]

HOW HYDROGEN B‘NDS SHM MEMBRANE
‘ PROTE!N ST U 'TURE

By S‘TEPH,EN"H. w:-m'E

Department of Physlology and,BIophy,si,as,‘jUhIVe'rsylty of Callfornia at Irvine,
Irvine, California 92697

I Introduction..............vcieiiiiviiiiiiniiiiiiinniiinen, [T 157
II.. Structure of Fluid Lipid Bilayers.................coiiiiiiiiiiiiin 159
III. Energetics of Peptides in Bilayers................ e 160
A. Folding in the Membrane Interface.......... P 161

B. Transmembrane Helices.... .. .. ... 0. e 163

IV. Helix—Helix Interactions in Bllayers ....................................... 165
V. Perspectives..................oii.s. D T 167
References...............ovoiveiiiiinn B A S N 167

ABSTRACT

The energetic cost of partitioning peptide bonds into membrane bi-
layers is prohibitive unless the peptide bonds participate in hydrogen
bonds. However, even then there is a s1gn1ﬁcant free energy penalty for
dehydrating the peptide bonds that can only be overcome by favorable
hydrophobic interactions. Membrane protem structure formation is thus
dominated by hydrogen bonding interactions, which is the subject of this
review.

I. INTRODUCTION

Two things are paramount in shaping the structure of membrane
proteins (MPs): the energetics of peptide bond ‘dehydration and the
structure of the cell membrane lipid bilayer. The high energetic cost of
dehydrating the peptide bond, as when transferring it to'a nonaqueous
phase (Liu and Bolen, 1995), causes it to dominate structure formation.
For example, the only permissible transmembrane structural motifs of MPs
are a-helices and p-barrels because internal H-bonding lowers this cost.
What complicates protein structure formation of MPs is the anisotropy and
chemical heterogeneity of lipid bilayers at the atomic level. This is the

'subject of the first part of this review. It provides a structural context for

understanding the energetics of hydrogen bond formation, which is the
subject of the second part of the review. ‘
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F1G. 1. The liquid—crystalline structure of a fluid dioleoylphosphatidylcholine
(DOPC) bilayer. (A) Molecular graphics image of DOPC taken from a molecular
dynamics simulation by Ryan Benz, UC Iivine, Adapted from White et al. (2005). The
color scheme for the component groups (carbonyls, phosphates, water, etc.) is given in
B. The image was prepared by S. White using VMD (Humphrey e al, 1996). (B) Liquid-
crystallographic structure of a fluid DOPC lipid bilayer (Wiener and White, 1992). The
“structure”’ of the bilayer is composed of a collection of transbilayer Gaussian probabili-
ty distribution functions representing the lipid components that account for the entire
contents of the bilayer unit cell. Areas under the curves correspond to the numher of
constituent groups per lipid represented by the distributions (1 phosphate, 2 carbonyls,
4 methyls, etc.). The widths of the Gaussians measure the thermal motions of the lipid
components and are simply related to crystallographic B factors (Hristova et al., 1999,
2001; Wiener and White, 1991). The thermal motion of the bilayer is extreme: lipid-
component B factors are typically ~150 A%, compared to ~30 A? for atoms in protein
crystals. (C) Polarity profile (yellow curve) of the DOPC bilayer (sec earlier discussion)
computed from the absolute values of atomic partial charges (White and Wimley, 1998).
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II. STRUCTURE OF FLUID LIPID BILAYERS

Because membranes must be in a fluid state for normal cell function,
only the structure of fluid (L,-phase) bilayers is relevant to understanding
how membranes mold proteins. However, atomic resolution images
of fluid membranes are precluded due to their high thermal disorder
(Fig. 1A). Nevertheless, fundamental and useful structural information
can be obtained from multilamellar bilayers (liquid crystals) dispersed in
water or deposited on surfaces (Nagle and Tristram-Nagle, 2000, 2001;
Petrache et al., 1998; Tristram-Nagle et al., 1998). Their one-dimensional
crystallinity perpendicular to the bilayer plane allows the- distribution of
matter along the bilayer normal to be determined by combined X-ray
and neutron diffraction measurements [liquid crystallography; reviewed
by White and Wiener (1995, 1996)]. The resulting ‘‘structure’’ consists
of a collection of time-averaged probability distribution curves of water
and lipid component groups (carbonyls, phosphates, etc.), represent-
ing projections of three-dimensional motions onto the bilayer normal.
Figure 1B shows the liquid crystallographic structure of an L,-phase
dioleoylphosphatidylcholine (DOPC) bilayer (Wiener and White, 1992).

‘Three features of this structure are important. First, the widths of the
probability densities reveal the great thermal disorder of fluid membranes.
Second, the combined thermal thicknesses of the interfaces (defined b
the distribution of the waters of hydration) are about equal to the 30-A
thickness of the HC. The thermal thickness of a single interface (~15 A)
can easily accommodate an o-helix parallel to the membrane plane. The
common cartoons of bilayers that assign a diminutive thickness to the
bilayer interfaces (IFs) are thus misleading. Third, the thermally disor-
dered IFs are highly heterogeneous chemically. A polypeptide chain in
an IF must experience dramatic variations in environmental polarity over
a short distance due to the steep changes in chemical composition, as
illustrated by the yellow curve in Fig. 1C (White and Wimley, 1998). As the
regions of first contact, IFs are especially important in the folding and
insertion of nonconstitutive MPs, such as diphtheria toxin (Ladokhin
et al, 2004; Rosconi et al, 2004), and to the activity of surface-binding
enzymes, such as phospholipases (Bollinger et al, 2004; Frazier of al,
2002; Gelb et al., 1999).

The end-on view in B of an a-helix with a diameter of ~10 A—typical for MP helices
(Bowie, 1997)—shows the approximate location of the helical axes of the amphipathic-
helix peptides Ac-18A-NH2 (Hristova et al., 1999) and melittin (Hristova et al., 2001), as
determined by a novel, absolute-scale X-ray diffraction method [reviewed by White and
Hristova (2000)]. B and C have been adapted from reviews by White and Wimley (1994,
1998, 1999) and White ¢ al (2005). (See Color Insert.)
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" Experimentally determined bilayer structures such as the one in Fig. 1B
are essential for understanding thermodynamic measurements of peptide~
bilayer interactions at the molecular level. Recent extensions of the liquid
crystallographic methods to bilayers containing peptides such as melittin
(Hristova et al, 2001) and other amphipathic peptides (Hristova et al,
1999) make this a practical possibility. However, there are numerous
other X-ray and neutron diffraction approaches that provide important
information about the molecular interactions of peptides with lipid
bilayers (Bradshaw et al,, 1998, 2000; Chen e al, 2003; He e al, 1996;
Heller et al., 2000; Weiss et al., 2003; Yang et al., 2000). Molecular dynamics
(MD) simulations of bilayers (Feller, 2000; Forrest and Sansom, 2000;
Pastor, 1994; Tieleman et al, 1997) (Fig. 1A) are rapidly becoming an
essential structural tool for examining lipid—protein interactions at atomic
scales (Bernéche and Roux, 2001; Deol et al, 2004; Feller et al., 2003; Freites
et al., 2005; Tieleman et al., 2002; Tobias, 2001; Zhu et al., 2004). The future
offers the prospect of combining bilayer diffraction data with MD simula-
tions in order to arrive at experimentally validated MD simulations of
fluid lipid bilayers (Benz et al, 2005). This approach should allow one to
convert the static one-dimensional images obtained by diffraction (Fig. 1B)
into dynamic, three-dimensional structures for examining peptide-lipid
interactions in atomic detail.

III. ENERGETICS OF PEPTIDES IN BILAYERS

Experimental exploration of the stability of intact MPs is problematic
due to their general insolubility. One approach to stability is to *‘divide
and conquer” by studying the membrane interactions of fragments of
MPs, that is, peptides. Because MPs are equilibrium structures, one is free
to describe the interactions by any convenient set of thermodynamic
pathways that is experimentally accessible, irrespective of the biological
synthetic pathway. One particularly useful set of pathways is the so-called
four-step model (White and Wimley, 1999) (Fig. 2), which is a logical
combination of the early three-step model of Jacobs and White (1989)
.and the two-stage model of Popot and Engelman (1990) in which TM
helices are first “‘established” across the membrane and then assembled
into functional structures [helix association; reviewed by Curran and
Engelman (2003)]. Although these pathways do not mirror the actual
biological assembly process of MPs, they are nevertheless useful for guiding
biological experiments, because they provide a thermodynamic context
within which biological processes must proceed.

ut
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F16. 2. Energetics of peptide interactions with lipid bilayers. Schematic representa-
tion of the shaping of protein structure through polypeptide-bilayer interactions. This
figure is based on the four-step thermodynamic cycle of White and Wimley (1999) for
describing the partitioning, folding, insertion, and association of ¢-helical polypeptides.
The aqueous insolubility of nembrane proteins, folded or unfolded, precludes direct
determinations of interaction-free energies. The only route to understanding the ener-
getics of MP stability is through studies of small, water-soluble peptides (Ladokhin and
White, 1999; Wimley and White, 1996, 2000; Wimley et al, 1998) (see Figs. 3 and 4). The
association of TM helices is driven primarily by van der Waals interactions, giving rise
to knob-into-hole packing (Arkin et al, 1996; Fleming et al, 1997, MacKenzie and
Engelman, 1998; MacKenzie ef al., 1997). The GxxxG motif is especially important in
helix-helix interactions in membranes (Russ and Engelman, 2000; Senes et al, 2000).
Interhelical H-bonds also stabilize membrane proteins, but no more so than in soluble
proteins (Adamian and Liang, 2002; Gimpelev ¢t al., 2004). Figure adapted from White
and Wimley (1999) and White &t al. (2001).

A, Folding in the Membrane Interface

In the four-step model, the free energy reference state is taken as the
unfolded protein in an IF. However, this state cannot actually be achieved
with MPs because of insolubility nor can it be achieved with small non-
constitutive membrane-active peptides, such as melittin, because binding
usually induces secondary structure (partitioning folding coupling, see
later). It can be defined for phosphatidylcholine (PC) interfaces by means
of an experiment-based interfacial free energy (hydrophobicity) scale
(Wimley and White, 1996) derived from partitioning into POPC bilayers
of tri- and pentapeptides (Jacobs and White, 1989; Wimley and White,
1996) that have no secondary structure in the aqueous or interfacial
phases. This scale (Fig. 3A), which includes the peptide bonds as well as
the side chains, allows calculation of the virtual free energy of transfer of an
unfolded chain into an IF. For peptides that cannot form regular secondary
structure, such as the antimicrobial peptide indolicidin, the scale predicts
observed free energies of transfer with remarkable accuracy (Ladokhin and
White, 2001; Hristova and White, 2005). This validates it for computing
virtual partitioning free energies of proteins into PC IFs. Similar scales are
needed for other lipids and lipid mixtures.
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Fic. 3. Energetics of protein folding at bilayer interfaces. (A) The Wimley-Whitc
(WW) whole-residue interfacial hydrophobicity scale determined from measurements of
the partitioning of short peptides into phosphatidylcholine vesicles (Wimley and White,
1996). (B) Energetics of secondary structure formation by melittin at the bilayer inter-
face (Ladokhin and White, 1999). Unfolded peptides are driven toward the folded state
in the IF because hydrogen bond formation lowers the cost of peptide bond partitioning
dramatically, which is the dominant determinant of whole-residue partitioning. The free
energy reduction accompanying secondary structure formation by melittin is ~0.4 kcal
mol ™! per residue (Ladokhin and White, 1999; Wimley ¢f al, 1998), but may be as low as
0.1 kcal mol ' for other peptides (Wieprecht ef al, 1999a). Although small, such
changes in aggregate can be large. For example, the folding of 12 residues of 26-residue
melittin into an o-helical conformation causes the folded state to be favored over
the unfolded state by ~5 keal mol™'. To put this number in perspective, the ratio of
folded to unfolded peptide is ~4700. Figure adapted from reviews by White and Wimley
(1999) and White (2003).

The high cost of interfacial partitioning of the peptide bond (Wimley
and White, 1996), 1.2 kcal mol ™}, explains the origin of partitioning—
folding coupling and also explains why the interface is a potent catalyst of
secondary structure formation. For interfacial fi-sheet formation, Wimley
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et al. (1998) showed that H-bond formation reduces the cost of peptide
partitioning by about 0.5 kcal mol™" per peptide bond. The folding of
melittin into an amphipathic o helix on POPC membranes involves a per-
residue reduction of about 0.4 kcal mol™' (Ladokhin and White, 1999)
(Fig. 3B). The folding of other peptides may involve smaller per-residue
values (Li et al., 2003; Wieprecht et al., 1999b). The cumulative effect of
these relatively small per-residue free energy reductions can be very large
when tens or hundreds of residues are involved.

B.  Transmembrane Helices

The energetics of TM helix stability also depends critically on the
partitioning cost of peptide bonds (Fig. 4). Determination of the energet-
ics of TM a-helix insertion, which is necessary for predicting structure, is
difficult because nonpolar helices tend to aggregate in both aqueous and
interfacial phases (Wimley and White, 2000). The broad energetic issues
are clear (Roseman, 1988), however. Computational studies (Ben-Tal
et al., 1996, 1997) suggest that the transfer-free energy AGeong of a non-
H-bonded peptide bond from water to alkane is 6.4 kcal mol ™', compared
to only 2.1 keal mol ™! for the transfer-free energy A Ggyong of an H-bonded
peptide bond. The per-residue free energy cost of disrupting H-bonds in
a membrane is therefore about 4 kcal mol~'. A twenty-residue TM helix
would thus cost 80 kcal mol™! to unfold within a membrane, which
explains why unfolded polypeptide chains cannot exist in a transmem-
brane configuration. » ‘

As discussed in detail elsewhere (Jayasinghe et al., 2001a; White et al,
2001), A Ggpona sets the threshold for transmembrane stability as well as the
so-called decision level in hydropathy plots (White, 1994). The free energy
of transfer of nonpolar side chains dramatically favors helix insertion,
whereas the transfer cost of the helical backbone dramatically disfavors
insertion. For example (White et al, 2001), the favorable (hydrophobic
effect) free energy for the insertion of the single membrane-spanning helix
of glycophorin A (Segrest et al., 1972) is estimated to be —36 kcal mol™,
whereas the cost AGy;, of dehydrating the helix backbone is 26 kcal mol™!
(Fig. 4B). The net free energy AGyys favoring insertion is thus —10 kcal
mol~!. As is common in so many biological equilibria, the free energy
minimum is the small difference of two relatively large opposing energetic
terms. Uncertainties in the per-residue cost of backbone insertion will have
a major effect on estimates of TM helix stability, the interpretation of
hydropathy plots, and the establishment of the minimum value of side
chain hydrophobicity required for stability. An uncertainty of 0.5-kcal
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F16. 4. Energetics of transmembrane (TM) helix stability. (A) The WW whole-resi-
due octanol hydrophobicity scale determined from the partitioning of short peptides
into nroctanol (Wimley ef al, 1996a) that predicts the stability of transmembrane helices
(Jayasinghe et al, 2001a). Free energy values along the abscissa are ordered in the same
manner as in Fig. 3. (B) The energetics of transmembrane helix stability based on the
work of Wimley and White (2000) and Jayasinghe et al. (2001a). Estimated relative free
energy contributions of the side chains (AG,) and backbone (AGy) to the helix-
insertion energetics of glycophorin A (Segrest et al, 1972). The net side chain contribu-
tion (relative to glycine) was computed using the n-octanol hydrophobicity scale of
Wimley et al. (1996a). The per-residue cost of partitioning a polyglycine o-helix is 1.15
kecal mol ™! (Jayasinghe #f al, 2001a). Figures adapted from reviews by White et al. (2001)
and White (2003).

mol™ !, for example, would cause an uncertainty of about 10 kcal mol ! in
AGTA/I!

What is the most likely estimate of AGyyp,,s? The practical number is the
cost AG;,;,IL’:W’,‘,of transferring a single glycyl unit of a polyglycine a-helix into
the bilayer HC. Electrostatic calculations and the octanol partitioning study
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of Wimley et al. (1996a) suggested that AGA# = 1.25 kcal mol ™, which is
the basis for the calculation of A Gy, The cost of transferring a random-coil
glycyl unit into n-octanol (Wimley et al, 1996a) is 1.15 kcal mol ™!, which
suggested that the n-octanol whole residue hydrophobicity scale (White
and Wimley, 1999) (Fig. 4A) derived from partitioning data of Wimley et al.
(1996a) might be a good measure of AG;;Z""I. This hypothesis was borne out
by a study (Jayasinghe et al, 2001a) of known TM helices cataloged in the
MPtopo database of MPs of known topology (Jayasinghe et al, 2001b),
accessible via the World Wide Web at http:/blanco.biomol.uci.edu/
mptopo. This study showed that 1.15 kcal mol " is indeed the best estimate
of AGE’,}%",. Using this value, TM helices for MPs of known three-dimension-
al structure could be identified with high accuracy in the 2001 edition of
MPtopo. This scale also includes free energy values for protonated and
deprotonated forms of Asp, Glu, and His. In addition, Wimley et al
(1996b) determined the free energies of partitioning salt bridges into
octanol, which are believed to be good estimates for partitioning into
membranes (Jayasinghe et al, 2001a). This has led to the augmented
Wimley-White (aWW) hydrophobicity scale (Jayasinghe et al, 2001a),
which forms the basis for a useful hydropathy-based tool, MPEX, for analyz-
ing MP protein stability. MPEx is available over the world wide web at
http://blanco.biomol.uci.edu/mpex. The WW experiment-based whole
residue hydrophobicity scales (Jayasinghe et al, 2001a; Wimley and
White, 1996; Wimley et al, 1996a), shown in Figs. 3A and 4A, provide a
solid starting point for understanding the physical stability of MPs and a
connection between physical biochemistry and biology (Hessa et al, 2005;
White, 2003).

IV. HEeLIX—HELIX INTERACTIONS IN BILAYERS

The hydrophobic effect is generally considered to be the major driving
force for compacting soluble proteins (Dill, 1990), but it cannot be the
force driving compaction (association) of TM «-helices. Because the hydro-
phobic effect arises solely from dehydration of a nonpolar surface
(Tanford, 1973), it is expended after helices are established across the
membrane. Helix association is most likely driven primarily by van der
Waals forces, more specifically the London dispersion force [reviewed by
White and Wimley (1999) and Popot and Engelman (2000)], but hydrogen
bonding can also be important.

Extensive work (Fleming et al, 1997, Lemmon et al, 1992, 1994;
MacKenzie and Engelman, 1998; MacKenzie ¢t al., 1997) on dimer forma-
tion of glycophorin A in detergents revealed that knob-into-hole packing
allows more efficient packing between helices than between helices and
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lipids. Tight, knob-into-hole packing has been found to be a general
characteristic of helical bundle MPs as well (Bowie, 1997; Langosch and
Heringa, 1998). For glycophorin A dimerization, knob-into-hole packing is
facilitated by the GxxxG motif, in which the glycines permit close approach
of the helices. The substitution of larger residues for glycine prevents the
close approach, and hence dimerization (Fleming et al, 1997; Lemmon
et al, 1992; MacKenzie and Engelman, 1998). The so-called TOX-CAT
method (Russ and Engelman, 1999) has made it possible to sample the
amino acid motifs preferred in helix-helix association in biological mem-
branes by using randomized sequence libraries (Russ and Engelman,
2000). The GxxxG motif is among a significant number of motifs that
permit close packing. A statistical survey of MP sequences disclosed
that these motifs are very common in membrane proteins (Senes et al.,
2000). Although evidence for the importance of this motif in helix-helix
interactions is compelling, more recent work suggests that GxxxG alone is
not always sufficient for dimerization (Kobus and Fleming, 2005) and that
sequence context can affect the strength of dimerization (Doura and

Fleming, 2004). Dimerization studies of glycophorin in detergent micelles

(Fleming et al, 1997) do not permit the absolute free energy of association
to be determined because of the large free energy changes associated with
micelle stability. However, estimates (White and Wimley, 1999) suggest 1 to
5 kcal mol™' as the free energy cost of separating a helix from a helix
bundle within the bilayer environment.

Because the energetic cost of breaking H-bonds within the bilayer HC is
so high (see earlier discussion), H-bonding between o-helices should
provide a strong stabilizing force for helix association. This is borne out
by studies of synthetic TM peptides designed to hydrogen bond to one
another (Choma e al, 2000; Zhou et al, 2000). Such interactions are
likely to be particularly important in the association of transmembrane
signaling proteins (Smith et al, 1996). However, lacking the specificity of
knobs-into-hole packing, generalized interhelical H-bonds could be haz-
ardous because of their tendency to cause promiscuous aggregation (Popot
and Engelman, 2000). A close examination (Rees et al, 1989; Yeates et al.,
1987) of one of the early crystallographic MP structures, the photosynthetic
reaction center of Rhodobacter sphaeroides, revealed that H-bonds between
secondary structure elements were rare and salt bridges nonexistent, ex-
cept for coordination among four histidines on TM helices with the heme
iron. These observations have generally held true for subsequent structures
(Bowie, 1997; Cramer et al, 1992; Langosch and Heringa, 1998; Wallin
et al, 1997). Recent surveys of interactions between pairs of helices in
membrane proteins (Adamian and Liang, 2002; Gimpelev e al, 2004)
indicate an average of about one H-bond per pair of helices, with a range
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of about one to five per pair. These H-bonds are split about equally between
side chain—side chain H-bonds and side chain-backbone H-bonds. Struc-
turally homologous helices in soluble proteins have similar statistics, except
that the percentage of side chain-side chain H-bonds is higher (~70%)
(Gimpelev et al, 2004).

V. PERSPECTIVES

The lipid bilayer presents a complex environment for the folding and
stability of membrane proteins. The hydrophobic effect and Coulombic
attraction drive unfolded and partially folded peptides into the bilayer
interface where they experience an environment intermediate between
water and pure hydrocarbon. Even though this environment is “wet,” the
burial of peptide bonds is energetically costly. Hydrogen bonding can
reduce the cost, and secondary structure is the result. For soluble proteins,
the hydrophobic effect (Tanford, 1973) is the dominant force driving the

" initial collapse of an unfolded chain toward the folded state—a collapse

that is opposed by the unfavorable cost of desolvating the secondary struc-
ture (Yang et al., 1992). This desolvation cost is equally important in the
overall energetics of membrane protein stability, but is not as apparent
because of the complex translocon machinery that manages cotransla-
tional insertion of transmembrane helices [reviewed by Johnson and
van Waes (1999), Dalbey and von Heijne (2002), von Heijne (2003), and
White and von Heijne (2004)]. The importance of the desolvation penalty
becomes apparent from the strong correlation between a biological hydro-
phobicity scale determined using a microsomal in vitro MP expression
system (Hessa et al, 2005) and the Wimley-White octanol scale (White
and Wimley, 1999). The biological machinery of MP assembly thus does its
job by using the fundamental principles outlined in this chapter.

ACKNOWLEDGMENTS

This work was supported by grants from the National Institute of General Medical Sciences
(GM46823 and GM68002) and the National Institute of Research Resources (RR-14812). I am
indebted to Drs. Michael Wiener, William Wimley, Alexey Ladokhin, Kalina Hristova, and Sajith
Jayasinghe for their many contributions to the research that forms the foundation of this review.

REFERENCES

Adamian, L., and Liang, J. (2002). Interhelical hydrogen bonds and spatial motifs in
membrane proteins: Polar clamps and serine zippers. Proteins 47, 209-218.

Arkin, I. T., MacKenzie, K. R, Fisher, L., Aimoto, S., Engelman, D. M., and Smith, S. O.
(1996). Mapping the lipid-exposed surfaces of membrane proteins. Nature Struct.
Biol. 3, 240-243.



168 WHITE

Ben-Tal, N., Ben-Shaul, A., Nicholls, A., and Honig, B. (1996). Free-energy determinants
of a-helix insertion into lipid bilayers. Biophys. J. 70, 1803—-1812.

Ben-Tal, N., Sitkoff, D., Topol, I. A,, Yang, A.-S., Burt, S. K, and Honig, B. (1997). Free
energy of amide hydrogen bond formation in vacuum, in water, and in liquid alkane
solution. j. Phys. Chem. B 101, 450-457.

Benz, R. W, Castro-Romin, F., Tobias, D. J., and White, S. H. (2005). Experimental
validation of molecular dynamics simulations of lipid bilayers: A new approach.
Biophys. J. 88, 805-817.

Bernéche, S., and Roux, B. (2001). Energetics of ion conduction through the K+
channel. Nature414 78-77.

Bollinger, J. G., Diraviyam,"K., Ghomashchi, F., Murray, D., and Gelb, M H. (2004).
Interfacial binding of bee venom secreted phosphohpase A2 to membranes occurs
predominantly by a nonelectrostatic mechanism. Biochemistry 43, 13293-13304.

Bowie, J. U. (1997). Helix packing in membrane proteins. J. Mol. Biol. 272, 780~789.

Bradshaw, J. P., Darkes, M. J. M., Harroun, T. A., Katsaras, J., and Epand, R. M. (2000).
Oblique membrane insertion of viral fusion pepude probed by neutron diffraction.
Biochemistry 39, 6581-6585.

Bradshaw, J. P., Davies, S. M. A., and Hauss, T. (1998). Interaction of substance P with
phospholipid bilayers: A neutron diffraction study. Biophys. J. 75, 889-895.

Chen, F.-Y.,, Lee, M.-T., and Huang, H. W. (2003). Evidence for membrane thinning
effect as the mechanism for peptide-induced pore formation. Biophys. J. 84,
3751-3758. ‘

Choma, C., Gratkowski, H., Lear, J. D., and De Grado, W. F. (2000). Asparagine-
mediated self-association of a model transmembrane helix. Nature Struct. Biol. 7,
161-166.

Cramer, W. A., Engelman, D. M., von Heijne, G., and Rees, D. C. (1992). Forces involved
in the assembly and stabilization of membrane proteins, FASEB J. 6, 3397-3402.
Curran, A. R., and Engelman, D. M. (2003). Sequence motifs, polar interactions and
conformational changes in helical membrane proteins. Curr. Opin. Struct. Biol. 13,

412-417.

Dalbey, R. E., and von Heijne, G. (2002). “‘Protein Targeting Transport and Tra.nsloca-
tion.”” Academic Press, New York.

Deol, S. S., Bond, P. J., Domene, C., and Sansom, M. S. P. (2004). Lipid-protein
interactions of integral membrane proteins: A comparative simulation study.
Biophys. J. 87, 3737-3749.

Dill, K. A. (1990). Dominant forces in protein folding. Biochemistry 29, 7133-7155.

Doura, A, K, and Fleming, K G. (2004). Complex interactions at the helix—helix
interface stabilize the glycophorln A transmembrane dimer. J. Mol. Bzol 343,
1487-1497.

Feller, S. E. (2000). Molecular dynamics simulations of lipid bilayers. Curr. Opm Colloid
Interface Sci. 5, 217223,

Feller, S. E., Gawrisch, K., and Woolf, T. B. (2003). Rhodopsin exhibits a preference for
solvation by polyunsaturated docosohexaenoic acid. J. Am. Chem. Soc. 125,
44344435,

Fleming, K G., Ackerman, A. L., and Engelman, D. M. (1997). The effect of point
mutations on the free energy of transmembrane a-helix dimerization. J. Mol. Biol.
272, 266-275.

Forrest, L. R,, and Sansom, M. S. P. (2000). Membrane simulations: Bigger and better?
Curr. Opin. Struct. Biol. 10, 174-181.

F



v

W

HOW HYDROGEN BONDS SHAPE MEMBRANE PROTEIN STRUCTURE 169

Frazier, A. A., Wisner, M. A,, Malmberg, N.J.,, Vichr, K. G., Fanucci, G. E., Nalefski, E. A.,
Falke, ]J. J., and Cafiso, D. S. (2002). Membrane orientation and position of the C2
domain from cPLA2 by site-directed spin labeling. Biochemistry 41, 6282-6292,

Freites, J. A., Tobias, D. J., Von Heijne, G., and White, S. H. (2005). Interface connections
of a transmembrane voltage sensor. Proc. Natl. Acad. Sci. USA 102, 15059-15064.

Gelb, M. H,, Cho, W. H., and Wilton, D. C. (1999). Interfacial binding of secreted
phospholipases Ay: More than electrostatics and a major role for tryptophan. Curr.
Opin. Struct. Biol. 9, 428-432.

Gimpelev, M., Forrest, L. R., Murray, D., and Honig, B. (2004). Helical packing patterns
in membrane and soluble proteins. Biophys. J. 87, 4075—4086.

He, K., Ludtke, S. J., Worcester, D. L., and Huang, H. W. (1996): Neutron scattering in
the plane of membranes: Structure of alamethicin pores. Biophys. J. 70, 2659-2666.

Heller, W. T., Waring, A. J., Lehrer, R. I, Harroun, T. A., Weiss, T. M., Yang, L., and
Huang, H. W. (2000). Membrane thinning effect of the f-sheet antimicrobial
protegrin. Biochemistry 39, 139-145,

Hessa, T., Kim, H., Bihlmaler, K., Lundin, C., Boekel, J., Andersson, H., Nilsson, 1.,
White, S. H., and von Heijne, G. (2005). Recognition of transmembrane helices by
the endoplasmic reticulum translocon. Nature 433, 377-381.

Hristova, K., Dempsey, C. E., and White, S. H.- (2001). Structure, location, and lipid
perturbations of melittin at the membrane interface. Biophys. J. 80, 801-811.

Hristova, K., and White, S. H. (2005). An experiment-based algorithm for predicting
the partitioning of unfolded peptides into phosphatidylcholine bilayer interfaces.
Biochemistry 44, 12614-12619.

Hristova, K., Wimley, W. C., Mishra, V. K, Anantharamaiah, G. M., Segrest, J. P., and
White, S. H. (1999). An amphipathic a-helix at a membrane interface: A structural
study using a novel x-ray diffraction method. J. Mol. Biol. 290, 99-117.

Humphrey, W., Dalke, W., and Schulten, K. (1996). VMD Visual molecular dynamics.
J. Mol. Gmphzcs 14, 33-38.

Jacobs, R. E., and White, S. H. (1989). The nature of the hydrophobic binding of small
peptides at the bilayer interface: Implications for the insertion of transbilayer
helices. Biochemistry 28, 3421-3437.

Jayasinghe, S., Hristova, K., and White, S. H. (2001a). Energetics, stability, and predic-
tion of transmembrane helices. J. Mol. Biol. 312, 927-934.

Jayasinghe, S., Hristova, K., and White, S. H. (2001b). MPtopo: A database of membrane
protein topology. Protein Sci. 10, 455-458.

Johnson, A. E., and van Waes, M. A. (1999). The translocon: A dynamic gateway at the ER
membrane. Annu. Rev. Cell Dev. Biol. 15, 799842,

Kobus, F. J., and Fleming, K. G. (2005). The GxxxG-containing transmembrane domain
of the CCK4 oncogene does not encode preferential self-interactions. Biochemistry
44, 1464-1470.

Ladokhin, A. S., Legmann, R., Collier, R. J., and White, S. H. (2004). Revers1b1e refolding
of the diphtheria toxin T-domain on lipid membranes. Biochemistry 43, 7451-7458.

Ladokhin, A. S., and White, S. H. (1999). Folding of amphipathic a-helices on mem-
branes: Energetics of helix formation by melittin. J. Mol. Biol. 285, 1363-1369.

Ladokhin, A. S., and White, S. H. (2001). Protein chemistry at membrane interfaces:
Non-additivity of electrostatic and hydrophobic interactions. J. Mol. Biol. 309,
543-552. '

Langosch, D., and Heringa, J. (1998). Interaction of transmembrane helices by a knobs-
into-holes packing characteristic of soluble coiled coils. Proteins 31, 150-159.



170 WHITE

Lemmon, M. A,, Flanagan, J. M., Hunt, J. F., Adair, B. D., Bormann, B. J., Dempsey, C. E.,
and Engelman, D. M. (1992). Glycophorin-A dimerization is driven by specific
interactions between transmembrane a-helices. J. Biol. Chem. 267, 7683-7689.

Lemmon, M. A, Treutlein, H. R., Adams, P. D., Briinger, A. T., and Engelman, D. M.
(1994). A dimerization motif for transmembrane alpha-helices. Nature Struct. Biol. 1,
157-163.

Li, Y, Han, X., and Tamm, L. K. (2003). Thermodynamics of fusion peptide-membrane
interactions. Biochemistry 42, 7245-7251.

Liu, Y., and Bolen, D. W. (1995). The peptide backbone plays a dominant role in protein
stabilization by naturally occurring osmolytes. Biochemistry 34, 12884-12891.

MacKenzie, K. R., and Engelman, D. M. (1998). Structure-based prediction of the
stability of transmembrane helix-helix interactions: The sequence dependence of
glycophorin A dimerization. Proc. Natl. Acad. Sci. USA 95, 3583-3590,

MacKenzie, K. R., Prestegard, J. H., and Engelman, D. M. (1997). A transmembrane
helix dimer: Structure and implications. Science 276, 131-133.

Nagle, J. F., and Tristram-Nagle, S. (2000). Lipid bilayer structure. Curr. Opin. Struct. Biol.
10, 474-480. i

Nagle, J. F., and Tristram-Nagle, S. (2001). Structure of lipid bilayers. Biochim. Biophys.
Acta 1469, 159-195.

Pastor, R. W. (1994). Molecular dynamics and Monte Carlo simulations of lipid bilayers.
Curr. Opin. Struct. Biol. 4, 486-492.

Petrache, H. 1., Tristram-Nagle, S., and Nagle, J. F. (1998). Fluid phase structure of EPC
and DMPC bilayers. Chem. Phys. Lipids 95, 83-94.

Popot, J.-L., and Engelman, D. M. (1990). Membrane protein folding and oligomeriza-
tion: The 2-stage model. Biochemistry 29, 4031—4037.

Popot, J.-L., and Engelman, D. M. (2000). Helical membrane protein folding, stability,
and evolution. Annu. Rev. Biochem. 69, 881-922.

Rees, D. C., Komiya, H., Yeates, T. O., Allen, J. P., and Feher, G. (1989). The bacterial
photosynthetic reaction center as a model for membrane proteins. Annu. Rev.
Biochem. 58, 607-633. :

Rosconi, M. P., Zhao, G., and London, E. (2004). Analyzing topography of membrane-
inserted diphtheria toxin T domain using BODIPY-streptavidin: At low pH, helices
8 and 9 form a transmembrane hairpin but helices 5-7 form stable nonclassical
inserted segments on the cis side of the bilayer. Biochemistry 43, 9127-9139.

Roseman, M. A. (1988). Hydrophobicity of the peptide C=0"""H-N hydrogen-bonded
group. J. Mol. Biol. 201, 621-625.

Russ, W. P, and Engelman, D. M. (1999). TOXCAT: A measure of transmembrane helix
association in a biological membrane. Proc. Natl. Acad. Sci. USA 96, 863-868.

Russ, W. P., and Engelman, D.-M. (2000). The GxxxG motif: A framework for transmem-
brane helix-helix association. J. Mol. Biol. 296, 911-919.

Segrest, J. P., Jackson, R. L., Marchesi, V. T., Guyer, R. B, and Terry, W. §1972). Red cell
membrane glycoprotein: Amino acid sequence of an intramembranous region.
Biochem. Biophys. Res. Comm. 49, 964-969.

Senes, A., Gerstein, M., and Engelman; D: M..(2000). Statistical analysis of amino acid

patterns in transmembrane helices: The GxxxG motif occurs frequently and in

association with . B-branched residues-at neighboring’ positions. J. Mol. Biol. 296,
921-936. :

Smith, S. O., Smith, C.'S.; and Bormann, B. J. (1996). Strong hydrogen bonding inter-
actions involving a butied glutamic acid in the transmembrane sequence-of the
neu/erbB-2 receptor. Nature Struct. Biol. 3, 252-258.

(4]

(')



@)

HOW HYDROGEN BONDS SHAPE MEMBRANE PROTEIN STRUCTURE 171

Tanford, C. (1973). “The Hydrophobic Effect: Formation of Micelles and Biological
Membranes.”” Wiley, New York.

Tieleman, D. P., Hess, B., and Sansom, M. S. P. (2002). Analysis and evaluation of
channel models: Simulations of alamethicin. Biophys. J. 83, 2393-2407.

Tieleman, D. P., Marrink, S. J., and Berendsen, H. J. C. (1997). A computer perspective
of membranes: Molecular dynamics studies of lipid bilayer systems. Biochim. Biophys.
Acta 1331, 235-270.

Tobias, D. J.! (2001). Membrane simulations. /n ‘“‘Computational Biochemistry and
Biophysics’” (O. M. Becker, A. D. MacKerell, Jr., B. Roux, and M. Watanabe, Eds.),
pp. 465—496. Dekker, New York.

Tristram-Nagle, S., Petrache, H. I., and Nagle, J. F. (1998). Structure and interactions of
fully hydrated dioleoylphosphatidylcholine bilayers. Biophys. J. 75, 917-925.

von Heijne, G. (2003). Membrane protein assembly in vivo. Adv. Protein Chem. 63, 1-18.

Wallin, E., Tsukihara, T., Yoshikawa, S., von Heijne, G., and Elofsson, A. (1997). Archi-
tecture of helix bundle membrane proteins: An analysis of cytochrome ¢ oxidase
from bovine mitochondria. Protein Sci. 6, 868-815.

Weiss, T. M., van der Wel, P. C. A,, Killian, J. A., Koeppe, R. E., II, and Huang, H. W.
(2003). Hydrophobic mismatch between helices and lipid bilayers. Biophys. J. 84,
379-385. :

White, S. H. (1994). Hydropathy plots and the prediction of membrane protein topolo-
gy. In ““Membrane Protein Structure: Experimental Approaches”” (S. H. White, Ed.),
pp. 97-124. Oxford Univ. Press, New York.

White, S. H. (2003). Translocons, thermodynamics, and the folding of membrane
proteins. FEBS Lett. 555, 116-121.

White, S. H., Hessa, T., and von Heijine, G. (2005). Lipid bilayers, translocons, and the
shaping of polypeptide structure. In ‘‘Protein-Lipid Interactions’’ (L. K. Tamm,
Ed.), pp. 3-25. Wiley-VCH, Weinheim.

White, S. H., and Hristova, K. (2000). Peptides in lipid bilayers: Determination of
location by absolute-scale x-ray refinement. /n ‘‘Lipid Bilayers. Structure and Inter-
actions” (J. Katsaras and T. Gutberlet, Eds.), pp. 189-206. Springer-Verlag, Berlin.

White, S. H., Ladokhin, A. S., Jayasinghe, S., and Hristova, K. (2001). How membranes
shape protein structure. J. Biol. Chem. 276, 32395-32398.

White, S. H., and von Heijne, G. (2004). The machinery of membrane protein assembly.
Curr. Opin. Struct. Biol. 14, 397-404. ’

White, S. H., and Wiener, M. C. (1995). Determination of the structure of fluid lipid
bilayer membranes. In ‘‘Permeability and Stability of Lipid Bilayers’’ (E. A. Disalvo
and S A. Simon, Eds.), pp. 1-19. CRC Press, Boca Raton, FL.

White, S. H., and Wiener, M. C. (1996). The liquid-crystallographic structure of fluid
lipid bilayer membranes. /n ‘‘Membrane Structure and Dynamics” (K. M. Merz and
B. Roux, Eds.), pp. 127-144. Birkhiuser, Boston. ,

White, S. H., and Wimley, W. C. (1994). Peptides in lipid bilayers: Structural and
thermodynamic basis for partitioning and folding. Curr. Opin. Struct. Biol. 4, 79-86.

White, S. H., and Wimley, W. C. (1998). Hydrophobic interactions of peptides with
membrane interfaces. Biochim. Biophys. Acta 1376, 339-352,

White, S. H., and Wimley, W. C. (1999). Membrane protein folding and stability: Physical
principles. Annu. Rev. Biophys. Biomol. Struc. 28, 319-365.

Wiener, M. C,, and White, S. H. (1991). Fluid bilayer structure determination by the
combined use of X-ray and neutron diffraction. I. Fluid bilayer models and the
limits of resolution. Biophys. J. 59, 162-173.



172 . WHITE

Wiener, M. C., and White, S. H. (1992). Structure of a fluid dioleoylphosphatidylcholine
bilayer determined by joint refinement of x-ray and neutron diffraction data. IIIL.
Complete structure. Biophys: J. 61, 434-447.

Wieprecht, T., Apostolov, O., Beyermann, M., and Seelig, J. (1999a). Thermodynamics of
the a-helix-coil transition of amphipathic peptides in a membrane environment:
Implications for the peptide-membrane binding equilibrium. J.-Mol. Biol. 294,
785-794.

Wieprecht, T., Beyermann, M., and Se¢lig, J. (1999b). Binding of antibacterial magainin
‘peptides: to electrically neutral membranes Thermodynanﬁcs and - structure.
Biochemistry 38, 10377-10387.

Wimley, W. C., Creamer, T. P., and White, S. H. (19964). Solvauon energies of amino
acid 51decha1ns and backbone in a family of host-guest pentapepudes Biochemistry
35, 5109-5124.

Wlmley,W C., Gawrisch, K., Creamer, T. P., and White, S H. (1996b). A direct measure-
ment of salt-bridge solvation energies using a peptide model system: Implications
for protein stability. Proc. Natl. Acad. Sci. USA 93, 2985-2990.

Wimley, W. C,, Hristova, K., Ladokhin, A. S,; Silvestro, L., Axelsen, P. H., and White, S. H.
(1998). Folding of fi-sheet membrane proteins: A hydrophebic hexapeptide model

J- Mol. Biol. 277, 1091-1110.

Wimley, W. C., and White, S. H. (1996). Experimentally determined hydrophobicity
scale for proteins at membrane interfaces. Nature Struct. Biol. 3, 842~848.

Wimley, W. C., and White, S. H. (2000). Designing transmembrane «-helices that insert
spontaneously. Biochemistry 39, 4432-4442.

Yang, A.-S., Sharp, K. A., and Honig, B. (1992). Analysis of the heat capacity dependence
of protein folding. J. Mol. Biol. 227, 889-900.

Yang, L., Weiss, T. M., Lehrer, R. 1., and Huang, H. W. (2000). Crystalline phases
of antimicrobial pores in membranes Magainin and protegrm Biophys. ] 79,
2002-2009.

Yeates, T. O., Komiya, H., Rees, D. C., Allen, J. P., and Feher, G. (1987). Structure of the
reaction center from Rhodobacter sphaerozdes R-26: Membrane-protein interactions.
Proc. Natl. Acad. Sci. USA 84, 6438-6422.

Zhou, F. X,, Cocco, M. J., Russ, W. P., Brunger, A. T., and Engelman, D. M (2000).
Interhelical hydrogen bonding drives strong interactions in membrane protelns
Nature Struct. Biol. 7, 154-160.

Zhu, F. Q,, Tajkhorshld E., and Schulten, K. (2004). Theory and simulation of water
permeation in aquaporin-1. Biophys. J. 86, 50-57.

[

n

By

%

«¥



D
&
w

Relative free energy (kcal/mol)

o
2

N
(2]

n

N
&)

—_

B
Bulk water
Methyls
Fy Methylenes
= Double-bonds
2 Carbonyls
a
e Phosphate
o Choline
-40 -20 0 20 40
Distance from bilayer center (A)
C 77 T T T - T _
>
=
w
c
[
e
v
o
1
]
= 0.01
o

0.00 |

WHITE, CHAPTER 6, F1G. 1. (See Legend in Text.)

S
: ]
- / B
- 1 So
: //%;ﬁ :
: 1 B
] 2o
L : 6
' 1 o
FVJ;A[ LL A 1 1 :
5 10
R(O...H) (A)

IM ET 4., CHAPTER 7, F1G. 3.

0.8

o

=

0 1
300

T T T

TT T T [T T T T[T T TT

N

N

T

N N

350 400
Temperature (K)

(See Legend in Text.)

450 500





