranes: the importance of molecular detail. Trends Biochem Sci.
2011;36:493-500.
7. Sengupta D, Chattopadhyay A. Molecular dynamics simulations of GPCR-cholesterol inter-
action: an emerging paradigm. Biochim Biophys Acta. 2015;1848:1775-82.
8. Jensen M@, Mouritsen OG. Lipids do influence protein function — the hydrophobic matching
hypothesis revisited. Biochim Biophys Acta. 2004;1666:205-26.
9. Lee AG. How lipids affect the activities of integral membrane proteins. Biochim Biophys
Acta. 2004;1666:62—-87.
10. Dumas F, Tocanne J-F, Leblanc G, et al. Consequences of hydrophobic mismatch between
lipids and melibiose permease on melibiose transport. Biochemistry. 2000;39:4846-54.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hydrophobic Mismatch in Membranes: When the Tail Matters 385

Kleinschmidt JH, Tamm LK. Secondary and tertiary structure formation of the f3-barrel mem-
brane protein OmpA is synchronized and depends on membrane thickness. J Mol Biol. 2002;
324:319-30.

Williamson IM, Alvis SJ, East JM, et al. Interactions of phospholipids with the potassium
channel KcsA. Biophys J. 2002;83:2026-38.

Jacobson K, Sheets ED, Simson R. Revisiting the fluid mosaic model of membranes. Science.
1995;268:1441-2.

Vereb G, Sz6116si J, Matkd J, et al. Dynamic, yet structured: the cell membrane three decades
after the Singer-Nicolson model. Proc Natl Acad Sci U S A. 2003;100:8053-8.

Mouritsen OG, Bloom M. Models of lipid-protein interactions in membranes. Annu Rev
Biophys Biomol Struct. 1993;22:145-71.

Nagle JF, Tristam-Nagle S. Structure of lipid bilayers. Biochim Biophys Acta. 2000;1469:
159-95.

Lewis BA, Engelman DM. Lipid bilayer thickness varies linearly with acyl chain length in
fluid phosphatidylcholine vesicles. J Mol Biol. 1983;166:211-7.

White SH, Wimley WC. Membrane protein folding and stability: physical principles.
Annu Rev Biophys Biomol Struct. 1999;28:319-65.

Biildt G, Gally HU, Seelig J, et al. Neutron diffraction studies on phosphatidylcholine model
membranes: I. Head group conformation. J Mol Biol. 1979;134:673-91.

Zaccai G, Biildt G, Seelig A, et al. Neutron diffraction studies on phosphatidylcholine model
membranes: II. Chain conformation and segmental disorder. J] Mol Biol. 1979;134:693-706.
Sperotto MM, Mouritsen OG. Dependence of lipid membrane phase transition temperature on
the mismatch of protein and lipid hydrophobic thickness. Eur Biophys J. 1988;16:1-10.
Tristram-Nagle S, Zhang R, Suter RM, et al. Measurement of chain tilt angle in fully hydrated
bilayers of gel phase lecithins. Biophys J. 1993;64:1097-109.

Lee AG. Lipid-protein interactions in biological membranes: a structural perspective. Biochim
Biophys Acta. 2003;1612:1-40.

Dumas F, Lebrun MC, Tocanne J-F. Is the protein/lipid hydrophobic matching principle rele-
vant to membrane organization and functions? FEBS Lett. 1999;458:271-7.

Powl AM, Wright JN, East JM, et al. Identification of the hydrophobic thickness of a mem-
brane protein using fluorescence spectroscopy: studies with the mechanosensitive channel
MscL. Biochemistry. 2005;44:5713-21.

Bowie JU. Solving the membrane protein folding problem. Nature. 2005;438:581-9.
Mouritsen OG, Bloom M. Mattress model of lipid-protein interactions in membranes.
Biophys J. 1984;46:141-53.

Fattal DR, Ben-Shaul A. A molecular model for lipid-protein interaction in membranes:
the role of hydrophobic mismatch. Biophys J. 1993;65:1795-809.

Needham D. Cohesion and permeability of lipid bilayer vesicles. In: Simon SA, Disalvo EA,
editors. Permeability and stability of lipid bilayers. Boca Raton, Florida: CRC Press; 1995.
p. 49-76.

Kelkar DA, Chattopadhyay A. The gramicidin ion channel: a model membrane protein.
Biochim Biophys Acta. 2007;1768:2011-25.

Kelkar DA, Chattopadhyay A. Modulation of gramicidin channel conformation and organi-
zation by hydrophobic mismatch in saturated phosphatidylcholine bilayers. Biochim Biophys
Acta. 2007;1768:1103-13.

Basu I, Chattopadhyay A, Mukhopadhyay C. Ion channel stability of gramicidin A in lipid
bilayers: effect of hydrophobic mismatch. Biochim Biophys Acta. 2014;1838:328-38.
Killian JA, Prasad KU, Urry DW, et al. A mismatch between the length of gramicidin and the
lipid acyl chains is a prerequisite of Hy phase formation in phosphatidylcholine model
membranes. Biochim Biophys Acta. 1989;978:341-5.

Lin Q, London E. Altering hydrophobic sequence lengths shows that hydrophobic mismatch
controls affinity for ordered lipid domains (rafts) in the multitransmembrane strand protein
Perfringolysin O. J Biol Chem. 2013;288:1340-52.



386

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48

49.

50.

51.

52.

53.

54.

55.

56.

B.D. Rao et al.

Killian JA, Salemink I, de Planque MRR, et al. Induction of nonbilayer structures in diacyl-
phosphatidylcholine model membranes by transmembrane a-helical peptides: importance of
hydrophobic mismatch and proposed role of tryptophans. Biochemistry. 1996;35:1037—45.
de Planque MRR, Goormaghtigh E, Greathouse DV, et al. Sensitivity of single membrane-
spanning a-helical peptides to hydrophobic mismatch with a lipid bilayer: effects on backbone
structure, orientation, and extent of membrane incorporation. Biochemistry. 2001;40:5000-10.
Holt A, Killian JA. Orientation and dynamics of transmembrane peptides: the power of
simple models. Eur Biophys J. 2010;39:609-21.

de Planque MRR, Killian JA. Protein-lipid interactions studied with designed transmembrane
peptides: role of hydrophobic matching and interfacial anchoring. Mol Membr Biol. 2003;20:
271-84.

Mall S, Broadbridge R, Sharma RP, et al. Effects of aromatic residues at the ends of trans-
membrane a-helices on helix interactions with lipid bilayers. Biochemistry. 2000;39:2071-8.
de Planque MRR, Boots J-WP, Rijkers DTS, et al. The effects of hydrophobic mismatch
between phosphatidylcholine bilayers and transmembrane o-helical peptides depend on the
nature of interfacially exposed aromatic and charged residues. Biochemistry. 2002;41:
8396-404.

Strandberg E, Morein S, Rijkers DTS, et al. Lipid dependence of membrane anchoring prop-
erties and snorkeling behavior of aromatic and charged residues in transmembrane peptides.
Biochemistry. 2002;41:7190-8.

de Planque MRR, Kruijtzer JAW, Liskamp RMJ, et al. Different membrane anchoring posi-
tions of tryptophan and lysine in synthetic transmembrane o-helical peptides. J Biol Chem.
1999;274:20839-46.

Chattopadhyay A. GPCRs: lipid-dependent membrane receptors that act as drug targets.
Adv Biol. 2014;2014:143023.

Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and function of G-protein-
coupled receptors. Nature. 2009;459:356-63.

Soubias O, Teague WE, Hines KG, et al. Rhodopsin/lipid hydrophobic matching- rhodopsin
oligomerization and function. Biophys J. 2015;108:1125-32.

Prasanna X, Chattopadhyay A, Sengupta D. Role of lipid-mediated effects in p,-adrenergic
receptor dimerization. Adv Exp Med Biol. 2015;842:247-61.

Alves ID, Salamon Z, Hruby V1, et al. Ligand modulation of lateral segregation of a G-protein-
coupled receptor into lipid microdomains in sphingomyelin/phosphatidylcholine solid-
supported bilayers. Biochemistry. 2005;44:9168-78.

. Bretscher MS, Munro S. Cholesterol and the Golgi apparatus. Science. 1993;261:1280-1.

Gallova J, Uhrikova D, Islamov A, et al. Effect of cholesterol on the bilayer thickness in uni-
lamellar extruded DLPC and DOPC liposomes: SANS contrast variation study. Gen Physiol
Biophys. 2004;23:113-28.

Nezil FA, Bloom M. Combined influence of cholesterol and synthetic amphiphillic peptides
upon bilayer thickness in model membranes. Biophys J. 1992;61:1176-83.

Masibay AS, Balaji PV, Boeggeman EE, et al. Mutational analysis of the Golgi retention signal
of bovine f-1,4-galactosyltransferase. J Biol Chem. 1993;268:9908-16.

Munro S. Sequences within and adjacent to the transmembrane segment of a-2,6-
sialyltransferase specify Golgi retention. EMBO J. 1991;10:3577-88.

Munro S. An investigation of the role of transmembrane domains in Golgi protein retention.
EMBO J. 1995;14:4695-704.

Sharpe HJ, Stevens TJ, Munro S. A comprehensive comparison of transmembrane domains
reveals organelle-specific properties. Cell. 2010;142:158-69.

Shi X, Lappin DF, Elliott RM. Mapping the Golgi targeting and retention signal of Bunyam-
wera virus glycoproteins. J Virol. 2004;78:10793-802.

Tang BL, Wong SH, Low SH, et al. The transmembrane domain of N- glucosaminyltransferase
I contains a Golgi retention signal. J Biol Chem. 1992;267:10122-6.



16 Hydrophobic Mismatch in Membranes: When the Tail Matters 387

57. Lundbaek JA, Andersen OS, Werge T, et al. Cholesterol-induced protein sorting: an analysis of
energetic feasibility. Biophys J. 2003;84:2080-9.

58. Mitra K, Ubarretxena-Belandia I, Taguchi T, et al. Modulation of the bilayer thickness of
exocytic pathway membranes by membrane proteins rather than cholesterol. Proc Natl Acad
Sci U S A. 2004;101:4083-8.

59. van Meer G, de Kroon AIPM. Lipid map of the mammalian cell. J Cell Sci. 2011;124:5-8.

60. Sud M, Fahy E, Cotter D, et al. LMSD: LIPID MAPS structure database. Nucleic Acids Res.
2007;35:D527-32.



	Chapter 16: Hydrophobic Mismatch in Membranes: When the Tail Matters
	16.1 Lipid-Protein Interaction
	16.2 Hydrophobic Mismatch
	16.3 How to Determine Hydrophobic Thickness of Membranes and Membrane Proteins?
	16.4 Lipid and Protein Adaptation: Responses to Hydrophobic Mismatch
	16.5 Hydrophobic Mismatch Models
	16.6 Hydrophobic Mismatch in Peptides
	16.7 Hydrophobic Mismatch in GPCRs: A Model for GPCR Activation
	16.8 Is Hydrophobic Mismatch Relevant in Cell Membranes?
	16.9 Future Perspectives: What Lies Ahead
	References


