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1. Introduction

Integral membrane proteins are embedded in a water-
solvated lipid bilayer that presents contrasting features in
an anisotropic, chemically heterogeneous environment. A
transmembrane protein interacts with the aqueous solvent,
with an interfacial membrane region that contains a variety
of polar, zwitterionic, or charged lipid headgroups, and with
a central, hydrophobic membrane cer€0 A thick com-
posed primarily of hydrocarbon tailsThis chemical com-
plexity of native membranes makes identifying the factors
that determine the folding and stability of membrane proteins
quite daunting from both conceptual and experimental
considerations. The instability of membrane proteins when
subjected to detergent solubilization and the dependence of
membrane protein stability and function on specific am-
phiphilic environments has severely hampered overexpres-
sion and purification efforts, and this bottleneck has restricted
progress in biophysical and biochemical studies of membrane
proteins. Nevertheless, the significant advances being made
in the field of membrane protein folding, together with the
healthy and exciting rate at which new membrane protein
structures are being determined, show that these systems are
beginning to yield under the combined pressure of a variety
of approaches.

What are the sequence and structural determinants of the
stability of membrane proteins? What are the folding
pathways and kinetic barriers for the insertion of polypeptides
into membranes? Complete answers to these questions may
be as complicated, diverse, and subtle as membrane com-
position itself, but the current state of knowledge of mem-
brane protein folding and stability suggests that some general
principles and broad themes are already available. Many
reviews on this subject have been preseftéddere, |
review the results of genetic, cell biological, biochemical,
and biophysical studies ofi-helical integral membrane
protein folding and stability with an emphasis on connecting
the results from different types of experiments in the context
of the current thermodynamic formalisms. Studies of Iytic
peptides (reviewed in refs-8.0) and membrane fusion
(reviewed in refs 1117) have been largely excluded, studies
of B-barrel membrane proteins (reviewed in refs 18 and 19)
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Figure 1. The two-stage model far-helical integral membrane
protein folding proposed by Popot and Engelmastretches of
predominantly hydrophobic amino acids exist as independently
stablea-helical transmembrane spans that may associate laterally
within the membrane to form bundles of helices. The free energy
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structure and specificity of transmembrane helix—helix interactions and

the structural basis for calcium signaling. AGiog

have been excluded except where comparison or contrast —

provides compelling insights inta-helical proteins not =

otherwise available, and studies that are of a primarily
computational or bioinformatics nature (reviewed in refs-20
22) have been excluded except when they directly address ,//
other data essential to the arguments presented. These AGinsert
omissions, and errors of omission of a less systematic nature,

are the consequence of the structure of this review and the

limitations of the perspective of the author. Figure 2. The transhilayer hydrophobic helix as a folding domain.

The helix can neither unfold within the membrane, due to the cost
of breaking hydrogen bonds in an apolar environment, nor leave

2. Conceptual Framework the membrane, due to the hydrophobic effect. Adapted with
permission from ref 37. Copyright 1990 American Chemical
2.1. The Two-Stage Model: A Useful Society.

Simplification for - o-Helical Membrane Proteins as helices: stretches of about 20 amino acids with predomi-
Understanding membrane protein function, stability, and nantly hydrophobic side chaif%:#° They considered three
folding has been hindered by a paucity of structural informa- possible fates for such a peptide arranged as a transbilayer
tion for membrane proteins that is only slowly being helix (see Figures 1 and 2): thehelix solvated in lipids
alleviatec?® but even before the sequence (let alone structure) might leave the membrane to become ehelix solvated
of a membrane protein was known, amino acid analysis in water, it might unfold within the bilayer to a random coll
revealed the differences in overall polarity of soluble and solvated in lipids, or the transbilayarhelix might associate
membrane proteir®:?5The importance of the hydrophobic  with othera-helices. The first two scenarios would involve
effect in the organization and stability of biological mate- unacceptably large thermodynamic penalties: removal of the
rial?6-27 suggests that the folding of membrane proteins may helix from the membrane would be opposed by the energetic
differ considerably from that of soluble proteins and that even cost of transferring hydrophobic side chains from lipid to
limited amounts of structural information about membrane water, whereas unfolding into a random coil within the
proteins and lipid bilayers could reveal factors that influence bilayer would be opposed by the high energetic cost of
the stability of membrane proteid%.In 1990, when the  breaking backbone hydrogen bonds in a water-poor, low-
atomic structures of two bacterial reaction cerftef$ and dielectric environment. Accordingly, the helix can neither
the near-atomic resolution structure of bacteriorhoddpsin leave the membrane nor unfold within it, and the formation
were known, along with diffraction based structures for the of a transmembrane helix can be thought of as essentially
gel phas&6 but not yet the fluid phaseof phosphatidyl- irreversible. Thus, Popot and Engelman reasoned, most
choline membranes, Popot and Engelman presented a “two-hydrophobic spans could probably be thought afid®lices,
stage modef” for the folding of the most abundant class of or associations thereof, once they were inserted into a
membrane proteins, those that span the bilayet-hslices. membrane.
Based on refolding and reassociation experiments with This scheme deliberately ignores the complexity of just
bacteriorhodopsiif“® and the predicted enhancement of how the protein might become inserted into the membrane
hydrogen bonding interactions in the hydrophobic interior and neglects any other potentially accessible states for the
of a lipid bilayer, they hypothesized that “the final structure peptide (such as lying in the interfacial region of the bilayer),
in the transmembrane region results from the accretion of but the result of this major simplification is that individual
smaller elements (helices), each of which has reachedtransmembrane helices can be thought oinaependently
thermodynamic equilibrium with the lipid and aqueous stable domainsWhile allowing that “a number of other
phases before packing”.This hypothesis, which forms the  circumstances can be imagined, such as the stabilization of
central tenet of the two-stage model for membrane protein an otherwise unstable helix or extended segment through a
folding, is represented schematically in Figure 1. hairpin link to a stable helix®’ the authors suggested that
Popot and Engelman based their idea on estimates of thefor the majority of cases the straightforward expectation of
behavior of the type of peptide known to span membranes independently stable helices might hold and that these helices
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Figure 3. The interface-focused thermodynamic framework for membrane protein folding proposed by White and ¥¥#Alpplypeptide

chain can partition among three distinct environments: water (w), the membrane interfacial region (i), or the membrane hydrophobic core
(c). In these environments, the chain may either lack regular secondary structure and be unfolded (u) or be folded (f) such that it achieves
a hydrogen bonded secondary structure (represented herenalsedi). A peptide that is in a transbilayer configuration may associate (a)

with other membrane spans. The free energy change of a peptide going from one state to another is identified using subscripts for the
conformational or oligomeric state of the peptide as well as the environment in which each species is located. Adapted with permission
from ref 2. Copyright 1999 by Annual Reviews.

would be capable of interacting with one another through of membrane protein folding, its focus is rather narrow. A
lateral associations within the bilayer. broader perspective is required when the question “How do

Experimental support for the two-stage model (at the time) membrane proteins fold?” is rephrased as “How does the
included the observations that lateral association of protein sequence of diphtheria toxin enable it to convert from a
fragments could regenerate functional bacteriorhodop- soluble protein to membrane spanning helices?” In going
sin384041 that these fragments could form a native two- from a soluble state to a transmembrane configuration, a
dimensional crystalline bacteriorhodopsin purple membrane protein will pass through the membrane interface and may
lattice*? and that this refolding could occur for fragments well adopt different conformations, either as transiently
that had been first separately reconstituted into lipid bilayers populated intermediates along the folding pathway or as
and then mixed® More examples of “split” integral mem-  species that can be isolated under certain experimental
brane proteins that reassemble functionally are discussed inconditions; consideration of only the transmembrane helical
section 4.5, but perhaps the broadest base of support for thesstates of the two-stage model clearly will not suffice. White
ideas is that the net hydrophobicity of a stretch of residues and Wimley->® suggested using a thermodynamic cycle that
in a polypeptide chain is a good predictor of transmembrane included folded and unfolded states both in water and at the
domaing*#° even though in polytopic helical bundle proteins membrane interface, in addition to inserted helices and
the transmembrane helices make extensive contacts with oneassembled bundles, to analyze experimental thermodynamic
another as well as with lipids. Despite (or more likely because data for the partitioning, folding, insertion, and assembly of
of) its simplicity, the two-stage model and its hypothesis of polypeptides into transmembraaehelical bundles (Figure
independently stable helices have had a strong influence on3). They took a boot-strapping approach, starting with ther-
membrane protein folding research. modynamic measurements in small peptides, to quantifying

The two-stage model focuses attention on how protein the influence of the membrane/water interfacial region of
sequence and lipid composition might modulate the lateral the bilayer upon protein conformation and have developed
interactions between transmembrankelices. However, the  a strong argument that this approach can provide insights
thermodynamic arguments set up by the model eliminate bothinto membrane protein folding®

the hydrophobic effect and the formation of-helical For a set of hydrophobic tripeptides (Ala-X-AB-tert-
hydrogen bonds as factors that can stabilize helical bundlesbutyo, Jacobs and White found that the calculated hydro-
relative to lipid-solvated helices, since these energy terms pnopicityss correlated well with their measurements of the
are already accounted for in the formation of the indepen- free energy of peptide partitioning into dimyristoyl phos-
dently stable transmembrane helices. Thinking about the phatidylcholine bilayer&”-5° However, the dependence of
stability of membrane proteins in terms of the two-stage partitioning on sequence varied only about half as much as
model allows one to recast the question “How do membrane ihe calculated free energy change from hydrophobicity. The
proteins fold?” as the separable questions “What are the{ryptophan version of this peptide, which interacted with
sequence determlnants and Ilp_ld requirements for the forma-membranes most tightly, was located predominantly at the
tion of stable transbilayer helices?” and “What aspects of memprane interfacial region between the aqueous phase and
protein sequence and lipid composition drive or inhibit the hydrocarbon pha$g.Since these short tripeptides did
interactions between transmembrane helices?” Asking andnot self-associate or aggregate in either water or the bilayer
answering these questions has generated a great deal gfyerface, they are a model for an extended chain that is not
mforma}uon about the sequence and structural _and I|p|_d|c forming backbone hydrogen bonded secondary structure.
determinants of the stability of membrane proteins, which Accordingly, the free energy values from these peptide

has been recently reviewed in several contéxs.** partitioning experiments represent a measur&@f., (the

. . free energy change for transferring an unfolded peptide from
2.2. The Membrane Interfacial Region: water to the membrane interface; see Figure 3) for the
Hydrophobicity Meets Hydrogen Bonding different guest amino acids tested.

Although the two-stage model provides a tidy conceptual  Notwithstanding the behavior of these short peptides, the
framework within which to consider many important aspects capacity to form secondary structure may be expected to
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strongly influence the association of hydrophobic peptides analyzed partitioning of the membrane-active peptide in-
with membranes. When Li and Deber measured the helicity dolicidin,®® which does not self-associate or form a hydrogen-
of a series of model membrane peptides containing differentbonded secondary structure in either membranes or water
uncharged amino acids, they found that the rank order of and whose behavior should therefore be well described by
helix formation in detergent micelles and in lipid bilayers the whole-residue interfacial hydrophobicity scaM,,).
correlated with side chain hydrophobicity and depended uponFor partitioning into neutral POPC membranes, the experi-
the hydropathy of the peptide sequence under considera-mental free energies of sequence variants of indolicidin
tion.8-62 In particular, residues that had been shown to (which covered a range of 6 kcal mé) were remarkably
destabilizea-helices in soluble proteifis(such as glycine  well predicted by the WW interfacial scale, with the
or isoleucine) actually supported helix formation in membrane- correlation between calculated and experimental free energies
like environments as readily as their close homologues having a slope of unit§® This suggests that the reduction
(alanine or leucine, respectively). These results provided of interfacial partitioning free energy by about half relative
strong evidence that the partitioning of hydrophobic peptides to octanol partitioning holds for this 13 amino acid peptide
into membrane environments is coupled to helix formation a5 well as for the pentapeptide series used to establish the
and hydrogen bonding. scale. By contrast, transfer free energies from -hgsiest
This interesting observation highlights a distinct prob- experiments of Shin and co-workers using a 25 amino acid
lem: experimental partitioning may correspond to more than peptide that corresponds to the presequence of yeast cyto-
one step in Figure 3, so the free energy changes resultingchromec oxidase correlate well with previously measured
from altering amino acid sequence or lipid composition might octanol/water partitioning free energies, with no evidence
therefore be attributed to any of the steps along the for attenuation of the magnitude of the hydrophobic efféct.
thermodynamic cycle. White and colleagues addressed thisThis peptide and the guest variants adopt little regular
formal possibility by undertaking a systematic study to secondary structure in solution or in neutral lipid bilayers
quantify the per-residue partitioning free energy of unfolded as measured by CD, although the wild-type peptide forms
peptides from water to the interfac®Gyyiw. They measured  measurable helix in negatively charged bilayers and in
partitioning from water to octan®fland from water to the  detergents? perhaps this peptide lies deeper within the
membrane interfacial region of 1-palmitoyl-2-olecyt membrane interface and thus experiences a more hydropho-
glycero-3-phosphocholine (POPC) bilay@&rfor model di- bic environment.
to Texapefp?r?es gn? a ngduesr: lpenta%epu?e s?nefs, The quantitative prediction of the effects of sequence
222ry3|ssgaleses'rehesaea )életi dis we(r)ee d:aessil rl:: f ;?]%S;r:alrieeg:anges on the partitioning of indolicidin into POPC contrasts
o en%)lljre that ;[he speciF:-:‘spunder study corrgespond o aqu?a/o arply with attempts to predict the much stronger partition-
ur?mg of the positively charged indolicidin peptide into

and interfacial unfolded peptides, and thus the scales egatively charged 1-palmitoyl-2-oleoghglycero-3-[phos-
represent exclusively partitioning and not foldingGuuiu photac-(1-glycerol)] (POPG) membranes in the same wrk

- ) 65 i T .
and notAGiy) > The measured transfer free energies from While the rank order of the effects is well predicted, the

water to large unilamellar vesicles of POPC are about half . . - )
the magnitude observed for transfer to octanol, suggestinglcorliel?t'odnd\.’g't.rl the WW SC"’ge ?Xh'b'teqta dS|0tpe of Oh‘?" 'I;h|s
that partitioning into the membrane interface is driven by ack ol additivity corresponds In magnitude o an efiective
the hydrophobic effect but not as strongly as would be reductlonl of the net charge on the peptide by 1 for each 3
expected for transfer to an entirely apolar environment. By kcal mor™ of favorablle.hydrophqblc. transfer frge energy and
suggests that predicting partitioning behavior of charged

analysis of the length series and hegtest series, the ‘ . . : . S
authors calculated the effective cost of partitioning the PEPtides at interfaces will require a basis for estimating

peptide bond into the interfacial region of a membrane as "onadditivity. There may also be components of the free
1.2 + 0.1 kcal mot?, or about as much as transferring a €nergy that depend on the sequence context and not just the
charged side chain. This experimental value agrees remark-2Mino acid compositionfor instance, partitioning may be
ably well with an estimate from electrostatics computafibns ~ affected by the relative proximity of charges to one another.
and with a value determined empirically for optimal iden-  In the context of the scheme proposed in Figure 3, the
tification of transmembrane domains from protein se- partitioningof an unfolded peptide into the bilayer interface
qguence$’ The transfer free energies from water to PGPC  due to the hydrophobic effechGuuiv, from the WW scale)
correspond to a whole-residue scale for transferring an can drivefolding of that peptide in the interfaceAGiyi)
unfolded peptide from water to the bilayer interfadd(,ui, because of the increased favorable free energy associated
in Figure 3). Because the portion of this transfer free energy with forming a hydrogen bond in the interfacial region
that corresponds to the cost of transferring the peptide bondcompared to water. This partitionirdolding coupling can
to the membrane interface would be reduced by hydrogenbe considered quantitatively iAG,x can be measured.
bond formation, the formation of secondary structure at the Ladokhin and White used partitioning experiments of mon-
interface can be expected to contribute substantially to the omeric melittin ancb-amino acid variantd to estimate the
partitioning of peptides into membranes. per-residue free energy of formation of a helical hydrogen
The whole-residue interfacial hydrophobicity scale of bond in the interfacial region of the membrane at abeQi4
Wimley and White (WW interfacial scal®) provides a kcal mol!, while analysis of the folding of a hexapeptide
quantitative basis for predicting the partitioning of unfolded indicated that the corresponding value is abe@5 kcal
peptides into the membrane interface based solely on theirmol™ for a-sheet hydrogen borid Other estimates of the
sequencesindeed, based on their amino aciompositions per-residue free energy for helical hydrogen bond formation
since there are no context-dependent terms in this scale. Theange from—0.14 kcal mot?! from studies of magainin 2
validity of this approach has been demonstrated by testingamid€® to —0.25 kcal mot?* from studies of the influenza
the predictive power of the scale. Ladokhin and coauthors virus hemagglutinin fusion peptidé.
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End effects also need to be considered when partitioning across the membrané\Gi,;, so that a thermodynamic
peptides into membranes. Hristova and White have recentlydescription of all the states on the folding pathway of a
measured the free energy associated with partitioning themembrane protein may be obtained. It is expected that
C-terminal carboxyl (free or amidated) and the N-terminal sequence will be a critical factor (and amino acid composition
amino group (free or acetylated) of an unfolded peptide into will not suffice) to explain the thermodynamics of trans-
bilayers or octanol from watepf. Combining these results membrane helix insertion (see section 3). Similarly, the
with the WW scale allows a detailed thermodynamic manner in which lipid composition modulates interfacial
accounting of how the sequence of a peptide modulates itspeptide binding may differ strongly from how lipids influence
association with the interface of a bilayer. How do these the thermodynamics or kinetics of peptide insertion.
findings of the interfacial approach inform or influence
research on membrane protein folding? 2.3. Thermodynamics as an Organizing Principle

The boot-strap approach of Wimley and White has
currently yielded a reasonably quantitative understanding of
the thermodynamic relationships between the unfolded
soluble state, the interfacial unfolded state, and the interfacial
folded state of a peptide from its sequence using the whole-
residue interfacial scale foAG,,, and the estimates of

The thermodynamic formalisms of Popot and Engelfhan
and of Wimley and Whitéprovide a conceptual framework,
based on and bounded by physicochemical principles, within
which researchers can design experiments and consider the
general implications of their results. These formalisms, as

. ; . schematically represented in Figure 3, also provide an
AGiys in phosphatidylcholine membranésecause the organizational structure to this review. Section 3 reviews

transfer free energies for the ionizable side chains are IargeCurrent understanding of the determinants of stable trans-

and _unfavoraple, _these re_s,ldues C‘_"m effectively OPPOS€ Ofyamprane helix formation by presenting biophysical, bio-
abolish insertion into the interface; by contrast, aromatic

residues strongly favor interfacial partitioning. While the chemical, and biological experiments that test the roles of
transfer free energies from hegjuest experiments will not peptide hydrophobicity, peptide length, lipid composition,

T ; : . lipid acyl chain length, and the presence of polar, helix-
account for any specific interactions between side chains of o a1ing or charged residues on incorporation of peptides
different amino acids in a particular peptide sequence, these f

N . ~~-across hilayers. The section closes with a discussion of recent
contributions are expected to be small for unfolded peptides 5,5 vses of biological translocon-mediated insertion of
and the partitioning of a peptide is expected to be well yohgmemprane domains and the dependence of this insertion
described by a per-residue hydrophobicity that varies only

h . id p B h buti 7 process on amino acid sequence. Section 4 presents the
witf ar;:njo r?cé comgosﬂc;n. epijset e contri Ut'k?ln O experimental basis for our current understanding of helix
main chain hydrogen bond formatioAGi) is comparable )iy interactions in membranes from experiments demon-
in magnitude to the whole-residue interfacial transfer free

G f h d resid hich mak h strating how amino acid sequence and lipid composition
energy (\Gwui) for uncharged residues, which make up the 1,4, |ate |ateral interactions between biological and designed
majority of membrane spanning sequences, secondary struc

; = fransmembrane helices in detergents, in model bilayers, and
ture formation and the net unfolded partitioning free energy i, mempranes of living cells: the emphasis is on understand-
will significantly affect association of peptides with mem-

; " X ing the formation of oligomeric bundles of single span
branes. The “interfacial-yet-unfolded" state of most peptides {ransmembrane helices. Section 5 provides an overview of

may be sparsely populated because of the effects ofgy,gies on the sequence and lipid determinants of thermo-
partitioning-folding coupling, but it nevertheless provides gy namic stability of the best-characterized polytopic helical
an excellent reference or virtual state for considering the o mprane proteins, including bacteriorhodopsin and di-
factors that drive folding since its free energy depends on cy|giycerol kinase. Biophysical analyses of the insertion
composition but not sequence. folding pathways of nonconstitutive helical membrane
Extending these methotisand measurements to other proteins and of the kinetic refolding of helical integral
lipids and arriving at a more complete understanding of the membrane proteins from detergent- or urea-denatured states
role of electrostatics will broaden the predictive value of this into mixed micelles and bilayers are presented in section 6,
approach and test its limits. The power of the formalism is as are experiments that explore aspects of co- and posttrans-
evident; the open question is the extent to which composition lational folding in biological systems.
will be sufficient, or details of the sequence context will be
needed, to predict energetics. Measuring the variation of 3 Forming Stable Transmembrane Helices
AGyuiv and AGyir with sequence context (for instance, the
ability to form salt bridge%) is beginning to provide the A long-standing goal in the field of protein folding is to
answers to this question and will extend the utility of the predict structure from sequence; one small step toward that
scales. The straightforward expectation is that predicting the goal is the ability to identify transmembrane domains within
behavior of folded species is more likely to require sequence proteins. Local amino acid composition is generally sufficient
context information than predicting the behavior of unfolded for this prediction: stretches of about 20 amino acids with
species: differences in the partitioning of peptides having predominantly hydrophobic side chains have long been
similar AGuuiu but different sequences can be attributed to known to likely correspond to the membrane-spanning
differences in the free energy of folding in the interface. The regions of integral membrane proteitis?*® The growing
existing scales and their extensions can be used to helpavailability of genome sequences has allowed biases and
dissect the modes of action of amphipathic antimicrobial correlations in the sequences of helical transmembrane spans
peptides;1%.7880 designed membrane-active peptiffe®and to be noted® 8 and the increase in experimental topology
viral fusion peptide$314.8385 Most importantly, the detailed  data for membrane proteifi&?'the ready availability of such
description of the thermodynamics of interfacial folding topology dat#? and the dozens of membrane protein
provides the point from which to boot-strap to the next level, structures at atomic resolutitrhave enabled a refinement
understanding the free energy of insertion of folded speciesof methods for predicting the existence, positions, and
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interactions of transmembrane doma#$$°3from sequence  conformations but suffered degradation of their NMR signals
information. However, as the database of membrane proteinover a period of week¥? Results for biological insertion
structures grows, the revealed architectural diversity of helical of a single span are similar: for spans of 21 residues
membrane protein structures challenges the generality of suclcomposed of only alanine and leucine, Kendall and col-
approaches: White points 8tithat the structures of the CIC  leagues found that a minimum of five leucines were needed
chloride channé? and the KvAP voltage gated potassium for E. colito incorporate the protein into the inner membrane
chann€el® could not be predicted by identifying canonical through its translocation machineW. This threshold is
transmembrane spans and assembling them into bundlespredicted” using the WW octanol scaf$* which also
Although the simple approach of scanning sequences forindicates that peptides composed of alternating leucines and
segments of strong hydrophobicity may not identify all alanines will be stable in membranes(Q.75 kcal mot?!
elements that can be functionally assembled into a membrandransfer free energy per repeat). Studies of peptides that
protein, more refined approaches may eventually decode howcontain alternating leucine and alanine residiigs}! dis-
protein sequence determines the energetics of interactioncussed in section 3.2, show that these peptides are indeed
between protein and membrane. Examining the forces andsufficiently hydrophobic to form stable transmembrane
factors at work in the formation of independently stable helices.

transmembrane spans provides one way of challenging Biological transmembrane domains are often flanked by
simple approaches to membrane protein folding and identify- charged residues; through interactions with the aqueous and

ing the limits of their predictive power. interfacial region of the bilayer, these could modulate the
stability of the transbilayer orientation of a helical span. A
3.1. Sequence Length and Hydrophobicity role of flanking charges in inducing or preventing association

of transbilayer helices has also been noted: predominantly
polyleucine peptides flanked by LysAspr LysAsp exhibit
self-association in the lipid 1,2-dioleoghk-glycero-3-phos-
phocholine (DOPC) that can be reduced by lowering the pH,

The strong hydrophobicity of the segments of proteins that
span the membrane ashelices was first noted from a small
amount of sequence and structural informafibri’ But are

the membrane-anchoring properties of these hydrophobic, e flanking Lys prevents dimerization at neutral pi+.

sequences dependent on _thei_r context, or can the_y funCt_ionHeteromeric lateral association between the LysAkmked
as transmembrane domains independent of their locat'onpeptide and the Lysflanked peptide in DOPC at neutral pH

within a protein? Experiments with proteins translated in the i, icates that ionic interactions between flanking charges of
presence of endoplasmic reticulum membranes (microsomes),,nsmembrane peptides can induce heliglix associa-

revealed that a sequence corresponding to a biologicalg 112 The preference of tryptophan for the membrane
transmembrane domain placed at different positions within jerfacial regiort!® the ability of tryptophan and tyrosine

a heterologous secreted protein could convert it into an ;, stfect the anchoring of membrane spaH<iSand the
integral membrane proteffisuggesting that the information o hensity for aromatic residues to be found at the membrane
specifying a halt to translocation through the membrane is jnterface in transmembrane protefs® suggests that aro-
contained locally in the sequence that remained anchored inyatic residues may have a role in anchoring membrane spans,

the lipid bilayer. Similar studies in thHéscherichia colinner as discussed in sections 3.2 and 3.4. However. the demon-
membrane showed that 16 hyd'rophoblc residues (four repealgiration that an uncharged peptide containing only leucine
of Leu-Ala-Leu-Val) are sufficient to anchor an otherwise 4.4 alanine (and a fluorophore) can assume a stable

secreted proteiff,identifying hydrophobicity as the primary  yransmembrane orientation shows that flanking or anchoring
characteristic of the “stop-transfer” sequence. These proteins

" : . charged, polar, or aromatic residues are not absolutely
and most constitutiven-helical membrane proteins are required for in vitro integration into bilayef47118
inserted into membranes cotranslationally by proteinaceous What minimum and maximum lengths of hydrophobic
machinery resident in these biological membranes, the Sec6]s

: ; equences will function as transmembrane domains in
(or SecYEG) translocon (reviewed in refs 52 and-992). biological systems? Work in bacterial and eukaryotic systems

How does protein sequence affect or determine the ha5 shown that quite short sequences can form transmem-
formation of a transbilayer helix? In particular, how hydro- prane domains if they are very hydrophobic: nine leucines
phobic does a sequence have to be to incorporate into bilayers.a, suffice in microsomé4? while 11 leucines are needed
as a transmembrane domain in vitro? A model peptide with j, £ ¢ol; 107 Synaptobrevin, which inserts its C-terminal tail
a hydrophobic stretch of 24 leucines flanked by a pair of into membranes posttranslationally, can be anchored by as
Iysmes is able to incorporate into a series of phospha’gldyl- few as 12 leucine&°On the other hand, while hydrophobic
choline (PC) membrane$? and the amide protons of its  giretches of 40 or even 50 residt@span the microsomal
membrane span are extremely resistant t'O_eXChﬁ)ﬁg@JS . membrane just once, domains longer than 26 residues seem
is consistent with the strong hydrophobicity of leucine in 4 \ink or bend such that lumenal glycosylation sites are
all thermodynamic scales; on the other ha.nd, polyalanine brought close to the membrane surfé®and a single proline
stretches appear to be poised near the minimum hydropho-, the middle of long hydrophobic spans can enable the
bicity needed to form a transbilayer helix. The peptide:ys  sequence to form a helical hairpin and cross the membrane
Alayqlys; could be incorporated into dry phosphatidylcholine ice 121 Thys, the general composition and length of peptides
bilayers in a transbilayer conformation, but hydration of that ,eeded to span bilayers is roughly consistent with the

system causes the peptide to partitior] to the ,membranehydrophobicity and thickness of the lipid bilayer.
surface and to the agueous phase, resulting in rapid exchange

of all amide protons% Solid-state!®N chemical shifts of a M ;

labeled alanine residue indicated that peptidesAlgs,l ew- iﬁéhHomrgOphOblc Mismatch and Interfacial
Lyss and LysAlajslewlyss were stably inserted across
hydrated, oriented membranes, whereas;Algggl ys; and The accommodation of a wide range of apolar transmem-
LyssAla;7leulys initially adopted primarily transbilayer  brane lengths by the translocon machinery leads to the issue
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Table 1. Sequences of Model Peptides Used to Study the was shown to be surface-associated with a moderately thick
Interaction of Transmembrane Helices with Lipids under membrane (DOPC), while spans of 15, 19, and 23 leucines
Conditions of Hydrophobic Mismatch were capable of inserting across the bilaiférThus,
peptide apolar hydrophobic mismatch can significantly affect the free energy
nhame sequence spart(A) of the transbilayer conformation of a membrane spanning

pLeu(D11) acetyl-KGL;DLWL oK,A-NH, 30 sequence, and one response of the peptide can be to partition
pLeull acetyl-KGLsWLsK,A-NH, 18 into the membrane interface rather than assume a transbilayer
p::e“ig acety:'5%7%7i2ﬁ“:2 gé structure. While the shorter plLeu peptides are largely
p-eu acety :&—9—9 o NL monomeric upon transmembrane insertion, the 23 residue
pLeu21 acetyl KGL1oWL 10K2A-NH» 33 .

pLeu23 acetyl-KGLy;WL 11K ,A-NH, 36 span shows evidence of a stronger tendency to undergo lateral
WALP13  acety-GWW(LA)LWWA-ethanolamide ~ 10.5 association, demonstrating that mismatch can influence
WALP16  acetyl-GWW(LA}WWA-ethanolamide 15 helix—helix interactions?® By contrast, lateral association
WALP19  acety-GWW(LA)LWWA-ethanolamide ~ 19.5 of very similar polyleucine-based model peptides was shown
wﬁtggé ZﬁigligmﬁﬂmﬁﬂiﬂgliﬂEﬂﬁ ggg to be influenced modestly by the length of the hydrophobic
KALP16 acetyl-GKK(LARKKA-ethanolamide 15 mgmbrane span pqt to increase sys_tematlca_lly with increased
KALP23  acetyl-GKK(LA}LKKA-ethanolamide 25.5 thickness of the lipid bilayer, including conditions of strong
KALP31  acetyl-GKK(LA)..LKKA-ethanolamide 37.5 negative mismatch?

(LA) 12 acetyl-Ky(LA) 12Ko-NH, 36 Killian and colleagues have used artificial membranes
EZ“ acetyl-KeL 2Kz NH; 36 composed of either lipid mixtures or pure lipids together with

16 acetyI-KzGLlusA-NHz 25.5 . . . .
Py acetyl-K,GLoKA-NH, 375 the WALP series of alternating leucin@lanine model

_ , . peptides (see Table 1) to study the effects of hydrophobic
aThe expected Iength of the hydrophobic region of the peptide is mismatch between peptide and bilayers. The extent of
calculated using 1.5 A per residue for the underlined portions of the - ! - :
spans. positive or negative mismatch decreases the amount of
peptide that can be stably incorporated into bilayérsith
excess peptide forming aggregat&s3>WALP peptides that

o ) . are incorporated into phosphatidylcholine bilayers encourage
3‘;%gfﬁa?gﬁyﬂ]gpgtrt:‘;u?;ﬂrggﬂgg'Ce:Te]ggg‘;flia%]e“étem the formation of nonlamellar lipid phases in a manner that
' g pid, p ' is consistent with mismatch effeéts!25133and with a role

or both take place, at what energetic costs, and with whatfor the flanking tryptophans of the WALP peptid3Even

];Lejgnggigcr?]?ssgg?fhngv?ti?hg}§e|[5p:;js£(t)h(:'inme;nnt:(r)?georcloeuslgat very low peptide/lipid ratios, WALP peptides also strongly
tp Hod acvl chai ormat % F]ff % N adiusting Influence the lamellar-to-isotropic phase transition of mix-
extended acyl chain conformation, thus efiectively adjusting 4, o of 1,2-dioleoybkn-glycero-3-phosphoethanolamine

the thickness of the bilayer. Responses of the protein to( :

o = ; o DOPE) and 1,2-dioleoy$nglycero-3-[phosphaac-(1-
hydrophobic mismatch could include lateral association of ; : :
tk?/e heFI)ices to minimize their exposure to bilayer or water or ?A}’;ﬁg’g%ﬂiﬁf& I\r/la?i\::\vr?t)é tg? tth(;o\r/rve Kitgspvggg dhgsd Loepa'}?nbéc
alteration of the polypeptide backbone conformation; in cases ' : ; :
of positive misrl?\a%lcph pWhere the transmembrane span isfl;;]arl(‘:](—:‘d anchon?g res@uesflnstelad of”tryptr? phan (fs ﬁ,?ETabJe

- ; o : also promote formation of nonlamellar phases o an
overly long, the helix may tilt, while in the case of negative P . -
mism)gtchgthe side chair?s of polar residues ma “s?]orkel” -PE/PG lipids in a similar manr and can be incorporated

P y into bilayers to a greater extent than the WALP homo-

to extend their polar ends to the aqueous interface. This . es127 A “tryptophan-specific effect on the ability of a
section outlines how biophysical experiments addressmgd£1 ‘

of hydrophobic mismatck:2124f the hydrophobic thickness

ositive and negative mismatch between model peptides an ransmembrane model peptide to induce nonlamellar phase
positiv 9 ; S del pep . as been seen for mixtures of WALP peptides, unsaturated
lipid bilayers have provided insight into how single-spanning

] i : ; . PCs, and cholesterol: for this lipid composition, peptides
Zédervc\’,ﬁzgglz%omams interact with bilayers (reviewed flanked by histidines or arginines cannot induce the isotropic

London and colleagues have explored hydrophobic mis- phasée*® Thus, peptide flanking sequences and hydrophobic

) ; mismatch can have interdependent effects on the ability of
match ulszlanlggfluorescence methods and a series of model,q yijes o be incorporated into bilayers and on the behavior
peptides?129They showed, using lipids of different acyl of lipid/peptide mixtures
chain lengths and model hydrophobic peptides that could , o ,
interconvert between surface-associated and transbilayer While many of the experiments described above were
structures, that the energetics of insertion could be modulateddesigned to test the effects of hydrophobic mismatch, other
by hydrophobic mismatch and cholesterol confétitrans-  factors certainly underlie the behavior of peptidipid
bilayer insertion of the polyleucine-based peptide pLeu(D11) Mixtures, and hydrophobic mismatch does not always explain
(see Table 1) across fluid state phosphatidylcholine mem-the effects of peptides on lipids. For instance, polyleucine
branes is optimal for acyl chain lengths of 18 or 20 carbons; Peptide B, (see Table 1) interacts with phosphatidylcholine
the thicknesses of the hydrocarbon core of these bilayers!iPids in a way that is modulated by acyl chain len§ttbut
(~28 or 31.5 A, respectively) correspond closely to the length €Xhibits chain-length independent peptidipid interactions
of the hydrophobic span of pLeu(D11) as arhelix (30 with phosphatidylethanolamine lipid¥. Most dramatically,
R).128 For lipids with acyl chains longer than 20 carbons, the effects of polyleucine peptide;d (see Table 1) and
transbilayer insertion of the peptide becomes less favorable,variants on the fluid to hexagonal phase transition temper-
presumably due to the energetic cost of burying the flanking ature of phosphatidylethanolamine ggainsthydrophobic
residues in the thicker membrane: the free energy of Mismatch prediction&®
transhilayer insertion is reduced by-1.5 kcal mot?* per At peptide-to-lipid ratios that support lamellar phases, it
two-carbon increase in chain lendf§With the pLeu series  is expected that hydrophobic mismatch may cause alterations
of model peptides, a short hydrophobic stretch of 11 leucinesto the bilayer thicknes¥? Gramicidin, which has a hydro-
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phobic thickness corresponding to WALP16, thickens 1,2- helical tilts of peptides in ways that minimize the number
dilauroyl-snglycero-3-phosphocholine (DLPC) bilayers by of labeled synthetic peptides requit&d+14°suggests that
1.3 A and thins 1,2-dimyristoydn-glycero-3-phosphocholine  the exploration of the effects of mismatch on the orientation
(DMPC) bilayers by 2.6 A when incorporated at a 1:10 mole of biological single membrane spans is feasible. However,
ratio*3° Protein-free membranes reconstituted from lipid at least for the case of the WALP series, while hydrophobic
extracts are as muchsa A thicker or thinner than the  mismatch can deter peptide integration across lipid bilayers,
biological membranes from which the lipids were derived, such peptides have little effect on bilayer thickness and
suggesting that integral membrane proteins modulate biologi-mismatch only very slightly perturbs the orientation of
cal membrane thickness&8.While incorporation of either  peptides that are successfully incorporated. Minimal tilts in
Lo4 or (LA)1> model peptides (see Table 1) perturbs the response to large positive mismatch suggest that tilting is
orientational order of lipid acyl chains in liquid-phase bilayers more energetically costly, perhaps in terms of the required
as measured b§H NMR1142in a manner consistent with  lipid conformations, than other possible outcomes resulting
altering the spatial extent of the lipid chain to minimize from mismatch.

hydrophobic mismatch, it is not clear to what extent these By contrast, solid-state NMR data of peptides in oriented
changes would resolve the mismatch. Long WALP peptides myltilayers indicate that the uniforml{N-labeled trans-
are inferred by’H NMR quadrupolar splittings to thicken  membrane domain of Vpu does tilt in response to positive
membranes by as much as 1.4 A, and short WALP peptideshydrophobic mismatch, from 18n a bilayer made of C18
can thin bilayers by 0.4 A% but these differences are modest lipids to 27, 35°, and 52 in bilayers made from lipids with
compared to the extent of mismatch and therefore indicatetajls of 14, 12, and 10 carbons respectiéiThe differences
that the peptides have minimal effects on bilayer thickness. petween the strong mismatch-dependent tilts observed here
This conclusion is supported by direct X-ray diffraction and the minimal tilts seen for the WALP and KALP peptides
measurements of oriented bilayers showing that WALP13, discussed above may result from the manner in which the
-16, and -19 do not affect the thickness of membranes madejipid/peptide complexes are prepared or from the level of
from C12, C13, or C14 saturated phosphatidylcholine lip- sample hydration. The differences may simply reflect the
ids.'? Single membrane-spanning helices therefore appeardifferent sequences of the peptides under study, but two
to have a minimal ability to modulate the overall thickness major differences in the lipids used in these studies should
of pure lipid bilayers. also be noted. The Vpu work uses a mixture of lipids, 9:1
Another response to positive hydrophobic mismatch is for phosphatidylcholine/phosphatidylglycerol, which may fa-
peptides to tilt, effectively burying more of their hydrophobic Cilitate lipid rearrangements needed to accommodate peptide
surface area in the membrane hydrophobic core. Circulartilting; however, in some of these samples, the phosphati-
dichroism and®N solid-state NMR showed that a series of dylcholine lipid used is ether-linked, unlike the WALP and
peptides with alternating leucines and alanines flanked by KALP studies. Thus, transmembrane helices can tilt, under
two lysines on each end were able to incorporate acrosssSome circumstances, in response to positive hydrophobic
bilayers estimated to be 14 A too thin 4 A too thick, and ~ mismatch.
mismatch systematically affects tH& chemical shifts in a Although several lines of evidence indicate that the heli-
manner consistent with slight helix tilt§? While the degree ity of model peptides is largely unperturbed by mis-
of mismatch strongly affects the amount of WALP peptides match!03.131.24550me slight distortions do océd#5land the
that are incorporated into membranes, attenuated totalpossibility that biological membrane spans experiencing
reflection Fourier transform infrared (ATR-FTIR) measure- positive or negative mismatch may undergo rearrangements
ments show that those species incorporated into PC bilayersof their secondary structure cannot be formally excluded. If
exhibit quite similar tiltst3? A solid-state’H NMR method hydrophobic mismatch is not very unfavorable, peptides that
using site-specific alanine labels shows that WALP19 are too long for the hydrophobic core of the bilayer could
exhibits the same small tilt of about’ away from the  simply extend through the interfacial region, or into the
membrane normal in lipids having acyl chains ranging from solvent. This seems to be the case for bilayer-incorporated
12 to 18 carbon’® For the WALP23 peptide and the same KALP peptides (see Table 1), where hydrogen/deuterium
range of lipid acyl chain lengths, a small but systematic exchange data indicate that the additional hydrophobic
increase in peptide tilt is seen for increasing mismatch, but residues present in longer peptides are almost fully suscep-
the maximum tilt of about 8in di-C12:0-PC is still much  tible to amide proton exchange and are thus exposed to
too small to resolve the mismaté#f. A peptide flanked by aqueous environments at least transietfflyBy contrast,
lysines also exhibits increasing tilts with increasing positive WALP peptides compensate for positive mismatch in a way
mismatch, but while the range of tilt is larger than that of that largely protects backbone amides from exchange: there
the WALP species, suggesting that tryptophan anchors theare seven additional amide protons in WALP23 compared
peptide differently from lysine, it is still very modest to WALP16, but only one or two of these exchange quickly
(<12°).2% The inhibitory effect of tryptophan on the tilt of when the peptides are inserted in DMPC bilayétsThe
the peptide can be overcome by making the peptide moredependence of protection from amide exchange on the
hydrophobic: polyleucine peptides flanked by tryptophan or location of the flanking tryptophan residdesis consistent
lysine residues and each containing a single labeled alaninewith the interfacial anchoring role of trytophan in glycosy-
(at one of four consecutive positions in the middle of the lation mapping studies of model transmembrane domains
membrane span) both tilt as much a$ idi-C12:0-PC*#7 inserted into microsomé&¥ and with observations that
Interestingly, the peptides tilt toward a different face of the tryptophan partitions preferentially to the membrane inter-
helix for tryptophan or lysine anchored peptides, but the face®®'® However, the precise physical basis for the
direction of tilt is only slightly modulated by the polyleucine protection of the amides in WALP peptides from exchange
or alternating leucinealanine nature of the hydrophobic is not clear, given that WALP23 does not increase the
membrane span. The development of methods for studyingthickness of thin bilayet4® and the peptide does not exhibit
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significant tilt}*6 as described earlier in this section. It may were tested in thicker 1,2-dierucog-glycero-3-phospho-

be that a local accommodation of lipid structure in the choline membranes, peptides with single substitutions of
immediate vicinity of the peptide helps resolve the mismatch hydrophobic or slightly polar residues were accommodated
problem and protect the peptide backbone amides fromin transbilayer orientations, while single proline and charged
exchange, as suggested by molecular dynamics simul&fions amino acid substitutions and the double proline substitution
(reviewed elsewhet®’). Although the hydrophobic core of showed some surface association; mutations to adjacent like
the DMPC bilayer is about 24 A thick, corresponding to a charges (Lys-Lys or Asp-Asp) abolished transbilayer inser-
helix length of 16 residues, WALP16, KALP23, and tion.%" The ionization state of aspartic acid residues within
KALP31 peptides in DMPC bilayers each protect only about the membrane span directly determines the orientation of
eight amide hydrogens from exchange at long times, while the peptide: at high pH, the surface-associated form prevails,
WALP23 protects 14 amides within a leucinalanine core  while at low pH, the protonation of the side chains allows
of 17 residued?’ This protection of additional amides may the peptide to insert in a transbilayer stfe.

indicate that the tryptophan-anchored peptides make minimal |t should be noted that the cost of burying a positively
excursions away from their time-averaged positions and charged residue within the membrane may be alleviated by
conformations in the bilayers, whereas the lysine-flanked «snorkeling” of a long side chain to make favorable interac-
peptides could sample a greater range of depths. Thistions with lipid phosphates, as suggested by glycosylation
anchoring behavior can be explained by the partitioning free mapping experiment$? analysis of protein sequences and
energy of tryptophan as expressed in the WW interfacial structureg and molecular dynamics simulatioHs.Since
scale?>®>two tryptophans at the same end of the hydrophobic snorkeling may have very little free energy c&%ti6this
span of WALP23 favor the interface over water by a can provide an adaptation of a membrane span to apparent
combined 3.7 kcal mot and thus strongly resist being  hydrophobic mismatch (section 3.2).

pushed into the aqueous layer, while partitioning a leucine While a general strong inhibitory effect of charged side

alanine d'peﬂt'de into the aqueous phase would require only oy, 5ing o1, insertion across the bilayer is to be expected based
0.4 keal mof*, ) on the WW scale, the role of proline in the formation of
The current state of knowledge regarding the response ofyransmembrane helices is more subtle. The covalent structure
proteins and bilayers to hydrophobic mismatch is far from of the imino acid proline results in steric restriction of
exhaustive, and studies involving model peptides, biological accessible backbone torsion angles and has been shown in
membrane spans, polytopic proteins, and especially mixturesgg|yple proteins to strongly oppose helix formatféral-
of lipids will yield additional insight into this subject. though there is a propensity for prolines at the N-terminal
Information available to date suggests that for single spans,ands of helices in soluble proteitd154Given the importance
even conditions of extreme mismatch have little effect on ¢ satisfying hydrogen bonds within the membrane environ-
peptide tilt or on bilayer thickness. Unless the flanking ment and the potential helix-breaking or kink-inducing nature
residues partition into the membrane particularly well or the of this amino acid, proline sites in hydrophobic membrane

hydrophobic spans are extremely long, single spans mayprotein spans and in intact membrane proteins are of
simply extend out of the hydrophobic core or perhaps even gnsiderable interest.

the interface region of the bilayer. The indications that
peptide self-association or aggregation seems to be increase
by positive or negative mismatch suggest that the increase
free energy associated with proteilipid mismatch can be
lowered by eliminating proteinlipid contacts through
formation of peptide-peptide contacts. Thus, hydrophobic
mismatch may be expected to impact oligomerization,
folding, and conformational changes of helical integral
membrane proteins.

Deber and colleagues investigated the secondary structure
f the transmembrane span of the insulin receptor, along with
a variant bearing a double mutation of a Gly-Pro pair to Ala-
Ala that had previously been shown to increase internaliza-
tion of the receptor. Consistent with the strong helix-forming
tendency of alanine, the mutant peptide exhibits greater
helicity than wild-type in detergent and is more resistant to
thermal denaturation; it also seems to self-associate more
strongly1¢° By contrast, a proline to glycine mutation isolated
3.3 Polar Residues and Proline ina mu_tagenesis screen of the IKe coat protein destab_i_lizes
o the helical secondary structure of the detergent-solubilized

A putative transmembrane span containing an internal Peptide in favor of-structure at high temperatubé;'*”it
polar or charged residue should still be able to assume a@ppears that the proline helps define the amino-terminal end
stable transmembrane configuration if the other residues inOf the membrane-spanning helf. Circular dichroism:
the span are sufficiently hydrophobic. London and colleagues Measurements of a series of model hydrophobic peptides
have shown that polyleucine helices bearing a serine, Showed that proline was capable of supporting helix forma-
asparagine, lysine, or aspartic acid residue in the middle oftion in detergents, in lipids, and in organic solvetitsThese
the span are capable of achieving a transbilayer orientationdata indicate that the presence of a proline in a membrane
in DOPC membranes, although the buried ionizable residuesspan can either block or enhance the formation of helical
can induce changes to other orientations under extremes oftructure, presumably in a way that depends on the sequence
pH_155 Using a dua' ﬂuorescence quenching assay for Context, the ||p|d|C _enVIronm_eﬂ_t, or bOth PI’O|Ine_S C0u|d aISO
distinguishing surface-associated and transbilayer configura-Provide conformational flexibility or heterogeneity, as seen
tions 156 Caputo and London have determined the effects of in solid-state NMR studies of a synthetic peptide corre-
making substitutions for one or two of the leucine residues sponding to the M1 segment of nicotinic acetylcholine
near the middle of a polyleucine span bearing an internal receptor studied in hydrated bilayér8.
tryptophan reporter. In DOPC membranes, single substitu- The effect of prolines on transmembrane domain position-
tions of hydrophobic, polar, and charged residues did not ing has also been explored in glycosylation mapping experi-
affect the transbilayer incorporation of the peptide, nor did ments (see Figure 4), where constructs with linkers of
the substitution of two proline€’s” When these same peptides different lengths separating a single lumenal glycosylation
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ER lumen organic solvent$’ This example suggests that, as seen
previously for soluble proteing? an amino acid that prevents
formation of alternate conformations can stabilize a mem-

brane spanning domain.

3.4. The Translocon

Most eukaryotic helical integral membrane proteins be-
come integrated into the membrane of the endoplasmic
Figure 4. Glycosylation mapping method of von Heijne and reticulum through a cotranslational process that involves the
colleagued’2 Modification of a lumenal glycosylation site (black  Sec61 translocon, a membrane-embedded protein-conducting
dot) by the oligosaccharyl transferase (not pictured) depends onporel92176Proteins are targeted for translocation and insertion
sufficiently far from the membrane are glycosylated (bold Y, at together with the charges of flanking residues control the

left), while sites that are too close to the membrane surface becaus% | fi L h braffeTh hi
of internal deletions in the linker (red line) between the membrane (0P0I0gY of integration into the membrarel he machinery

span and the glycosylation site are not modified (outlined Y, center). and mechanisms by which this process is directed are
Constructs bearing linkers too short to allow glycosylation can be the subject of intense investigation, as reviewed else-
made accessible if a proline substitution is made in the first two where®2100.101,177179

turns of the polyleucine membrane span, causing local unraveling Experiments testing the determinants of topology showed

of the helix in the interfacial region of the membrane and increasing . . . S
the apparent extent of the membrane span. Adapted with permissionthat charged residues on either side of hydrophobic signal

from ref 172. Copyright 1998 Academic Press (Elsevier Ltd).  Sequences affect the insertion of the protein so as to orient
the more positively charged flanking region on the cytosolic
site from the hydrophobic span are translated in the presenceside of the membrane (the “positive-inside rul&)!8!
of microsomes to map the position of the glycosylation site, Although the positive-inside rule can be used to control and
and thus the hydrophobic span, relative to the location of design bitopic and polytopic protein topolo&,conflicting
the active site of the oligosaccharyl transfer&$é’? The positive-inside signals for hydrophobic spans within a single
effects of single proline replacements within a 20 or 23 polytopic membrane protein can result in the exclusion of
residue polyleucine stretch on the availability of the adjacent one of the spans from tHe. coli membrané? and simple
glycosylation site depends strongly on the positions of the models for topology where the orientation of the first
prolines within the hydrophobic span: substitutions within hydrophobic span determines the topology of all subsequent
the first two turns of helix make the glycosylation site more span&®** are not adequate to describe all membrane protein
accessible, while substitutions deeper in the transmembrandnsertion event3®> However, the behavior of the translocon
span behave like the original polyleucine constdiet. is not determined by the sequence of the polypeptide
Although interpretation of precise distances is complicated, substrate alone. Tuning the anionic phospholipid content of
it is clear from these studies that a proline in the middle of the E. coli membrane was shown to affect both insertion
a membrane span (and thus in the hydrophobic core of theand topology in a way that was modulated by altering the
membrane) does not change the effective helix length, while number of positively charged residues flanking the membrane
a proline near the end of the span (and thus in the membranespant®® strongly suggesting that the translocon-mediated
water interfacial region) causes local unraveling of the insertion process was sensitive to interactions between
transmembrane helix. Similar experiments showed that whencharged residues and charged lipids. Sequence changes at
lysine and aspartic acid are placed three or four residues aparthe middle of a hydrophobic span can alter topology in
in the context of a polyleucine membrane span, such thatremarkable ways: placement of a proline near the middle
they could form a salt bridge, the transmembrane domain of a 31 residue polyleucine span (but not a 30 residue span)
inserts more deeply into the membrane than when the can convert a single membrane span into a polytopic “helical
charged residues are one or two residues dpaithese hairpin” .18’ The propensities of different residues to promote
experiments report on the physical behavior of biological the integration of helical hairpins, and thus turn formation,
transmembrane spans in the complex membrane of thehave been quantified; only phenylalanine and the large
endoplasmic reticulum, supporting and extending the struc- aliphatic residues have no tendency to promote ttfi8%°
tural and energetic expectations available from model Based on biochemical evidence including cross-linking,
systems and from first principles. glycosylation, and membrane integration data, Rapoport and
Another potential role for proline in-helical membrane  colleagues have proposed that the translocon mediates
protein folding has been identified by analysis of the third membrane integration by allowing the polypeptide that is
transmembrane span of cystic fibrosis transmembrane con-passing through the protein pore to equilibrate with lipids,
ductance regulator (CFTR), where the mutation Pro205Serpartitioning into the bilayer or staying associated with the
blocks maturation of the full-length channel. A peptide pore based on its hydrophobicit§f.'**White suggested that
corresponding to the wild-type transmembrane domain is thermodynamic formalisms for membrane protein folding
much more helical in detergent than when Pro205 is replacedmight be combined with information about translocon-
by glycine, alanine, serine, or leuciféthe mutants appear mediated processes to explain membrane protein structure,
to form aggregates withB-structure. Chimeric constructs folding, and stability?* This proposal has been dramatically
translated in the presence of microsomes and tested forfulfilled by recent work published by von Heijne, White,
topology show that the mutants incorporate into microsomes and colleaguég>'% (and reviewed elsewhéfd) relating
only half as well as wild-type; similarly, wild-type synthetic translocon-mediated biological membrane protein insertion
peptide is readily reconstituted into synthetic lipid bilayers data to thermodynamic models and firmly establishing the
as a helix, but the mutant peptides can only be incorporatedusefulness of relating simple quantitative models for peptide/
in a transmembrane configuration if they are treated with membrane interactions to the translocation process.

cytoplasm
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Previous work with the eukaryoti® and prokaryotit®” the middle of the span favoring integration the 1643t his
translocons had demonstrated minimum lengths and hydro-same spatial dependence is expected for transferring a
phobicities (relative number of leucines or alanines; see proline-containing hydrophobic helix from water into a
section 3.1) needed for translocon-mediated integration into bilayer. Proline replacements at the N-terminal side of the
membranes. Extending this approach, von Heijne and col- helix are more favorable for integration than those at the
leagues generated dozens of membrane spans composed Gi-terminal side, consistent with the observed locations of
leucine and alanine in different proportions, tested them for proline in membrane spaA®. Strong positional effects on
membrane integration as part of a polytopic protein, treated integration were also seen for model transmembrane spans
the measured fractional integration as an apparent associatioicontaining an arginine: the experimenta&,,, varied as
constant, and calculated apparent free energy differencesmuch as 2.2 kcal mot, depending on the position of the
between the inserted and noninserted st&fa&/orking with arginine within a 19 residue spat?When the base biological
transmembrane spans having a small number of leucines inhydrophobicity scale alone is used, the predicésl,, for
the context of polyalanine poised the system near the the S4 helix from the voltage-gated potassium channel (which
integration threshold, allowing the authors to quantify contains four arginines) is-3.9 kcal motf?, whereas the
fractional integrations precisely and accurately using a experimental value i$-0.5 kcal mot*. However, including
glycosylation assay (see Figure 5). Ten different constructsthe position-specific terms yields a predict&@,,,of +0.9
containing two leucines spaced symmetrically in the 19 kcal mol?, which is in excellent agreement with the
residue membrane span opposed integration by about 0.7 kcaéxperimental valué®?

mol~on average, an analogous set containing three leucines Tphe apparent free energies for integration of membrane
opposed integration by about 0.1 kcal mpland a set  gpans with the composition LeAla;sSep vary over a range
containing four leucines favored integration by about 0.5 kcal of 9 9 kcal motin a manner that is well explain&d using
mol~t. The effects of these substitutions are essentially {he hydrophobic momerft, which is a measure of the
additive. Increasing the leucine content of membrane spansasymmetric distribution of hydrophobic residues wrapped
that also contained polar substitutions enabled the authorsynto an ideal helix. The analysis shows that when polar
to keep the system poised near 50% integration efficiency. residues cluster on one face of the helix, the span integrates
Comparison of apparent transfer free energies for constructsegs wel| compared to when the polar side chains face in
that differed from one another by single or double amino jtferent directiong?2 Membrane spans containing two lysine
acid substitutions allowed the authors to construct an apparent,, asparagine residues integrate least well when the polar
free energy scaleNGayy) for the amino acid dependence of (esiques are separated by six intervening residues, thus
partitioning a transmembrane domqln fr(_)m the tra_nslocon placing them on the same face of a helix. The hydrophobic
into the membrane of the endoplasmic reticulum, which they moment, which quantifies the amphiphilic nature of a helical
termed a base biological hydrophobicity scale. region, can also account for much of the variance in the
The'b|o|og|ca| hydrophob_|0|ty scale correlates extremely apparent transfer free energies of the classes of constructs
well with the WW whole-residue octanol/water transfer free ¢ontaining only leucine and alanine in the same proportions
energy scalé with the most significant outliers being  put in different sequence arrangements.
tryptophan and proline. Since the WW octanol scale gives a Spacing effects seen for tryptophan are quite interesting:

better correlation with the data than the interfacial scale, the two tryptophans in the middle of the membrane span strongly

observed “partitioning” between secretion and membrane . " hil itioning th id tthe ed
integration corresponds to transfer from an aqueous environ-CPPOSE INSertion, whilé positioning the residues at ine edges
of the span strongly favors insertion (the difference is as

ment to a strongly hydrophobic environment. This 'Sh much as 1.4 kcal mol).1%2 Tyrosine exhibits a similar

consistent with the idea that the protein threaded throug pattern, but phenylalanine is almost as indifferent to residue

the translocon resides in an aqueous environment and : leuci Th ffect . th b
partitions into the hydrophobic core of the membrane bilayer. SPacing as eucine. fhese efiects mirror the membrane
interfacial partitioning behavior of these amino acid side

Notably, the positional effects for the hydrophobic residues chains®® 113 the observed statistical preference of these

1
gesstlei akglgemndelra;g)r/ ;:gﬁ%g .%Vlﬁ%aé)lrggg%gm 2;ep?§”|r?ergi$] residues for membrane interfacdéand the effects of these
' ’ residues on the depth of inserted spans in membréafes.

Taken together, these observations overwhelmingly sup-
port the hypothesis that the integration of transmembrane
helices into the endoplasmic reticulum membrane is related
N translocated to the ability of the sequence to partition into lipid bilayers.

These results illustrate the power of applying quantitative
apparent free energies to a complex biological process such
as the insertion of a transmembrane helix into a membrane
from the translocon. It seems that supplementing the base
biological hydrophobicity scale with position-dependent
terms may suffice to explain the tendency of natural
biological sequencé® to insert as transmembrane helices
Figure 5. Glycosylation assay of Hessa et'®.for determining via the translocon. Both the position-independent apparent
fractional integration of membrane spans. Integration of the third free energy terms (the base biological hydrophobicity scale)
membrane span leaves one glycosylation site (black dot) in the g the position-dependent terms described to this point can

cytoplasm (left), while translocation of the sequence allows both ; ; . ; ;
sites to be glycosylated. Unmodified, singly, and doubly modified be readily related to physical parameters: the base biological

species are resolved by SDBAGE and quantified. Adapted with  Scale correlates with hydrophobicity, the position-dependence

permission fromNature (http://www.nature.com), ref 192. Copy- ~ Of many residues correlates with the hydrophobic moment,
right 2005 Nature Publishing Group. and the positional effects of the aromatic residues correlates

C
ER lumen
N

integrated

cytoplasm
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with their propensity to partition to the membrane interface. for desolvating the polypeptide backbone upon partitioning
Thus, it appears that the rules employed by the biological into the membrarf&®” (see section 2.2), changing this
translocon machinery in “deciding” between translocation contribution would change the scale offset, but theoretical
and membrane integration are largely encoded in the considerations and computatféiboth suggest it is unlikely
composition and the precise sequence of the protein thatthat peptide integration into a bilayer should carriaayer
determine the physicochemical properties of the translocatingenergetic cost for desolvating the polypeptide backbone than
polypeptide chain. Other aspects of translocon function, water—octanol transfer. Differences in the number of hy-
including the tendency for turn or helical hairpin forma- drogen bonds in the integrated species compared to the
tion'87-18% and the topology of insertion of a signal-anchor translocated species could also result in an offset between
sequencé?” may also be explained by amino acid propensi- the scales, but it is difficult to see how the transmembrane
ties or apparent free energy scales, as discussed further irspan would bdessfolded than the translocated sequence,
section 6.3. Other protein translocation machinery may as needed to account for the sign of the scale offset, because
respond similarly to protein sequences: strong hydrophobic-the membrane is expected to drive hydrogen bond formation.
ity of membrane spans favors the direct membrane incor- Although the physical basis for this offset is not clear at
poration of transmembrane proteins imported into mitochon- present, the boot-strapping approaches based on the partition-
dria via the TIM23 complex (the so-called “stop-transfer” ing of model peptides and on the analysis of membrane
pathway), whereas moderate hydrophobicity or the presenceintegration data have advanced our understanding of the
of proline residues in the membrane-spanning domains favorsenergetics of peptidebilayer association to the point where
the transfer of the membrane protein to the mitochondrial detailed questions about the sequence dependence of protein
matrix and subsequent export/insertigh. behavior in vivo and in vitro can be addressed in a context

Relating these apparent free energy terms to the thermo-Where the fundamental ground rules are agreed upon.
dynamic picture that has emerged from the interfacial
approach to membrane protein folding is not immediately 4, Lateral Interactions between Transmembrane
straightforward. Does the translocon truly sample the ener- o -Helices
getic difference between the translocated state and the
integrated state? Even if one blurs the distinction between The two-stage model indicates that the stability of a helical
free energy of partitioning and apparent free energy, the baseransmembrane protein can be understood by conceptually
biological hydrophobicity scale is not easily related to the separating its folding into two steps: the formation of
thermodynamic cycles in Figure 3. The integrated state of independently stable transmembrane helices and the lateral
the helix clearly corresponds to a species that is folded andassociation of these helices into bundleBerhaps the best
in the core of the membrane, but the translocated state couldcase in which to apply the two-stage thinking is the
be either folded or unfolded in the aqueous lumen of the association of single membrane spans into oligomers. The
ER, or even lying on the lumenal surface of the ER presence of loops in polytopic proteins and of intramem-
membrane; thus, the base biological hydrophobicity scale branous ligands were acknowledged in the original two-stage
could correspond tAGygicr, AGwurcr, OF AGiges. This means ~ model to have some influence on foldiffgand updates to
that the observed partitioning (and its position-dependencethe model have provided explicit discussion of these factors
for certain amino acids) may arise from effects on the folded (and of the involvement of peripheral domains in the folding
polypeptide in the membrane interface or on the free energy processy:>* The formation of oligomeric complexes of single
of the folded or unfolded aqueous polypeptide. However, membrane spans avoids these additional complicating factors,
the slope of 1.07 for the correlation between the base placing the simplifying principles of the model on their
biological hydrophobicity scale and the WW waterctanol firmest possible standing.

partitioning free energdy?indicates that the biological scale  \when monomeric peptides associate into an oligomer,
covers the full expected range of hydrophobicity (as opposed peptide-lipid contacts are lost with the release of lipids to
to the reduced hydrophobic effect seen for the WW interfacial the pulk phase and peptidpeptide contacts are made. The
scale; see section 2.2), suggesting that the scale approximategquilibrium between transmembrane helix monomer and

partitioning from water to the hydrophobic core of the gligomer will be determined by the balance of enthalpic and
membrane. The intercept for this correlation is displaced from entropic terms that govern hefvhelix, helix-lipid, and

zero, with the biological scale shifted by 6:8.6 kcal mof™ lipid—lipid interactions; some of these terms will clearly
(per residue) in favor of the aqueous state compared to_thedepend on protein sequence (and not merely the amino acid
octanol scalé? because each scale was zeroed using composition), while others must vary with the identity of
empirical boot-strapping approaches, the source and meaningpe lipids. This section of the review will focus on the
of this difference is not clear. The magnitude of the difference sequence, structural, and lipid determinants that stabilize
can, however, be appreciated when summed over the 2Qaterg] interactions between single membrane spans, with the
residues of a membrane span: if the biological scale were yo4)s of identifying the forces and factors that mediate the
shifted to match the zero of the octanol scale, the “corrected” jaterg] interactions between helices and of demonstrating the
base blolog_lcal hyt_jrophoblcny scale would over-predict utility of the two-stage model in analyzing such systems.
membrane integration by 10 kcal mélof apparent free  pany biophysical, biochemical, and biological methods have
energy. been developed to study the oligomerization of single

Since the zero point of the octantlater scale was arrived  membrane spans in detergents, in synthetic bilayers, and in
at by analyzing short peptides, one might choose to adjust itthe membranes of living cells. Section 4.1 introduces most
to match the biological scale; however, the excellent predic- of these methods in the context of a review of papers
tive value of the octanetwater scale in identifying trans-  exploring the homodimeric association of the transmembrane
membrane spaffavould be compromised by this adjustment. domain of human glycophorin A, the most thoroughly studied
Since the wateroctanol scale includes a per-residue cost example of the two-stage model.
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4.1. Glycophorin A: A Two-Stage Model Protein I TLI TFGVMAGV IGT ILLISYGI
73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95
Glycophorin A, the major sialoglycoprotein from human A 0000 OO O0® 000 O O
red cell membranes, has been the subject of biochemical c¢ ce® O ®O ® @©O0® @O®
investigations for more than three decades. Selective extrac- Vv O @®® @000 OOO®O OO0 OO
tion of glycophorin A from red cells using lithium di- L 000 O00000@OO@OOOO0000
iodosalicylate showed that the amino terminal domain of the ,\'A 8 %88 8 :%80@8@000 8
protein is the carrier of epitopes for MNO blood tyfevhile F 000000 000 O e®®®0000
the C-terminal domain associates with the membf&he. w o0 000 & ¢» @o» @

Purified and reconstituted glycophorirt%22exhibits the Average
same topology as the native proté¥.The determination snin COO@OOOOOOGOOCOOOOOOO00®

of the 131 amino acid sequence of glycophorin A by peptide

mapping and sequencing represented the first primary é :@.@ @05@585@8© 5@90()@@
structure of an integral membrane prot&thThe transmem- s ® 000 00000 wree 0000Oe
brane region of glycophorin A binds tightly to phospho- T 0000000020 000000 » ©
inositides during purificatiod? and full-length glycophorin

A affects the properties of lipids when incorporated into O (0) as wildtype @ (2) detectable dimer
membraned®2%7 with an interaction preference for phos- ® (1) significant dimer @ (3) no dimer

phatidylcholine over phosphatidylseritf§:21° About 10 Figure 6. Effects of hydrophobic and slightly polar point mutations
amide hydrogens of glycophorin A transmembrane peptide on glycophorin A transmembrane domain dimerization. Each mutant
reconstituted into phosphatidylcholine bilayers are resistant Was given a phenotype based on the amount of dimer seen ir SDS

to chemical exchange over many hogirs. PAGE (see legend). The average effects of mutations at each

position were determined by averaging the numeric score for each
4.1.1. Sequence-Specific Transmembrane Helix observed mutant. Adapted with permission from ref 216. Copyright
DiMérization 1992 American Chemical Society.

The property of glycophorin A that has been of most dimerization?' Because the same substitutions at other
interest in the protein folding field is its self-association: leucine, isoleucine, glycine, and threonine residues within
glycophorin A forms a detergent-resistant complex that the membrane span do not influence dimerization, the
migrates primarily as a dimer under conditions of SDS  disruptive effects of the hydrophobic mutations are consistent
PAGE?* This self-association of glycophorin A was used with sequence- and structure-specific effects on the dimer
to map the homodimerization domain to a tryptic peptide interface and are not simply a consequence of amino acid
that includes the hydrophobic membrane-spanning dof%ain. composition. The effects of these mutations most probably
Interestingly, the sequence of the membrane span is almosteflect their impacts on the details of helikelix interactions,
entirely hydrophobic, containing only four polar residues: although the possibility that they modulate helipid
Thr74, Thr87, Ser91, and Tyr92. Dimerization is abolished interactions cannot be formally excluded.

by chemical modification of a methionine within the In the data set generated by Lemmon and colleagi§es,
membrane sp&k and can be reproduced by a synthetic motif sites showed differential sensitivity to substitutions,
peptide?* but at least one hydrophobic substitution at each motif site

Exploration of the sequence-dependence of glycophorin was able to completely abolish dimerization on SBFAGE.
A dimerization was made possible through heterologous The dimerization of each mutant was classified as “wild-
expression. Lemmon, Engelman and colleagues showed thatype”, “significant dimer”, “detectable dimer”, or “no dimer”.
in-frame fusion of a C-terminal fragment of glycophorin A Because the effects of different substitutions airgylesite
with staphylococcal nuclease, a monomeric soluble protein often spans a range of phenotypes, the authors chose to also
that is readily expressed F coli, yielded a chimeric protein  report and interpret an average of the effects of hydrophobic
that exhibits the same self-association properties as full- mutations at each site; polar substitutions were excluded from
length native glycophorin A Addition of a peptide the average because they showed no site-specific tendencies.
corresponding to the transmembrane region of glycophorin Based on the “average disruption”, the relative importance
A to samples of chimera that migrate as homodimers on of the motif sites is Gly83> Gly79 ~ Thr87 ~ Leu75~
SDS-PAGE results in the formation of chimera/peptide lle76 ~ Val84 > Val80. Only tryptophan substitutions at
heterodimers!® Importantly, the production of this chimeric  Val80 and Val84 are fully disruptive, while all other motif
protein in E. coli allowed the introduction of sequence sites have at least one aliphatic substitution that gives no
changes by site-directed mutagené&islsing this approach, dimer, suggesting that not only Val80 but also Val84 may
Lemmon and colleagues generated more than two hundredbe less critical for dimerization than the other motif residues.
single point mutations of the 23 residue transmembrane The highly disruptive potential of tryptophan is borne out
domain and measured the dimerization phenotypes of theseby its effect at lle91 (outside the motif but on the same face
mutant proteins using SDSPAGE¢ (Figure 6). Although of the helix), which is the only fully disruptive mutation that
time-consuming, this saturation mutagenesis approach pro-is not contained in the motf® (Note, however, that
vides a wealth of essentially unbiased data for identifying tryptophan substitutions at two sites in the middle of the helix
important trends in the effects of sequence changes onbut on the opposite face from the motif (Met81 and Ala82)
dimerization. While ionizable or strongly polar substitutions give constructs that dimerize as wild-type.) The importance
at any position are almost always disruptive, hydrophobic of the seven residue motif identified from the average
substitutions reveal a pattern of sensitive and insensitive disruption effects was experimentally confirmed by the
positions that cluster on one face onahelix and implicate demonstration that the motif residues are sufficient to confer
a seven residue motifLeu75, 1le76, Gly79, Val80, Gly83, dimerization in the context of a polyleucine membrane
Val84, and Thr87as participating in sequence-specific span?” Still, the highly varied effects of hydrophobic
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substitutions at the individual motif sites, which are sup- flanking charges may alter the association of the hydrophobic
pressed in the averaging process, suggest that the specificitgpan with the micelle. Deletion mutations within the C-
of the self-association of the transmembrane domain of terminal end of the glycophorin A transmembrane span also
glycophorin A is not fully explained by the sequence and disrupt dimerizatior#!® and a series of constructs with
stability of the wild-type motif alone. polyleucine hydrophobic spans of different lengths bearing
The insights available from the saturation mutagenesis a minimized interaction motif exhibit different extents of self-

study of the glycophorin A transmembrane domain derive assqciation Whgn subjected to eIectrophoresis in alkyl sulfates
in large part from the considerable number of mutants Of different chain length&® an 18-residue membrane span
studied. While some sites in the transmembrane domain givethat dimerizes strongly in dodecyl sulfate is entirely mon-
similar results for all observed hydrophobic substitutions (any 0meric in tetradecyl sulfat&° These indications that dimer-
change at Gly83 abolishes dimerization, while changing ization can be modulated by the “hydrophobic mismatch”
Met81 to alanine, cysteine, valine, leucine, isoleucine, or Of transmembrane span and the lipidic media may be
tryptophan does not alter dimerization), many sites show ma_mfestatlons of effects of mismatch on the stgbll|ty of fche
more complex patterns that are appreciated only by the helical monomer or may be caused by modulation of helix
comparison of different mutants. The authors note that “with helix interactions by the detergent.

the exception of Gly83...it is possible to mutate any position  Interestingly, mutations to proline are well tolerated at
in the transmembrane domain of GpA and still retain at least Leu75 and Phe78 and at both ends of the glycophorin A
some propensity for dimerizatio*® Thus, any single point  hydrophobic spaf! suggesting that in some sequence
mutation may not suffice to characterize how a particular contexts a proline within a detergent micelle can be accom-
site contributes to helixhelix interactions. modated in the (presumably) helical dimer. The tendency

Saturation mutagenesis therefore reveals the intricacies offr glycophorin A to better tolerate proline at its N-terminal
the sequence dependence of g|yc0phorin A dimerization’ side is anSIStent with |ntegrat|0n propel_’lSI_tIeS from eXperI-
albeit at a considerable cost of time and effort. One Ments with the translocéf? and the statistical propensity
suggestion for rapidly mapping the important region of such for prolines to be involved in capping the N-terminal ends
a dimer interface with a minimum of constructs is alanine Of helices in soluble protein$?'%*although the tendency
insertion mutagenesis: insertion of a residue into a trans- for prolines to induce certain relative orientations of helices
membrane span will alter the relative orientation of sequencesWhen inducing a kink®may also determine which positions
to either side of the insertion, resulting in the interruption Can accept proline substitutions while maintaining dimer-
of any helical “face” that spans the insertion site. While this ization. The position-specific effects are striking, but it is
approach mapped the C-terminal side of the motif precisely, N0t .cllear Wheyher the disruptive effects of proline at other
intermediate phenotypes obtained from insertions of alanine POsitions within the sp&h' result from effects on helix
at the N-terminal flank suggested that the first two motif helix packing or on the stability of helical monomer, or both.

residues are less critical than the identity and spacing of theFor residues that uniformly disrupt dimerization, such as
C-terminal portion of the mot#!8 strongly polar or charged substitutions, it is tempting to apply

a thermodynamic scale such as that of Wimley and V¥hite
to explain the disruption as a partitioning of the helical folded
monomer into the micelle interface.

Polar substitutions identified in the saturation mutagenesis
study of Lemmon and colleagues are almost always fully
disruptive and often give rise to monomers of altered mobility
on SDS-PAGE?% These effects were interpreted as influ-
encing the nature of the detergent/protein complex with the
introduced polar side chain probably interacting with the  The wealth of qualitative information about the sequence
surface of the micelle. Such mutations may therefore affect dependence of glycophorin A dimerization in detergents
dimer stability either by altering helixhelix interactions or obtained through mutagenesis studies, and the hypotheses
by affecting the stability of the monomeric transmembrane that these data generated about the basis for transmembrane
o-helix (or by some combination of these effects). While helix—helix interactions, provided considerable impetus to
the stability of the monomer can be ignored in the formalism understand the structure of the dimer and to characterize its
of the two-stage model because of the influence of the self-association in membranes. Analyses of FTIR dasnd
bilayer, mutations may affect the stability of the helical of a combination of CD, FTIR, and solid-state NMR dta
monomer in detergents, especially if strongly polar residues indicate that the membrane spanning region of glycophorin
or proline are introduced (as discussed extensively in sectionA is a-helical and oriented roughly perpendicular to the
3.3). By contrast, individual hydrophobic substitutions are membrane surface. Fluorescence resonance energy transfer
not expected to affect stability of the monomer and their experiments showed that the GpA membrane-spanning
effects may therefore be interpreted in the context suggestedoeptide self-associates in bilayers as dimers and not higher
by the two-stage model: such mutations influence dimer- order oligomers or aggregat€4Rotational resonance solid-
ization by affecting helix-helix or helix—lipid interactions. state NMR experiments using specifically labeled peptides
Lemmon and colleagues are careful to point out that the identified close intermonomer contacts between Val80 meth-
physical basis for the effects of any particular mutation yl and Gly79 carbonyl carbons, as well as between Val84
cannot be discerned from their data altfut the mapping  methyl and Gly83 carbonyl carbo$,suggesting a “ridges-
of critical sites in the mutational data to one face strongly into-grooves” packing for the dimer structure. Additional
implicates that face in helixhelix interaction. solid-state NMR experiments have further defined the

It is worth noting that placement of a stop codon at position interface in lipid bilayerg?e-228
95 of the chimera abolishes dimerization, although this is The solution NMR structure of a dimeric 40 residue
more than two turns of helix from the dimerization mat. fragment of glycophorin A determined in detergent micelles
As with the polar substitutions, it seems likely that the provides an atomic-resolution view of the structural features
truncation of the membrane span and elimination of the underlying specific dimerizatié®® (see Figure 7). The

4.1.2. Structural Basis for Dimerization
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to be qualitatively explained by intermonomer packing and
weak hydrogen bonding interactions of motif residues
displayed on straight, ideal helices.

4.1.3. Energetics of Transmembrane Helix Dimerization

The two-stage model provides an excellent conceptual
framework in which to consider the determinants of lateral
helix—helix interactions within membranes, but making and
interpreting thermodynamic measurements in these systems
is neither simple nor straightforward. Sedimentation equi-
librium analytical ultracentrifugation provides one route to
the energetics of helixhelix interaction¥*623’and has been
extensively applied to glycophorin A and sequence vari-
ants?3-241 put this method requires the use of detergents
Figure 7. Representation of the hetbhelix interface of the and thus may obscure contributions of protelipid or
glycophorin A transmembrane dimer (PDB 1AFO). Intermonomer |inid —lipid interactions that would be present in a membrane;
packing of backbone and side chain atoms of glycophorin A helices otfacts of bulk bilayer properties such as lateral pressure are

is revealed by juxtaposing a blue space-filling monomer with a
yellow stick model. The lefthand dimer depicts only backbone and also lost. Fluorescence resonance energy transfer has been

interfacial atoms; the righthand view is rotated @@out the vertical ~ Used to probe the monomedimer equilibrium of glyco-
(dyad) axis and all side chain atoms of the blue monomer are phorin A in a variety of detergents, and indeed both the free
portrayed. Labels are at the level of the.@oms in both views  energy and the enthalpy of association depend on the identity
and are colored to match the atoms closest to the viewer in the and concentration of the detergéf#243Fluorescence meth-

Iel}‘thang ?imer- E.he hydr‘?gte” of the Thr%hgdroxy' ig sr:jowr)th ihe 0ds have also been applied to measuring free energies of
all models, making an intramonomer hydrogen bond with the | & = & ° ions in bilavepés-246

carbony! of Gly83. The @H atoms of Gly79 and Gly83 are shown hle“x ?]e“?( Ir'l:tell’s’icgong in bléaye” altf;}ough not fo{ d
in the stick models to indicate the geometry of interhelicaHz:- glycophorin A. DeGrado ana colleagues have presented a

O hydrogen bond¥# method for quantifying helixhelix interaction energies
through coupling of protein cross-linking to aqueous thiol
structure reveals a right-handed crossing of helices (as haddisulfide equilibria that, like fluorescence methods, can be
previously been predicted by Fourier analysis of the mu- used in deterger?¥ or in membrane*® The unfolding free
tagenesis dat#) that exhibits close intermonomer packing energies of polytopic membrane proteins (discussed in
of motif residues against one another with the two motif section 5) have been measured by varying the amount of a
glycines allowing backbonrebackbone contacts in a ridges- denaturing detergent in a mixed micelle system and monitor-
into-grooves mannéf® similar to that predicted from solid-  ing the fraction of unfolded protei#t®-252 Thermodynamic
state NMR datd?®> A very similar structure had been parameters are extracted from the concentration dependence
predicted by a modeling approach that treats the sequencef oligomerization in pure detergent by considering the mole
as forming straight.-helices?®* Mutagenesis work had also  fraction of protein relative to micellar detergéhtsimilarly,
highlighted the importance of these two glycines: the only in cases where a protein is being unfolded by a denaturing
substitution at Gly79 that supports dimerization is alanine, detergent, the micellar mole fraction of this detergent is the
while any substitution at Gly83 (even alanine) completely important parameteéf* Quantitative measurement of the
disrupts the dimet'® The relative effects of glycine-to- thermodynamics of membrane protein folding and oligo-
alanine substitutions at these two sites can be rationalizedmerization, combined with structural information, can be
from the structure, since packing around Gly83 leaves no used to explain the observed sequence dependence of
room for an additional methyl group while the region around transmembrane helixhelix interactions.
Gly79 could accommodate the substitution with only a minor ~ The close agreement between the dimer interface identified
clash??® The only polar side chain in the interface, Thr87, by saturation mutagenesi&and the interface in the NMR
does not form intermonomer hydrogen bonds as had beenstructuré?® shows that disruptive mutations map predomi-
predicted from one modeling studybut is hydrogen bonded  nantly to the dimer interface, which suggests that sequence
to a backbone carbonyl on the same helix. (Solid-state NMR changes that directly alter helhelix contacts and interac-
data suggest that Thr87 may form an interhelical hydrogen tions modulate self-association. However, explaining the
bond to the carbonyl oxygen of Val84 in bilayéfé but a sequence specificity of the lateral association of glycophorin
computational study indicates that the side chain makesA requires an appreciation of the energetic effects that
intramonomer hydrogen bond®) The possible formation  mutations can have on dimerization. Such measurements
of intermonomer hydrogen bonds between glyaineydro- have been made for the chimeric protein in detergents using
gens and carbonyl oxygens was noted by a subsequentnalytical ultracentrifugation under conditions where the
analysis®* A simple modeling approach that introduced density of the detergent micelles matches that of the
mutant side chains into the wild-type NMR structure using solvent?3¢ Fleming and colleagues have presented analytical
rotamers®® showed that of the 15 hydrophobic substitutions ultracentrifugation data and thermodynamic analyses for
identified by Lemmon and colleagues as completely disrup- wild-type glycophorin A?#! for a series of single alanine
tive, 216 only one (lle76Ala) did not cause a serious inter- substitutiong*%?*1for multiple substitutions at each residue
monomer clash. Thus, steric incompatibility is the strongest in the dimer interfacé3® and for a series of double alanine
destabilizing influence that can be easily accessed bymutants’®® These data provide a basis for a quantitative
changing the sequence of the protein. With the caveat thatthermodynamic understanding of the lateral interactions
the effects of these mutations and the experimental NMR between transmembranehelices.
structure were obtained in detergents, and not in membranes, The demonstration that single alanine substitutions in the
the sequence-specific dimerization of glycophorin A appears glycophorin A transmembrane domain exhilf\AGgimer
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values from—0.5 to+3.2 kcal mot? quantifies the sequence the dimer interface can explain most of the energetic effects
specificity of dimerizatioff®that was qualitatively apparent  of mutations on dimerization, and the coefficients indicate
from the saturation mutagenesis data in SIPRAGE?'® that 1 A of favorable occluded surface corresponds to
Alanine substitutions away from the dimer interface have approximately 40 calories of favorable free energy of
little or no effect on dimerization, while alanine substitutions interaction. Examining the contributions of the various
at motif residues destabilize by betweei®.4 kcal mot? empirical terms to the calculated stability of a given mutant
(Val80Ala) and+3.2 kcal mot? (Gly83Ala). The authors  reveals how the interplay of these factors determines dimer
show that the energies from ultracentrifugation correlate with stability 238

the qualitative phenotypes previously reported from §1s;  |nsight into the basis of dimerization is also gained by
the rank ordering of the site-specific effects of alanine in eyamination of the excluded data points and outliers in this
the two methods is roughly the same. A correlation is also fitting process. Those mutations that give strong steric
seen with in vivo measurements of associatid(discussed  ¢lashes, including any substitution at Gly83, were removed
further in section 4.1.4), suggesting that the thermodynamic from the fitting process described ab&tkbecause they were
measurements of the effects of mutations on dimerization syewing the fit. These mutations are all strongly disruptive,
in detergents parallel the sequence dependence of dimerizaang the combination of the thermodynamic data and the
tion in membranes. Characterization of more than 20 stryctural rationale for the effects of the substitutions argues
additional single point mutants consisting of (mostly ali- for steric clashes as a means of defining the sequence
phatic) substitutions at the motif positiG#sextended the  gpecificity of interactions between transmembrane helices.
overall range of the effects of mutations only slightyd.5  |nterestingly, however, these mutant proteins can still form
to +3.8 keal mof”). Thus, no mutations strongly stabilizeé - measurable amounts of dimer even at detergent-to-protein
the glycophorin A dimer, in contrast to findings for the ratios of 1000:1. These substitutions cannot be compatible
helical bundle membrane proteins diacylglycerol kifiése  ith the structure of the wild-type dimer due to severe steric
and bacteriorhodopsiff (discussed in section 5.1). However, - ¢jashes, so the structural basis for association of this class

the range of effects seen at each position reveals significantyf mytant is not clear. Thus, the exclusion of these mutants

energetics of dimerization. further supported by the recognition that the contributions
At Gly83, all aliphatic substitutions including alanine are to helix—helix interactions for these variants cannot arise
strongly disruptive AAGgimer Of +3.1 to+3.8 kcal mof?), from the same interface used to model the other substitutions.

confirming the critical importance of this residue to glyco-  The outliers 11le76Gly and lle76Leu are predicted by the
phorin A dimerizatior?*® Large aliphatic substitutions at  strycture-based calculations to be highly destabilizing (about
Gly79 also result in strong disruptiodAGgmerranging from - 45 5 kcal mot?) but are experimentally determined to be
+2.6 to +3.6 kcal mot?), while Gly79Ala is destabilized only slightly destabilizing (0.9 and 0.7 kcal mé) respec-
by only 1.7 kcal mot* compared to wild-type, consistent  yely). The thermodynamic measurements are in good
with the more moderate phenotype for this substitution from agreement, however, with the qualitative data from SDS
SDS-PAGE?'® Mutations at Thr87 exhibit a wide range of  pAGE216where 11e76Gly is slightly disruptive and lle76Leu
effects, WithAAGamervarying from+0.8 to+3.2 kcal mol™. gimerizes as wild-type. As with the mutations that generate
Mutations at any of these three motif positions can destabilize large clashes, the observed extent of dimerization of these
the dimer by more than 3 kcal md| but whileanymutation outliers cannot be rationalized using the wild-type solution
at Gly83 has this dramatic effect, one mutation at Gly79 has NMR structure. Because the NMR structure is consistent with
an intermediate effect on dimerization, while two changes e majority of the experimental thermodynamic data, it
at Thr87 affect self-association only mildly. provides a reasonable approximation of the relevant dimeric
By contrast, the substitutions examined at the other four state of the wild-type protein (although inaccuracies at certain
motif positions destabilize the dimer by no more than 1.8 regions within the structure may be responsible for some of
kcal mol?, or about as much as thleast destabilizing the discrepancies between model and experimental energies).
substitution at Gly79. Substitutions at Leu78XGimer Of However, the comparatively low but still measurable dimer-
+1.4 to+1.7 kcal mof?) and Val84 AAGgimer 0f +0.8 to ization of mutants that introduce strong clashes in the wild-
+1.6 kcal mot?) have rather uniform, moderately destabiliz- type interface (Gly83lle) and the strong dimerization of
ing effects. Certain substitutions at lle78AGgjmer Of 0.0 mutants that lose important packing interactions (lle76Gly)
to +1.8 kcal mot?) and Val80 AAGgimer of —0.4 to+1.8 probably indicate that alternate interfaces are being formed.

kcal mol™!) can be as destabilizing as at the previous tWo  poyra and Fleming have also compared the free energy
positions, but other mutations do not disrupt the dimer at all changes of single alanine substitutions at each of the seven
or can indeed slightly stabilize the interaction. motif residues of glycophorin °24to the complete set of

To explain the effects of these mutations, Fleming and pairwise combinations of motif double alanine substitu-
colleagues modeled the side chains of mutant sequences inions23° The 21 double mutants destabilize the dimer by as
the context of the backbone structure of the wild-type little as 0.1 kcal mot* or more than 4.8 kcal mot. The
sequence to generate model structures; these models werprecision of the measurements (errors of about 0.2 kcal
then scored for changes in favorable occluded surface areamol™!) permits a thermodynamic cycle analysis to assess
unfavorable occluded surface area, and side chain rotamemdditivity of the alanine double substitutions, which reveals
entropy?® Regression analysis against 23 experimental that most double mutants are as stable as or slightly more
AAGqimer Values (eight mutants with severe steric clashes stable than the sum of the single mutations. However, five
and two additional outliers were excluded) yielded best-fit double mutants are at least 1 kcal momore stable than
coefficients that were able to explain about 80% of the the sum of the single mutants (negative thermodynamic
variance in the experimental data. This excellent agreementcoupling), while two double mutants are much less stable
suggests that helixhelix packing and steric interactions at than the sum of the single mutations (positive coupling of
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2.4 kcal mof? or more). Examining these thermodynamic
cycles reveals the complexity of the interactions that support
glycophorin A dimerization.

The single mutations Leu75Ala and Val84Ala reduce
dimer stability by about 1.3 and 1.0 kcal myl respec-
tively,240-24lwhile the double mutant Leu75Ala/Val84Ala is
only 0.1 kcal mot? less stable than wild-type. The single
point mutations show that each residue contributes to
stability, but the double mutant indicates that compensatory
effects can actually restore dimerization. A very different
result is seen when Leu75Ala and Thr87Ala are examined
in the double mutant cycle. The single mutation Thr87Ala
reduces dimer stability by about 0.9 kcal mblwhich is
essentially indistinguishable from the effect of Val84Ala
described abov&? Although Leu75Ala/Val84Ala is as stable
as wild-type, the double mutant Leu75Ala/Thr87Ala gives
no detectable dimer whatsoe\A&f!

If taken in isolation, the wild-type level of dimerization
exhibited by the double mutant Leu75Ala/Val84Ala could
suggest that neither of these two residues is important for
dimerization. However, the catastrophically disruptive com-
bination Leu75Ala/Thr87Ala shows that these two residues
act in concert to stabilize the dimer; another study has also

noted synergistic effects of residues at positions 75 and 87

in promoting dimerizatioi®® Of course, both qualitative and
quantitative data for single point mutations at Leu75 and
Val84 also indicate that these sites can contribute signifi-
cantly to dimerizatior#*238|t should be noted that since these

pairs of residues do not interact across the dimer interface

or within a single helix, the structural basis for the compen-

satory or synergistic effects is not at all clear. These analyses

reveal not only the complexities of interactions in the
glycophorin A transmembrane dimer but also the danger
associated with interpreting the results of double (or multiple)

mutants in the absence of data for each of the single mutants

The question of whether these mutants self-associate with
wild-type-like interface remains open, but because the

changes are large-to-small mutations, no clashes would

prevent the wild-type interface from forming.

4.1.4. Biological Assays of Helix—Helix Association

Relating measurements of the folding or stability of a

a
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Figure 8. Schematic for ToxR-based assays of transmembrane
helix—helix association. Interactions between transmembrane do-
mains (cylinders) brings the ToxR DNA binding domains (dia-
monds) together, enabling them to bind tiepromoter and drive
expression of a downstream reporter gétfid.he maltose binding
protein domain (circle) helps the fusion construct insert into the
cell membrane and provides controls for assaying topology. Adapted
with permission from ref 257. Copyright 1996 Academic Press
(Elsevier Ltd).

induced expression of CAT can be quantified in lysates or
used to select interacting sequences from libraries based on
bacterial resistance to chloramphenicol. Langosch and col-
leagues have also developed a selectable version of their
assay, termed POSSYCCAT, which uses a chromosomal
copy of the CAT gengé®?

In these assays, reporter gene expression is quantified using
activity assays of cleared cell lysates, and the effects of
mutations in the transmembrane region on the level of
reporter gene expression are interpreted as effects on the
extent of dimerization of the construct. All of these assays
depend on controls to ensure that the chimerae are inserted
in the membrane in the correct orientation and that sequence
changes are not altering the amounts of expressed or
membrane-inserted chimerae. Significant background levels
of reporter gene expression in the absence of the membrane-
inserted chimera lower the sensitivity of the assay and
complicate the interpretation of the data. Nevertheless, these
methods (and othei® 2% have been shown to provide at
least the rank order of oligomer stability for transmembrane
domains (and their sequence variants) in real membranes.

Langosch and colleagues used glycophorin A as a positive

membrane protein in detergents to the behavior of the proteincontrol to characterize their ToxR transmembrane helix

in lipid bilayers is a major challenge for the study of
membrane protein folding. Examination of the sequence
dependence of glycophorin A hetbhelix interaction ener-

homodimerization assay and performed an alanine scanning
mutagenesis on their constrdet.Mutations at interfacial
residues showed varying effects on reporter gene expression,

getics in membranes has been made possible by variousvith Gly83Ala exhibiting the largest drop (about a 4-fold
biological assays. Langosch and colleagues developed thalecrease). The rank order of the phenotypes roughly cor-

ToxR systerf” for measuring lateral interactions between
helices in the inner membrane Bf coli. This assay is based
on the properties of ToxR® a membrane-spanning tran-
scriptional activatd®® that can increase expression from the
ctx promoter 100-fold inE. coli.?%° In-frame fusion of the
ToxR cytoplasmic domain to a transmembrane span of
interest and to a periplasmic maltose binding domain permits
expression of a chimeric protein that is directed to the inner
membrane, with its ToxR domain in the cytoplasm. This
chimera activates thetx promoter in a manner that depends

on dimerization of the transmembrane span, driving expres-

sion of the chromosomal reporter gghgalactosidasé’ (see

relates with the SDSPAGE data available at that tirfié

and the thermodynamic data that have been reported
since?*%241Because the strongly disruptive mutation Gly83Ala
gives only a 4-fold decrease in signal, whereas the same
mutation lowers the association constant by a factor of 150
in the ultracentrifug®® (AAG of +3.1 kcal mot?), it appears
that the ToxR assay is only weakly sensitive to sequence
changes. The difference between measwAe values and
ToxR signals could be caused by the monontdimer
equilibrium being pushed very far toward dimer in the
membranes dE. coliby high effective protein concentration,
the favorable lipidic environment, or both. However, the

Figure 8). A similar assay subsequently developed by Russapproximate linear correlation seen between the sedimenta-

and Engelman called TOXCA® uses a plasmid-borne
reporter construct in which tretx promoter drives expression
of chloramphenicol acetyltransferase (CAT); dimerization-

tion equilibrium data and the ToxR data for the alanine point
mutant3d* suggests that the wild-type ToxR fusion protein
is not overwhelmingly dimeric in thE. colimembrane. The



1948 Chemical Reviews, 2006, Vol. 106, No. 5 MacKenzie

source of the apparent low sensitivity could also be high construct inE. coli.?®” A peptide containing the wild-type
level background reporter gene expression: although theglycophorin A sequence, or a substituted version with an
reporter strain used shows endogengiigalactosidase intact dimerization motif, can inhibit the ToxR signal over
activity corresponding to only about 5% of the signal background by almost 50%, while a scrambled version of
measured for the optimal glycophorin A construct, most the peptide that binds membranes as well as wild-type has
membrane-anchored constructs seem to give significant basaho effect on the ToxR signal of cef%’ The sequence-
reporter gene expressitSh even if their transmembrane specific nature of the effect suggests that the exogenous
domains do not interact by other measures. peptide inserts into thE. coliinner membrane and disrupts

The TOXCAT assay has also been used to characterizeT0XR—GpA dimerization by formation of ToxRGpA/
the sequence dependence of self-association for glycophorinPeptide heterodimers, but the complexity of the biological
A.251 As for the ToxR case, the effects of mutations correlate assay system allows other explanations. It is noteworthy,
with the disruptive effects in SDSPAGE2% and in the however, that several groups have independently reported
ultracentrifuge?*®241 The reported error bars for the TOX- the ability of exogenously supplied transmembrane peptides
CAT data are somewhat smaller and the range of the reported© interfere with the biological function of the protein from
effects is somewhat larger than for ToxR: the strongly Which their sequence is derivét;*"*as discussed in section
disruptive mutation Gly83lle reduces the chloramphenicol 4-4-
acetyltransferase reporter gene signal by a factor of 12, while . . , .
this mutation lowers the association constant by a factor of 4.2. Helix—Helix Interaction Motifs

300 in the ultracentrifudé® (AAGaimer = +3.5 keal mof™). In cases where the two-stage model is largely correct and
Single point mutations that reduce association only slightly ¢anonical transmembrane helices associate into higher order
in detergents, such as '1I'hr87AIa_or ”%Z?LMGdimef = structures within the membrane, then the specificity of helix
+0.8 and+0.7 kcal mof ,Orespectlve|§/3 2%) decrease the iy interactions will be determined by the side chains
TOXCAT signal by 35-40%, demonstrating that (as in the  gigpjaved along ther-helix. The potential for useful ap-
ToxR assay) the fusion protein is far from completely pjications of this structural idea has been demonstrated by
associated in the native membrane. Although TOXCAT ¢ apility of a computational search algorithm to correctly
appears to provide a bit more discriminating power than ;qengify the structure of the glycophorin A dinfét2*1and
ToxR, both assays have limited effective ranges (especially j,y, ihe’success of structure-based approaches to predict the
comp%red to the biological system on which they are gifects of point mutations on glycophorin A dimeriza-
based®) that can make it dlff!cult to reliably ran_k order  tion 235.238.241 Strycture prediction for bundles of single
mutants and thus to determine whether mutations havegnanning helices may require very little external informa-
similar or different effects in detergents and in membranes. 4 274 although the limitations of assuming that helices are

Nevertheless, aspects of the sequence dependence of glycQs;nonical must be acknowledg¥simplifying matters one
phorin A dimerization have been studied using these assaysore step, by abstracting the determinants for lateral
Brosig and Langosch analyzed the relative contributions interactions between helices into sequence motifs, seems
of the motif residues of glycophorin A to dimerization using  similarly straightforward and is supported by the example
the ToxR assay to determine whether the minimal motif in of the strong dimerization of a construct carrying the
detergents corresponds to the minimal motif in membréifes. glycophorin A motif residues in the context of a polyleucine
The seven residue motif grafted into a polymethionine or helix.2” However, it is important to recall that every
polyvaline membrane span gave a reporter signal that wasglycophorin A interfacial residue except Gly83 has at least
as strong as wild-type glycophorin A, although this signal one substitution that allows retention of significant dimer-
was only about 3-fold larger than polymethionine alone. The ization. Accordingly, several mutations at any given position
pair of motif glycines in the context of polymethionine gave are needed to demonstrate thek of involvement of that
a signal that was almost as strong as wild-type glycophorin residue in association. The complexity of the glycophorin
A, while the polyvaline host sequence required two or three A system as evidenced by strong positive or negative
additional residues from the motif to give near wild-type coupling between motif sité¥ should also encourage a
reporter gene expressiéff. These results confirmed the  conservative approach to the identification of such motifs.
critical importance of the two motif glycine residug8?#!  Senes and DeGrado have recently reviewed the roles of
Russ and Engelman showed that while hydrophobic sequence motifs in transmembrane helielix interactions.
substitutions have similar effects under conditions of SDS ,
PAGE and TOXCAT, polar substitutions away from the 4.2.1. GXxxG and Variants

dimer interface that are disruptive in SBBAGE still Russ and Engelman identified the GxxxG motif as the
support dimerization in TOXCAT* This confirms the  most significant feature of a set of more than 100 highly
hypothesis previously used to exclude polar substitutions dimeric transmembrane domains identified with a TOXCAT
from the averaging process in the SBBAGE saturation  selection schenfé (described in section 4.1.4) from two
mutagenesis stud}}® polar substitutions at or away from the |ipraries of approximately T0possible sequencé® This
glycophorin A dimer interface disrupt the detergent-solubi- motif corresponds to the spacing of the critical dimerization
lized dimer by destabilizing the helical monomer. By motif glycines in glycophorin A (Gly79 and Gly83) whose
contrast, and as expected from the two-stage model, the sam@nportance was identified by saturation mutagerfésand
glycophorin A sequence variant is locked into a helical confirmed using the ToxR assay in Vvi#&. A statistical
structure when in a bilayer and dissociates only if the analysis of membrane span sequences revealed that the
mutation in question affects lateral interactions between GxxxG spacing is the most over-represented pairwise spacing
helices. of residues in transmembrane helices compared to random
Addition of synthetic glycophorin A peptides has been expectatiorf® The combination of these two observatiens
shown to disrupt the dimerization signal of a ToxBpA that the motif is over-represented in genomes and can support
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poly-leucine library poly-alanine library The effects of multiple mutations in the context of a
GxxxG motif have also been studied by generating trans-
rz 56 910 13 rz2 56 910 13 membrane domains based on the M13 sequence, which
LVLLGVLLGVLLTL LGARVGAAVGARVA contains a GxxxG motif. The native M13 sequence, or
LVLLGVLLGLLLAL ISARVGAALGARVA variants bearing mutations corresponding to one, two, three,
LILLGALLGGLLTL LGAAIGAAVGAALA or all five of the remaining motif residues from glycophorin
PGLLGLLLGALLGL IGAAVGAAIGAAAA A, were assayed for self-association using SIPAGE and

Figure 9. Examples of strongly self-associating transmembrane TOXCAT.?*® This work was based on a sequence and
spans isolated by Russ and Engelffansing TOXCAT selection structural alignment between modeled M13 and experimental

of random libraries. While most sequences from each library contain glycophorin A structures, and the authors explain synergistic

the GxxxG dimerization motif, those in a polyleucine background . . -
have the motif at positions 5 and 9, while those in a polyalanine effects of 'ntrOducmg Leu7s ar_ld Thr87 'nFO. the M.13
background have the motif at positions 6 and 10. Only 1 of 49 Sequence with a structural model in which steric interactions

sequences from the polyleucine library has a glycine in position 6 at the N-terminal end of the motif modulate GxxxG-mediated
without also having a GxxxG at positions 5 and 9; only three packing to permit or deny intermonomer hydrogen bonding
glycines occur at positions 5 or 9 in the 72 sequences from the py the Thr87 side chaif?® Formation of such an intermono-
polyalanine library:® mer hydrogen bond is consistent with solid-state NMR
. o , structural measurements of wild-type glycophorin A peptides

strong helix-helix interactions-suggests that many (butnot i, pijayer€?” but not with recent electrostatic calculations
all) GxxxG pairs in transmembrane helices will be involved pased” on this structural mod® or with the wild-type
in forming specific intramembranous structures. The role of ¢ tion NMR structure in deterge?® Recently published
the sequence motif GxxxG in membrane protein structure AAG;..,values for glycophorin A mutants, where Thr87Ala
and stability has been reviewed recertty? (+0.9 kcal mot?) and Thr87Ser+0.8 kcal mot?) disrupt

In the strongly dimerizing clones identified by Russ and dimerization to the same extent, also argue against side chain
Engelman from a polyleucine context, the glycophorin A hydrogen bonding contributing substantially to dimeriza-
motif was not found (presumably because the large randomtion .23 Because potential structural rearrangements are subtle
library was not fully sampled), but one sequence that differed and because of the possibility that mutations may cause
from the seven residue motif at just a single position was different effects in lipid bilayers than in detergents, high(er)
identifiec?” (see Figure 9). However, nine clones differed resolution structural data for GxxxG motifs in different
from glycophorin A at two sites, 21 clones differed at three sequence contexts and in different lipidic environments may
sites, 13 clones differed at more than three sites, and twobe needed to further dissect the similarities and differences
clones had no residues other than the GxxxG in common between these dimer interfaces.

with the glycophorin A motif™ Thus, the library data of ~ cjgse packing of helices at a GxxxG motif may also allow
Russ and Engelman demonstrate that GxxxG-containingthe formation of @—H-+-O or Co—H--+O=C hydrogen

sequences that differ very substantially from glycophorin A onds. After ab initio calculations showed that interaction
can mediate tight dimerization B. colimembranes’® The energies of as much as3.0 kcal mot? could result from
nonrandom distribution of residues in the selected libréffies g ,cn hydrogen bond&7:278a survey of membrane protein

suggests that there is some specificity to the flanking siryctures identified nearly 150 potential backbone to side
sequences that help support Gxxx.G.-medlated d|mer|zat|o.n.chain or backbone to backbone hydrogen bonds involving
The strong dependence of the position of the GxxxG motif g atoms, including several such contacts in the structure
on the identity of the flanking, nonrandomized residues (see of glycophorin A234 Arbely and Arkin used FTIR of lipid-
Figure 9) shows that the self—associe_ltion is not a function reconstituted glycophorin A peptides to measure a small
only of the residues targeted for selection. Note that although gifference between the asymmetric stretch frequencies of a
the library data indicate that these sequences interact tightly,qeyterium labeled glycine at position Gly79 in the context
they cannot say Whgther the various GxxxG containing of g wild-type sequence and a nondimerizing mutant
sequences interact with the same backbone geometry andg|ygsiie); from a previously established empirical correla-
helix crossing angle as one another. tion, this frequency difference suggests that the—&i---
Although many sequence contexts can apparently supportO=C hydrogen bond contributes-0.9 kcal mot?! to
dimerization of a GxxxG motif, it is equally clear that glycophorin A dimerizatiod’® Mutations that change the
dimerization of the GxxxG motif within the glycophorin A packing at the GxxxG motif only subtly might be able to
transmembrane domain is sensitive to single point mutationsmodulate this interaction energy substantially. However,
at eachof the other five motif residue®238240244ndeed, when Bowie and colleagues mutated Thr24 in bacteriorho-
single point mutations that keep the GxxxG motif of dopsin, whose side chain oxygen was similarly implicated
glycophorin A intact still modulate stability over a range of as an acceptor of an interhelicabl€H---O hydrogen bond
3.7 kcal mot? or a factor of 400 in association constant, from an alanine, their measurements showed that replacing
and most of these thermodynamic stabilities can be rational-the threonine with alanine or serine is slightly stabilizing
ized using a structure-based apprddtthat assumes that  while valine is slightly destabilizing?® A recent computa-
the dimer backbone geometry remains unchanged from thetional study®® using molecular mechanics and an implicit
wild-type NMR structuré?® However, the evidence from 21 model for the membrai# to calculate interaction energies
double alanine mutants for strong thermodynamic coupling for the neutral groups that contain the putative hydrogen bond
between sites at opposite ends of the glycophorin A dimer donors and acceptors seems to reconcile these results. In these
interfacé® argues that the effects of multiple mutations may calculations, the contacts identified in glycophorin A (and
not be as easily interpreted in structural terms. This suggestanany other membrane helhelix interactions) are stabiliz-
that the simplified GxxxG motif may be compatible with ing, while those identified by similar geometrical criteria at
more than one dimer structure. Thr24 of bacteriorhodopsin are not, primarily because of the



1950 Chemical Reviews, 2006, Vol. 106, No. 5 MacKenzie

spatial arrangement of the donoot@nd its amide N with Notch signaling and implicated in familial Alzheimer’s
respect to the acceptor oxygen. Putative hydrogen bondsdiseas&?12%2 Two tandem GxxxG motifs in the fourth
involving a glycine donor are also seen, on average, to bemembrane span of APH-1 (one of four components of the
about twice as energetically favorable as those involving y-secretase complex) are important to assembly of the
other amino acid$ complex?®® although other interactions may help support

The high incidence of the GxxxG motif in transmembrane assembly and these residues may be dispensable for activity
domains has led to the examination of the role of such motifs ©Nce assembly has occurr@d.Tandem GxxxG motifs
in assembly and biological function of many single-spanning (including variants where glycine is replaced by alanine) have
membrane proteins. The ability of hepatitis C envelope &S0 been observed at ransmembrane heélglix interfaces
glycoproteins E1 and E2 to form noncovalent heterodimers i the crystal structures of the polytopic proteins aquaporin-
after being cleaved from a single polyprotein is abolished 1?%*and the glycerol facilitatdP® although the contributions
by alanine insertions in the transmembrane domain of E1 of these motifs to assembly and stability of these proteins is
that interrupt either a GxxxG motif or other portions of the NOt known.
transmembrane doma#? The membrane spans of subunits ~ On the other hand, not all GxxxG motifs drive strong
e and g of the yeast B, ATPase contain GxxxG motifs  helix—helix interactions. Equilibrium analytical ultracen-
that appear to influence the functional assembly and oligo- trifugation of a chimeric protein encoding the transmembrane
merization state of the ATP synthase complex in Vi%028° domain of the CCK4 oncogene shows that the purified
Mutation of subunite motif glycines to alanine or leucine  protein exhibits no tendency to self-associate in detergents
results in loss of subung from the complex and the loss of ~ except in the limit where micelles are insufficiently abundant
dimers and oligomers of the compl&%.Subunitg can be  and the proteins are stochastically co-sedimerftihGedi-
chemically cross-linked to subumitand mutation of glycines ~ mentation equilibrium studies also show that the transmem-
in a GxxxG motif in the transmembrane domain of subunit brane domains of ErbB receptors do not homo- or hetero-
g affects the assembly and function of the ATP synthase oligomerize in detergent8?® although contrasting results
complex284285These data suggest that heterodimerization of using the TOXCAT assa$’’ the ToxR assa§® and a
these two domains might be mediated by these GxxxG biological inhibition strateg¥/? suggest that these sequences
motifs, but because subungsande can still be cross-linked ~ do support interactions within membranes. Similarly, trans-
to one another when the GxxxG motif of subumpias been ~ membrane spans that contain GxxxG-like motifs may interact
mutated, the authors suggest that other interactions may alsghrough other residues: the sixth transmembrane domain of
help to support the association of these subunits with anotherE. coli YjiO was identified as a moderately strongly asso-
as yet unidentified proteit?428Interestingly, cross-linking ~ ciating transmembrane domain by screening a genomic
of the subunite homodimer increases when the GxxxG motif library, but a GxxxA motif present in the transmembrane
of subunitg is disrupted®® there may be alternate interaction domain appears to be unimportant for self-association, while
possibilities for these transmembrane spans. the substitution of bulky flanking residues significantly

Tandem GxxxG motifs can drive helphelix interactions. decreases oligomerizatigft.
The _secreted protein toxin VacA fromellc_:obacter pylori 4.22 Polar Residues
that inserts spontaneously into eukaryotic membranes con-
tains an N-terminal hydrophobic span that can mediate self- Hydrogen bonding between transmembrane helices in-
association in the TOXCAT ass&f.This span contains three  volving strongly electronegative atoms has been explored
tandem GxxxG motifs composed of glycines at positions 14, extensively using protein design approaches. Work from the
18, 22, and 26; Glyl4 and Gly18 are important for self- DeGrado and Engelman laboratories showed that the pres-
association in TOXCAT whereas Gly22 and Gly26 arefibt.  ence of an asparagine residue in a hydrophobic transmem-
The proline residue at position 9 is dispensable for self- brane span can drive self-association of the transmembrane
association in the TOXCAT assay but is required, as are domain3°1-392A single asparagine converts a chimeric protein
Gly14 and Gly18, for the ability of the full-length toxin to  monomer into a proteiaprotein dimer on SDSPAGE; an
form anion selective channels and disrupt the integrity of asparagine also dramatically increases the TOXCAT dimer-
the membrane of cultured cef%.A computational model  ization signal of a hydrophobic spa#.A designed hydro-
for the structure of hexameric VacA suggests that the phobic peptide bearing an internal asparagine forms trimers
architecture of this pore is similar to the heptameric pore on SDS-PAGE, and FRET measurements showed that these
MscS fromE. coli?®8 The single transmembrane domain of trimers also form in nonionic or zwitterionic detergefts.

BNIP3, a pro-apoptotic member of the Bcl-2 super-family,  sedimentation equilibrium data for a designed host peptide
has been shown to support sequence-specific dimerizationyith 5 series of guest residues showed that aspartic acid or
in the TOXCAT assay and in detergeftS.Mutations at  gjytamine stabilized trimer formation by about 1.6 kcal Thol
motif residues in a tandem AxxxGxxxG sequence disrupt ye|ative to alanine, glutamic acid or asparagine stabilized the
dimerization, and a pair of flanking polar residues is also {rimer by about 1.0 kcal mot, and slightly polar residues
important to dimerizatiof?® did not appreciably affect trimer stabili#)® While a host
GxxxG motifs have also been implicated in the function, sequence of 19 leucines provides weak dimerization signal
assembly, and targeting of polytopic membrane proteins. Thein TOXCAT (25% of wild-type glycophorin A), a single
first membrane span of the factor receptor fronBaccha- asparagine, aspartic acid, or glutamic acid guest residue at
romyces cerasiae a G-protein coupled receptor, contains position X in the sequence LgXlLeu;; increases self-
a GxxxG motif that helps to mediate oligomerization and association more than 4-fof Histidine also has a strong
cell-surface expression of GFP- and YFP-tagged receptorseffect on oligomerization, while slightly polar residues serine,
in vivo.?®® Transmembrane domain interactions are also threonine and tyrosine have modest efféétDifferences
important for the assembly of thesecretase complex, which  between the reported oligomeric states of these peptides and
generates intramembranous proteolytic events important inchimeric proteins may reflect differences in the sequence
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context within which the polar residues reside, but the activating the platelet-derived growth factor receppbr

detergent used can also influence the order of the oligéther. (PDGF3 receptor, a receptor tyrosine kinase) has yielded
Systematic asparagine substitutions demonstrated that theénsight into the role of polar residues in promoting functional
position of the polar residue within the micelle influences interactions in the membranes of living cell3.The ho-

the contribution to stability: asparagine at positions expected modimeric bovine papillomavirus protein E5 interacts with
to be buried in the middle of the micelle strongly stabilizes the PDGIB receptor and activates it, causing cell transforma-
the trimer, while asparagines at the micelle/water interface tion, in a way that depends on a glutamine within its
do not3% A similar positional dependence was also seen in otherwise highly hydrophobic transmembrane doni&ir4

ToxR studies and SDSPAGE analysis of a polyleucine  From a random library that retains the previously identified
sequence hosting a single asparagiie. glutamine but randomizes 15 flanking hydrophobic amino

DeGrado and colleagues have also shown that the speci&cids, approximately 10% of the sequences were able to
ficity of lateral interactions between transmembrane helices dimerize and activate the PDBFeceptor. Statistical analysis
can be modulated by protein design of either the transmem-Of the position-dependent differences between transforming
brane domain or flanking aqueous domains. While a designedand nontransforming sequences suggests that, relative to the
membrane span with a single asparagine forms a mixture ofglutamine at position 17, positions 18, 20, 24, and 28 are
dimers and trimers, addition of coiled-coil agueous extensions Most important, with position 18 favoring leucine and the
previously shown to favor either a dimer or a trimer oOther three favoring valing! These positions map to one
specifically stabilized one form over the ott#8t A mem-  face of ana-helix and suggest that sequence context for the
brane spanning peptide lacking an aqueous extension bugfolar glutamine m(.)dulaltes.st(.—:‘nc interactions between_ he!lces.
having two transmembrane asparagines also forms a specifidVhen the glutamine site is included in the randomization,
trimer 2% and solid-state NMR structural characterization of 0nly 1% of clones are transforming, and polar residues are
this species indicates that a leucine expected to participateunder-represented in the transforming sequeficedany
in the trimer interface shows restricted moti§h. This constructs containing one or two polar residues are non-
interplay between stability and specificity of intramembra- transforming. A single glutamine, glutamic acid, or aspartic
nous and juxtamembranous portions of helical membrane acid is seen in most transforming membrane spans, with one-
proteins indicates that lateral associations between transthird of these polar residues occurring at position 17 and
membrane domains can be coupled to the folding of soluble the remainder on the same face of the helix. However, almost
domains in ways that can be controlled by rational design. one-quarter of the transforming membrane spans have no

Because interactions between strongly polar residues carPOlar residues, indicating tha‘.'”tefmo”omef hydrogen bonds
drive oligomerization of transmembrane domains, it is are not necessary for functional interactions and _further
important to understand how such interactions may be SUPPOIting the importance of favorable packigwhile
controlled to prevent nonspecific association in vivo. Se- interpretation of these results is complicated by the possibility

quence context has been shown to affect the self-associatioff1at functional interactions may depend on transmembrane
of biological sequences that contain strongly polar side chainsiomedimerization of ES, binding of ES to the PDGF

in the transmembrane region. The transmembrane domainf €CEPLOr, Or both, it is clear from these libraries that polar

of BNIP3 dimerizes tightly in membranes and in detergents, residues can drive functional interactions only in certain

and polar residue His173 is critical to this interaction; a S€duence contexts.

slightly polar residue, Ser172, is also critical to dimerization, ~ Slightly polar side chains can cooperate to drive trans-
consistent with the possibility that these residues might membrane domain self-association. Analysis of strongly

participate in intermonomer hydrogen bondfigHowever, associating sequences selected by TOXCAT from a library
small-to-large point mutations on the same face of the helix biased toward right-handed interactions but without permit-
strongly disrupt the dimer in both SBAGE and TOX- ting the use of glycine revealed motifs involving serines and

CAT, suggesting that a particular backbone arrangementthreonines such asSxxSSxxT or xxSSxxT (x is leucine);
supported by GxxxG motifs allows the favorable hydrogen interestingly, the boldfaced residuisare compatible with
bond to form. This interpretation of the limited data from proline3!® Single point mutations of any of the serines (to
the BNIP3 system is based in part on the marked disruptive alanine) or threonines (to alanine or valine) in the trans-
effects of residues that introduce steric clashes in the membrane sequences LAXXSSXXSSxXT or LSxxSPxxS-
glycophorin A interfacél6.229.235238However, polar side  SxxT dramatically reduce the dimerization signal, indicating
chains and the residues that flank them do not always showthat the association is stabilized by contributions from each
the same importance to self-association. Engelman andof these hydrogen bonding residues. Mutations of proline to
colleagues tested the dimerization propensity of four biologi- alanine or glycine are also strongly disruptiethe presence

cal transmembrane domains containing a strongly polar of proline may affect helical geomet#£ free a carbonyl
amino acid and showed that the glutamine in the transmem-group to accept a hydrogen bond more strongly, or both.
brane domain of Tnf5 was critical for tight self-association An analysis of membrane protein structures suggests that
in TOXCAT, while the other three sequences associated isolated serines or threonines may also contribute to specific-
weakly or not at alf!® The slightly polar residues in the Tnf5 ity and stability of helix-helix interactions through hydrogen
transmembrane domain, unlike Ser172 of BNIP3, are dis- bonds3'’

pensable for dimerizatiof? It is possible that the sequences  |nappropriate interhelical hydrogen bond formation by
flanking the glutamine of Tnf5 provide unique packing polar side chains introduced by mutations may be the
interactions that stabilize the dimer or the sequences thatmglecular basis for some disease std@sDeber and
flank the polar residues in the other spans may prevent closeco|leagues have expressed a fragment of the cystic fibrosis
approach of the hydrogen bonding groups. transmembrane regulator chloride channel (CFTR; discussed

A selection scheme developed by DiMaio and colleagues in section 6.3) containing membrane spans 3 and 4 as well
to identify transmembrane domains capable of binding and as the connecting lod and have shown that mutation
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Lig LLLLLLLLLLLLLLLL analyzed®2 While sequences exhibiting a range of associa-
AZ2 LLAALLALLAALLALL tion strengths were identified and prolines are under-
a de ga de g represented in the strongly associating sequences, no strong
LigAg LLLLLLAALLALLAALLALLLLLL positional erendenmes were obs'erved among the'bulky
hydrophobic residues. Thus, much like the sequences identi-
L2g LLLLLLLLLLLLLLLLLLLLLLLL fied by DiMaio and colleagues and described in section 4.2.2,
Figure 10. Leucine zipper related sequences. Langosch and it is not clear which residues participate in self-association.
i i i 2
colleagues used spandand AZ2 in the ToxR in vivo assai: As pointed out by Langosch and colleagé®sit is

F\,\?On}ggilnzgdoxgﬁﬁg? ‘;Zd(‘;)s ?é’r I,Or? 5}{?(?%‘}'%@”3%5“ (flanked by possible that residues at thec, or f positions of their heptad
repeats may influence self-association. (Indeed, subsequent

Val?®Asp in the fourth membrane span that affects CFTR Work with model peptides suggests that placing alanines at
function in vivo results in formation of a hydrogen bond these positions in the middle of a span of 24 leucines may
between Asp232 and GIn207 of the third membrane span!ncrease helixhelix association compared to polyleucine
that stabilizes formation of a helical hairg#.Noncovalent ~ @lone’*) The potential influence of supposedly “flanking”
higher order association of the fourth membrane span bearing€Sidues has also been seen by others. In the library selections
mutation Val232Asp depends on the flanking hydrophobic ©f Russ and Engelman, randomized sites biased for right-
sequencé? showing that strong helixhelix interactions handed helix crossing angles identified the GxxxG motif

mediated by hydrogen bonding can be modulated by spacing in .b_oth a polyleucine and a polyalanine background,
sequence context. but thepositionsof the GxxxG sites in the two libraries were

not the same even though the randomized codons and their
4.2.3. Leucine Zippers relative positions were identicat (see Figure 9). This
marked difference across the dozens of selected sequences
shows, for the GxxxG maotif, that the context provided by
flanking residues (leucine versus alanine) of the host library
sequence has a large impact on the randomized interface
under selection. This presents a serious caveat for the
interpretation of experiments where wholesale changes are
made away from a putative interface, as well as challenging
the idea of a “neutral” host sequence that does not affect

possibilities for encoding specificity may seem slight, the the self-association properties of any motif sequence grafted

: : N b : : into it.
aliphatic-for-aliphatic substitutions in glycophorin A that . o .
disrupt dimerizatio®6233show that even side chains of the ~ How then are the potential contributions of such residues

same volume and hydrophobicity (leucine and isoleucine) t0 be assessed? Alanine insertion scanning mutagétiésis
can have dramatically different abilities to support dimer- could be used to determine whether theacing of the
ization in the context of a GxxxG motif. Indeed, glycines or alanines and leucines, rather than themposition was
polar residues are not required for hefixelix interactions: ~ Modulating the ToxR signal; however, this method will not
sequences from the library selection of DiMaio and col- identify the interacting face of the hell|x. Asparagine scanning
leagues show that exclusively hydrophobic spans lacking Mutagenesis, which looks for reinforcement of a self-
small residues can mediate functional association of helices@ssociation signal upon scanning an asparagine along the
whose native sequence relies on a glutamine for interhelicalmeémbrane span, has been put forward as an approach to
hydrogen bonding® However, upon examination of those Mapping such interfacé8! Support for this approach
selected hydrophobic sequences, it is not clear which of thesdncludes the mapping of the eyrthropoietin receptor inter-
residues participate in the dimerization interface. face” and the propensity in a selected library for a polar
Langosch and colleagues have explored the involvementresidue to align on the same face of _the helix as in a wild-
of leucine residues in the self-assembly of both designed andtyPe sequenc&® However, the relative strength of the
biological hydrophobic sequences. Polyleucine gives a 4-fold hydrogen bond interaction and its dependence on flanking
stronger self-association signal than polyalanine in the ToxR Sequencés’® suggests that this approach may lack general
assay??? although the polyleucine interaction is 3- or 4-fold appllcabmty. The time-consuming approach of saturation
weaker than glycophorin A in TOXCA023%A membrane mutagenesis of a given sequence seems the most reliable
span with 12 leucines and 6 alanines that retains leucines atvay to determine how each position contributes to self-
the a, d, e, andg positions of a heptad repeat (see Figure association. Becau;e the most dramatic effepts of mutations
10) gives a signal equivalent to polyleuci#é.Although seen with glycophorin A are for changes that introduce steric
single replacements of leucines with alanine do not decreaseflashes;® using bulky residues (tryptophan, phenylalanine,
the ToxR signal measurably, simultaneous replacement ofOr isoleucine) might help to identify hotspots quickly, as
four leucines with alanine has a substantial effect. Upon 'ecommended in a review by Senes and DeGfado.
testing seven biological transmembrane domains with such Biophysical measurements of interaction energies for
leucine repeats, the authors found one sequence (from thdeucine zipper membrane spans provide a means of calibrat-
erythropoietin receptor, see section 4.3.4) that associates moréng the relative propensities for dimerization of hetixelix
tightly than polyleucine, three others that associate somewhatassociation motifs, which is important for understanding the
less tightly than polyleucine, and three that are considerably extent to which these interactions may influence biological
weaker3?? Further development of the ToxR assay to make phenomena. Although such data have not been reported for
a selectable and inducible version (termed POSSYCCAT) these leucine zippers, experiments with peptides and model
increased the discriminating power of the method and membranes indicate that the free energy of association
enabled several libraries of heptad repeat sequences to bbetween polyleucine membrane spans bearing a single

Aliphatic side chains can contribute to the stability and
specificity of lateral association of transmembrane helices
through favorable van der Waals interactions; they can also
confer specificity by blocking potentially favorable contacts
through steric clashes. Hydrophobicity, which is an important
consideration for the folding of soluble proteins and for the
formation of stable transmembrane helices, is not a contrib-
uting factor to these lateral interactions. Although the
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tryptophan or dibromotyrosine residue is between 1.3 and which is formed by straighti-helices that are strongly tilted

2.5 kcal mot?, so lipid/peptide ratios of 125:1 through 20:1
give significant fractional associatid® While this is
significant with respect to thermal energy, it is considerably
lower than the values reported for other biological trans-
membrane helixhelix interactions such as glycophorin A
or influenza M2 protein (see sections 4.1.3 and 4.3.2).

by 38 with respect to the membrane normi&These NMR
data and structural model are in close agreeffiénith site-
specific FTIR datd# with structures derived from these data
by restrained molecular modelififf, and with structures
derived from molecular dynami#g or site-directed mu-
tagenesis dat#? although the solid-state NMR orientational

Extensive studies with a polyleucine-based model peptide data along the whole transmembrane span indicates that the

at a wide range of lipid-to-peptide ratios also suggest that

helices are quite straight, rather than forming a coiled-coil

these peptides are largely monomeric, although the formationbundle33® The transmembrane domain of influenza A M2

of discrete low-order oligomers cannot be formally excluded
(reviewed in ref 326). The application of robust methods to
measure the sequence dependence of -hhlkix interaction

energies in bilayers of different lipid compositions, not just

protein has been a proving ground for site-specific labeling

FTIR approaches to helix tilt and rotational informatiéh34°

in part because the large helix tilt gives rise to large positional

dependencies of the observable dichroic ratios. The strong

in detergents, may well be necessary to understand thevariation seen in these dichroic ratios is analogous to the

potential contributions of leucine zipper type interactions to
the function of membrane proteins.

4.3. Interacting Biological Single Spans

The transmembrane domains of many single-spanning

proteins have been suggested to make functional pretein
protein interactions. This section of the review considers six
well-known systems, presents the many types of data use

in these analyses, and attempts to evaluate the current tool§e
used to explore the interaction propensities of these mem-

brane spans. While tight transmembrane domain interaction
are currently identified in a consistent and straightforward
manner, experimental data are sometimes conflicting for
weak potential interactions and the interpretation of the
results from various approaches becomes complicated.

4.3.1. Phospholamban

dispersion in oriented solid-state NMR PISA whe#fs.

Sedimentation equilibrium studies revealed that tetramer-
ization of the transmembrane domain of the M2 channel is
specific and quite tight (16 kcal mdlin 15 mM dodecyl-
phosphocholine detergent) but about 6 kcal Thateaker
than full length M2347 Binding of amantadine, an inhibitor
of the proton-selective channel, stabilizes the tetrameric form

Cﬁf the wild-type M2 transmembrane domdffi Single point

utations in the transmembrane domain targeted at the
sidues lining the pore showed a range of efféttgour
mutations stabilize the tetramer by abott.2 kcal mot*

S(VaI27AIa, Trp41Ala, Trp41Phe, Ala30Phe), one does not

affect stability (Gly34Ala), and three destabilize by between
+0.7 and+3.1 kcal mot®. However, of ten mutations
targeted to the helixhelix interface, none are significantly
disruptive, and most actually stabilize the tetramer, including
one small-to-large mutation (Ser31PB&)Amantadine bind-

ing to these mutants is attenuated or even abolished, and

Phospholamban is a 52 residue protein found in cardiacthe effect of a mutation on tetramerization correlates
sarcoplasmic reticulum that binds to and regulates the activity negatively with the effect on amantadine bind#figPossible
of the calcium pump in native membranes and reconstitutedrationales for these observations include the idea that the

bilayers3?” The recently published solution NMR structure
of the phospholamban pentarffrprovides a structural
framework within which to consider a wealth of mutagenesis
data that have identified residues important to homo-
oligomerizatio?® 33! and to interactions with the calcium
pump331-333 Mutations along one face of the phospholamban
transmembrane domain abolish pentamer formaftst
and a structural model of a “leucingésoleucine zipper” based
on mutagenesis daf4 predicts the residues at the center of
the pentameric bundle quite closéfjLeucine residues 37,
44, and 51 from the position of a heptad repeat pack near

the axis of symmetry and are supported by isoleucines at

positions 33, 40, and 47, which lie at tdgpositions of the
heptad repea® The availability of an atomic resolution
structure in this system will undoubtedly further stimulate
interest in the thermodynamics of pentamerization within the
membrane, which may regulate the ability of phospholamban
to inhibit the calcium pum 7331

4.3.2. Influenza A Protein M2

The M2 protein of influenza virus forms a tetrameric

function of the M2 protein may depend on switching between
different conformations: as shown by spispin coupling

EPR measurements, the lipid environment can modulate the
structure of the M2 transmembrane domain, possibly affect-
ing the tilt35! Mutations may perturb the balance between
different conformations, or the energetics of lateral interac-
tions between the transmembrane domains may be less than
optimally stable to permit structural changes needed to
accommodate function. It is noteworthy that stabilizing

mutations for other membrane proteins appear to be com-
mon_252,255,352

4.3.3. Integrins

Integrins are heterodimeric cell surface receptors that
mediate bidirectional signaling in the celtell and cel-
matrix interactions that underlie development, differentiation,
and cell deatl®3 Large conformational changes occur in
going from the low-affinity to the high-affinity state of the
receptor® 357 but the detailed oligomeric interactions and
clustering that accompany these conformational changes are
controversial. Heterodimeric interactions between the single

helical bundle that acts as a proton-selective channel tomembrane spans of cognateand § receptors have been

facilitate acid-induced virus uncoating in the endosome, an
important step in the viral life cycl&* Extensive solid-state

implicated in both low- and high-affinity staté% although
work with proteins containing the transmembrane and

NMR studies by Cross and colleagues on the transmembraneytosolic portions of integrinallb and 53 suggests that these

domain region of the influenza A M2 proteiff 338 as well
as data from the 92 residue full-length prot&ih34° have
provided a detailed view of the closed state of the channel,

species form homodimers and homotrimers, respectizély.
A designed transmembrane domain mutation, Gly708Asn in
the 53 integrin, activatestlib3 in vivo and also promotes
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3 homotrimer formatioi® suggesting that the heterodimer- having different phases with respect to the transmembrane
ic transmembrane domain interactions inferred in EM domain identified a preferred orientation of the transmem-
reconstructions of thallb33 low-affinity staté! may give brane spans with respect to one another for maximal
way to homooligomeric transmembrane interactions in the stimulation of downstream signal transduction pathways;
activated state. Designed disulfide cross-links that lock modeling of the interface suggests that polar residues Ser231,
together anallb3 transmembrane domain heterodimer Ser238, and Thr242 are involved in self-associatf@m
abolish activatioff? and negate the effects of juxtamembra- helical interface differing by only a slight rotation was
nous constitutively activating mutations in the cytoplasmic identified by hydrophobic point mutations in the ToxR
domain3®® These findings further support the idea that tight assay?® and by asparagine scanning mutagen®s$i®>
interactions betweeallb and33 membrane spans are linked Transmembrane domain interactions also underlie hetero-
to the low-affinity conformation. oligomeric interactions between the erythropoietin receptor

Both heteromeric and homomeric interactions between theand gp55 of spleen focus forming virus that cause receptor
transmembrane domains of integrins have been measuredctivation?®*3* The gp55 transmembrane domain self-
using reporter assays. Schneider and Engelman develope@ssociates in the TOXCAT ass#y,and structural charac-
the GALLEX assay, based on an asymmetric LexA Operator, terization of the gp55 interface identified a right-handed
to measure heteromeric interactions of parallel helices in Crossing angle between the helices Byesolid-state NMR
membraned%s Examining interactions of the transmembrane Method that distinguishes between leucines at and away from
domains of a series af andf subunits revealed that both  the interface based on the mobility of their terminal meth-
3 and37 show some tendency for homodimer formation, y|S.376 The differential ability of variants of gp55 to activate
while cognate pairs of and subunits show some hetero- human and murine erythropoietin receptors results from
oligomeric interactions that can be attenuated by mutations differences in the transmembrane sequences of both receptor
at GxxxG motifs within the transmembrane domaffs$t+  and gp55°°3">structural and energetic characterization of

TOXCAT analysis ofallb transmembrane domain ho- these interactions should provide new insights into the
modimerization identified interfacial residues and suggests specificity and stability of lateral interactions between helices.
that homodimer formation relies on the residues VGxxG-

GxxxL that map to one face of the hefi® A leucine 4.3.5. ETbB Receptors

scanning mutagenesis study of the transmembrane domains Transmembrane domains have been implicated in the
of allb and 53 showed that ligand binding of full-length  mogulation of signaling by the ErbB family of receptor
integrins in mammalian cell culture become.s constitutive tyrosine kinases for decades. Mutation of a single valine to
when Gly972 or Gly976 ofullb or Gly708 of 53 is changed  giytamic acid at position 664 in the transmembrane domain
to leucine®®® These mutations, as well as the previously of the ErbB2 receptor constitutively activates the receptor,
describeds3 Gly708Asn, seem to increase ligand affinity ,ning it into an oncogen®’ The presence of the glutamic
but not induce macroclustering of the receptors. The known a¢iq does not grossly affect the association of the sequence
disruptive effects of leucine substitutions at GxxxG motif \yith the membrané’ suggesting that it alters lateral
positions argues that these mutations have their effect throughnteractions between helices instead. Solid-state NMR chemi-
disruption of heteromeric interactions but not through cg shifts indicate that the protonated glutamic acid forms
stabilization of homomeric interactiod® as had been strong hydrogen bonds, perhaps with another glutamic
suggested previously based on the mutgiBiBly708ASE®  4cjg37 although rotational resonance distance measurements
The identification of numerous activating mutations in the suggest that the adjacent Gly665 experiences close interhe-
transmembrane domain and juxtamembranous regig8.0f  |ical packing3® Dimerization of the oncogenic form of
but not the distal cytoplasmic regions, confirms that the grpB2 through its transmembrane domain is necessary,
transmembrane domain is involved in activatishWhile although not sufficient, for its transforming activitS. NMR

this process identified single point mutations on the same syydies in fluid bilayers indicate that both the normal and
face of the helix of33 implicated in association in other oncogenic form of ErbB2 exist as monomers and small
studies}**323%activation by clones with transmembrane gjligomers at low ratios of peptide to lipid and that higher
domains exhibiting internal deletions and charged substitu- orqer aggregates occur at high peptide concentra#fns.
tions that reduce the effective length of the hydrophobic span Using the TOXCAT assay, Lemmon and colleagues

|tnd|ca_te that %l;srupnon of intramembranous interactions IeadsShowed that the transmembrane domains of the ErbB family
o0 activation? N . Lo
self-associate if. colimembranes, giving signals that range

from 35% to 65% of wild-type glycophorin A, or about 4 to
8 times higher than the disruptive Gly83lle glycophorin A

The erythropoietin receptor transduces the signals thatmutant?®® Exploring the sequence dependence of these
regulate the proliferation and differentiation of red blood cells associations with targeted mutagenesis revealed that muta-
in response to the cytokine erythropoiettfi.The single tions at GxxxG-like motifs in either the N-terminal or
transmembrane span of this receptor is important to its C-terminal part of the ErbB2 membrane span reduce ho-
function® and a juxtamembranous sequence motif is modimerization, while disruption of a TxxxG motif in ErbB3
necessary for phosphorylation of the receptéilhe intact does not affect self-association. Surprisingly, the oncogenic
receptor forms dimers at the cell surface in the absence ofmutation Val662Glu in ErbB2 reduces dimerization in the
ligand3"! The erythropoietin receptor transmembrane domain context of the TOXCAT assa¥? Interestingly, while both
self-associates in the ToxR ass&¥y,and mutations that ErbB1l and ErbB4 contain multiple GxxxG-like motifs, the
disrupt this interaction block signaling by the receptor even spatial distribution of the critical motifs is different: the
when combined with a constitutively activating mutation in  C-terminal motif in ErbB1 contributes to homodimerization,
the extracellular domaiff? Replacement of the extracellular while in ErbB4 a motif toward the N-terminal side of the
ligand-binding domain with designed soluble coiled-coils membrane span is important. These findings may have

4.3.4. Erythropoietin Receptor
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implications for homodimeric and heterodimeric interactions A series of lines of evidence implicate the transmembrane
among this family of receptors, as further explored using domains of synaptobrevin, synaptophysin, and syntaxin in
the ToxR system by Shai and colleag8&<Consistent with homomeric and heteromeric interactions. Synaptobrevin,
these findings of interactions between the transmembranesyntaxin, and SNAP-25 form ternary comple¥€shat can
domains of ErbB receptors, Hubert and colleagues havebe disassembled by components of the membrane fusion
shown that expression of small designed proteins bearingmachinery, NSF andSNAP 387 The complex can assemble
the transmembrane domain of an ErbB1 or ErbB2 receptor in nonionic detergents but not in SDS; however, preformed
can have a dominant negative effect on signaling by the complexes are resistant to SDS unless baiétVvhile only
receptor’® the 1:1:1 complex is seen upon assembly in Vitfdyigher-
These I’esu|tS contrast Stal‘kly W|th the demonstration by Order Comp'exes form in ViV&B Co_reconstitution Of Syn_
Stanley and Fleming that none of the ErbB transmembrane gptobrevin and syntaxin gives significant levels of SDS-
domains show strong homomeric or heteromeric interactions resjstant homodimeric and heterodimeric complexes only if
as chimeric proteins ur;der conditions of sedimentation he constructs include the transmembrane regions of these
equilibrium in detergerd®® A fusion construct bearing the  hgteins, and proteolytic removal of the first 75 residues of
membrane Span of ErbB4 (which gave the strongest signalgy nantobrevin leaves the C-terminal membrane-spanning
in TOXCAT=%) shows some slight tendency to associate at agment complexed to syntaxif Binding of synaptophysin
low concentrations of the detergentEs. While there is oy nantoprevin depends on the synaptophysin transmem-
considerable precedent for sequences that contain GXXXGbrane domain and results in an SDS-resistant complex that
motifs to fail to associate tighthj****(see sections 4.1.1, 1oy ents synaptopbrevin from binding syntaxin or SNAP-
4.1.2, and 4.2.1) and membrane spans bearing polar re5|due§5 3% and the transmembrane domain of synaptobrevin is
may fail to associate in detergents while showing strong sufficient to bind synaptophys? Cross-linking studies

association in TOXCAT! (see section 4.1.4), the discrep- reveal synaptobrevin dimers and synaptobrevin/synapto-
ancy between the TOXCAT data and the centrifugation data Al synapto . ) synap /synap
physin heterodimers in rat synaptic vesici&sThe higher

for four uniformly hydrophobic sequences is quite surprising. . .
Aside from detgrm)i/ning how tragsmembrar?e domai%s ngr— molecular weight complexes detected under these conditions

ticipate in receptor tyrosine kinase signaling, reconciling the Usu@lly represent a small fraction of the total protein loaded
differences between these measurements will be importantonto the gel, but because the proteins probably cycle through
for understanding how detergents influence helielix d!ffere.nt functional states the complexes may still be
interactions and for determining what the results from Piologically relevant.
TOXCAT and other biological assays really mean. It may  Experiments to probe the self-association of synaptobrevin
be that certain classes of helikelix interactions depend transmembrane domains have been undertaken in two
critically on the stabilizing influences of bulk bilayer laboratories, with somewhat different results and quite
properties (i.e., lateral pressure) and therefore do not associatelifferent interpretations. Laage and Langosch showed that a
in detergents. fusion protein of staphylococcal nuclease and synaptobrevin
Experimental approaches presented by Hristova and col-that was overexpressed iB. coli and extracted in the
leagues may be useful for resolving these issues. Workingdetergent CHAPS at a protein concentration-df mg mk?
with synthetic peptides corresponding to the transmembranecould be cross-linked to dimers, while a fusion lacking the
domain of the fibroblast growth factor receptor 3, which transmembrane domain did not cross-li#fkThese authors
contains one GxxxG motif and one SxxxG motif, these jdentified a mild urea/SDSPAGE condition that supported
authors have shown that FRET measurements of bilayer-gimerization without cross-linking and showed by alanine

reconstituted peptides can yield thermodynamic parametersscanning mutagenesis that point mutations to alanine on one
for lateral interactions between these helices (abikcal face of a helix could lower the dimemonomer ratio

mql‘l, giving significan; $elf—associ§1tion at protein/lipid although only by as much as a factor of 2 (a triple mutant
ratios of 1000:1}*>24°This is substantially weaker than the  oq,ced the dimermonomer ratio by a factor of 5§
association of a tightly interacting system like glycophorin | 5n44sch and colleagues also showed that dimerization of
A, but it may be sufficient to influence the structure and the synaptobrevin fusion construct under conditions of mild

mechanism of receptor tyrosine kinase signalling. Measure-ghg” pAGE was not affected by simultaneous conversion
ments of the sequence dependence of these interactions wil f eight noninterface residues to alanf#eAlignment of

bmeegggrriﬁgtlggfisr:.b-li-lgge/eolg\ger:8F'z?gr?;&Enngem:mrrsgggﬁgi:;the synaptobrevin and syntaxin transmembrane domains
of the samples under stuy will hopefully allow the suggested that these proteins shared a conserved interface,

. g : : and a syntaxin fusion construct also formed dimers on mild
exploration of these weaker interactions. The potential for - . . .
using FRET approaches in both bilayers and detergentSDS_PAGE' Surprisingly, mutating eight residues away

micelles, for comparison of the effects of the lipidic medium Lrpm Fhe . inferred lllgtesrgggpt\%éllanme ﬁcﬁga”y enhanced
on association, is also attractive. imerization on mi severalfold, potentially

indicating the formation of a new interface. Analysis of wild-

4.3.6. Synaptobrevin type synaptobrevin and syntaxin transmembrane domains in

Synaptobrevin is a member of the SNARE super-fa#fily the ToxR reporter system showed that both transmembrane
of proteins that mediate intracellular membrane fusion domains gave self-association signals above background;
events®® Interactions between synaptobrevin (which is While the variants with eight alanine replacements showed
anchored in the vesicle membrane) and syntaxin and SNAP-weak association in this assay, variants with only six alanine
25 (which are anchored in the plasma membrane) drive replacements show wild-type levels of ToxR signal. Mutants
neuronal exocytosis in response to increases in calcium ionsof either transmembrane domain that simultaneously replace
that enter the cytoplasm of the nerve terminal through three interfacial residues with alanines show minimal self-
voltage-gated calcium channéfs. association by ToxR?*



1956 Chemical Reviews, 2006, Vol. 106, No. 5 MacKenzie

Bowen, Engelman, and Brunger examined five synapto- made between different bodies of work, but the significance
brevin transmembrane domain constructs of different lengthsof weak interactions in the ToxR and TOXCAT assays
and one syntaxin construct using the TOXCAT assay and remains unclear. This situation should be contrasted with the
compared the signals to a positive control (glycophorin A) case of the ErbB receptor transmembrane domains (section
and a negative control (the glycophorin A Gly83lle disruptive 4.3.5), where the TOXCAT and ToxR assays both indicate
point mutant). They found that while each of these constructs, moderate to strong self-association that can be abolished by
including one harboring the disruptive triple alanine substitu- point mutations, while the sedimentation equilibrium data
tion of Langosch and colleagues, gave a stronger signal thanin detergents shows little evidence of significant interactions.
the negative control, the signal was never more than twice In that case, the different conclusions drawn using in vivo
the level of the negative control, and the positive control and in vitro methods probably reflect differences in the lipidic
was 10 times higher than the negat#eThese low levels  environment that modulate the self-association properties of
of TOXCAT signals relative to glycophorin A indicated to the transmembrane spans as measured by these diverse
these authors that the synaptobrevin self-association wasnethods. In the case of synaptobrevin and syntaxin, small
extremely weak. (While these authors did test sequences ofvariations in the implementation of extremely similar meth-
between 15 and at least 26 residues in length, they did notods lead to different conclusions, suggesting that the
assay the precise sequence used by Langosch and colleaguagsarameters surrounding the implementation and interpretation
whose 15 residue construct is shifted to the C-terminal side of these methods have yet to be completely established.
by one residue.) Under standard SBESAGE conditions While applying ToxR or TOXCAT to strongly associating
where a glycophorin A fusion construct forms strong dimers, systems allows the transmembrane domain interactions to
the synaptobrevin fusion construct shows only trace amountsbe studied in isolation, thus clarifying the analysis by
of dimer, again suggesting minimal dimer stability relative eliminating potentially confusing contributions from other
to glycophorin A. parts of the molecules under study, in weakly associating
§ystems this strategy seems to provide as many complications

Langosch and colleagues subsequently tested the 15 amin o
as clarifications.

acid construct of Brunger and colleagues alongside their own
15 residue construct and the glycophorin A controls in the o ) )
ToxR assay® In the somewhat compressed scale of the 4.4. Inhibition of Function by Interacting

ToxR assay relative to TOXCAT (see section 4.1.4), the Membrane Spans

wild-type glycophorin A transmembrane domain gives about N _ o _ _ _

five times the signal of the disruptive negative control, and ~ Specific helix-helix interactions that underlie functional
the Langosch synaptobrevin 15-mer associates twice asassembly of helical bundle integral membrane proteins are
strongly as the negative control while the Brunger 15-mer Potential targets for altering or disrupting function. Since
associates only slightly more strongly than the negative helix—helix association is an equilibrium process, folded or
Contr0|'392 These disparate results for very C|ose|y related assemb.led bL_md|eS of helices Sample unfolded or d|SSO.C|ated
sequences may be caused by sensitivity of the ToxR/States, in which one or more membrane spans transiently
TOXCAT dimerization signals to the relative orientations €Xist as independent helices. Introduction of a peptide bearing
interface of the transmembrane dom¥#However, Brunger ~ helix interactions into the same membrane therefore estab-
and colleagues showed that in their 15 residue construct,'ishes a thermodynamic competition: a sufficiently abundant
converting a cysteine proposed by Langosch and colleagueg?eptide, or one that can make preferential interactions with
to be in the dimer interface to an asparagine increased theth® bundle, could effectively displace the native membrane
TOXCAT signal 20-fold, to twice the level seen for wild- SPan from participating in an oligomeric complex or even
type glycophorin A, suggesting that the relative spacing of from making interactions within a folded polytopic mem-
this construct can support strong self-associat®®ivhile

the fusion constructs of Langosch and colleagues do associate

under mild SDS-PAGE conditions, it should be pointed out

that the rank order of the stabilities of sequence variants of

synaptobrevin and syntaxin do not match between the ToxR l ' . — I I
assay and mild SDSPAGE, suggesting that these assays —

may not be reporting on the same phenomenon. The
indication that synaptobrevin is palmitoylated on a cysteine
implicated in the Langosch interface further complicates
matters3®®

The experiments that most convincingly demonstrate a
tight synaptobrevifrsyntaxin proteir-protein interaction that —
may underlie biological function are those that examine the =

native proteins in synaptic vesicle preparations. The semi-
quantitative nature of both the gel assays and the in vivo
association assays of heterologously expressed fusion progigyre 11. Schematics for how lateral interactions with trans-
teins makes interpretation of the weak dimerization signals membrane peptides might affect the structure and function of
difficult for these systems, and the minimal effects of single membrane proteins. Transbilayer helices compete reversibly with
point mutations on observed dimerization call into question the Iater_al ir_lte_ractions that stabilize the native state; in cases where
the sequence specificity of the results. Using standardizedthe Peptide is in great excess or the sequence of the peptide supports
positive and negative control sequences (such as gchophorirf‘nsuobnge.r th_?n nettltlvg_mj[e_r aﬁt'g n, the population of native protein

. . a e signifncan iminisned.
A) across various assays at least enables comparisons to be y g y
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brane protein (see Figure 11). Such peptides could havetagonistic targeting of the polytopic protein from which the
“dominant negative” effects on the function of the biological peptide is derived It is not clear how these peptides are
system. While small molecules may offer therapeutic ad- delivered to their sites of action or how they insert into the
vantages over peptides in terms of delivery or stability, target membranes.

peptides or small proteins are an excellent means of The well-characterized protein diacylglycerol kinase,
demonstrating that helixhelix interactions in a given system  which contains three membrane spans, catalyzes the direct
are a viable target for modulating function. This section phosphorylation of diacylglycerol with high specificit{?
presents examples from the literature in which lateral Addition of a peptide corresponding to the second membrane
interactions of transmembrane helices within membranesspan, but not a point mutant of that peptide, inhibits
affect the behavior of target proteins, either as part of a diacylglycerol kinase activity assayed in decylmaltoside by
biological control mechanism or as tests of the importance as much as 50%2 Mixing the disruptive peptide with the

of native interactions, supporting the view that manipulating purified, full-length protein gives a complex that can be
the specificity of interactions within membranes provides a resolved on SDSPAGE?7? directly demonstrating the
possible pathway to modifying function in biological systems physical interaction between the peptide and its target protein.
and in medicine. Demonstration of the effect of competing transmembrane

Lateral interactions with a single transmembrane helix can helices on biological signaling pathways has been presented
have subtle effects on the function of even quite complex for the ErbB family of receptor tyrosine kinasé&$In human
membrane proteins in their native environment. Interactions C€ll lines overexpressing either ErbB2 or the EGF receptor,
between phospholamban (as a monomer or pentamer) andell surface coexpression of minigene constructs bearing

the calcium pump in the membranes of sarcoplasmic reticy- transmembrane domains of the cognate receptor tyrosine

lum depend on residues that map to one face of the kinase, but not control transmembrane domains, significantly

transmembrane domain of phospholamBanwhile muta- inhibits the phosphorylation of the receptor and of the

tions on another face decrease pentamer formation anddoWnstream kinase in the signaling pathway, ERK. Incuba-

enhance interaction with the purd.The interplay between gon V.V'th Ipeptld_es C(_)rrﬁspon(tl}r%gNt% t,?he ttcrjz_;msmer?brane
these possible interactions and with contacts that occur omains alone gives simiiar res ote that dimerization

between the aqueous domains of these proteins is nOWof ErbB family transmembrane domains has been detected

beginning to be understood in atomic detail with the recently Isr'lugi.eg?rl: orlgteer?berﬁ?(:ﬁ}czﬁlensgretcgarg)t(rgﬁ-gl a\?vsga?{ébirzjtterac-
published solution NMR structure of the phospholamban 9 y

o . tions at besf® (see section 4.3.5). Peptides have also been
E’Seen;asrggrognf ?Ehle) crystal structure of the calcium puffip shown to disrupt ToxR signals for constructs bearing ErbB

i ) _ ) transmembrane domai#¥.

The y subunit of the sodium pump is a single span  aq discussed at the end of section 4.1.4, homodimerization
membrane protein that alters the affinity of the other two 4 4 ToxR-GpA construct is inhibited by addition of
subunits of the Na,K-ATPase for substrat¥s}and the  peptides carrying glycophorin A dimerization motifs but not
transmembrane domain of thesubunit modulates sodium  py variants that partition into model membranes but lack the
affinity.“®® The y subunit transmembrane domain has been gimerization motis” Unexpectedly, a glycophorin A trans-
shown to form dimers in the mild detergent perfluorooc- memprane peptide with the two motif valine residues
tanoate but not in SDS, and this dimerization is disrupted rep'aced witho-valine also inhibits the ToxRGpA dimer-
by mutations Gly41Arg or Gly41Leu but not Gly35Af%:. ization signaf®4 as does an at>-version of the peptidé’
Coexpression in cultured cells of full lengthsubunit but  These findings are explained by the authors using models
not transmembrane domain mutants that disrupt dimerizationpased on the wild-type glycophorin A solution NMR
is able to decrease the apparent affinity of the Na,K-ATPasestructure. Since the use afamino acids could improve
for sodium. Interestingly, addition of the wild-type (but not peptide stability in vivo, it would be valuable to have
disruptive mutant)y subunit transmembrane peptide to bjochemical and biophysical information about the stability
membranes devoid of subunit recapitulates these results and specificity of the interactions that underlie this biological
and demonstrates that an interaction between transmembrangesult.
domains modulates the activity of the pufip.These
experiments provide a physical basis for the physiological
function provided by the kidney-specific expression of the
y subunit#°?

Transmembrane peptides from several G-protein coupled  Bacteriorhodopsin is the polytopic protein for which lateral
receptors (GPCRs) have been shown to specifically inhibit interactions within the membrane have been most extensively
the parental GPCR in isolated membranes and in Vivo. analyzed to determine their contributions to functional native
Incubation of a peptide corresponding to the sixth membrane structure. Intact bacteriorhodopsin can be refolded from a
span of thgs2-adrenergic receptor with full-length receptor highly denatured stafé:**and two sets of fragments derived
prevents both receptor dimerization and stimulation of by proteolysis can also regain native structure when co-
adenylyl cyclase activity by3-adrenergic agonists? The folded3°4%42The demonstration that two of these fragments
sixth membrane span from the D1 dopamine receptor reducescan refold independently to helical transmembrane confor-
both binding of antagonists and receptor-mediated stimulationmations in separate liposomes and then assemble spontane-
of adenylyl cyclase activity by agonists, although it does not ously into functional protein following liposome fusitiwas
apparently affect oligomerizaticf? Work with peptides from an important experimental impetus in the formulation of the
several GPCRs and a monoamine transporter indicates thatwo-stage model of membrane protein folding. The nature
injection of transmembrane peptides into live animals causesand extent of helixhelix interactions within the indepen-
physiological effects that are consistent with specific an- dently reconstituted fragments is not known, but after

4.5. Polytopic Membrane Proteins and the
Two-Stage Model
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micelles as helices at pH 6, shorter fragments containing the
C-terminal four, three, or two spans would insert only at pH
4414 Pairs of complementary fragments that include all seven
spans regenerate functional bacteriorhodopsin when com-
bined, demonstrating that four of the loops in bacteriorho-
dopsin are individually dispensable for functith*>How-
ever, stability and kinetic folding studies of bacteriorhodopsin
with modified loops implicate not only the topological
connection, but the sequence identity of loops as factors in
folding and stability}'6417 as discussed further in sections
5.1 and 6.2.1.

Work with bovine rhodopsin extends the view of polytopic

Figure 12. Cartoon representation of bacteriorhodopsin (PDB proteins as being composed of domalns that Interact W.Ithm
1C3W) identifying one of the sets of fragments from which the membrane. Frqgments of bovine rhodopsin containing
bacteriorhodopsin can be functionally reconsituted. Chymotrypsin WO, three, four, or five membrane spans can be successfully
cleaves bacteriorhodopsin after Phe71; the amino-terminal 71 expressed in COS cells but do not bind the retinal chro-
residues are colored in slate, while the remainder of the protein is mophore; however, upon coexpression of two or three
e e eee St o ke nnpe CCTPlemertaryragments, et bining and wid-type fe
folding of the combir?ed fragments. The retinal chromophoee Ps ?bsorptlon spectra are obtairféd.The ability to express
represented using purple sticks. unctlonal rhodopS|r_1 as fragments_ has led to thg develop_ment
of cysteine cross-linking strategies for mapping protein
protein contacts by detecting formation of disulfide bofids.
liposome fusion the native structure is acquired when the Cross-link formation differs for dark-adapted and photo-
first and second spans (helices A and B in Figure 12) interactbleached rhodopsit¥’ and while certain cross-links abolish
with the fragment corresponding to the last five helices. the ability to activate transducin without affecting the
Independently reconstituted synthetic peptides correspondingphotocycle of rhodopsiff! up to four cross-links connecting
to the first and second transmembrane domains of bacteri-cytoplasmic or extracellular ends of membrane spans can
orhodopsin can also reassociate with the reconstituted fivebe incorporated while maintaining light-dependent rhodopsin
helix fragment following liposome fusion to yield functional —activation of transducift?42*Although the thermodynamic
bacteriorhodopsin and purple membrane lattf€é%” dem- effects of splitting the receptor into pieces or of adding
onstrating that the first two loops are dispensable for disulfide cross-links have not been determined, an engineered
functional assembly, although both these loops and thedisulfide bond between residue 2 and residue 282 (in the
binding of retinal contribute to the thermal stability of the extracellular loop between helices 6 and 7) significantly
protein?%8 While the third, fourth, and fifth membrane spans stabilizes the protein to detergent solubilizati&hThese
of bacteriorhodopsin also reconstitute as transmembraneexperiments show that considerable insight into polytopic
helices, the sixth span does not form stable secondaryhelical bundle membrane protein structure and function can
structure, and the seventh forms surface-associasdic- be achieved by analyzing split variants under the basic
ture in membrane¥? Although these sequences might be assumptions of the two-stage model.

successfully inserted as helices into membranes by the The generation of other functional polytopic proteins from
translocon in the appropriate sequence context, these biotoexpressed fragments further supports the dispensability of
phem!cal reconstitutions (and the pH-dependent membranemanytzww but not alf?® topological connections for func-
insertion of the third membrane sg&) demonstrate that  tional folding. Generating a split variant of a membrane
the seven transmembrane domains of baCtenorhOdopSinprotein can be more Compncated: in some instanceS, the
exhibit different behavior with reSpeCt to helical refolding. fragments must be Coexpressed to achieve W||d_Wpe levels
SyntheSiS and CharaCteI’ization Of the indiVidUaI transmem- of protein in membrane@] Suggesting that the individual
brane spans of G-protein coupled receptors, including the fragments may be unstable or degraded when expressed alone
yeasta receptot'*and the human adenosine A2A receptdr,  and that lateral interactions between the fragments help to
have similarly shown that most but not all of these membrane stapjlize them in vivo. Even more restrictive conditions can
Spans can be read”y |ncorp0rated Into b||ayers as |ndepen'app|y: Coexpression of a Six_span and a two_span fragment
dently stable helices. Interestingly, the fifth helix of the A2A  of the E. coli IIBCS'* subunit of the glucose transporter from
receptor shows evidence of self-association that may betyo separate replicons does not give functional protein, but
related to receptor dimerizatidh: providing the same constructs as a dicistronic message results

A role for topological links or lateral interactions between in proper targeting to membranes and functional actitfty.
spans in stabilizing the helical conformation of membrane This suggests that lateral interactions between helical do-
domains may be inferred from the failure of either span 6 mains at the stage of membrane insertion by the translocon
or span 7 to form stable helices in isolati®hdespite the machinery are necessary for proper in vivo folding and
successful reconstitution of membrane spans 6 and 7 in theinsertion of these fragments. Such interactions may occur
context of full-length bacteriorhodopsif'and when linked even for proteins whose membrane spans can independently
by the intervening loop as a helical hairgthMarti and direct proper topological insertioi¥? Together, these ex-
colleagues explored the roles of the loops between bacteri-amples demonstrate that the two-stage model provides useful
orhodopsin membrane spans and showed that while frag-insight into designing and analyzing a wide range of
ments consisting of the last five transmembrane spans or theproperties exhibited by fragments of polytopic membrane
first two, three, four, or five spans insert stably into detergent proteins.
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5. Stability of Polytopic  o.-Helical Membrane considerable utility in the study of proteins that are hard to
Proteins express or purify. In the absence of a three-dimensional
structure for diacylglycerol kinase, the detailed basis for the
stabilizing effects of these mutations is not known, and the
tolerance of the first membrane span to wholesale substitution

. . . ) may indicate that the property of optimizable stability is
Point mutations in membrane proteins are often made for Y property P y

: eculiar to this system. However, because diacylglycerol
purposes other than exploring the sequence dependence QE y y'ay

. . : . inase activity can be inhibited by addition of a peptide
protein stability or folding. Mutagenesis has been used 10 ¢, responding to the second transmembrane span (but not
map function by exploring the functional consequences of

: . . ; ) . by a mutant peptide¥? it seems that lateral interactions
alterations in side chain chemistry in proteins such as among its membrane spans exhibit the same kind of
bacteriorhodopsfti° or to incorporate cysteine residues for - g ificity that is displayed by other model systems.
labeling or cross-linking studies. Extensive work in lac X L . . .
permease by Kaback and colleagues showed the viability of,  Bacteriorhodopsin is the polytopic helical protein that has
engineering a functional cysteine-less prot&igenerating een most extensively studied with respect to its stablllty,
single cysteine mutants in this background (the overwhelming the séquence dependence of that stability, and the kinetics
majority of which are active®2 analyzing the local environ-  ©f its folding. Refolding of intact bacteriorhodopsin from a
ment of these positions and distances between them withdenatured staté can be monitored by circular dichroism,
site-directed probe2-43 and using cysteine cross-linking by fluorescencg spectroscopy of intrinsic tryptophans, and
to map interactions within a protef® 43 These studies have ~ PY the absorption properties of the retinal chromophore,
revealed structural, functional, and dynamic aspects of the Which change upon binding and upon formation of a Schiff
permease, but they have also indicated that transport functior?@S€ With Lys216 on the seventh membrane span. Identifica-

5.1. Sequence Dependence of Stability

shows a broad tolerance toward sequence changes. Thi%Ion ozlinter?ﬁedt:atetssig thg df.?.ldi”? patha/\féilazghofllth?
tolerance of function to substitution has been seen in otherformation of -abou _addiional residues arhelica
polytopic membrane proteins. Random mutagenesis of ai_””c_turfeld!”'ngfthﬁ folding procééshave Sfllownhthat t'heh
e com S e e roein o i g of s s o somp by
unction has revealed that every residue in the seven ! | € Ol
membrane spans accepts hydrophobic substitutions, and half?® two-stage model of integral membrane protein folding;

of the sites that could mutate to ionizable residues by a singletn® kinetic aspects of bacteriorhodopsin refolding are re-
base change in fact do so while maintaining some level of viewed in section 6.1. The ability to refold bacteriorhodopsin

function3 Do proteins that fold in a largely hydrophobic has led to the development of expression systems that allow
environment show small thermodynamic effects for sequence’®S€archers to explore the sequence dependence of the
changes? Or are the destabilizing effects of substitutionsSt""b'l,'t{’u_)‘z):6 monomeric detergent-solubilized bacteriorho-
readily accommodated in these proteins because of their hig OPS"L?'MB or of the protein in the purple membrane
intrinsic stability? Can the functions of membrane proteins lattice:*"**Thermodynamic measurements of the stability
be supported by sequence variants that fold into rather©f monomeric bacteriorhodopsin in mixed micelle sys-
different structures? Interesting answers to the first two of &M along with high-resolution crystal structures of
these questions have been provided from studies of diacyl-tfimeric**® and monomeric bacteriorhodopsffi,have now

glycerol kinase and to all three of these questions by work €nabled the investigation of the influence of sequence on
with bacteriorhodopsin. the structure and the stability of this polytopic helical bundle

The enzyme diacylglycerol kinase contains three mem- protein. ) .
brane spans, forms a homotrimeric complex of about 40 kDa, Gouaux and colleagues showed that while bacteriorho-
and was shown by Sanders and colleagues to insert imodop_s_ln can tolerate multiple polar sub_s_tltutlons at Ilpld—_facmg
preformed bilayers with moderate efficiency upon dilution POsitions}*®such mutants are destabilized by comparison to
from a detergent solubilized st#f8 Although diacylglycerol  the wild-type proteirf>® as might be expected from consid-
kinase exhibits high specificity for substrates and its catalytic €rations of hydrophobicity and from the two-stage model.
rate approaches the diffusion lid® its activity shows a Bowie and coII_eagues modified thls_approach using _Iessons
remarkable tolerance to single substitutidhand indeed to  from their studies of diacylglycerol kina&&and have since
replacement of the first membrane span by polyalanine, e}nalyzed the s_tab|I|ty .of dozens of point mutants Qf bacte-
although more hydrophobic variants showed better stabil- fiorhodopsin; interestingly, many of these mutations are
ity.#1 Lau and Bowie developed an approach in mixed stabilizing?®? as had been seen for diacylglycerol kinéSe.
micelles for measuring the energetics of unfolding of Bowie and colleagues performed alanine scanning mu-
diacylglycerol kinas#® and suggested that the stability of tagenesis on the second membrane span of bacteriorhodopsin
the transmembrane domain, estimated at 16 kcathnwlight (see Figure 13), replacing the wild-type residue with alanine
explain the tolerance of the protein to substitutions. Analysis at each of 24 sites to determine the change in the unfolding
of a set of mutant proteins identified sequence changes thaffree energy of the proteilMAG,) associated with truncation
improved resistance of the protein to thermal inactivatidn, of each side chain on this hefi% Alanine substitutions at
and combination of four such mutations resulted in a highly four large residues (Val49, Met56, Leu61, Leu62) stabilized
stabilized version of the protef®® The example of diacyl-  the protein by between 0.5 and 1.4 kcal miolEight
glycerol kinase, in which sequence changes at any particularsubstitutions had no significant effect on stability; interest-
site have similar chances of being destabilizing, isoenergetic,ingly, one of these mutations, Pro50Ala, occurs at the site
or stabilizing, has demonstrated that the stability of a where the helix is kinked in the wild-type crystal structure.
membrane protein in detergents may be readily optimized Seven substitutions destabilized only moderately (by between
by making sequence chang®sThe generality of this finding 0.5 and 1.4 kcal mot), while five strongly destabilized the
has yet to be demonstrated, but this possibility could find protein (by between 1.6 and 3.7 kcal m¥} four of these
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Replacing proline residues might be expected to alleviate

Yy transmembrane kinks, but structure determinations for pro-
Y ty ey line-to-alanine substitutions in three different membrane
* :) €, &gt - spans of bacteriorhodopsin show that these kinks are largely
¢ S ’iﬁ(g} retained, although the distortion of the helix can be spread
€ JE& (_2 e over more residues as a smooth bend instead of an abrupt
¢ JJ | o kink.252451 This indicates that prolines can favor tertiary
"1 f._ﬁ )1‘3’ interactions between certain membrane spans by inducing
€ ﬂ l»j '?"‘,‘*--..'“ kinks but that prolines are not absolutely necessary for such
€ , = &= a kinks to exist. The existence of a non-proline kink in the L

subunit of the photosynthetic reaction center at the same
position where a proline kink occurs in the structurally
) L :
Figure 13. Cartoon representation of bacteriorhodopsin (PDB homologous M suburfit® and other statistical correlathns
1C3W) displaying the alanine scanning mutagenesis results of 90Served across structures and sequences led Bowie and
Bowie and colleagué® for the second membrane span. Side chains Colleagues to propose an evolutionary pathway to structural
for residues 25 through 62 are shown as sticks. Those residueddiversity and stability in which proline substitutions that
whose substitution by alanine strongly destabilizes the protein areintroduce kinks are stabilized by subsequent mutations in
orange. Sites where alanine substitution improves stability are in interactions with the proline-containing heff% After such
blue, while sites where mutations do not significantly alter stability . o .
are in cyan. The retinal chromophore is in purple. Residues that COMpensatory changes, the kink would be retained even if
destabilize when mutated to alanine tend to point toward other the proline were subsequently changed to another residue.
helices, and residues that do not change stability tend to point out  These findings have significance for the two-stage model
e oy o S 1 e, of membrane_ proten foling. In the case of wil-type
with permission from ref 252. Copyright 2003 Elsevier Ltd. bactenorhodopsm, it could .be argued that the pro!lne Kinks
seen in transmembrane helices in the high resolution crystal
] ] ) ] ) structures arise from predispositions to kinking due to proline
five sites were clqstered in a space of six residues. Although oy that the kinks might be preformed in isolated helical
the structural basis for the stabilizing mutants was not clear, membrane spans. For each of the proline-to-alanine mutants,
the extent to which mutationslestabilizedthe protein  nhowever, the structure of the isolated, independently stable
correlated strongly with the buried surface area of the native helix in question should be essentially id&%at that position,
side chain. The empirical relationship of 38 Af buried  vyet in the folded structures, each exhibits wild-type-like
surface area corresponding to 1 kcal mols in good  kinks. From the mutant proteins, then, it is clear that
agreement with alanine scanning mutagenesis thermodynamigonsiderable deviations from helical ideality canimduced
data for glycophorin A helixhelix interactiod*® and with by tertiary interactions between membrane spans. Does this
other substitutions in that systei¥f. The close correspon-  kinking of a helix in response to the lateral association of

dence of the behavior of these systems argues that thehelices run counter to the two-stage view of membrane
thermodynamic contributions to hetbhelix interactions in protein folding?

an ideal two-stage system, such as glycophorin A, can be

very similar to the driving forces for polytopic membrane  .,ntaining wild-type Pro50 can be independently reconsti-
protein folding. tuted into membranes and can associate with the first
Bowie and colleagues have also performed a proline transmembrane span and a five span fragment to form
mutagenesis scan in the second membrane span of bacterifunctional bacteriorhodopsi{®4°7 this system is well de-
orhodopsir?®! Six of the proline point mutants gave no active scribed by the two-stage model: lateral interactions do
protein, five gave changes in the free energy of unfolding specify the final structure from stable transmembrane spans.
of between—1.1 and—2.4 kcal mot?, and three destabilized (It is interesting to speculate as to how readily a peptide of
only slightly (AAG, about—0.5 kcal mof?).?5! The least the second membrane span bearing the Pro50Ala mutation
destabilizing proline substitutions occur in the N-terminal might assemble under similar conditions.) The kinetic effects
end of the helix, where prolines are more frequently seen in of mutating this proline in the full length protein are
membrane protein structuf@sand where prolines have the complex{®*but the two-stage model is a useful tool in sorting
least destabilizing effect on the incorporation of a single through these effects, as discussed in section 6.2. The two-
transmembrane span in a membrétigProlines are also  stage model thus retains its tidy energetic perspective in
less disruptive to glycophorin A dimerization when located outline, but the structural and energetic details become
at the N-terminal end of the membrane sp#hUnlike the complicated: extending or expanding the definition of an
alanine substitutions, the disruptive effects of proline re- “independently stable transmembrane helix” to an “indepen-
placements in bacteriorhodopsin do not correlate with the dently stable span” constitutes a reworking that is more than
burial of the wild-type residue. Structure determination of merely semantic. It should be noted, however, that the
the bacteriorhodopsin mutant Lys41Pro showed that the possibility of the need for this detail was anticipated in the
proline is accommodated by local changes in structure, while original presentation of the two-stage moéfel.
the structure of mutant Ala51Pro revealed conformational  One naive structural interpretation of the two-stage model
adjustments along the hefi& These findings suggest that is that helical bundle membrane proteins would be formed
the disruptive effects of introducing a proline substitution by packing of ideal “preformed” helices. This seems to be
into interacting helices are mediated by effects on the stability essentially the case for the glycophorin A transmembrane
of the transmembrane span and the complex response of théelix dimer?2%235 and this favorable example provides a
interacting helices to structural alterations at the proline. tempting avenue to membrane protein structure prediction.

)]

Since the second membrane span of bacteriorhodopsin
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Membrane protein structures that exhibit highly noncanonical ordered lipid; interestingly, the position of an ordered
transmembrane spans prove that such approaches to mensulfolipid in the algal complex is occupied by a (non-native)
brane protein structure prediction cannot be entirely gefferal. DOPC molecule in the cyanobacterial complex. It seems
The demonstration that even in the canonicahelical likely that a native lipid is bound at this position in
polytopic protein bacteriorhodopsin, membrane spans can becyanobacterial membranes; the reasons for the displacement
kinked or bent at particular points because of tertiary of this lipid and the retention of the algal lipid probably
interactions and not simply because of their primary sequenceinclude both the purification methods and the details of the
may seem like a further indictment of the practice of protein-lipid interactions.

assuming that membrane spans could be usefully modeled orgered lipids interact with membrane proteins through
as preformed helices. However, combining the prediction of 5cy| chains, glycerol backbones, and polar headgroups. Jones
the positions of If'”kls based on sequence alignments withingng colleagues used mutagenesis to explore the roles of
families of protein&' with an understanding of the biases  gpecific proteir-lipid polar contacts between an arginine side
for the geometry of proline-induced kink8 might allow  chain in the M subunit of the bacterial reaction center and
expectations about possm_le site-specific kinking into preqlc— the headgroup of an ordered cardiolip#. Differential

tion schemes that otherwise treat m_embrane spans as 'deaécanning calorimetry in 0.1% LDAO revealed that the
helices. Such approaches would still be a long way from mejting point of the reaction center containing the Arg267Leu
providing insights into how sequence specifies the highly mytant is about 5C lower than wild-typ&®® Mutating
noncanonical structures of helical membrane proteins SUCharginine to leucine had no measurable effects on reaction
as the CIC chloride chann®but extending the prediction  center expression, function, or absorption spectra, and except
of membrane protein structure by rational modification of for the lack of an ordered cardiolipin, the mutant structure
approaches that are successful in simple systems seems t@, iqentical to wild-type#? suggesting that the binding of

be a worthwhile area of endeavor. the ordered lipid contributes to the stability of the reaction
center but does not significantly perturb its structure.
5.2. Lipid Dependence of Stability Lipid composition has been shown to influence the

assembly and stability of the tetrameric form of the KcsA

The lipids of the bilayer in which integral membrane potassium channel. KcsA made by transcription/translation
proteins reside are expected to play a major role in determin-in the presence of liposomes can associate with membranes
ing protein structure, stability, and function by binding and assemble into tetraméf8.High-efficiency tetramer
directly to specific sites and by modulating the overall assembly is supported by liposomes with high mole fractions
physical properties of the bilayer, which depend on lipid of phosphatidylethanolamine (40%) and phosphatidylglycerol
composition. High-resolution structures of membrane pro- (20%) but not pure phosphatidylcholine. These observations
teins have revealed the structural details of tightly bound correlate with the measured thermal stability of the chan-
lipids (reviewed in refs 455 and 456), and the use of spin- nel: detergent solubilized KcsA tetramer is dissociated to
labeled or deuterated lipid probes have revealed the stoichi-monomers after incubation at moderate temperatures, but
ometry and dynamic aspects of lipigrotein interactions  KcsA reconstituted into bilayers of 70:30 PE/PG shows high
over a range of interaction strengths (reviewed in ref 456). thermal stability*’? Perturbation of KcsA tetramerization in
Nonbilayer lipids in biological membranes have been shown membranes by a series of alcohols suggests that the
to influence membrane proteins through the lateral pressurepartitioning of the alcohols to the bilayer interface reduces
profile (reviewed in ref 457), and approaches to modifying lateral pressure at the middle of the bilayer, reducing the
the lipid contents of various biological membranes have driving force for tetramerizatioff*4">The potential for the
identified the in vivo folding dependencies of proteins on nonbilayer lipid phosphatidylethanolamine to increase lateral
specific lipids (reviewed in ref 53). Studies of model lipid pressur#3is consistent with its importance in KcsA tetramer
systems have shown that cholesterol can enhance-fliuii stability. While it is possible that KcsA has binding sites
phase separation in bilayers, and work in these systems igfor particular lipids, the correlation between the effects on
providing insights into the properties of the lipid rafts that tetramerization and on bilayer properties suggests that lipids
are proposed to provide specialized functional microdomainsinfluence KcsA oligomerization by altering the physical
within cell membranes (reviewed in refs 45862). In properties of the bilayer as a whole. Lateral pressure is also
addition to the implications for biological membrane protein implicated in decreasing the folding efficiency of bacterio-
function, understanding how the lipid composition of mem- rhodopsin from the dependence of membrane insertion on
branes influences protein expression and staffifignd how phosphatidylethanolamine content and the opposing effect
the interplay between proteins, lipids, and detergents influ- of 1-palmitoyl-2-hydroxysnglycero-3phosphocholing#
ences in vitro membrane protein stabflithas practical Membrane insertion of the multidrug transporter EmrE, but
implications for the study of membrane proteins. not reconstitution of EmrE by dialysis, is inhibited by

Delipidation during purification can destabilize membrane Phosphatidylethanolamiré; suggesting that there may be
proteins, and addition of lipids has been used to overcomePOth kinetic effect§®“"and thermodynamic effects of lipid
stability problems in the isolation of proteins for biophysical COMPOsition in some experiments.

studies®#%° Lipids can also be crucial for crystallization. The direct influence of lipid composition on the free
Although at least two native lipid species copurify with the energy of helical integral membrane protein folding has not
cyanobacterial cytochrome b6f compl¥g, adding ap- been systematically examined. However, Hong and Tamm

proximately 10 DOPC lipids per b6f monomer (0.1% DOPC have explored in considerable detail the urea-induced revers-
in the presence of 0.05%-undecylmaltoside) dramatically ible folding of thefs-barrel membrane protein OmpA in the
improved crystal diffraction limit, in part by protecting the presence of bilayers composed of POPC/POPG and an
complex from proteolysi&®® The structures of the ald¢f&f additional guest lipid’® The data show a strong dependence
and cyanobacteri& cytochrome b6f complexes both contain  of folding free energy on the headgroup and the acyl chain
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length of the third lipid species: shorter acyl chain phos- to yield particularly interesting implications for membrane
phatidylcholines decrease the folding free energy, while protein folding. Reconstitution of permease into bilayers in
phosphatidylethanolamine increases it. The negative spon-the absence of phosphatidylethanolamine gives the partially
taneous curvature of the lipid mixtures (or lateral pressure inverted topology and in the presence of phosphatidyletha-
of the membranes) seems to explain much of the variation nolamine gives the normal topology, independent of the lipid
in folding free energies; hydrophobic mismatch also plays a content of the cells from which the protein is isolatét.
role. This pioneering work was made possible by the This finding indicates that bilayer lipid composition, and not
identification of urea unfolding conditions that are reversible the in vivo folding history of the protein, controls the
in the presence of membranes. The mixed micelle systemstopology of the reconstituted protein. Pulsehase experi-
in which the stabilities of several helical proteins have been ments show that permease topologically misfolded in vivo
studied also exhibit lipid dependencies, but because folding can be posttranslationally converted to the correct topology
in these systems is in micelles and not membranes, linkingfollowing induction of phosphatidylethanolamine synthe-
lipid effects to bulk bilayer properties such as lateral pressure sis*% PheP exhibits a similar posttranslational reorganiza-
will be tenuous. tion.*®* Such reorganizations may be able to occur sponta-
Exploring the effects of particular lipids on the properties heously, but it seems more likely that the translocon is
of proteins in vivo requires genetic manipulation of the lipid involved in this process, possibly with the assistance of other
biosynthetic pathways of interest and appropriate tools for proteins. The LacY reconstitution data suggest that the
probing protein targeting, structure, and funct®im some  thermodynamically favored topology varies with lipid com-
instances, biochemical and biophysical data provide a contextposition, and the in vivo data suggest that the translocon
for the biological experiment. Cardiolipin binding to the allows the permease to sample topologies and to choose the
respiratory bgcomplex has been shown to be important for more favorable orientation, even after translation has been
function#7°48%and the structure of the bcomplex contains completed and the protein has been released to the mem-
ordered cardiolipirf* As might be anticipated, yeast altered brane. This complements and extends the “lipid partitioning
to have repressible phosphatidylglycerol phosphate synthasédypothesis” for translocon-mediated integration of membrane
expression are defective in respiration and are unable tospan$®and the thermodynamic insights into this proc¥ss.
incorporate at least five respiratory chain transmembrane Lipid-dependent topology preferences may be properties of
proteins into their inner mitochondrial membranes when the sequences of individual membrane spans, but because
phosphatidylglycerol and cardiolipin are not pres8at. helix—helix interactions also affect integratiéfflipids could
Blocking only the pathway that converts phosphatidylglycerol influence topology by modulating helihelix interactions.
to cardiolipin allows functional expression and proper Because phosphatidylethanolamine, a nonbilayer lipid, en-
targeting of all proteins needed for respiration, but destabi- hances the negative spontaneous curvature of membranes,
lizes supercomplex formation among these prot&ifgss PE-dependent topologies described above may be mediated
Lipid composition also influences membrane protein DY lateral pressure effects on interactions between membrane

topology in vivo (reviewed in ref 486). Anionic phospho- SPans of the transporters in question. While the current data
lipids help enforce the positive-inside rule for proteins being do not yet provide a clear picture of the extent to which the
inserted into theE. coli inner membrane, implicating a  Processes that determine the topology of membrane spans
general electrostatic effect in the kinetics or thermodynamics @re normally coupled to the energetics of helbelix
of translocon-mediated foldin§® but protein-specific effects ~ intéractions, the potential influences hinted at by the lipid-
are also seen. Dowhan and colleagues have shown that théependence of topology of certain proteins in prokaryotes
proper topo|ogy of lac permease B. coli membranes can readlly be Incqrporated |_nt0_a thermodynamlc plcture
depends on the presence of phosphatidylethanolaifiiiee ~ Of membrane protein folding in vivo.
misfolded protein exhibits an inverted topology for the six It appears thaE. coliinner membrane proteins, since they
N-terminal membrane spans and their connecting loops, with coexist in the same bilayer with the translocon, can be subject
the large loop between the sixth and seventh helices exposedo “proofreading” of topology even after their translation has
to the periplasm instead of the cytod®l.The first six ended'®84°1 For a model protein membrane span being
membrane spans of LacY do not fully integrate into the inserted by the eukaryotic translocon, the window of op-
membrane while the ribosome is synthesizing the cytosolic portunity to change topology appears to close after synthesis
loop between the N and C domaitfsuggesting that these  of the remainder of the protein is compl&#This difference
regions may not make a topological decision until late in may be a reflection of the membrane protein substrate used
the translation of the protein. It is noteworthy that another in this particular study, or it may reflect real differences in
E. colimembrane protein, YidC, is important for the proper the prokaryotic and eukaryotic translocons and their associ-
folding but not membrane integration of La¢¥Analogous  ated machinery; the latter alternative would mean that a
dual topology results are obtained for PheP, an amino acidkinetic model for topology determination would be more
transporter, although only the two N-terminal membrane appropriate for eukaryotic systems. It is noteworthy, however,
spans are inverted in the absence of phosphatidylethanolathat the eukaryotic translocation machinery is inhibited by
mine?** GapP, another member of the same transporter sterols$® translocons that inadvertently leave the endoplas-
family, also exhibits topological inversion of its first two  mjc reticulum for the Golgi and sterol-rich membranes would
membrane spans in phosphatidylethanolamine deficienttherefore be inactivated. This is important to ensure that
cells®*? Phosphatidylethanolamine is essential for targeting translocation of nascent chains is localized to a single
several amino acid transporters to the plasma membrane OEompartment (the endoplasmic reticulum), but it may also
yeast®*“%although the effects on topology are not known. play a role in preventing membrane proteins in other cellular
Multiple topologies have been observed for other proteins membranes from having their topology “proofread” by a
under conditions of normal lipid metabolist{¥, 5% but the runaway translocon in the context of their specific lipid
in vitro and in vivo data for the lac permease system combine composition.
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6. Kinetic Fold/'ng of o.-Helical Transmembrane intermediates may exhibit dynamic interconversion between
Proteins these or other states.
. o While most integral membrane proteins are constitutively

The thermodynamic cycle in Figure 3 suggests that the fo|ded into bilayers by an insertion machingy00:102.17#179
energetics of a protein folding from an aqueous state to acertain soluble proteins have the unusual property of being
transmembrane helical protein may be analyzed productively gpje to associate with target membranes and insert themselves
aqueous and interfacial states of the protein, as well as bysecreted bacterial pore-forming toxins with this property
examining the energies of helix insertion into and association jnc|ude species that form-helical bundles (e.g., colicif¥)
within the membrane. Kinetic analysis of the folding of o B-barrel structures o-hemolysifi®® and other®9) in
helical membrane proteins can begin with whatever experi- membranes. These systems provide a means of studying the

mentally accessible conformation of the protein can be membrane insertion process of isolated polypeptides (re-
successfully refolded: for polytopic proteins such as bacte- yjewed elsewhefé).

riorhodopsin, this may correspond to a detergent-denatured
polypeptide, while for small peptides or self-inserting poly- e
topic toxins, the process may start with a water-soluble
species, making the kinetics of membrane insertion accessibl
in some systems. Manipulation of the lipid and detergent
composition of refolding conditions is critical for successful
reconstitution of proteins for biochemical studies and also
for identification of conditions that permit study of the
kinetics and thermodynamics of membrane protein folding.
As progress in the field advances our understanding of the; ji-oie5 2 role for nonbilayer lipids in stabilizing or
factors at work in refolding membrane proteins, the rational forming the poré1s

exploration of experimental conditions is extending the . i

applicability of these methods to more proteins and is 1he pore-forming toxins ofStaphyloccocus aureusre
broadening and deepening our understanding of membraneCluble proteins that form homomeric or heteromgrioar-

protein folding, including the detection of intermediates and 'elS in target membrané’ C_ryétsa}!sstructures of the soluble,
the nature of the activation barriers in these processes. ~ Mmonomeric form of LukF toxift”**®and the homoheptameric

o-hemolysin pore*® provide snapshots of the initial and final
; states for these homologous systéfisthe comparison
6.1. Spontaneous Insertion identifies large conformational changes that accompany

Insertion of a protein from a soluble state to a transbilayer insertion and suggests possible pathways for the insertion
conformation necessarily involves traversing the membrane process. Pore assembly @themolysin is cooperative and
interfacial region and contacting the hydrophobic core of the involves distinct intermediatés; with heptamerization oc-
membrane. Thinking about the energetics of a polypeptide curring at thg membrane mteyface folllowed by_fuII insertion
interacting with these regions is facilitated by the whole- and concomitant pore formation. Engineered disulfide bonds
residue interfaci&f and octandt scales, but the importance ~ that restrict conformational rearrangements can halt this
of partitioning—folding coupling at the membrane interface Process, trapping an oligomeric prepore species that is located
and the partitioning of the peptide b (see section 2.2)  in the membrane interfacial regi6f:>23The structure of the
strongly suggest that secondary structure formation will be @-hemolysin pore with bound phosphocholine headgr&dps
important in this process. How will the sequence adopt Suggests how interactions with ||p|dS favor pore insertion.
different secondary structures or tertiary folds as the insertion Diphtheria toxin is a modular soluble protein consisting
process takes a particular part of the protein from an aqueousof catalytic, transmembrane (T), and receptor-binding do-
environment to the membrane interface to the membranemains that can insert into target membranes at low pH and
core, and perhaps out the other side? The difference in theform a channel, with translocation of the catalytic domain
chemical environment presented by the interfacial region andacross the membrane resulting in inhibition of protein
the core of a bilayer can be partly appreciated by examining synthesi$?>528 Crystal structures of the monomeric and
the different folds adopted by proteins in those environments. dimeric forms of the toxi##® 53! reveal the fold of the protein,
Structures of five monotopic proteins, which probably insert which includes two hydrophobic helices in the T-domain.
across only one leaflet of the bilayer, reveal interactions with Proteolysis of bilayer-inserted toxi#? and EPR studies of
the membrane using loops and turns as well as helices andspin labels incorporated at engineered cystéfiesap the
sheets that run parallel to the membrane surf&t&or eighth and ninth helices of the T domain (TH8 and TH9) as
proteins that are classified eshelical bundles, the canonical membrane-spanning. The T-domain alone is capable of self-
helical structure dominates the central 30 A region of the inserting into membranes, and designed disulfide bridges that
bilayer, but the membrane interfacial region contains both lock TH8 or TH9 into the soluble conformation inhibit this
helices lying on the membrane and irregular secondary insertion, while reducing agents restore insertigfri-luo-
structure;s-strands make a significant contribution only 25 rescent probes conjugated to the cysteines that support cross-
A from the middle of the membrarf€ Some contribution linking self-quench in the soluble conformation, but this is
to the effects of environment on secondary structure mustalleviated upon insertion, indicating a large conformational
derive from the strong tendency for tryptophan and tyrosine change’3* The loop between TH8 and TH9 that is inserted
to be found in the interfacial region of the bilayer and for across the membrat# contains three acidic residues that
positively charged residues to be interacting with phosphate facilitate insertiof*®-53”but can be replaced by amid&sor
groups of lipids® These data come from well-ordered even lysines with retention of pH-dependent inserbithe
regions of proteins in a thermodynamic minimum; folding hairpin-forming propensity of a proline in this loop is also

Colicin E1 inserts into membranes at low PHbut can
xchange between the surfaces of different liposomes upon
return to neutral pH? suggesting that the binding and
Snsertion processes are reversible under some conditions. The
destabilization of the native state under acid conditions is
consistent with the formation of a “molten globule” in
solution®'2but when associated with the membrane surface,
the toxin appears to form an extended, loose array of
interfacial helice$!* The lipid dependence of pore activity
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important for insertior?*® Fluorescent probes attached at namics of helix insertion into membranes. The strong lipid
engineered cysteine residues in TH8 and TH9 identify a dependence of calcium-independent inseftisuggests that
shallow insertion state that can convert to a deep transmem-his system may yield information on how lipid composition
brane state in thinner bilayers or at high protein concentra- can affect the kinetics and thermodynamics of the insertion
tion54! Helices 5-7 of the T-domain also insert into of helices into membranes.

membranes? but do not actually span the bilay&?. Other eukaryotic proteins that undergo conformational
Ladokhin and colleagues have used an environment-changes to insert into membranes, including®and other
sensitive fluorescent probe attached to cysteines engineerednembers of the Bcl-2 super-famit§t are being intensively
at three different positions within the T-domain to show that studied to understand how these insertion processes underlie
the isolated domain can bind to either zwitterionic or various biological processes (such as mitochondria-mediated
negatively charged large unilamellar vesicles at neutralpH. apoptosis). These and other tail-anchored proteins can insert
In POPG/POPC (but not pure POPC) bilayers, the T-domain into various subcellular membranes posttranslationally and
can also undergo a reversible, pH-dependent conformationalapparently without the assistance of a translocation machin-
change that corresponds to transmembrane inséftidimne ery 562.563|nterestingly, spontaneous insertion of the hydro-
reversibility of the insertion process indicates that this system phobic C-terminal tail of cytochrome b5 into liposomes or
may be amenable to thermodynamic analysis; measuring themicrosomes can be blocked by incorporation of cholesterol
partitioning constants of T-domain for vesicles at pH 7.0 into the bilayer$%* which suggests a role for lipid composi-
and pH 4.3 yielded estimates of the free energy changes fortion in directing the targeting of tail-anchored proteins.
binding of T-domain to the membrane surface (abeiits Short peptides that insert spontaneously into or across
kcal mol?) and for insertion of the T-domain across the mempranes have been the subject of biochemical and
bilayer (about—8.3 kcal mot?). The modest differences  pigphysical investigations for decades because of their
between these free energies suggest that the system igyxperimental accessibility. The classic example is the bee
energetically poised for acid-triggered insertion, as would yenom Iytic peptide melittin, a 26 amino acid amphipathic
be experienced in a slowly acidifying endosomal vesicle. The peptide that is largely unstructured in aqueous solution at
observed binding to neutral membranes, even at neutral pH, oy salt but can partition onto or insert across bilayers in a
shows that the isolated T-domain readily converts to a manner that is coupled to helix formatiéhthis system has

surface-associated species with minimal involvement of peen extensively revieweéd-56The interfacial positioning
electrostatics. Differences between the behavior of isolated o melittin was determined by an X-ray diffraction metf#id

T-domain and intact toxin suggest that interactions betweeng pe near the glycerol backbone of the lipids in a fluid

domains may modulate binding in a manner that is relevant jjayerss Oriented circular dichroism measurements indicate
to biological fuction’*® but the important demonstration of that melittin can assume a transbilayer orientation in POPC
the reversible insertion of isolated T-domain provides the put not when POPG is presefit,indicating a lipid depen-
possibility of thermodynamic analysis of the sequence and gence to the transition between a surface-associated state and
lipid dependence of hairpin insertion across membranes. the transmembrane conformatiéhthat parallels the effect

The annexins are Cabinding proteins present in higher  of lipid composition on melittin-mediated lysi&: 572 Kinetic
eukaryotes that respond to intracellular calcium signals to studies of the association of melittin with model bilayers by
modulate events at biological membraf®sSoluble annexin both fluorescence and CD indicate the presence of intermedi-
monomers bind to the surfaces of negatively charged ates in the insertion process and demonstrate that lipid
membranes utilizing a conserved core domain, with some composition influences the proces8574

species forming trimef$® but others remaining monomer- Direct measurement of the kinetics and thermodynamics
ic.54" Crystal structures of annexin V suggest that the qf the spontaneous insertion of a single transmembrane helix
monomer or trimer can interact with membranes with a jntg a bilayer is an important goal in the study of membrane
concave face that also binds calcium i6ffs®* protein folding. Availability of such a system would allow
Annexin B12 can insert across the membrane as well asthe sequence dependence and lipid dependence of the process
interact with its surfac>? EPR studies of nitroxide labels to be explored in detail. However, many potentially com-
on engineered cysteines have shown that residues 1633}, plicating factors present fundamental problems for these
which form a helix-loop—helix in the crystal structure of  studies. Hydrophobicity is a major driving force for trans-
the annexin B12 soluble forf§? adopt a similar conforma-  membrane insertion of apolar sequences, but strongly
tion in the agueous monomer or calcium-dependent mem-hydrophobic sequences are likely to aggregate in solution,
brane surface-associated féPAP%° but are inserted in a  rendering thermodynamic interpretations difficult or impos-
calcium-independent fashion into the membrane at low pH sible. For instance, the pH-dependent, reversible intercon-
as a single continuous heli%é Another pair of helices in  version of the surface-associated and transbilayer states of a
the crystal structure of the soluble form of the protein, peptide corresponding to the third membrane span of
extending from residues 25273, also insert across the bacteriorhodopsin is complicated by oligomerization and
membrane, with one face of this helix apparently exposed aggregation of the peptide in the aqueous pH&sgven if
to an aqueous pof&’ FRET measurements detect a transient such aggregation can be avoided, the partitioning of many
intermediate and demonstrate that the fully inserted speciesmodel or biological sequences could be driven by more than
exist as monomers, not as oligomers, suggesting that pore20 kcal mot?, which would be experimentally challenging
made by annexin B12 must contain several transmembraneto quantify. Inclusion of polar residues might help prevent
spans contributed by a single protein molec&ifd.adokhin aggregation in the aqueous phase and should lower the total
and colleagues have shown that annexin B12 convertsfree energy of partitioning (as discussed in sections 3.3 and
between the surface-associated and transmembrane confoi3.4), but polar residues could also drive association within
mation reversibly in a pH-dependent fashfShopening up the membrane (as discussed in section 4.2.2), complicating
the possibility of using this system to study the thermody- thermodynamic analysis. However, with current knowledge
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of the terms that influence partitioning of peptides into the R
interfacial regions of membranes, several model systems have
been developed to address this process. bO I, l, Ix bR

. White and Collealgues havglldeggr;?_?htwo.pelptldtés thatFigure 14. Kinetic scheme for the folding of bacteriorhodopsin
Insert spontaneously across bilayers:™The initial study iy ‘mixed micelles. Unfolded apoprotein bacterioopsin (bO) proceeds

characterized the properties of a 31 amino acid peptide through an intermediate to form I, the folded apoprotein, which
containing a 21 residue apolar core that includes 15 alaninescan be isolated in the absence of retinal. In the presence of retinal

thus keeping the overall hydrophobicity of the peptide low (R), the folded apoprotein binds retinal noncovalently to form
and enabling it to be water soluble. This positively charged intermediate g, followed by a rearrangement that leads to covalent
peptide partitions strongly (apparent free energy-8fl kcal bonding to the retinal and folded bacteriorhodopsin, bR. This

C S . simplified scheme does not depict the existence of multiple
mol™%) and reversibly into POPC bilayers, and most of the observable states forglor other intermediates. Adapted with

peptide acquires a transbilayer orientatiénThe tendency  permission from ref 581. Copyright 2000 Elsevier Ltd.
of this peptide to aggregate in solution was reduced in a later
design by including two histidines and a proline in the apsence of the chromophore retifiFive kinetic phases
membrane span and removing an unintentional alanineyith time constants ranging from 4 ms to hundreds of
heptad repeat; this peptide partitions reversibly into the seconds are observed in the processes that lead to folded
membrane interface in a pH-dependent manner that involvesyacteriorhodopsin (see Figure 14); only the three fast phases
protonation of the histidines and can achieve-80%  gre observed in the absence of retinal, while addition of
transb[layer insertion, although this last process is not entirely ratinal to prefolded bacterioopsin gives the slower phases.
reversible>® These fluorescence data suggest a minimal linear kinetic
Meijberg and Booth performed a detailed analysis of the scheme for bacteriorhodopsin folding that includes an
insertion kinetics of a polyalanine-based peptide flanked by intermediate on the pathway to a partially folded apoprotein,
a total of six lysines into bilayers of different lipid composi-  followed by the noncovalent binding of retinal to apoprotein,
tions and identified kinetic intermediates and lipid depend- and finally covalent Schiff base formation with acquisition
ences for the observed raté$.The model hydrophobic  of native structuré® The rate-limiting step is independent
peptidé’""is soluble in water and partitions to the interface of retinal concentration, but one second-order step results
of POPC membranes at pH 10.5 on ice but can insert acrossn formation of a noncovalent complex between retinal and
the bilayer at pH 10.5 and 30C with biphasic kinetics  protein382Prefolded bacterioopsin appears to bind retinal to
exhibiting time constants of 30 and 43¢/$The temperature  form two different noncovalent intermediates that decay to
threshold and the time constants for the insertion processfolded bacteriorhodopsin; while the two species form at a
are strongly affected by the inclusion of DOPE in the rate of about 1 st and decay about 100-fold more slowly,
membranes, which opposes peptide insertidthe Arrhe-  the pH of the sample modulates the fraction of protein that
nius activation barrier for insertion goes from 212 kcal passes through each of these parallel pathWw&ys.
mol* in pure DOPC to about 31 kcal mdlin 60:40 DOPE/. Manipulating the conditions under which refolding occurs
DOPC. These data suggest that insertion of helices intop,5 yielded additional structural details for these kinetic
membranes may be inhibited by lateral pressure. phases. Substituting the short-chain lipid dihexanoylphos-
Matsuzaki and colleagues have investigated the membraneyhatidylcholine (DHPC) for the detergent CHAPS in the
partitioning behavior of a model peptide without polar or mixed micelles of the refolding buffer facilitates CD
ionizable side chaif¥’ by observing its exchange from one  spectroscopy measurements, and changing the mole ratio of
set of vesicles into anothé&® Although this alanine-based DMPC/DHPC and the pH can slow the rate_”miting Step
peptide lacks formal charges that make the other peptidesby an order of magnitud® With the time resolution
discussed here readily soluble in water, transfer betweenafforded by manipulating the conditions to favor slower
POPC vesicles occurs through an aqueous monomer, ando|ding, Booth and colleagues showed that about 30 residues
the activation barrier for the process is 1£2.3 kcal mot™. of bacteriorhodopsin acquire helical structure with a time
This barrier is attributed to the dissociation process, indicat- constant of 86-120 s in the step that results in formation of
ing that the barrier to insertion is probably much lo#€r.  folded apoprotein. This kinetic complexity demonstrates that
This system appears to be amenable to the study of peptidesps-denatured bacterioopsin, which ha§0% of native
partitioning between bilayers of different compositions and g-helical structure, gains helicity in distinct kinetic phases;
to kinetic characterization of aspects of transmemk_)ranethe authors suggest that these steps may correspond to
insertion, although the observed tendency of the peptide toextension of shorter, preexisting helices that are stable in
form weak antiparallel dimets' will complicate thermody-  SDS. Slow acquisition ofi-helical secondary structure that

namic measurements and interpretations. leads to formation of folded apoprotein either is rate-limiting
) or occurs rapidly after some other rate-limiting process. The
6.2. Refolding from Denaturants physical basis for the slow rates of folding is not clear.

orhodonsi Modulation of the folding rate by the mole fraction of DHPC
6.2.1. Bacteriorhodopsin may be mediated through the effect of lipid composition on

The ability to fold the SDS-denatured apoprotein bacte- the bending rigidity or lateral pressure of the mixed mi-
rioopsin to functional bacteriorhodopdii® provided the  celles!***¥Native lipids can also alter the rates of the slow
basis for the first kinetic refolding studies of a helical Steps in bacteriorhodopsin folding, although this may be due
membrane protein, which have been extensively reviewed 10 tight, specific interactions between lipids and prot&f.
elsewherg:580581Booth, Khorana, and colleagues described  Refolding a membrane protein in a lipid bilayer (as
the fluorescence changes on the millisecond time scale thatopposed to detergent/lipid mixed micelles) provides the
follow rapid mixing of SDS-denatured bacterioopsin with opportunity to fully explore the lipid dependence of various
SDS/DMPC/CHAPS mixed micelles in the presence or folding steps, but it is technically challenging because of
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contributions of scattered light in the optical methods used
to probe the folding process. Pioneering work in high
efficiency refolding of SDS-denatured bacterioopsin directly
into phosphatidylcholine bilayers showed a decrease in
overall efficiency as the mole fraction of phosphatidyletha-

nolamine is increased, adding to the evidence that bilayer

lateral pressure inhibits foldint§? Kinetic studies of this

refolding process reveal an additional intermediate compared

to refolding in mixed micelles, and the influence of the mole
fraction of phosphatidylethanolamine indicates that the
equilibrium between two forms of the apoprotein is influ-
enced by lateral pressure within the bila§®in experiments
where saturated phosphatidylcholine or lyso-phosphatidyl-
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choline are used to relieve the spontaneous negative curvatur€igure 15. Cartoon representation of bacteriorhodopsin (PDB

of an unsaturated phosphatidylcholine membrane or phos-

phatidylethanolamine is used to enhance the lateral lipid
pressure, bacteriorhodopsin refolding efficiency correlates
with conditions of decreasing lateral lipid presstifeThese

1C3W) with the retinal chromophore (purple) and the eight native
tryptophan side chains (orange) drawn as sticks. Although the
tryptophans cluster to one side of the membrane, they make many
contacts with other helices and some help to form the retinal binding
pocket, which is composed of atoms from each of the seven

studies of bacteriorhodopsin and analogous studies with themembrane spans.

multidrug transporter EmrE strongly implicate bulk bilayer
properties in the kinetics of integral membrane protein
folding and suggest ways in which the folding, stability, and
function of helical membrane proteins can be modulated by
lipid composition.

Changes to the loop sequences of bacteriorhodopsin hav
been shown to alter the kinetics of folding of either the
apoprotein or the holoprotein, depending on the loop.

Replacement of each of the loops between membrane span

with (presumably flexible) repeats of glycine and serine has
varied effects on refolding, with the loops between the third

and fourth span and between the fifth and sixth span being

implicated in the rate-limiting step for folding and the
stability of the apoprotein intermediate, while the loop

between the sixth and seventh span seems to affect the final

folding and covalent bond formation with the retinal cofac-
tor #16417These results show that teequencesf loops, and

not merely the existence of a topological connection between

membrane spans, contribute to bacteriorhodopsin folding
kinetics. Intact loops are not absolutely required for formation
of functional protein but do contribute to thermodynamic

stability?06-408415 a5 discussed in section 4.5.

Alanine or glycine point mutations at Pro50 or Pro91,
which lie in transmembrane helices of folded bacteriorho-
dopsin, slowed the rate of formation of folded apoprotein
by a factor of 5-7, while the same mutations at Pro186, the

is Pro50Ala, in the second membrane span of bacteriorho-
dopsin, which has recently been shown by Bowie and

colleagues to have the same stability and nearly the same
helical kink in the final folded mutant structure as wild-

éype.252 The kinetic data show that the mutation Pro50Ala

Slowsthe formation of the folded apoprotein about 4-fold,
has essentially no effect on the noncovalent binding of retinal,
gut increasesthe rate of the final folding step {3-fold,
epending on the component in this biexponential detdy).
These data allow inferences to be drawn about the nature of
the apoprotein intermediate in the bacteriorhodopsin folding
pathway. In the SDS-denatured state, the wild-type protein
may have a tendency to kink at Pro50, but the mutant should
pave no such tendency at Ala50. The slower rate at which
unfolded Pro50Ala converts to folded apoprotein compared
to wild-type suggests that formation of the folded apoprotein
requires a kink or bend similar to that seen in the wild-type
and Pro50Ala folded structures: kinking the wild-type
sequence at Pro50 would be easy, but introducing a bend at
Ala50 should be more difficult. This implies that folded
apoprotein makes helixhelix interactions that are near-
native. Since the mutant Pro50Ala speeds the subsequent
rearrangement that leads to Schiff base formation and the
final folded state, the noncovalent retinal/protein complex
may undergo a partial unfolding of the retinal binding pocket
to accommodate the final folding events; this unfolding

other membrane-embedded proline, have no effect on thisyoyld be opposed by native Pro50 but assisted by Alas0.

kinetic step>* These findings eliminate cigrans proline

Although the presence of such kinks is a subtlety not often

isomerization as an important factor in folding of the considered in the two-stage view of membrane protein
apoprotein. The substitutions at these prolines have mlnlma|fo|ding’ the potential effects of a proline on lateral interac-

effects on the noncovalent binding of retinal to the folded
apoprotein but exhibit a wide array of effects in the final
step that involves Schiff base formation and folding to the
native state. Biexponential kinetics for this last phase are
observed for Pro50Ala and Pro50Gly, which fold more than
five times faster than wild-type, while Pro91Ala and
Pro91Gly fold about 12 times more slowly than wild-type
with a single rate constant. Pro186Ala exhibits slow biex-
ponential decay to the folded state, while Pro186Gly folds
to a state with a blue-shifted chromophore with approxi-
mately wild-type kinetic$>*

tions between helices seems to rationalize these kinetic
observations quite well. It should be noted that the experi-
mental separation of the refolding of bacteriorhodopsin into
retinal-dependent and retinal-independent stéjscritical

to the observation of these various effects since the slow
rate of formation of the folded apoprotein could be masked
at high retinal concentrations.

Bacteriorhodopsin provides an excellent system in which
to explore both the thermodynamics and the kinetic refolding
of a helical membrane protein: it is stable, folds reversibly
in detergents, can be expressed in high yield and purity, gives

These data point to transmembrane span proline residuegrystals that diffract to high resolution, and contains intrinsic

as important factors in determining the rates of folding of

tryptophans and a bound retinal chromophore (see Figure

the apoprotein and the subsequent binding and bonding tol5)to that are sensitive optical probes of the conformation
the retinal chromophore. Perhaps the most interesting mutanif the protein. Although few membrane proteins are likely
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to be as amenable on all these fronts, methods for probing \
the kinetics of folding using other techniques such as \\
fluorescence resonance energy trart8taare being tested xU xM P, == PV F
in bacteriorhodopsin and may be transferable to other systems
that lack the spectroscopic probes intrinsic to bacteriorho- wr xV
dopsin.
6.2.2. Diacylglycerol Kinase XMV
Kinetic studies of folding and misfolding of the trimeric l
integral membrane protein diacylglycerol kinase complement
the stability studies in mixed micelles reviewed in section xM,,

5.1. Spontaneous but low efficiency insertion refolding of

?é%g%l%%fg;onl Ci;l)n?jef rlg;[r? 2"3?:5 dféﬁ;r;urg(ée!?;tzo(lzgl/gnesf_ urea denatured diacylglycerol kinase by dilution into vesicles.
= ) ; ) Unfolded monomers, Uni7 M urea are converted to a monomeric

ficiency) was first observed using an assay for the kinase state M upon dilution; this state can form a low order aggregate
activity of the proteirf3® Detergent extraction of diacyl- P, in water, which then associates reversibly with vesicles (V) as
glycerol kinase and point mutant variants expressed at higha PV complex before inserting and folding to the trimeric folded

levels in E. coli yields protein with low and poorly state F. At high lipid concentrations, M associates directly with
reproducible specific activity, but these proteins can typically vesicles to form MV complexes that become vesicle-inserted

S - fon monomers (M) but cannot fold to the trimer since each vesicle
be refolded to yield improved activify” However, properly ¢ oiaine fewer than three proteins. This simplified scheme does

folded and functional diacylglycerol kinase in detergent not include off-pathway fates for U orsRhat are discussed in ref
solution becomes inactivated over time, not through covalent599. Adapted with permission from ref 599. Copyright 2004

modification but by a conformational change that can be Elsevier Ltd.
overcome by unfolding and refoldirt§t The slowing of
inactivation at high protein concentrations and a strong hydrochloride makes it possible to eliminate the potential
correlation between the SDS denaturation midpoint and the membrane-perturbing influences of detergent molecules.
thermal inactivation half-life for cysteine substitution variants  Lorch and Booth used fluorescence spectroscopy to probe
of the protein suggests that inactivation occurs through the the early stages of refolding of diacylglycerol kinase from
monomeric unfolded state, perhaps by a misfolding e¥nt. an acidic urea-denatured state into vesié¥éPata at the
Activity assays and solution NMR spectra reveal that a millisecond time scale showed that while the unfolded protein
highly stable triple mutant variant of diacylglycerol kinase associates with lipid bilayers rapidly, the urea-unfolded
is sometimes purified as a mixture of folded, active protein monomer also tends to aggregate after dilution to low urea
and alternately folded, inactive protéit?.Surprisingly, botn  levels. Competition between monomer insertion and ag-
species are homotrimers and the “misfolded” species givesgregation/oligomerization is modulated by the concentration
rise to a distinct set of NMR resonances with high chemical of protein and of lipid, with maximal folding efficiency (as
shift dispersion, indicating that a specific, near-native, but measured by protein activity) proceeding through the forma-
catalytically inactive conformation may be kinetically trapped tion of aggregates (see Figure 16). The authors point out
during the expression, extraction, and reconstitution process.that if dilute monomers insert into abundant vesicles, there
This alternately folded species is resistant to refolding may be fewer than three proteins per vesicle, causing a
protocols, suggesting that it is separated from the folded statetopological barrier to functional trimerizaticf?
by significant energy barrief8? (By contrast, NMR evidence Nagy and Sanders showed that a single point mutation
for alternate conformations of thebarrel membrane protein ~ (Tyrl6Cys) that has little effect on the activity or thermal
PagP indicates that these species do interconvert, with lowstability of diacylglycerol kinase dramatically reduces the
temperature favoring the folded conformation of a loop that efficiency of refolding from urea into bilayers but not into
unfolds at high temperatuf&5% While membrane protein  detergent micelles. The rate of functional folding into bilayers
misfolding in vivo that is related to disease states often is slowed 10-fold, suggesting that the substitution affects how
involves mistargeting or degradation of misfolded proteins the protein inserts into and crosses the membf&hie.is
(reviewed in refs 595597), it is not clear what the precise tempting to speculate that this alteration is due to a kinetic
determinants of “misfolding” are or whether species such effect from the loss of the preferential interfacial membrane
as the triple mutant would misfold during normal biogenesis partitioning of tyrosine in some intermediate or transient state
or be recognized by quality control machinery. (as indicated by the WW scafeé®) that does not affect the
Sanders and colleagues used the appearance of enzym@verall stability of the folded protein. However, for most
activity to explore the refolding of diacylglycerol kinase from ~ Other sequence variants surveyed, the resistance of the mutant
detergent micelles, urea, or guanidinium hydrochloride Protein to thermal inactivation or denaturation by SDS
solutions into mixed micelles or lipid bilayers on the time correlates with the ability of that variant to insert into
scale of tens of second® Under these conditions, diacyl- Membranes from an unfolded stété.
glycerol kinase refolds most rapidly and efficiently when
diluted from detergents, where the protein retains its trimeric 6.2.3. Other Systems
structure, into detergent/lipid mixed micelles. However,  The success of these pioneering studies and the ability to
functional enzyme can be refolded from acidic 6.5 M urea, refold other polytopic helical proteins by rapid dilution
where it isa-helical and retains tertiary structure, or from 8 suggests that detailed folding kinetics studies of this class
M guanidinium hydrochloride, where the protein is largely of proteins will be more common in the future. Otzen has
unfolded. The refolding of helical bundle membrane proteins used stopped-flow fluorescence to monitor both rapid folding
from chaotropic denaturants such as urea or guanidiniumand rapid unfolding of disulfide-bond reducing protein B

Figure 16. Kinetic scheme for the folding and misfolding of acid-
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(DsbB, which spans the membrane four times and whosein either an Ny J/Ccy: orientation (type Il) or an N¢Cexo
function is reviewed elsewhéf®) and has characterized the orientation (type IlI). Both the flanking charges and the
protein at different mole fractions of the denaturant SDS in hydrophobicity of the sequence influence topology, with
SDS-dodecylmaltoside detergent mixed miceliésThe more hydrophobic spans favoring theeMCey: topol-
kinetic data are well approximated by single exponentials, ogy 197613614 N /Ce, topology requires that the protein
and where folding and unfolding rates can be measured forN-terminal to the signal anchor, which has been translated
the same mole fraction of SDS, the rates correspond closely,in the cytoplasm, be translocated to the lumen of the
indicating microscopic reversibility. Folding and unfolding endoplasmic reticulum; although hundreds of amino acids
rates, as well as thermodynamic stability, are perturbed by can be translocated in this manner, if this part of the protein
reducing the active site disulfide bonds and by a point has folded into a tight structure then translocation is

mutation (Ala57Gly). blocked®'® This shows that folding in the aqueous domains
The light-harvesting chlorophyll a/b complex has been can be coupled to topogenesis and that the energetics of the
refolded from SD®*and from guanidinium hydrochloricfé3 protein substrate can affect kinetic processes being imple-

and the binding of carotenoids and chlorophylls provides a mented by the translocation machinery. A signal anchor span
number of spectroscopic signatures well into the visible with a strong tendency for )/Ce: orientation can “pull” a
spectrum that may enable characterization of folding in hydrophilic sequence to its immediate N-terminal side into
samples that scatter light strongly in the ultraviolet. The the membrane even if the topology of a preceding span
refolding of this complex has been used to screen randommeans that this hydrophilic sequence will be topologically
mutagenesis libraries on 96-well plates for protein sequencetrapped in a transmembrane configurati&h.

variants with altered pigment binding abilitié¥;*" muta- The success of the base biological hydrophobicity scale
tions in the stromal and lumenal loops as well as transmem- 5t predicting the fractional integration of model and biologi-
brane domains affect reconstitution and the stability of the -5 membrane spans into bilay&a93described in section
complex?® The three-dimensional structure of the com- 3 4 reinforces the view that translocon-mediated integration
plex®®*1%provides a basis for making structure-based infer- s controlled at least in part by thermodynamics and suggests
ences about stability. that other aspects of translocon function might also be

6.3. Cotranslational and Posttranslational Folding explained by apparent free energy scales. Spiess and col-
. . . . leagues have shown that the propensity for N-terminal versus
Most eukaryotic helical integral membrane proteins arrive

at membranes after the ribosome that has translated theirc_termin&II translocation of a single stop-anchor sequence
. . 611 . . - 1IN COS cells is explained largely by amino acid composition,
N-terminal signal peptidé! interacts with the signal recogni-

tion particlé’™ and is brought to the Sec61 translo&6rio although both glycine and proline exhibit positional efféts.

allow secretion or membrane integration of the translated Despite the po'gent|al presence of klnet!c effects n S-UCh
and translocated polypeptide chd®.Section 3.4 of this systems, as reviewed elsewtférand described below, itis
review outlines how the sequences énd flankiﬁg charges oftempt_mg to think that such approa_lc_hes might enat_)le con-
: . R >~ struction of scales for topology decisions as well as integra-
potential membrane spans help determine their orientationy; - =+ e membrane
and integration propensity. The mechanistic details of these ' .
cotranslational processes are the subject of intense investiga- 10Pology of membrane proteins can apparently be dy-
tion and some controversy, as reviewed in refs 100, 101, hamic, and sequences that are transiently exposed to the
and 177-179. However, it seems clear that the portion of a lumen of the ER may become trapped there by glycosyla-
protein passing through the translocon can integrate laterallytion.®*” Recent results suggest that thgCe, orientation
into the bilayer if that stretch is sufficiently hydrophobic to ~ ©f @ lone signal-anchor sequence is acquired after the span
partition favorably into the membran®:-193 initially inserts as MXJCCyt:Gls Reorientation from Bd/Cey:
Because it takes many minutes for a large polytopic 0 Ney/Cexo caN occur while a soluble loop is being trans-
membrane protein to be translated, one plausible scheme fofocated; the rate of reorientation is enhanced by flanking
determining the topology of such a protein would be for the charges as per the pos_lt|ve-|nS|de rule <_and is slowed by s;rong
orientation of the first hydrophobic span to be decided based hydrophobicity of the first sp&f (see Figure 17). Aromatic
on flanking charges (the positive-inside rule) and for any residues in different positions within the hydrophobic
subsequent membrane spans to simply recross the membran&€duence can strongly modulate the rate of reorientétfon,
following the topological decision of the span that preceded and translocation of the next membrane span of a polytopic
them?84 While it has long been known that simple models Membrane protein can halt reorientatfgh.
of this sort cannot account for all experimentally observed Membrane integration and topology depend on the se-
topologies'®18the versatility of the translocon machinery quence of the span in question but can also be determined
and the impact of kinetics on topogenesis are still being by context and by interactions between different potential
explored (reviewed in ref 99). Even for a protein such as membrane spartd! The topology and length of the first span,
aquaporin-4, in which each transmembrane domain inde-as well as the length of the intervening loop, help determine
pendently directs its own sequential insertion and topoféd)y, whether the second span of erythrocyte band 3 is integrated
contacts between the nascent polypeptide chain and theor secreted?? although it seems that the precise sequence
translocon change progressively as chain elongation occurspf the first membrane span is not critical. Analysis of
with membrane spans contacting the translocon for different translocation intermediates by proteolysis and cross-linking
lengths of time and at different locations within the trans- showed that the first transmembrane domain of bacterial
locon??° Considerable complexity underlies the biogenesis leader peptidase integrates into the ER membrane on its own
of even apparently straightforward integral membrane pro- and is able to diffuse away from the translocon when the
teins. second span is still within the ribosome, but the first span is
Signal anchor sequences are internal hydrophobic stretche®nce again associated with the translocon in intermediates
within a protein that can be incorporated into a membrane where the second membrane span is becoming incorpo-
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Figure 17. Mechanism by which a model bitopic protein can achieve eithgg/Gky: or Ney/Ceyxo topology. A protein that is initially
oriented NxJ/Cqy: retains this orientation if the signal anchor is strongly hydrophobic (arrows to left) but can reorient to follow the positive-
inside rule (arrows to right) if the charge difference across the span is large and if the span is weakly hydféphteioative mechanisms,

such as variable insertion orientation depending on flanking charges, may be used for different constructs. Adapted with permission from

ref 618. Copyright 2003 by the European Molecular Biology Organization (Nature Press Group).

rated>°? Mutation of charged residues in one membrane span greatly influencing the half-life of the mature protein, while
affects integration efficiencies of other spans of a potassiumall charged substitutions, most polar substitutions, and the

channel, indicating that sequence-specific chaigerge

deletion mutation severely reduce both the fraction of

interactions between helices help stabilize membrane inser-properly folded protein and its half-life in viv&? consistent
tion of helice§?® and that folding within the membrane is with a role for protein degradation in the CFTR pheno-

thus coupled to topogenesis.

type834635Both wild-type and mutant CFTR protein undergo

Cotranslational and posttranslational processes includingER-associated degradation, but different pathways are im-
the folding of soluble domains, interdomain association, and Plicated in this process for the different speci®s.

helix—helix interactions within membranes all contribute to
the folding of the cystic fibrosis transmembrane regulator

Studies with model membrane proteins have shown that
a 40 residue polyleucine sequence that inserts ig,#o

(CFTR) chloride channel, the gene underlying the childhood orientation can be induced to form a hairpin by placing a
disease cystic fibrosis (reviewed elsewhere, refs 101 andstrongly polar residue two or three turns of helix from each
624). CFTR is composed of six membrane spans followed end of the hydrophobic stretéf. This suggests that as the
by a large cytoplasmic nucleotide binding domain and a translated polypeptide chain is threaded through the trans-
regulatory domain, followed by six more membrane spans locon to push the C-terminal end of the membrane span into
and another nucleotide binding domain. Misfolding of the the lumen, the chain samples the hairpin conformation and
protein is implicated in disease states resulting from muta- can “choose” to integrate as a hairpin rather than continue
tions in the coding regiof?> %2’ The sixth membrane span translocating to the lumen. Substitutions in the middle of a
of CFTR, which contains three positively charged residues, long hydrophobic span can also induce hairpin formafiors®

fails to act as a stop-transfer sequence on its own or with Thus, it appears that proteins being passed through the
the preceding five spans but is able to integrate into translocon have the option not only to partition into the

membranes when followed by the first cytoplasmic do-
main®?® Another manifestation of how CFTR topology

membrane, depending on their hydrophobitity®3 but also
to sampl€® at least for some limited time period, the

depends on cooperation of different parts of the protein is orientationin which such partitioning occurs.

given by the eighth membrane span of wild-type CFTR,

This possibility may explain how changing the lipid

which is unable to act as a stop-transfer sequence whencomposition of theE. coliinner membrane results in altered
mserte_d into a secre;ed protein due to the presence of anopology of several polytopic integral membrane pro-
aspartic acid in the middle of the span, but does incorporateteing®1492including LacY487488as discussed in section 5.2.

successfully into membranes when preceded by the seventisince the presence or absence of phosphatidylethanolamine

CFTR membrane sp&a?

Initial studies had shown that the most common CFTR
mutation, deletion of Phe508 within the first nucleotide
binding domain, affects the folding and nucleotide binding
activity of a synthetic peptide spanning the mutation %ite.
However, this mutation has only minor local effects on the
structure (and no effect on the stability) of the isolated, full-
length domairf31.632 substitutions at Phe508 also have
minimal effects on structure and stability of the dom&ih.

determines whether lac permease is reconstituted into
artificial bilayers with proper or altered topolo§$4, lipid
composition seems to influence which topology is energeti-
cally favored. Studies of LacY translocation B. coli
membrane vesicles with normal lipid composition have
shown that none of the first six membrane spans of LacY
integrate into the membrane until late in the translation of
the protein® Thus, one explanation is that the permease
tests various topologies for its N-terminal half with the help

These findings suggest that the deletion affects the interactionof the translocon machinery and, when the phosphatidyl-

of the folded domain with another portion of the protein
rather than the stability of the domain its&}:532Deletion

ethanolamine content of the cell membrane is lowered, the
permease acquires the altered topology because it is energeti-

or replacement of Phe508 has severe consequences on theally preferred. There might be a direct influence of lipid

proper folding and maturation of full-length protein in
vivo,831.632 with the second nucleotide binding domain

composition on orientation or integration of the seventh
membrane span, which would normally be orienteg/GLy,,

becoming highly susceptible to proteolysis upon mutation or lipids might affect helix-helix interactions in a way that

of the first832 further supporting the idea that interdomain

favored one final topology over another. The observed

interactions dependent on Phe508 underlie the maturationposttranslational correction of topology following restoration

and stability of CFTR. Hydrophobic substitutions at position
508 reduce the folding efficiency of the protein without

of normal lipid composition for both Lac¥® and the
transporter Phe® suggests that, at leastkh coli, proteins
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can have their topology “proofread” posttranslationally. This retention of synthesized protein in the endoplasmic reticulum
process seems likely to involve the translocon machinery, and degradation can be rescued by substrates or modulators
but could also involve additional proteins such as chaperonesof this energy-dependent drug effluxXét Proper folding and
that might recognize “misfolded” integral membrane proteins expression of a temperature sensitive mutant of the HERG
or assist in the topological rearrangement. This posttransla-potassium channel can be restored by treating the cells with
tional reorganization strongly favors thermodynamic, rather glycerol or with three different channel blockers, which can
than kinetic, control in the lipid dependence of the topology even rescue the protein after translation is comgtetes8

of these two particular proteins. But how does this occur? Cell surface expression of the V2 vasopressin receptor can
Does a ribosome have to be recruited to the membrane?be increased by antagonists that readily permeate through
Because reorientation of membrane spans in the eukaryotiomembrane$?® and these agents are also effective when
translocon appears to be halted with the end of translationapplied posttranslationalf?® Both agonists and antagonists
and often before, this potential mechanism is probably not of the 6 opioid receptor reduce the half-life of a precursor
broadly generalizable; there appear to be significant kinetic form of the receptor and increase cell surface expression of
components to the regulation of eukaryotic polytopic integral mature protein when applied at sub-micromolar concentra-
membrane protein topogenesis. This potential mechanistictions%! The effectiveness of many pharmacological chap-
difference between the translocons suggests a possibleerones correlates with their binding affinitigf§650.651sug-
explanation for why eukaryotic integral membrane proteins gesting that the free energy of ligand binding contributes to
often express poorly in prokaryotes: eukaryotic membrane stabilizing either a folding intermediate or the final folded
protein sequences may have evolved kinetic control elementsform of the proteins. Because these chemically diverse
for folding (including glycosylation), but prokaryotes cannot ligands induce protein-specific rescue of folding, the ligands
use these inputs and instead “proofread” the topology of are probably binding to a native or near-native state of the

proteins in their membranes continuously. protein that is accessible to the mutant but that otherwise
would fail to proceed to the native folded state. Binding of
6.4. Chemical and Pharmacological Chaperones the ligand may stabilize a nativelike folding intermediate long

enough to allow the correct folding pathway to proceed.
These studies highlight the possibility of using ligands
therapeutically to induce proper folding of otherwise mis-
processed mutant membrane proteins; indeed, the drug
diazoxide (which is used to treat patients having mutations
in an ATP-sensitive potassium channel) is not only a channel
opener, but also a ligand that helps restore proper folding
and trafficking to the mutant chanrféf. The ability of the
pharmacological chaperone tis-7-ring retinal to rescue the

Mutations in integral membrane proteins underlie various
human disease states (reviewed elsewfgrand many such
mutations alter the normal trafficking or assembly of the
protein, rather than perturbing function directly. A growing
body of evidence that proper targeting and folding of these
mutant proteins can be restored by the addition of nonspecific
stabilizing agents or of ligands that target the particular
protein of intere$f® suggests therapeutic approaches for

many genetic diseases and provides insights into the mechsq4ing and cell-surface expression of the Pro23His mutant

anisms at vv_ork n th? folding of membrane proteins in vivo. rhodopsin, the most common point mutation for autosomal
The cystic fibrosis transmembrane regulator (CFTR) gominant retinitis pigmentosa, suggests that this or other
chloride channel is the gene underlying the childhood diseaseg;jmijjar agents may have therapeutic value. An initial report
cystic fibrosis (reviewed elsewhéf§. Many CFTR mutants  ipat the compound curcumin suppresses the phenotype of
are expressed but fail to be transported to the plasmapice pearing mutant CFTR channels by rescuing functional
membrane in cultured cef® and in patient§2® these expressioff® has been contradicted by other studfdéséss
trafficking defects are temperature sensitive in many c&8es, put curcumin may stimulate opening of defective but cell-
and the role of the translocon machinery in the assembly g ;rface associated channels in a way that helps restore
and function of this protein is under intense investigation function57.658High-throughput screening has identified not
(reviewed_elsewhe%%}). The_demonstration that glycerot 1 only CFTR activator®® and agents that correct channel
M) and trimethylamine oxide~100 mM) rescue the cell-  g4iing defect§® but also pharmacological chaperones that
surface expression of the most common CFTR mutant, enpance cell-surface expression and function of CFTR mutant
deletion of amino acid 508, suggests that certain osmolytesprotein3§61 The ability to screen not only for function but
(or osmophobés€?) could help stabilize the mutant protein 3150 for proper subcellular localization adds another method
at a critical stage of its foldinff:*-**?Indeed, the polyhydric {5 the approaches that can be employed in seeking therapeutic

alcohol myoinositol, alone or with taurine and betaine, jgents to correct the disease-related effects of misfolding
functionally rescues this CFTR mutation in bronchial airway mutations on membrane proteins.

cells54 Glycerol also improves cell-surface expression of
aquaporin-2 mutant®* and functional overexpression of 7 Summar
human P-glycoprotein ii5. cereisiae®® The implication ' y
from these findings is that the mutations block the folding  Although the current data have not yet yielded a complete
pathway (or enhance misfolding) in a way that can be picture of the energetics of interfacial association, transbilayer
corrected by stabilizing agents: once the proteins fold insertion, and lateral assembly of helical membrane spans,
correctly, they are active and reasonably stable, so thethe advances made thus far indicate strongly that the
mutations have not altered residues that are critical to thermodynamic frameworks of Popot and Engelman and of
structure, stability, or catalysis. Wimley and White can incorporate a multiplicity of experi-
Many integral membrane proteins that are misprocessedmental inputs to explain the behavior of helical membrane
due to mutations can be rescued by ligands that bind proteins. Experiments on the kinetics and thermodynamics
specifically to the folded protein, so-called pharmacological of membrane protein folding are providing insight into the
chaperones. Mutations in the transmembrane domains, loopsdependence of folding on protein sequence and lipid
and nucleotide binding domain of P-glycoprotein that cause composition, and advances in the biophysical approaches



o-Helical Integral Membrane Proteins Chemical Reviews, 2006, Vol. 106, No. 5 1971
used to study these processes, as well as the availability of (34) Henderson, R.; Baldwin, J. M.; Ceska, T. A.; Zemlin, F.; Beckmann,
more structures of membrane proteins, are increasing the . E: Downing, K. H.J. Mol. Biol. 1990 213 899.

. . . (35) Nagle, J. F.; Wiener, M. Biophys. J.1989 55, 309.
number of systems in which fundamental questions about (3s) wiener, M. C.; Suter, R. M.; Nagle, J. Biophys. J1989 55, 315.
protein folding and stability can be asked and answered. The (37) Popot, J. L.; Engelman, D. MBiochemistry199Q 29, 4031.
close correspondence between the concept of hydrophobicity, (gg) I['ondoh;l]' JE Eh%fanaéH-KGhl- Biol. E'heGm é?ﬁz 02h57 710583- -
the peptide-based free energy scales for partitioning, and the ©% gong, T -ondon. . norana, . . BloL Lhem 3258
biological hydrophobicity scale derived from measurements  (40) Liao, M. J.; Huang, K. S.; Khorana, H. G. Biol. Chem1984 259,
with the eukaryotic translocon shows that the general 4200. _
principles that underlie the physicochemical basis for mem- (41) Huang, K. S.; Bayley, H.; Liao, M. J.; London, E.; Khorana, H. G.

h . ) . . J. Biol. Chem 1981, 256, 3802.
brane protein behavior can inform both membrane biophysi- 42y popot, J. L.; Trewhella, J.; Engelman, D. EMBO J.1986 5, 3039.

cists and membrane biologists. The methods being employed (43) Popot, J. L.; Gerchman, S. E.; Engelman, D.JMMol. Biol. 1987,

in the study of membrane protein folding are growing more
diverse, with important contributions from in vivo, ex vivo,
and in vitro experiments. The field of membrane protein
folding will benefit greatly as findings from these different
approaches continue to complement one another.
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