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1.1
Introduction

Constitutive membrane proteins (MPs) come to equilibrium with the lipid bi-
layer and water, after transmembrane (TM) insertion, through the translocation
machinery of cells. The prediction of their three-dimensional structure from the
amino acid sequence should emerge from a comprehensive understanding of
the physical chemistry of protein-lipid interactions. The most fundamental
physical principle is that TM helices are composed predominantly of non-polar
amino acids. Bacteriorhodopsin [1], comprised of seven TM helices packed
neatly into a bundle, is generally taken as the archetypal MP. Its apparent sim-
plicity has led to a simple prediction paradigm that involves first identifying hy-
drophobic TM segments using hydropathy plots (reviewed in [2]) and then ap-
plying helix-packing constraints [3]. This optimistic assessment has been ser-
iously challenged by the three-dimensional structure of the CIC chloride chan-
nel published in 2002 [4] (Fig. 1.1A). The jumble of helices buried within the
membrane mocks bacteriorhodopsin’s simplicity. Not only do the 17-odd helices
vary greatly in length and tilt, some form TM structures in end-to-end arrange-
ments in the manner of the aquaporin family of transporters (reviewed in [5]).
Hydropathy plots fail to identify the complex topology correctly. This failure is
not limited to the CIC channel alone, as shown by the three-dimensional struc-
ture of the KvAP voltage-gated potassium channel [6]. The S1-S4 voltage sens-
ing region is not comprised of the simple TM helices as surmised from hydro-
pathy plot analyses. Rather, this region appears to be dominated by a helical
hairpin arrangement that can move within the lipid bilayer in response to
changes of membrane potential. These new structures force a re-evaluation of
the structure-prediction problem.

What is missing from the present approach? One thing may be attention
to the mechanisms of biological assembly. Constitutive a-helical MPs are as-
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ribosome

Fig. 1.1 Examples of MPs in lipid bilayers.
In the molecular images, phospholipid head-
groups are red and acyl chains are white.
(A) An image of the CIC chloride channel

[4, 111] embedded in a lipid bilayer (red and
white) surrounded by water (aquamarine).
The topology of this complex protein defies
predictions using hydropathy plots. The
yellow arrows highlight the components of
the intrinsic interactions that must be under-
stood quantitatively in order to predict the
three-dimensional structure from the amino
acid sequence. Intrinsic interactions are
those involving the full-length polypeptide
sequence, the lipid bilayer and water. The
image was produced from a MD simula-
tion of CIC in a POPC bilayer, courtesy of
Dr. Alfredo Freites at UC Irvine.

(B) Schematic representation of the translo-
cation or insertion of TM helices by a trans-
locon receiving an elongating polypeptide
chain from a ribosome. Polypeptide chains
destined for translocation across the ER
(center green chain) of eukaryotes or the
plasma membrane of prokaryotes lack a seg-
ment of sufficient hydrophobicity and length
to be identified by the translocon as a TM
helix. The topology of a TM segment [112]

is determined by charge interactions [113]
with the translocon complex (Sec61 in
eukaryotes, SecY in bacteria). Several recent
reviews discuss translocon-guided insertion
of MPs [9-14, 114]. The schematic image

is based upon Fig. 1 of [9].

(C and D) Structure of the SecY complex
from Methanococcus jannaschii [7] that has
been embedded in a POPC lipid bilayer
using MD methods. A view of SecY normal
to the bilayer plane looked at from the ribo-
some is shown in (C), while (D) shows a
view along the bilayer plane looking into the
so-called “gate” formed by helices TM2B
and TM7. Nascent TM helices move into the
bilayer through this gate. The translocon is
in a closed state, because the structure was
determined in the absence of an elongating
polypeptide. The TM2A “plug helix” appar-
ently seals the translocon in the absence of
nascent peptide to prevent TM movement of
ions. Waters within 5 A of SecY are identified
by the blue triangles. The images were pre-
pared from a MD simulation, courtesy of
Dr. Alfredo Freites at UC Irvine. All molecular
graphics images were produced using Visual
Molecular Dynamics (VMD) [115].
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sembled in membranes by means of a translocation/insertion process that in-
volves physical engagement of a ribosome (Fig. 1.1B) with the translocon com-
plex [7-9] — itself a MP [9-12] (Fig. 1.1C and D). Polypeptide segments destined
for insertion as TM segments are identified by the translocon-bilayer system
and shunted into the bilayer (reviewed in [9-15]). After release into the mem-
brane’s bilayer fabric and disassembly of the ribosome-translocon machinery, a
MP resides stably in a thermodynamic free energy minimum (evidence re-
viewed in [16, 17]). This outline of MP assembly suggests two fundamental cate-
gories of protein-lipid interactions that require consideration in structure-pre-
diction algorithms: intrinsic and formative.

Intrinsic interactions are those responsible for the stability and structure of
the full-length polypeptide chain after synthesis. These interactions, which pro-
duce the final shaping of MP structure, include interactions of the polypeptide
chain with itself, water, the bilayer hydrocarbon core (HC), the bilayer interfaces
(IFs) and, in some cases, cofactors (Fig. 1.1A). Several recent reviews [17-21]
provide extensive discussions of the evolution, structure and thermodynamic
stability of MPs. An overview of intrinsic interactions that stabilize a-helical
MPs is provided in Section 1.2. The basic thermodynamic principles of a-helical
MPs, except for helix-helix interactions, apply also to f-barrel MPs, but this
class of MPs will not be considered here. The interested reader should consult
two excellent recent reviews on f-barrel MPs [21, 22].

The second category of interactions that require consideration in structure-
prediction algorithms, formative interactions, involve interactions of elongating
polypeptides with the translocon as well as the lipid bilayer. These interactions,
which lead to the selection of a polypeptide segment for shunting into the bi-
layer, are the subject of Section 1.3. Recent experiments [23] have revealed the
basic selection rules, and the recent structure of the bacterial (SecY) translocon
[7, 8] (shown embedded in a lipid bilayer in Fig. 1.1C and D) provides a struc-
tural context for the underlying formative interactions. The basic selection rules
indicate that our understanding of the intrinsic interactions is incomplete.

1.2
Membrane Proteins: Intrinsic Interactions

1.2.1
Physical Determinants of Membrane Protein Stability: The Bilayer Milieu

Two influences are paramount in shaping polypeptide structure in membranes.
First, as indicated in Fig. 1.2, the membrane’s bilayer fabric has two chemically
distinct regions: HC and IFs. IF structure and chemistry must be important be-
cause the specificity of protein signaling and targeting by membrane-binding
domains could not exist otherwise [24], as discussed in detail in Chapters 15 to
17. Second, the high energetic cost of dehydrating the peptide bond, as when
transferring it to a non-polar phase, causes it to dominate structure formation
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1.2 Membrane Proteins: Intrinsic Interactions

[25], as summarized in Fig. 1.3. The only permissible TM structural motifs of
MPs are a-helices and f-barrels, because internal hydrogen bonding ameliorates
this cost (see below).

As membranes must be in a fluid state for normal cell function, only the
structure of fluid (L, phase) bilayers is relevant to understanding how mem-
branes mold proteins. However, atomic-resolution images of fluid membranes
are precluded due to their high thermal disorder (Fig. 1.2A). Nevertheless, fun-
damental and useful structural information can be obtained from multilamellar
bilayers (liquid crystals) dispersed in water or deposited on surfaces [26-29].
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 in
[30, 31]). The resulting “structure” consists of a collection of time-averaged prob-
ability distribution curves of water and lipid component groups (carbonyls,
phosphates, etc.), representing projections of three-dimensional motions onto
the bilayer normal. Fig. 1.2B shows the liquid-crystallographic structure of an
L, phase dioleoylphosphatidylcholine (DOPC) bilayer [32].

Three features of this structure are important. First, the widths of the prob-
ability densities reveal the great thermal disorder of fluid membranes. Second,
the combined thermal thickness of the [Fs (defined by the distribution of the
waters of hydration) is approximately equal to the 30-A thickness of the HC.
The thermal thickness of a single IF (around 15 A) can easily accommodate an
a-helix parallel to the membrane plane. The common cartoons of bilayers that
assign a diminutive thickness to the bilayer IFs are thus misleading. Third, the
thermally disordered IFs are highly heterogeneous chemically. A polypeptide
chain in an IF must experience dramatic variations in environmental polarity

A
«

Fig. 1.2 The liquid-crystalline structure of a
fluid DOPC bilayer.

(A) Molecular graphics image of DOPC
taken from a MD simulation by Ryan Benz
at UC Irvine. The color scheme for the com-
ponent groups (carbonyls, phosphates,
water, etc.) is given in (B). The image was
prepared by S. White using VMD [115].

(B) Liquid-crystallographic structure of a
fluid DOPC lipid bilayer [32]. The “structure”
of the bilayer is comprised of a collection of
transbilayer Gaussian probability distribution
functions representing the lipid components
that account for the entire contents of the
bilayer unit cell. The areas under the curves
correspond to the number of constituent
groups per lipid represented by the distribu-
tions (one phosphate, two carbonyls, four
methyls, etc.). The widths of the Gaussians

measure the thermal motions of the lipid
components and are simply related to crys-
tallographic B factors [39, 40, 116]. The ther-
mal motion of the bilayer is extreme: lipid-
component B factors are typically around
150 A2, compared to around 30 A? for
atoms in protein crystals.

(C) Polarity profile (yellow curve) of the
DOPC bilayer (above) computed from the
absolute values of atomic partial charges
[33]. The end-on view in (B) of an a-helix
with diameter ~10 A — typical for MP he-
lices [87] — shows the approximate location
of the helical axes of the amphipathic-helix
peptides Ac-18A-NH; [40] and melittin [39],
as determined by a novel, absolute-scale
X-ray diffraction method (reviewed in [117]).
Panels (B) and (C) have been adapted from
reviews by White and Wimley [17, 33, 118].
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Fig. 1.3 Energetics of peptide interactions
with lipid bilayers.

(A) Schematic representation of the shaping
of protein structure through polypeptide—
bilayer interactions. Based upon the four-
step thermodynamic cycle of Wimley and
White [17] for describing the partitioning,
folding, insertion and association of a-helical
polypeptides. The aqueous insolubility of
MPs, folded or unfolded, precludes direct
determinations of interaction free energies.
The only route to understanding the ener-
getics of MP stability is through studies

AG,, = +26

of small, water-soluble peptides [62, 64,

65, 68]. The association of TM helices is
probably driven by van der Waals interac-
tions, giving rise to knob-into-hole packing
[84-86, 119]. The GxxxG motif is especially
important in helix-helix interactions in
membranes [90, 91].

(B) Energetics of secondary structure forma-
tion by melittin at the bilayer IF [65]. Un-
folded peptides are driven toward the folded
state in the IF because hydrogen-bond
formation dramatically lowers the cost of
peptide-bond partitioning, which is the
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over a short distance due to the steep changes in chemical composition, as illus-
trated by the yellow curve in the lower half of Fig. 1.2C [33]. As the regions of
first contact, the IFs are especially important in the folding and insertion of
non-constitutive MPs, such as diphtheria toxin [34, 35] and to the activity of sur-
face-binding enzymes, such as phospholipases [36-38]. However, for reasons
discussed below, they are also likely to be important in translocon-assisted fold-
ing of MPs.

Experimentally determined bilayer structures such as the one in Fig. 1.2C are
essential for understanding thermodynamic measurements of peptide-bilayer
interactions at the molecular level. Recent extension of the liquid-crystallo-
graphic methods to bilayers containing peptides such as melittin [39] and other
amphipathic peptides [40] makes this a practical possibility. However, there are
numerous other X-ray and neutron diffraction approaches that provide impor-
tant information about the molecular interactions of peptides with lipid bilayers
[41-47]. Molecular dynamics (MD) simulations of bilayers [48-51] (Fig. 1.2A)
are rapidly becoming an essential structural tool for examining lipid—protein in-
teractions at the atomic scale [52-57]. The future offers the prospect of combin-
ing bilayer diffraction data with MD simulations in order to arrive at experimen-
tally validated MD simulations of fluid lipid bilayers [58]. This approach should
allow one to convert the static one-dimensional images obtained by diffraction
(Fig. 1.2B) into dynamic, three-dimensional structures for examining peptide—
lipid interactions in atomic detail.

1.2.2
Physical Determinants of Membrane Protein Stability:
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

&
N

dominant determinant of whole-residue
partitioning. The free energy reduction ac-
companying secondary structure formation
by melittin is around 0.4 kcal mol™ per
residue [64, 65], but may be as low as

0.1 keal mol™ for other peptides [120].
Although small, such changes in aggregate
can be large. For example, the folding of
12 residues of 26-residue melittin into an
a-helical conformation causes the folded
state to be favored over the unfolded state
by around 5 kcal mol™. To put this number
in perspective, the ratio of folded to un-
folded peptide is around 4700.

(C) The energetics of TM helix insertion
based upon the work of Wimley and White
[68] and )ayasinghe et al. [72]. Estimated
relative free energy contributions of the side-
chains (AGs.) and backbone (AGyy) to the
helix-insertion energetics of glycophorin A
[73]. The net side-chain contribution
(relative to glycine) was computed using the
n-octanol hydrophobicity scale of Wimley et
al. [74]. The per-residue cost of partitioning
a polyglycine a-helix is +1.15 kcal mol™ [72].
(Adapted from reviews by White et al. [19]
and White [20]).
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studying the membrane interactions of fragments of MPs, i.e. peptides. Because
MPs are equilibrium structures, one is free to describe the interactions by any
convenient set of experimentally accessible thermodynamic pathways, irrespec-
tive of the biological synthetic pathway. One particularly useful set of pathways
is the so-called four-step model [17] (Fig. 1.3A), which is a logical combination
of the early three-step model of Jacobs and White [59] and the two-stage model
of Popot and Engelman [60], in which TM helices are first “established” across
the membrane and then assemble into functional structures (helix association;
reviewed in [61]). Although these pathways do not mirror the actual biological
assembly process of MPs, they are nevertheless useful for guiding biological ex-
periments, because they provide a thermodynamic context within which biologi-
cal processes must proceed.

In the four-step model (Fig. 1.3A), 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 the solubility problems. Nor can it be achieved with small
non-constitutive membrane-active peptides, such as melittin, because binding
usually induces secondary structure (partitioning-folding coupling). It can be de-
fined for phosphatidylcholine (PC) IFs by means of an experiment-based interfa-
cial free energy (hydrophobicity) scale [62] derived from partitioning into 1-pal-
mitoyl-2-oleolyl-phosphatidylcholine (POPC) bilayers of tri- and pentapeptides
[59, 62] that have no secondary structure in the aqueous or interfacial phases.
This scale (Fig. 1.4A), 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 [63]. This validates it for comput-
ing virtual partitioning free energies of proteins into PC IFs. Similar scales are
needed for other lipids and lipid mixtures.

The high cost of interfacial partitioning of the peptide bond [62], 1.2 kcal mol ™,
explains the origin of partitioning-folding coupling and it also explains why the IF
is a potent catalysis of secondary structure formation. Wimley et al. [64] showed
for interfacial f-sheet formation that hydrogen-bond formation reduces the cost
of peptide partitioning by about 0.5 kcal mol™ per peptide bond. The folding of
melittin into an amphipathic a-helix on POPC membranes involves a per-residue
reduction of about 0.4 kcal mol™ [65] (Fig. 1.3B). The folding of other peptides
may involve smaller per-residue values [66, 67]. The cumulative effect of these rel-
atively small per-residue free energy reductions can be very large when tens or
hundreds of residues are involved.

The energetics of TM helix stability also depend critically on the partitioning
cost of peptide bonds (Fig. 1.3 C). Determination of the energetics of TM a-helix
insertion, which is necessary for predicting structure, is difficult because non-
polar helices tend to aggregate in both aqueous and interfacial phases [68]. The
broad energetic issues are clear [69], however. Computational studies [70, 71]
suggest that the transfer free energy AGcony of @ non-hydrogen-bonded peptide
bond from water to alkane is +6.4 kcal mol™, compared to only +2.1 kcal mol™
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for the transfer free energy AGppona of a hydrogen-bonded peptide bond. The
per-residue free energy cost of disrupting hydrogen bonds in a membrane is
therefore about 4 kcal mol™. A 20-amino-acid TM helix would thus cost 80 kcal
mol™ to unfold within a membrane, which explains why unfolded polypeptide
chains cannot exist in a TM configuration.

As discussed in detail elsewhere [19, 72], AGypona sets the threshold for TM
stability as well as the so-called decision level in hydropathy plots [2]. The free
energy of transfer of non-polar side-chains dramatically favors helix insertion,
while the transfer cost of the helical backbone dramatically disfavors insertion.
For example [19], the favorable (hydrophobic effect) free energy for the insertion
of the single membrane-spanning helix of glycophorin A [73] is estimated to be
—36 kcal mol™!, whereas the cost AGy, of dehydrating the helix backbone is
+26 kcal mol ™ (Fig. 1.3C). The net free energy AGry 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 mol™, for example, would cause
an uncertainty of about 10 kcal mol™ in AGry!

What is the most likely estimate of AGypong? The practical number is the cost
AGgﬁ}gl of transferring a single glycyl unit of a polyglycine a-helix into the bi-
layer HC. Electrostatic calculations [71] and the octanol partitioning study of
Wimley et al. [74] suggested that AG;‘f’yli’§1=+1.25 kcal mol™, which is the basis
for the calculation of AGyy,. The cost of transferring a random-coil glycyl unit
into n-octanol [74] is +1.15 kcal mol™", which suggested that the n-octanol
whole-residue hydrophobicity scale [17] (Fig. 1.4B) derived from partitioning
data of Wimley et al. [74] might be a good measure of AG}glfylgl. This hypothesis
was borne out by a study [72] of known TM helices cataloged in the MPtopo da-
tabase of MPs of known topology [75], accessible via hitp://blanco.biomol.uci.edu,/
mptopo. This study showed that +1.15 kcal mol™ is indeed the best estimate of
AGlg“fylgl. Using this value, TM helices for MPs of known three-dimensional
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. [76] determined the free
energies of partitioning salt-bridges into octanol, which are believed to be good
estimates for partitioning into membranes [72]. This has led to the augmented
Wimley—-White (aWW) hydrophobicity scale [72] that forms the basis for a useful
hydropathy-based tool, MPEx, for analyzing MP protein stability. MPEx is avail-
able as an on-line java applet at hitp://blanco.biomol.uci.edu/mpex. However,
the scale fails miserably in the prediction of the topology of the CIC chloride
channel (Fig. 1.1A), indicating the need to understand the translocon-assisted
folding of MPs. Nevertheless, the WW experiment-based whole-residue hydro-
phobicity scales [62, 72, 74], Fig. 1.4 [A (AGr) and B (AGyww or AG,)], provide
a solid starting point for understanding the physical stability of MPs. The
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whole-residue WW scale provides an important connection between physical
chemistry and biology (see below).

When the two scales are used together (Fig. 1.4C), one can estimate the pref-
erence of a polypeptide segment for the HC as an a-helix relative to the membrane
IF as an unfolded chain. The “octanol-I1F” scale, AGye_ip=AGoe—AGig, divides the
amino acid residues into three groups (Fig. 1.4 D): strongly IF preferring, strongly
HC preferring and those that are borderline (|AGoeig| < 0.25 kcal mol™). The
octanol-IF scale provided insights into translocon-assisted folding [77-79] and
was the stimulus for undertaking a detailed examination of the recognition of
TM helices by the endoplasmic reticulum (ER) translocon (see below) [23].

1.2.3
Physical Determinants of Membrane Protein Stability:
Helix—Helix Interactions in Bilayers

The hydrophobic effect is generally considered to be the major driving force for
compacting soluble proteins [80]. However, it cannot be the force driving com-
paction (association) of TM a-helices. Because the hydrophobic effect arises sole-
ly from dehydration of non-polar surfaces [81], it is expended after helices are
established across the membrane. Helix association is most likely driven primar-
ily by van der Waals forces; more specifically, the London dispersion force
(reviewed in [17, 18]). But why would van der Waals forces be stronger between
helices than between helices and lipids?

Extensive work [82-86] on dimer formation of glycophorin A in detergents re-
veals the answer: knob-into-hole packing that allows more efficient packing be-
tween helices than between helices and lipids. Tight, knob-into-hole packing
has been found to be a general characteristic of helical-bundle MPs as well [87,

4
|

Fig. 1.4 Summary of experiment-based
hydrophobicity scales that are useful for

blanco.biomol.uci.edu/hydrophobicity_
scales.html.

understanding MP stability and translocon-
assisted folding.
(A) The WW interfacial hydrophobicity scale

determined from measurements of the parti-

tioning of short peptides into phosphatidyl-
choline vesicles [62].

(B) The WW octanol hydrophobicity scale
determined from the partitioning of short
peptides into n-octanol [74] that predicts the
stability of TM helices [72]. The free energy
values along the abscissa are ordered in the
same manner as in Fig. 1.6A.

(C) The basis for deriving the octanol-IF
scale (AGoct_1r=AGo—AGf) from the scales
shown in (A and B). Numerical values for
all of the scales can be obtained at http://

(D) The AG,cir scale divides the natural
amino acid residues into three classes based
upon their relative propensities for the HC
and the membrane IF.

(E) A plot of the normalized turn propensity
for helical hairpin formation [78] versus the
octanol-IF hydrophobicity scale. There is a
clear correlation between the turn propensity
and AG,_ir hydrophobicity. Those residues
that favor the conversion of a long (about
40 amino acids), single-spanning polyleucine
TM helix into a helical hairpin (two TM
helices separated by a tight turn) are gener-
ally the same ones that favor the membrane
IF. See text for discussion.

(Adapted from a review by White [20]).
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88]. 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 sub-
stitution of larger residues for glycine prevents the close approach and, hence, di-
merization [82, 85, 86]. The so-called TOX-CAT method [89] has made it possible
to sample the amino acid motifs preferred in helix-helix association in biological
membranes by using randomized sequence libraries [90]. The GxxxG motif is
among a significant number of motifs that permit close packing. A statistical sur-
vey of MP sequences disclosed that these motifs are very common in MPs [91].

Dimerization studies of glycophorin in detergent micelles [85] do not permit the
absolute free energy of association to be determined, because of the large free en-
ergy changes associated with micelle stability. However, estimates [17] suggest 1-
5 kcal mol ™" as the free energy cost of separating a helix from a helix bundle with-
in the bilayer environment. The cost of breaking hydrogen bonds within the bi-
layer HC (above) implies that hydrogen bonding between a-helices could provide
a strong stabilizing force for helix association. This is borne out by recent studies
of synthetic TM peptides designed to hydrogen bond to one another [92, 93]. In-
terhelical hydrogen bonds, however, are not common in MPs (reviewed in [17]).
Indeed, lacking the specificity of knob-into-hole packing, they could be hazardous
because of their tendency to cause promiscuous aggregation [18], although they
are probably important in the association of TM signaling proteins [94].

13
Membrane Proteins: Formative Interactions

1.3.1
Connecting Translocon-assisted Folding to Physical Hydrophobicity Scales:
The Interfacial Connection

The literature on translocon-assisted MP folding has been reviewed extensively
in the past several years [9-14]. Here it is sufficient to note that the signal rec-
ognition particle (SRP) targets nascent ribosome-bound membrane and secreted
proteins to the translocon complex (Sec61 in eukaryotes, SecY in bacteria),
whereupon membrane integration and folding occurs, provided that the nascent
protein has at least one run of amino acids with sufficient hydrophobicity to
form a TM helix/stop-transfer sequence (Fig. 1.1 B). Otherwise, the protein is se-
creted across the membrane. An important topic, reviewed elsewhere [9, 95, 96],
is the physical basis for topology determination of the initial TM segment.
There have been two points of view about translocon-assisted membrane integra-
tion, discussed extensively by Johnson [14]. The “sequential” point-of-view visua-
lizes the translocon as having a large-diameter tunnel (around 50 A) into which
the nascent protein chain is secreted during folding, in preparation for insertion
into the lipid bilayer via a passageway through the wall of the translocon. A crucial
feature of this scheme is that the ribosome must make a tight seal with the trans-
locon in order to prevent ion leakage. There is a growing body of evidence, however,
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that the alternate “concerted” scheme, in which the translocon complex and the
lipid work together, is more likely (reviewed in [9]). Two low-resolution (around
15 A) images of ribosome—translocon assemblies indicate significant gaps between
the ribosome and translocon [97, 98], which eliminates the possibility of a tight
seal. It appears that sealing must be provided in some way by the nascent peptide
within the translocon itself. The structure of an archaeal SecY translocon, com-
posed of 10 TM segments, strongly supports this view (Fig. 1.1 C and D). The nas-
cent TM segment apparently emerges laterally through a gate formed principally
by helices TM2B and TM7. A short “plug” helix (TM2A) serves to seal the translo-
con in the absence of a nascent chain. Site-specific photo-cross-linking studies [99]
show that the nascent chain can cross-link with lipids well before the termination
of translation, implying that the growing chain interacts with both the translocon
and neighboring lipids during folding. Heinrich et al. [100] concluded that the in-
tegration of TM domains occurs through a lipid-partitioning process as a result of
the TM segment being in contact with the lipid as soon as it arrives in the trans-
locon channel. However, integration into the membrane can occur only if a poly-
peptide segment has the right properties, such as sufficient hydrophobicity.

What is the minimum hydrophobicity required for a 20-amino-acid stop-trans-
fer segment to be integrated into the lipid bilayer? Chen and Kendall [101] ex-
amined this question for Escherichia coli by attaching artificial stop-transfer se-
quences to alkaline phosphatase, which is a water-soluble protein that is nor-
mally secreted across the membrane. Potential stop-transfer sequences (21 ami-
no acids) composed of Leu and Ala in various ratios were introduced into an
internal position of the enzyme by cassette mutagenesis. The threshold value of
hydrophobicity for integration was found to be 16 Ala and five Leu. This is ex-
actly the threshold predicted by the WW octanol-based hydrophobicity scale, as
shown Dy Jayasinghe et al. [72]. This establishes a close relationship between
the WW octanol scale and translocon-assisted TM helix insertion.

There is also indirect evidence for a relationship between interfacial hydro-
phobicity and translocon-mediated folding. Nilsson and von Heijne [102] made
the interesting observation that a Leu39Val hydrophobic sequence introduced
into leader peptidase was incorporated into the membranes of dog pancreas mi-
crosomes as a single TM helix. The fact that this helix is twice the length of the
typical TM helix strongly supports the idea of early contact of the growing chain
with membrane lipids. The more striking observation, however, was that the in-
troduction of a single proline into the center of the Leu39Val segment caused it
to be inserted as a helical hairpin. That is, the proline induced the formation of
two TM segments separated by a tight turn. Expanding on this observation,
Monné et al. [77, 78] established a turn-propensity scale by introducing one or
two of each of the natural amino acids into the center of a 40-residue polyleu-
cine sequence. The residues with a favorable turn potential were found to be, in
decreasing order, Pro, Asn, Arg, Asp, His, Gln, Lys, Glu and Gly. Except for
Pro, which commonly occurs within TM helices of ordinary length [103], these
are the residues in the WW AG,_ir scale (Fig. 1.4D) that have a strong IF pref-
erence. Another misfit is Ala, which has a low turn potential but a significant
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interfacial preference. The relationship between turn potential and the octanol—
IF scale is shown in Fig. 1.4E. The correlation coefficient between the scales is
0.67, meaning that there is not a strict linear relationship. This is not surprising
because turn potential is affected by the length of the long polyleucine segment
and the number of residues of a given type introduced into the segment’s cen-
ter [78]. For example, unlike the Leu39Val, a single proline placed in the center
of a Leu29Val sequence does not induce hairpin formation.

A closer connection between turn potential and the WW AG,._ir scale was
disclosed by studies of turn induction by runs of Ala residues placed in the
center of polyleucine segments [79]. A run of around four alanines was found
to induce helical hairpins efficiently in hydrophobic segments as short as 34
residues. Furthermore, glycosylation mapping revealed a slight preference of
alanine for the membrane IF, consistent with the WW AG,.._r scale.

These various studies support the idea that the translocon and lipid bilayer
work in concert to integrate hydrophobic segments into membranes, which
strengthens the lipid-partitioning model of Rapoport et al. [100]. In addition,
the studies establish a direct link between physical hydrophobicity scales and
translocon-assisted folding. An early study [104] of the relationship between bio-
physical hydrophobicity and translocon-mediated integration found that popular
hydrophobicity scales of the time could not accurately predict the hydrophobic
threshold for stop-transfer activity. The reason is now understood [72]. Prior to
the WW experiment-based whole-residue scales, no hydrophobicity scale took
into account the cost of dehydrating the helix backbone. As result, side-chain-
only scales dramatically over-predict TM helices in MPs of known structure. If
one thinks of the threshold for insertion as the mid-point of a Boltzmann prob-
ability curve (see below), side-chain-only scales will cause the apparent threshold
to have a positive AG, rather than the expected value of zero. Indeed, Siif et al.
[104] found the mean per-residue hydrophobicity threshold to be approximately
+1.5 kcal mol ™", which is about the cost of dehydrating the peptide bond. Had
the partitioning cost of the peptide bond been appreciated at the time and taken
into account, the threshold then would have been very close to AG=0. With the
availability of experiment-based physical scales that account reasonably well for
both interfacial and HC partitioning, it became possible to design more finely
tuned TM helices for probing translocon-assisted folding [23], described below.

1.3.2
Connecting Translocon-assisted Folding to Physical Hydrophobicity Scales:
Transmembrane Insertion of Helices

Important new insights into TM helix insertion have been obtained by Hessa et
al. [23] using an in vitro expression system [104] that permits quantitative assess-
ment of the membrane insertion efficiency of model TM segments. Specifically,
they examined the integration into membranes of dog pancreas rough micro-
somes of designed polypeptide segments. These segments were engineered into
the luminal P2 domain of the integral MP leader peptidase (Lep) (Fig. 1.5A-C).
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Fig. 1.5 Integration of designed TM seg-
ments (H-segments) into the ER using dog
pancreas microsomal membranes. This sys-
tem was used to explore systematically the
hydrophobicity requirements for TM helix
integration via the Sec61 translocon [23].
(A) Wild-type leader peptidase (Lep) from
E. coli has two N-terminal TM segments
(TM1 and TM2) and a large luminal domain
(P2). H-segments were inserted between
residues 226 and 253 in the P2 domain.
Glycosylation acceptor sites (G1 and G2)
were placed in positions flanking the H-seg-
ment. For H-segments that integrate into
the membrane, only the G1 site is glyco-
sylated (right), whereas both the G1 and G2
sites are glycosylated for H-segments that
do not integrate into the membrane (left).
(Based upon Hessa et al. [23]).

number of leucine residues (n)

(B) An example of sodium dodecylsulfate
gels used in the determination of the extent
of glycosylation of Lep/H-segment
constructs. Plasmids encoding the Lep/
H-segment constructs were transcribed and
translated in vitro in the absence (-RM) and
presence (+RM) of dog pancreas rough
microsomes. Data from Hessa et al. [23].
(C) Equations used by Hessa et al. [23] for
the analysis of gels of the type shown in (B).
(D) Mean probability of insertion, p, for
H-segments with n=0-7 Leu residues in
H-segments of the form GGPG-(L,Ag_,)-
GPGQG. The curve is the best-fit Boltzmann
distribution, which suggests equilibrium
between the inserted and translocated
H-segments. (Data re-plotted from Hessa
et al. [23]).
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(A) AGZ, scale derived by Hessa et al. [23] (Fig. 1.4B). (Data re-plotted from Hessa
from H-segments (Fig. 1.5) with the indi- et al. [23]).

cated amino acid placed in the middle of
the 19-residue hydrophobic stretch.

The first step in the analysis was to test the hypothesis that the WW octanol
scale had correctly identified the minimum hydrophobicity required for TM he-
lix stability. Initial measurements were thus made by testing H-segments of the
design GGPG-(L,A19 ,)-GPGG with n=0-7. As shown in Fig. 1.5D, the prob-
ability of insertion, p(n), conforms accurately to a Boltzmann distribution, which
shows that translocon-mediated insertion has the appearance of an equilibrium
process.

A “biological” hydrophobicity scale (AG35,) could be derived from studies on
H-segments in which each of the 20 naturally occurring amino acids were
placed in the middle position of the segment. As seen in Fig. 1.6A, Ile, Leu,
Phe and Val promote membrane insertion (AG35,<0), Cys, Met and Ala have
AG35,~0, and all polar and charged residues have AG35,>0. The correlation be-
tween the AGZ}, scale and the WW octanol scale is shown in Fig. 1.6 B. Consid-
ering the complexity of the biological system, the two scales correlate surpris-
ingly well. The overall high correspondence between the two scales indicates
that the recognition of TM segments by the translocon involves direct interac-
tion between the segment and the surrounding lipid [100].

The AGZ, biological scale is strictly valid only for residues placed in the mid-
dle of the H-segment. To explore the role of residue position, Hessa et al. also
performed symmetric “scans” in which a pair of residues of a given kind were
moved symmetrically from the center of the H-segment towards its N- and
C-termini. The results are summarized in Fig. 1.7A — while the contributions
from apolar residues do not vary much with position within the H-segment,
Trp and Tyr strongly reduce membrane insertion when placed centrally, but be-
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come much less unfavorable as they are moved apart. This positional depen-
dency is even stronger for charged residues such as Lys and Asp. The positional
effects are consistent with the relative preferences of Trp, Tyr and charged resi-
dues for the bilayer IF (Fig. 1.4), suggesting the importance of interactions of
elongating peptides with the lipid bilayer.

The position dependence observed by Hessa et al. [23] had another important
characteristic. Namely, the probability of helix insertion was sensitive to amphi-
philicity of the elongating peptide as an a-helix (Fig. 1.7B). Helices with a low
hydrophobic moment [105] had a higher insertion probability than those with a
high hydrophobic moment, as though the polar surface had a more favorable
interaction energy with the translocon than the non-polar surface.

Overall, the results of Hessa et al. [23] suggest that direct protein-lipid inter-
actions are essential for the recognition of TM helices by the translocon, and
support models based on a partitioning of the TM helices between the Sec61
translocon and the surrounding lipid. The details of the partitioning process
remain to be determined, but presumably the open state of the translocon is a
highly dynamic one that permits rapid sampling of the translocon-bilayer IF by
the translocating polypeptide. The results also provide a starting point for quan-
titative modeling of the membrane insertion of TM segments. However, Hessa
et al. caution that the base AGZ;, scale alone (Fig. 1.6A) is not appropriate for
calculating membrane insertion efficiency of natural polypeptide segments be-
cause of the strong positional dependence of AG3j,.

The importance of including the position dependence was especially apparent
in a related study by Hessa et al. [106] of the TM insertion of the voltage sensor
of the KvAP voltage-gated potassium channel [6]. The critical element in the
sensor domains in virtually all voltage-gated ion channels is the S4 helix, which
contains at least four regularly spaced Arg residues interspersed with hydropho-
bic residues. Voltage activation has been suggested to involve movement of S4
through the lipid bilayer in response to membrane depolarization [107]. This
mechanism is controversial, because of the presumed cost of burying charges
in the HC of the lipid bilayer [108]. To examine this issue, Hessa et al. [106]
measured the insertion efficiency of an H-segment containing the arginine-rich
region of the KVAP S4 helix (Fig. 1.7C). The measured AG,,, was found to be
only 0.5 kcal mol™ rather than the value of 3.9 kcal mol™ computed from the
biological hydrophobicity scale (Fig. 1.6 A). However, when measurements of the
position dependence of AGAE were taken into account, the computed value of
AG,p, agreed closely with the measured value. The position dependence of
AGS, is clearly extremely important. However, it is surprising, because the HC

app
of the bilayer has always been assumed to behave as a uniform alkyl liquid.
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1.4
Perspectives

The lipid bilayer presents a complex environment for the folding and stability
of MPs. Much progress has been made in describing and understanding this
environment, and in teasing out the basic thermodynamic principles of its inter-
actions with peptides. Yet, despite our progress with model systems, our under-
standing of the details of protein-lipid interactions in vivo remain woefully in-
adequate, as revealed by the studies of translocon-assisted insertion of TM he-
lices [23, 106]. The dogma of the past 25 years or so has been that the HC of
the lipid bilayer is simply a thin alkyl film that is strictly off-limits to charged
amino acids because of the Born charging energy [109]. It has certainly domi-
nated thinking about the energetics of ion channel voltage sensors [108].

The new information that has emerged from the studies of translocon-as-
sisted protein folding tells us that the lipid bilayer has greater possibilities for
lipid—protein interactions than previously thought. The dependence of the inser-
tion energetics of polar residues on position within TM helices reveals this most
clearly. The ease with which the S4 helix of the KVvAP potassium channel volt-
age sensor can be inserted across the ER membrane seems astounding at first.
However, in the context of diphtheria toxin, the result is not so surprising. The
T-domain of diphtheria toxin is capable, on its own, of translocating large por-
tions of itself (including highly charged helices) and the water-soluble catalytic
domain across endosomal membranes spontaneously in response to lowered
pH [110]. Just how this can be accomplished is a mystery that may, at its core,
be related to the high structural integrity of the lipid bilayer, an integrity that

&
|

Fig. 1.7 Summary of the basic code used by
the ER translocon to identify TM segments
based upon the findings of Hessa et al.

[23, 106]. As noted in Fig. 1.6, the biological
AGEL, scale is based upon values obtained
from amino acids placed in the center of the
H-segment. The results of Hessa et al. reveal
very strong dependences upon amino acid
position, contrary to the implicit assumption
of hydropathy plot analyses that the position
of an amino acid within a bilayer-spanning
helix does not matter.

(A) The AGE], values for some amino acids
such as Gly and Ala are little affected by
position within the TM segment. The AG33,
values for the aromatic residues Trp and

Tyr, on the other hand, depend strongly on
position. They are very unfavorable in the
central 10-amino-acid zone, but become
quite favorable toward the ends, consistent
with the strong interfacial preference of aro-

matic amino acids. Interestingly, Phe does
not show this effect. Its behavior is about
the same as that of Leu. AG3;, values for
charged residues, which can be placed in
the middle of a TM segment in the presence
of a sufficiently large number of Leu
residues, show an even stronger dependence
than Trp and Tyr. The positional penalty
declines almost linearly as the residue is
moved toward either end of the helix.

(B) TM helices with low hydrophobic
moments (low amphiphilicity) are released
into the bilayer interior from the translocon
more readily than helices with high amphi-
philicity.

(C) Surprisingly, the KvAP potassium
channel voltage sensor (S4 helix) can be
inserted across the ER membrane with good
efficiency, despite the presence of four
arginines. The strong positional dependence

of AG4§ makes this possible [106].
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prevails despite great thermal motion. Understanding and describing the lipid
bilayer and its interactions with proteins from this perspective is one of the im-
portant challenges ahead.
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