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ABSTRACT: Given the central roles of membrane proteins in cellular processes ranging from nutrient uptake
to cell—cell communication, as well as the importance of these proteins as drug targets, efforts to understand
and control their structures are vital in human health and disease. The rational design of membrane proteins
with modified properties is thus a highly desirable goal in molecular medicine and biotechnology. However,
experimental data showing how individual transmembrane (TM) residues and/or segments direct the packing
and folding of membrane proteins into biologically functional entities remain sparse. To address these
questions in a systematic manner, helix—helix interactions between two (or more) TM segments must be
identified and analyzed. Here we present an overview of the utilization of peptides as models of the TM
segments of a-helical membrane proteins in uncovering the amino acid sequence motifs and interactions
that build these molecules. TM peptide design and production strategies are discussed, and specific examples
of the application of TM peptides to the study of membrane proteins are presented. We demonstrate that
TM peptides can be routinely produced in sufficient quantities for biophysical analysis, are amenable to
a variety of experimental techniques, and can effectively replicate the native helix—helix contacts and

key aspects of the natural biological structures of membrane proteins.

Proteins embedded in membranes regulate the molecular
traffic and information flow across biological membranes
and, as such, represent attractive biomolecules for the study
and/or modulation of processes in living cells. Membrane
proteins of the helical type, found in eukaryotic cell
membranes and in the inner membranes of bacteria and
mitochondria, represent the majority of this protein group
and are estimated to comprise 20—30% of open reading
frames in known genomes (/). As well, it is estimated that
approximately 70% of all current pharmaceutical targets are
membrane proteins (2), yet despite advances in their isolation
and structural characterization, membrane proteins currently
represent 1—2% of the >56000 structures deposited in the
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Protein Data Bank (also see ref 3), in part because of the
technical challenges associated with the overexpression,
purification, and structural characterization of these highly
hydrophobic molecules. Disease-causing mutations that
promote non-native folding are common in a-helical mem-
brane-spanning domains, where disruption or failure of
assembly constraints not only may lead to a loss of protein
function but also could promote uncontrolled and potentially
pathogenic polypeptide self-assembly. It is therefore crucial
to elucidate the fundamental principles of how helical
membrane proteins assemble into their functional biological
forms in membranes.

Fortunately, gaining insight into membrane protein folding
has not relied exclusively on the availability of high-
resolution structures. Consideration of the individual trans-
membrane (TM)' a-helices as independently folded units has
facilitated a “divide and conquer” approach to the study of
membrane protein assembly, where interactions between
peptides that recapitulate the membrane-embedded portions
of helical membrane proteins can be studied in vitro and in
vivo. Here we discuss the rationale underlying the usage of
peptides encompassing single-TM segments and those with
TM segment—loop—TM segment or “hairpin” sequences as
models of membrane-spanning segments in proteins, present
the methods used to design and produce these peptides for
biophysical characterization, and then highlight the applica-
tion of these peptide models to investigations of membrane
protein folding and assembly.
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FIGURE 1: Interactions stabilizing helix—helix contacts in mem-
branes. (a) Large Val residue “knobs” (dark blue) are in van der
Waals contact with a concave helix surface, as illustrated by the
Gly residue “holes” (light blue) of a GG, motif at the GpA dimer
interface (30). (b) Apolar amino acid residues of the phospholamban
heptad repeat are in van der Waals contact (red line) across the
helix—helix interface (/02). (c) Interhelical hydrogen bond networks
between Asp-Asp and Thr-Tyr residue pairs stabilize the interface
of the T-cell receptor {-chain dimer (27). (d) Edge—face cation—s
interaction between Phe residues in the ErbB2 dimer (28). This
figure was produced with PyMol (DeLano Scientific, Palo Alto,
CA).

SINGLE-SPANNING TM SEGMENTS AND
HAIRPINS AS BASIC FOLDING MODELS

The utility of peptides as a tool for the investigation of
membrane protein folding originates from a series of early
folding experiments performed on the a-helical membrane
protein bacteriorhodopsin (4—6). These works showed that
the native protein fold could be regenerated from various
bacteriorhodopsin fragments, an indication that TM helix—
helix interactions have sufficient specificity to generate
tertiary structure. Subsequent studies of loop-severed or loop-
deleted fragments confirmed the assembly of rhodopsin
family members via helix—helix contacts (7, 8) and extended
these findings to other TM proteins (9—12). Popot and
Engelman incorporated such observations into their two-stage
model of helical membrane protein folding (/3), where the
assembly process is divided into two energetically distinct
categories: (i) helical secondary structure formation con-
comitant with insertion of hydrophobic sequences into the
bilayer and (ii) tertiary and/or quaternary structure formation
via lateral interactions between helices within the membrane.
The folding problem then becomes a question of why two
largely hydrophobic helical segments embedded in the apolar
interior of the bilayer become associated when the surround-
ing membrane lipids could stabilize each individually. As
illustrated in Figure 1, several types of interactions operate
to promote dimers and higher-order oligomers of single-TM
helices. For example, van der Waals forces stabilize close-
packed or “knobs-into-holes” type helix—helix associations
(Figure la,b). In addition to functional implications, polar
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residues in TM segments, which constitute ca. 20% of native
residues in TM segments, mediate helix—helix assembly
through side chain interactions; in some cases, a single
“strongly polar” residue (Asp, Glu, Asn, or Gln) is sufficient
for TM segment self-association (/4—27), while other
sequences are stabilized by interhelical hydrogen bond
networks (Figure 1c) (2/—23). Cation—x and/or m—m
interactions between aromatic and/or basic residues also
participate in TM—TM self-association in the bacterial cell
membrane (24—26) and are observed in TM domain dimers
(Figure 1d) (27, 28).

TM helix—helix interactions can be roughly grouped on
the basis of sequence patterning and geometry (Table 1).
Right-handed packing of helix pairs, for example, is most
often characterized by an i, i + 4 separation of “small”
residues (Gly, Ala, and Ser) along the TM sequence,
alternately termed the small—xxx—small, XX, (where X is
G, A, or S), or GASgjgn motif (29). As exemplified by the
two Gly residues in the well-characterized glycophorin A
(GpA) dimer, this sequence periodicity places the two small
residues on the same surface of the helix, where they create
a shallow groove that complements the surface of a second
helix (Figure la). The association is stabilized by van der
Waals interactions resulting from intercalation of the Gly
residue holes and large residue (e.g., Leu, Ile, and Val) knobs
(30) and possibly also by weak hydrogen bonding between
C,H groups on one helix and the carbonyls of the neighbor-
ing helix (31, 32). Left-handed helix pairings can also be
stabilized by van der Waals contacts across heptad repeats
of small (33) or large residues such as Leu and Ile, with the
latter exemplified by the “Leu zipper” assembly of phos-
pholamban (Figure 1b) (34, 35).

TM PEPTIDE DESIGN AND PRODUCTION
STRATEGIES

The high hydrophobic residue content and ~20-residue
length of membrane-embedded helices have been utilized
to identify TM segments in primary sequences via hydropa-
thy analysis (/, 36—39) and/or pattern recognition and
matching methods (40—43). Once an appropriate sequence
has been selected or designed, strategies as described below
have been developed to produce the often highly hydrophobic
TM mimic in sufficient quantity and suitable form for
biophysical studies.

Polar Residue Tagging. Placement of charged and/or polar
residues at the N- and/or C-terminal ends of hydrophobic
sequences, termed “polar residue tagging”, allows for facile
synthesis, purification, and characterization of TM-type peptides
that might otherwise be intractable. Peptides that incorporate
multiple Lys residues at their N- and C-termini (termed “Lys-
tagged”) can be synthesized in milligram amounts, and the
inclusion of the positively charged residues at peptide termini
improves the aqueous solubility of peptides and minimizes
aggregation (44). Terminal Lys residues have been shown to
be noninterfering with many TM core sequences and typically
leave intact the native self-assembly properties of a variety of
TM segments both on sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) and in a variety of micelles
(45—49). Their inclusion in some instances, however, may
unmask inherent conformational instability and/or plasticity in
helix—helix interactions (50) and may affect self-assembly in
weakly interacting segments (57, 52).
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Table 1: Experimentally Determined Single-TM Peptide Self-Association Motifs

motif/protein® TM domain sequence” oligomeric state” ref
Right-Handed (GG4/GASgign)
GpA EITLIIFGVMAGVIGTILLISY GIRRL ¢ dimer 30, 53, 85
MCP BZAWAMVYVVIVGATIGIKLFKKF#¢ dimer 86, 87
MPZ 12YGVVLGAVIGGVLGVVLLLLLLFYVV!304¢ dimer 88
ErbB-2 SILTSIVSAVVGILLVVVLGV VFGILI?>¢ dimer 28, 89, 90
BNIP3 14VFLPSLLLSHLLAIGLGIYIGR#%¢ dimer 91-93
VacA 2FFTTVIIPAIVGGIATGTAVGTVSGLLGWGL** >dimer 94
NRP1 STILITHAMSALGVLLGAVCGV VLY #804¢ dimer 95
Syn TM2 SVLAAVIAGGVIGFLFAIFLILLLVY'® dimer 96
Syn TM3 3VLVAVIVGGVVGALFAAFLVTLLIY#?*
Syn TM4 14VLAALIVGGIVGILFAVFLILLLMY 7%
EphAl SSIVAVIFGLLLGAALLLGILVF®8¢ dimer 97, 98
VSV-G 4SFFIIGLIGLFL V5 >dimer 99
LS49 (de novo) LTLLTHLSCLLGGLLTG® >dimer 100
RPTP DEP1 91VICGAVFGCIFGALVIVTVGGFIFW!000¢ dimer 101
Left-Handed (heptad/GASy )
phospholamban SILFINFCLILICLLLICIIVMLL* pentamer 34, 35, 102
M2 2SSDPLVVAASIGILHLILWILDRL#6< tetramer 27,45, 103, 104
MS1-Gly (de novo) QTLILGLLGLALGLIGLIVIARTLYLVGY dimer 33
ANTXR1 SBILATALLILFLLLALALLWW?3374¢ >dimer 105
Hsmr TM4 $VAGVVGLALIVAGVVVLNVAS!05¢¢ dimer, tetramer 46, 106
SerZip (de novo) QLFAASLLLFAVSLILFIASARLRYLAG? dimer 63
Polar’
single polar (de novo) QLLIAVLLLIAVN/D/Q/ELILLIAVARLYLVGY dimer, trimer 14—18
TTTTTIIN/D/Q/E/HI]]ITTTITIIIIIT""’
LLLLLLLN/LLLLN/LLLN/LLLLLL®
FUT3 LAALLFQLLVAVCFFSYL*¢ >dimer 19
TNF5 2YLLTVFLITQMIGSLFAVYL** >dimer 19
TCR {-chain BDSKLCYLLDGILFIYGVILTALFLRVKFSR®7 dimer 21
Tar TM1 "VVTLLVMVLGVFALLQLISGSLFF?%¢ dimer 22,45
Ser/Thr (de novo) SxxSSxxT, SxxxSSxxT¢ >dimer 23
Aljpxea (de novo) ATATATTIAZAXAIIAIAIAIL where Z = W, Y, or F and X = H, R, or K¢ >dimer 24
i 9GALYTGFSILVTLLLAGQATTAYFLY ¢ trimer 107
RET O3RTVIAAAVLFSFIVSVLLSAFCI®? >dimer 108
EpsM MGALTVLAIAYWGIWQ*¢ dimer 25
Motif Undetermined

DAGK TM2 3'VDAITRVLLISSVMLVMIVEILNSAISU‘I dimer 79
FXYD2 2TVRKGGLIFAGLAFVVGLLILLSKRF* >dimer 109
SARS E UTGTLIVNSVLLFLAFVVFLLVTLAIL/ pentamer 49
E-cadherin S2GILALLILILLLLLFL" >dimer 110
AR TM5 "4MNYMVYFNFFACVLVPLLLMLGVYLR!%“ dimer 111
PsbF SRWLAVHTLAVPSVFFVGAIAAM> dimer 112
AZ2-Wg (de novo) WLAALLAWLAALLAWLS >dimer 113
GP Ibs YGALAAQLALLGLGLLHALLLVLLL!'7% dimer 56
ES SLFLGLVAAMQLLLLLFLLLFFLVYWDH?%¢ dimer 47
Al (de novo) FAIAIAIIAWAIATIATATIAI¢ dimer 66
APP TOGATIGLMVGGVVIATVIVITLVML? dimer 114
CPT-1A TM2 13NIVSGVLFGTGLW VAVIMTM !224¢ trimer, hexamer 115
FGFR3 3%V Y AGILSYGVGFFLFILVVAAVTLCY* dimer 52

“ GpA, human erythrocyte protein glycophorin A; MCP, bacteriophage M 13 major coat protein; MPZ, myelin protein zero; ErbB-2, epidermal growth

factor receptor tyrosine kinase 2; BNIP3, Bcl-2/19 kDa interacting protein 3; VacA, Helicobacter pylori vacuolating toxin; NRP1, neuropilin-1; Syn,
syndecan; EphAl, erythropoietin-producing hepatocellular receptor Al; VSV-G, vesicular stomatitis virus G protein; RPTP, human receptor-like protein
tyrosine phosphatase; M2, influenza A virus M2 proton channel; ANTXR1, anthrax toxin receptor 1; Hsmr, Halobacterium salinarum small multidrug
resistance protein; FUT3, fucosyltransferase 3; TNFS, tumor necrosis factor 5/CD40 ligand; TCR, T-cell surface glycoprotein CD3; Tar, Escherichia coli
aspartate chemoreceptor protein; Ii, class II MHC receptor Ii protein; RET, RET receptor tyrosine kinase; EpsM, cholera toxin secretion protein EpsM;
DAGK, E. coli diacylglycerol kinase; FYXD?2, Na™/K* ATPase y-subunit; SARS E, SARS coronavirus protein E; A;sR, adenosine A, receptor; PsbF,
Synechocystis cytochrome bssy subunit 3; GP Ibj, platelet glycoprotein Ib f chain; E5, bovine papillomavirus E5 protein; APP, Alzheimer precursor
protein; CPT-1A, carnitine palmitoyltransferase 1A; FGFR3, fibroblast growth factor receptor 3. ” The numbering indicates start and end sites of natural
TM domains; de novo-designed TMs are not numbered. Residues known to stabilize self-assembly are underlined. “ Ranges are given where exact
stoichiometry is undetermined. ¢ Peptide chemically synthesized by solid phase peptide synthesis. ¢ Peptide produced via fusion/recombinant expression.

/Polar motifs can mediate right- or left-handed packing.

Expression of TM Sequences as Fusion Proteins. An
alternative production approach attaches the TM peptide
sequence(s) of interest to a water-soluble protein to enhance
aqueous solubility and facilitate purification from bacterial
expression systems. For example, fusion of individual TM
segments to the C-terminus of Staphylococcal nuclease, a
monomeric water-soluble protein (53), allows the resulting
chimera to be readily expressed and purified from E. coli
and used to assess the stability and stoichiometry of TM
domain contacts in vitro (53). Our group and others have

also used fusions to the water-soluble protein thioredoxin to
overexpress in E. coli and purify TM hairpins in milligram
amounts (reviewed in ref 54), where the thioredoxin moiety
is cleaved from the TM protein before characterization. A
variety of other fusion protein systems for recombinant
expression of TM peptides have also been developed (see
refs 21, 55, and 56 for examples).

Choice of Membrane Mimetic. For in vitro study, TM
peptides must be solubilized and maintained in a membrane-
mimetic medium. Various compounds (organic solvents,
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detergent/surfactant or lipid micelles, and single-layer or
multilamellar bilayers) are commonly used to mimic the
native membrane environment of the TM sequence of
interest. The ideal membrane mimetic should recapitulate
the folding behavior native to the TM peptide in vivo. Choice
of solubilizing agent in some cases depends on the biophysi-
cal or biochemical technique being applied (e.g., a require-
ment for micellar media or UV transparency); however, as
TM peptide behavior may to be influenced by the choice of
membrane mimetic medium (see ref 57 for a description),
its selection is an important consideration in evaluating TM
peptide behavior.

BIOPHYSICAL INVESTIGATION OF
HELIX—HELIX INTERACTIONS

The ability to produce model TM segments and sequence
variants in milligram amounts allows for the detailed
biophysical characterization of their assembly by a variety
of techniques. Five classical methods are commonly em-
ployed for structural characterization.

(i) Circular Dichroism Spectroscopy. The two-stage model
predicts that, as an individual domain, each TM segment
should retain its helical structure when excised from its native
context as a TM peptide. This prediction is classically
assessed via circular dichroism (CD) spectroscopy in the
membrane mimetic used for study; helical structures display
characteristic CD spectra in the far-UV region, with minima
in mean residue ellipticity [0] at 208 and 222 nm (vide infra).

(ii) Tryptophan Fluorescence. The fluorescence emission
spectra of Trp residues can be used to indicate if the TM
peptide is properly localized in the membrane mimetic phase,
as this side chain typically exhibits a blue-shifted emission
maximum and increased intensity upon partitioning of the
peptide from an aqueous to apolar environment (ca. 350 nm
to 330 nm).

(iii) SDS—PAGE of Transmembrane Peptides. This sepa-
ration technique is one of the most commonly used methods
in the evaluation of TM peptide—peptide interactions.
Migration of TM peptides at apparent molecular weights
(MWs) greater than ~2-fold their formula MWs on
SDS—PAGE is often considered to be evidence of high-
affinity self-association, and SDS—PAGE can provide an
accurate estimate of the oligomeric state(s) of TM peptides
in some cases. However, the migration of membrane interac-
tive peptides and proteins on SDS—PAGE depends strongly
on the level of bound detergent, such that TM peptides with
large SDS aggregate stoichiometry may appear to run as
dimers when in reality they may be monomeric (58, 116).

(iv) Sedimentation Equilibrium Analytical Ultracentrifu-
gation. This technique can be used to directly measure the
mass of TM peptides solubilized in micellar membrane
mimetic media and thereby determine the stoichiometry and
energetics of self-association (see refs 59 and 60 for
comprehensive reviews). Ultracentrifugation can be applied
in isolation but is sometimes utilized as a means of separating
monomeric and oligomeric TM peptides in conjunction with
thiol—disulfide interchange (TDI). The premise for TDI is
that oligomeric TM peptides should self-cross-link (most
commonly via native or engineered Cys residues) more
readily than their monomeric forms, and this technique can
be applied in micellar and bilayer systems (6/—63).
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FIGURE 2: Peptide/detergent mixing order affects FRET of a de novo
designed single-TM Ala/Ile-rich peptide (Al,.,). The Al,., sequence
is given in Table 1. The total fluorescence intensity of 1 uM dansyl-
labeled peptide (donor) is shown in the presence of 1 #M unlabeled
peptide (D), with 1 uM dabsyl-labeled peptide (acceptor, DA) or
with 1 uM acceptor and 4 uM unlabeled peptide (DAU). Peptides
were mixed together after each was individually solubilized in SDS
(Post mix) or mixed in aqueous buffer prior to SDS addition (Pre
mix). Fluorescence emission spectra were recorded from 450 to
600 nm, with excitation at 341 nm. Background fluorescence was
subtracted. The fluorescence intensity was integrated between 450
and 600 nm and normalized to the fluorescence of the donor-only
sample. The decrease in the fluorescence emission intensity of the
donor upon addition of the acceptor indicates FRET between the
two (DA). This decrease is greater with premix conditions then
with postmix conditions (p > 0.001). With postmix conditions, there
is no change in FRET between donor and acceptor fractions upon
competition with unlabeled peptide (DAU; p = 0.624), indicating
that there is no specific association between donor- and acceptor-
labeled peptides. With premix conditions, there is a decrease in
the level of FRET upon competition with unlabeled peptide (p =
0.018), indicating a specific association.

(v) Forster Resonance Energy Transfer (FRET). Here,
fluorescence emission of a donor-labeled peptide is quenched
and/or transferred to the acceptor molecule when the two
are localized within a given radius (a property of the
individual FRET pair and termed the Forster radius). This
technique can be applied in membrane mimetic systems as
well as intact bilayers (see refs 64 and 65). However, FRET
results must be interpreted carefully, as shown in Figure 2.
We have observed that a de novo-designed TM peptide
(Al,p; see Table 1 for the sequence) known to oligomerize
on SDS—PAGE and in bacterial membranes (66) reports
differentially as a monomer or an oligomer via FRET in SDS
micelles depending upon the mixing order of peptide and
detergent. If donor-labeled and acceptor-labeled peptides are
mixed from solutions that already contain SDS, specific
energy transfer between the two populations is not observed,
while peptide samples that are mixed prior to the addition
of SDS display specific FRET that can be competed away
by unlabeled peptide. These results imply that dissociation
of the individual peptide—SDS complexes and/or dissociation
and reassociation of TM—TM complexes in detergent have
not reached equilibrium in the postmix case even after >16
h.

“MEMBRANE PROTEIN FOLDING PROBLEM”:
DEFINING HELIX—HELIX INTERACTION FACES

In the course of their function, membrane proteins must
variously self-assemble into a monomer unit, interact with
other proteins within the membrane, and/or build higher-
order oligomers. How are such tertiary (folding of the
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monomer) and quaternary (oligomerization of subunits)
protein structures assembled and controlled in membranes?
Recognition of the appropriate assembly sites for this process
is complex for a TM dimer; the complexity involved in
folding a seven-TM protein such as a G-protein-coupled
receptor increases exponentially. Here we present several
examples of how these phenomena may be investigated
through the use of TM peptides.

Role of Flanking Residues in GGy Motif Assembly. The
variety of proteins that utilize the GG, motif for self-assembly
(Table 1) understandably exhibit a range of helix—helix
interaction strengths needed for appropriate biological activ-
ity. To investigate what the sequence determinants of GGy
motif affinity modulation could be, we studied two TM
sequences that exhibit GG,-based assembly, GpA and the
Ff bacteriophage M13 major coat protein (MCP). Each of
these TM segments engages their two Gly residues in right-
handed interhelical contacts with crossing angles of ~40°
(67). GpA versus MCP interaction strengths were initially
assessed in the bacterial cytoplasmic membrane using the
TOXCAT assay (68). This assay fuses the TM domain of
interest at its N-terminus to the DNA binding domain of
ToxR (a dimerization-dependent transcription factor) and at
its C-terminus to maltose binding protein (a monomeric
periplasmic anchor). Upon expression of the chimera in E.
coli, self-association of the TM segment of interest results
in the ToxR-driven activation of a reporter gene encoding
chloramphenicol acetyltransferase (CAT), with the readout
level of CAT expression indicating the strength of helix—helix
interactions. As shown in Figure 3, GpA-wt and MCP-wt
report different interaction affinities in the TOXCAT system.
A hybrid sequence of the two (MCP-GpA) was additionally
observed to approach, but not reach, the interaction strength
of GpA in the TOXCAT assay (Figure 3b) (/9), indicating
the nuanced fine-tuning of association conferred by the helix
interaction face as a whole, and highlighting that secondary
factors affecting the TOXCAT signal such as expression
level, linker length, and linker orientation can also influence
apparent interaction strengths (69).

Helix—Helix Contacts in de Nowvo-Designed Hairpin
Sequences. While single-TM peptide and chimeric fusion
techniques use multimer formation between individual pep-
tide sequences as a model for the helix—helix contacts, TM
segments in polytopic (multispanning) membrane proteins
are covalently connected by intervening loops that have been
shown in studies of bacteriorhodopsin to modulate TM
domain interactions (70—74). With a view toward addressing
the influence of loops on helix—helix contacts, our laboratory
has utilized helix—loop—helix (hairpin) constructs as the
minimal “tertiary contact” model of two covalently linked
helices (75). The dependence of helix self-assembly on
neighboring TM sequences became evident in studies of a
de novo-designed hairpin sequence composed of two identi-
cal model TM segments (sequence 'KKKKKKK-*FAIAIAI-
TIAWAXATIATAIAI®-KSPGSK-TAIAIAITAZAW AIIAIAIAF-
KKKKKKK®, where X is I or N and Z is I, N, or D), an
Ala/lle-rich design intended to promote van der Waals knobs-
into-holes contacts (66). The single-TM helix building block
of this hairpin [a Lys-tagged single-TM with residues 7—27
(X is I)] forms a strong dimer in isolation, but when the two
single TMs are joined by the intervening KSPGSK polar
loop, the TM-mimic sequences form intrahairpin van der
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FIGURE 3: Residues that flank the GG, motif modulate dimer affinity
in MCP vs GpA. (a) Alignment of MCP (red) and GpA (green)
sequences studied in the TOXCAT assay. Residues at the dimer
interface are indicated in uppercase. Note that the MCP-GpA
sequence has each native interfacial residue of MCP substituted
with the corresponding GpA residue. (b) Dimerization of GpA vs
MCP sequences. All CAT expression levels are normalized to that
of wild-type GpA. GpA-G83I is a monomeric mutant used as a
negative control for dimerization. The interaction strength of the
MCP sequence is significantly increased when all of its interfacial
residues are changed to those of GpA (MCP-GpA), but this mutant
does not recapitulate the interaction strength of wild-type GpA.
Adapted from ref 67.

Waals contacts and no intermolecular association is observed.
This intramolecular association of helices was of such
stability that inclusion of noninterfacial strongly polar
residues (Asn, Asp, and Gln) did not “pull apart” the van
der Waals interface of the hairpin but rather caused the
assembly of a four-helix bundle composed of a dimer of
hairpins (66).

Activity Modulation by TM Peptides. Even in cases where
the precise residues mediating peptide self-association are
not known (see Table 1 for examples), TM-mimic peptides
can be used to modulate protein—protein interactions within
the membrane. Signaling molecules [e.g., G-protein-coupled
receptors (76, 77)] and the self-assembly/function of other
proteins [e.g., integrin ollbB3 (78)] are susceptible to
inhibition by externally added natural and/or de novo-
designed TM peptide analogues. Specific inhibition of
enzymatic activity of the homotrimeric E. coli diacylglycerol
kinase (DAGK) by a TM segment analogue has also been
demonstrated (79). A Lys-tagged peptide corresponding to
the DAGK TM2 sequence (Table 1) was able to self-
assemble and form heterodimers with full-length DAGK on
PAGE and also inhibited the protein’s activity in a dose-
dependent manner, whereas peptides derived from TM1 and
TM3 were benign toward DAGK assembly/function. Al-
though poor aqueous solubility and in vivo degradation
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FIGURE 4: Self-assembly of Hsmr single-TM peptide TM4. See Table 1 for peptide sequences. (a) Electrophoretic separation of wild-type
and mutant Hsmr TM4 peptides in SPFO demonstrates varying oligomeric states of the peptide library. Native TM4 (indicated as WT)
migrates as a tetramer. (b) Residue replacements made on the Ala-Val and Gly faces of TM4, depicted in a helical wheel projection, are
colored yellow and green, respectively. (c) FRET spectra of TM4 peptides in SDS micelles. Fluorescently tagged TM4 exhibits unquenched
fluorescence when mixed in a 1:1 ratio with unlabeled peptide (black line); fluorescence reduction in a 1:1 mixture of fluorescently tagged
TM4 peptide with a quencher-tagged TM4 peptide (red line) indicates that FRET has occurred and the two peptides self-associate. Upon
addition of the unlabeled peptide, FRET is reduced in magnitude (green line), indicating that self-association is not an aggregative process.
(d) FRET of TM peptides in SPFO micelles. Emission from a fluorescently tagged TM4 peptide is reduced as the mole fraction of quencher-
tagged TM4 peptide increases (black squares); fits to this curve indicate a TM4 self-association stoichiometry of 3.2 & 0.4. A corresponding
TM1 donor/acceptor FRET pair exhibits no quenching (gray circles), indicating that the TM1 peptide is monomeric. (¢) Hsmr TM peptides

(except TM2) display helical circular dichroism (CD) spectra in SPFO. Adapted from ref 46.

remain challenges in the therapeutic application of TM
peptides, peptide-based drug molecules, which that may be
synthesized using D-enantiomers to reduce degradation, have
shown promise in animal models (80, 81).

Folding of Small Multidrug Resistance Proteins. The
demonstrated utility of TM sequences to mimic native
helix—helix interactions led us to examine the basis of
assembly of small multidrug resistance proteins (SMRs),
four-TM segment prokaryotic drug/proton antiporters that
confer clinically significant resistance via their ability to
efflux toxicants (reviewed in ref 82). As relatively small
proteins (ca. 110 residues), SMR monomers must self-
assemble with at least dimeric stoichiometry to confer drug
resistance. To discover the loci of assembly, four TM
peptides corresponding to the individual TM segments of
SMR family member Hsmr were synthesized and examined
for their interactivity in micelles (46). Among these single-
TM peptides, Hsmr TM4 (Table 1) formed discrete dimers
in SDS and assembled into tetramers in the more permissive
detergent sodium perfluorooctanoate (SPFO) (Figure 4a).
This phenomenon is geometrically explicable only if two
mutationally defined binding faces of the single-TM peptide
participate in its self-assembly (Figure 4b). Association of
such a “two-faced” TM4 peptide into a largely tetrameric

form in SPFO (while TM1 remains monomeric) was sup-
ported by FRET experiments (Figure 4c,d), while CD spectra
confirmed TM4 helicity in SPFO micelles (Figure 4e). This
work suggests that disruption of TM4 interactions might
provide the most readily accessible target for peptides that
could inhibit SMR-based drug resistance in bacteria.

The geometric constraints in peptide assembly displayed
by the TM4 peptides of Hsmr, particularly the notion of
the utilization of two faces of a single-TM helix to build
oligomeric structures, raised the possibility that certain
geometric and sequence cues for self-regulated TM peptide
assembly should be discerned in the extant membrane
protein structural database (83, 84). By considering each
TM segment as a rigid body (83), we found that (i) three
classes of assembly describe all available membrane
protein structures (Figure 5, top) and (ii) the proteins that
sort into each class are distinguished by stoichiometry and
sequence (see Figure 5, bottom, for examples). For
example, type III structures have >2-fold higher stoichi-
ometry than type II proteins, whereas type II structures
have ~4-fold more TM segments per monomer unit. This
research further showed that two of these types segregate
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FIGURE 5: Three categories of helix—helix contacts describe membrane protein dimers and oligomers. In the top panel, assembly is diagrammed
with a model three-helix bundle monomer, where circles represent end-on views of single-TM helices, connecting loops are shown as solid
lines, dots (¢) indicate a helix orientation with the C-terminus pointing out of the page, and crosses (x) indicate N- to C-terminal helix
orientation with the N-terminus pointing toward the reader. Gray shading indicates helices with their C-termini toward the reader. Helix
faces bridging chains are rendered in various colors. In type I (symmetric complexes), a single helix face (blue) contacts its counterpart on
an equivalent/homologous helix. Type II structures (nonsymmetric complexes) assemble via contacts between faces (orange and purple) of
two or more nonequivalent/nonidentical helices. In type III (asymmetric complexes), two distinct interactive surfaces (green and gold)
found on the same equivalent helix make “two-faced” contacts such that each retains an interaction-competent face when matched with its
counterpart in another monomer. In the bottom panel are examples of proteins assembled according to classification types [—III. Residues
that mediate intermonomer contacts of each protein are color-coded to correspond to their type classification. Note that type III (asymmetric)
corresponds to the “two-faced” assembly mode suggested to underlie Hsmr self-association. Adapted from ref §3.

with protein function: Type II produces energy-dependent the roles of protein TM domains but also constitute an
transporters, while type III builds channels for passive attractive approach for the design of therapeutic membrane
diffusion. protein modulators. It should be noted, however, that the

self-association behavior of a single-TM peptide excised from
CONCLUSION a polytopic membrane protein may not always reproduce its

behavior in its native protein context. Despite this caveat,
peptide models may still be successfully applied in experi-
mental methodologies not readily accessible to full-length
polytopic membrane proteins. In concert with the judicious
design of peptide sequence and choice of appropriate

Production of individual TM sequences as peptides has
greatly facilitated the study of the sequence determinants and
interactions that stabilize membrane protein assembly. The
advantages of these peptide models of membrane protein
folding lie in their ability to replicate native helix—helix

contacts, in their ability to be produced in sufficient quantities membrane-mimetic media, the helix—helix interactions
for biophysical analysis, and in their amenability to structural observed in these peptides may be expected to closely
studies by a variety of experimental techniques. As shown approximate the TM domain interactions in their native

here, TM peptides not only provide specific tools for probing structures.



Current Topics

REFERENCES

1.

10.

11.

12.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Wallin, E., and von Heijne, G. (1998) Genome-wide analysis of
integral membrane proteins from eubacterial, archaean, and
eukaryotic organisms. Protein Sci. 7, 1029-1038.

. Yildirim, M. A., Goh, K. I., Cusick, M. E., Barabasi, A. L., and

Vidal, M. (2007) Drug-target network. Nat. Biotechnol. 25, 1119—
1126.

. White, S. H. (2004) The progress of membrane protein structure

determination. Protein Sci. 13, 1948—1949.

. Liao, M. J,, London, E., and Khorana, H. G. (1983) Regeneration

of the native bacteriorhodopsin structure from two chymotryptic
fragments. J. Biol. Chem. 258, 9949-9955.

. Popot, J. L., Gerchman, S. E., and Engelman, D. M. (1987)

Refolding of bacteriorhodopsin in lipid bilayers. A thermody-
namically controlled two-stage process. J. Mol. Biol. 198, 655—
676.

. Kahn, T. W., and Engelman, D. M. (1992) Bacteriorhodopsin can

be refolded from two independently stable transmembrane helices
and the complementary five-helix fragment. Biochemistry 31,
6144-6151.

. Yu, H., Kono, M., McKee, T. D., and Oprian, D. D. (1995) A

general method for mapping tertiary contacts between amino acid
residues in membrane-embedded proteins. Biochemistry 34,
14963-14969.

. Marti, T. (1998) Refolding of bacteriorhodopsin from expressed

polypeptide fragments. J. Biol. Chem. 273, 9312-9322.

. Berkower, C., and Michaelis, S. (1991) Mutational analysis of

the yeast a-factor transporter STE6, a member of the ATP binding
cassette (ABC) protein superfamily. EMBO J. 10, 3777-3785.
Zen, K. H., McKenna, E., Bibi, E., Hardy, D., and Kaback, H. R.
(1994) Expression of lactose permease in contiguous fragments
as a probe for membrane-spanning domains. Biochemistry 33,
8198-8206.

Schoneberg, T., Liu, J., and Wess, J. (1995) Plasma membrane
localization and functional rescue of truncated forms of a G
protein-coupled receptor. J. Biol. Chem. 270, 18000-18006.
Karasawa, A., Mitsui, K., Matsushita, M., and Kanazawa, H.
(2007) Functional assembly of the Na™/H™ antiporter of Helico-
bacter pylori from partial fragments in vivo. Biochemistry 46,
14272-14283.

. Popot, J. L., and Engelman, D. M. (1990) Membrane protein

folding and oligomerization: The two-stage model. Biochemistry
29, 4031-4037.

Choma, C., Gratkowski, H., Lear, J. D., and DeGrado, W. F.
(2000) Asparagine-mediated self-association of a model trans-
membrane helix. Nat. Struct. Biol. 7, 161-166.

Gratkowski, H., Lear, J. D., and DeGrado, W. F. (2001) Polar
side chains drive the association of model transmembrane
peptides. Proc. Natl. Acad. Sci. U.S.A. 98, 880-885.

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

Zhou, F. X., Merianos, H. J., Brunger, A. T., and Engelman, D. M.
(2001) Polar residues drive association of polyleucine transmem-
brane helices. Proc. Natl. Acad. Sci. U.S.A. 98, 2250-2255.

. Ruan, W., Lindner, E., and Langosch, D. (2004) The interface of

a membrane-spanning leucine zipper mapped by asparagine-
scanning mutagenesis. Protein Sci. 13, 555-559.

Dawson, J. P., Melnyk, R. A., Deber, C. M., and Engelman, D. M.
(2003) Sequence context strongly modulates association of polar
residues in transmembrane helices. J. Mol. Biol. 331, 255-262.
Call, M. E., Pyrdol, J., Wiedmann, M., and Wucherpfennig, K. W.
(2002) The organizing principle in the formation of the T cell
receptor-CD3 complex. Cell 111, 967-979.

Call, M. E., Schnell, J. R., Xu, C., Lutz, R. A., Chou, J. J., and
Wucherpfennig, K. W. (2006) The structure of the zetazeta
transmembrane dimer reveals features essential for its assembly
with the T cell receptor. Cell 127, 355-368.

Sal-Man, N., Gerber, D., and Shai, Y. (2005) The identification
of a minimal dimerization motif QXXS that enables homo- and
hetero-association of transmembrane helices in vivo. J. Biol.
Chem. 280, 27449-27457.

Dawson, J. P., Weinger, J. S., and Engelman, D. M. (2002) Motifs
of serine and threonine can drive association of transmembrane
helices. J. Mol. Biol. 316, 799-805.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Biochemistry, Vol. 48, No. 14, 2009 3043

Johnson, R. M., Hecht, K., and Deber, C. M. (2007) Aromatic
and cation-7r interactions enhance helix-helix association in a
membrane environment. Biochemistry 46, 9208-9214.
Sal-Man, N., Gerber, D., Bloch, L., and Shai, Y. (2007) Specificity
in transmembrane helix-helix interactions mediated by aromatic
residues. J. Biol. Chem. 282, 19753-19761.

Hong, H., Park, S., Jimenez, R. H., Rinehart, D., and Tamm, L. K.
(2007) Role of aromatic side chains in the folding and thermo-
dynamic stability of integral membrane proteins. J. Am. Chem.
Soc. 129, 8320-8327.

Stouffer, A. L., Acharya, R., Salom, D., Levine, A. S., Di
Costanzo, L., Soto, C. S., Tereshko, V., Nanda, V., Stayrook, S.,
and DeGrado, W. F. (2008) Structural basis for the function and
inhibition of an influenza virus proton channel. Nature 451, 596—
599.

Bocharov, E. V., Mineev, K. S., Volynsky, P. E., Ermolyuk, Y. S.,
Tkach, E. N., Sobol, A. G., Chupin, V. V., Kirpichnikov, M. P,
Efremov, R. G., and Arseniev, A. S. (2008) Spatial structure of
the dimeric transmembrane domain of the growth factor receptor
ErbB2 presumably corresponding to the receptor active state.
J. Biol. Chem. 283, 6950-6956.

Walters, R. F., and DeGrado, W. F. (2006) Helix-packing motifs
in membrane proteins. Proc. Natl. Acad. Sci. U.S.A. 103, 13658—
13663.

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

Senes, A., Ubarretxena-Belandia, 1., and Engelman, D. M. (2001)
The Co.—H:**+O hydrogen bond: A determinant of stability and
specificity in transmembrane helix interactions. Proc. Natl. Acad.
Sci. U.S.A. 98, 9056-9061.

Arbely, E., and Arkin, I. T. (2004) Experimental measurement
of the strength of a Caa—H-+++O bond in a lipid bilayer. J. Am.
Chem. Soc. 126, 5362-5363.

Lear, J. D., Stouffer, A. L., Gratkowski, H., Nanda, V., and
Degrado, W. F. (2004) Association of a model transmembrane
peptide containing gly in a heptad sequence motif. Biophys. J.
87, 3421-34209.

Arkin, I. T., Adams, P. D., MacKenzie, K. R., Lemmon, M. A.,
Brunger, A. T., and Engelman, D. M. (1994) Structural organiza-
tion of the pentameric transmembrane a-helices of phospholam-
ban, a cardiac ion channel. EMBO J. 13, 4757-4764.
Simmerman, H. K., Kobayashi, Y. M., Autry, J. M., and Jones,
L. R. (1996) A leucine zipper stabilizes the pentameric membrane
domain of phospholamban and forms a coiled-coil pore structure.
J. Biol. Chem. 271, 5941-5946.

Kyte, J., and Doolittle, R. F. (1982) A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157, 105-132.

Engelman, D. M., Steitz, T. A., and Goldman, A. (1986)
Identifying nonpolar transbilayer helices in amino acid sequences
of membrane proteins. Annu. Rev. Biophys. Biophys. Chem. 15,
321-353.

von Heijne, G. (1992) Membrane protein structure prediction.
Hydrophobicity analysis and the positive-inside rule. J. Mol. Biol.
225, 487-494.

Deber, C. M., Wang, C., Liu, L. P., Prior, A. S., Agrawal, S.,
Muskat, B. L., and Cuticchia, A. J. (2001) TM Finder: A
prediction program for transmembrane protein segments using a
combination of hydrophobicity and nonpolar phase helicity scales.
Protein Sci. 10, 212-219.

Tusnady, G. E., and Simon, 1. (1998) Principles governing amino
acid composition of integral membrane proteins: Application to
topology prediction. J. Mol. Biol. 283, 489-506.

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L.
(2001) Predicting transmembrane protein topology with a hidden
Markov model: Application to complete genomes. J. Mol. Biol.
305, 567-580.

Jones, D. T. (2007) Improving the accuracy of transmembrane
protein topology prediction using evolutionary information. Bio-
informatics 23, 538-544.

Shen, H., and Chou, J. J. (2008) MemBrain: Improving the
accuracy of predicting transmembrane helices. PLoS ONE 3,
€2399.

Melnyk, R. A., Partridge, A. W., Yip, J., Wu, Y., Goto, N. K.,
and Deber, C. M. (2003) Polar residue tagging of transmembrane
peptides. Biopolymers 71, 675-685.

Melnyk, R. A., Partridge, A. W., and Deber, C. M. (2001)
Retention of native-like oligomerization states in transmembrane



3044  Biochemistry, Vol. 48, No. 14, 2009

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

segment peptides: Application to the Escherichia coli aspartate
receptor. Biochemistry 40, 11106—11113.

Rath, A., Melnyk, R. A., and Deber, C. M. (2006) Evidence for
assembly of small multidrug resistance proteins by a “two-faced”
transmembrane helix. J. Biol. Chem. 281, 15546-15553.

Oates, J., Hicks, M., Dafforn, T. R., DiMaio, D., and Dixon, A. M.
(2008) In vitro dimerization of the bovine papillomavirus ES
protein transmembrane domain. Biochemistry 47, 8985-8992.
Gan, S. W., Xin, L., and Torres, J. (2007) The transmembrane
homotrimer of ADAM 1 in model lipid bilayers. Protein Sci. 16,
285-292.

Torres, J., Wang, J., Parthasarathy, K., and Liu, D. X. (2005)
The transmembrane oligomers of coronavirus protein E. Biophys.
J. 88, 1283-1290.

Parthasarathy, K., Ng, L., Lin, X., Liu, D. X., Pervushin, K., Gong,
X., and Torres, J. (2008) Structural flexibility of the pentameric
SARS coronavirus envelope protein ion channel. Biophys. J. 95,
L39-L41.

Lew, S., Caputo, G. A., and London, E. (2003) The effect of
interactions involving ionizable residues flanking membrane-
inserted hydrophobic helices upon helix-helix interaction. Bio-
chemistry 42, 10833-10842.

Iwamoto, T., You, M., Li, E., Spangler, J., Tomich, J. M., and
Hristova, K. (2005) Synthesis and initial characterization of
FGFR3 transmembrane domain: Consequences of sequence
modifications. Biochim. Biophys. Acta 1668, 240-247.
Lemmon, M. A., Flanagan, J. M., Treutlein, H. R., Zhang, J.,
and Engelman, D. M. (1992) Sequence specificity in the dimer-
ization of transmembrane o-helices. Biochemistry 31, 12719—
12725.

Cunningham, F., and Deber, C. M. (2007) Optimizing synthesis
and expression of transmembrane peptides and proteins. Methods
(San Diego, CA, U.S.) 41, 370-380.

Cohen, L. S., Arshava, B., Estephan, R., Englander, J., Kim, H.,
Hauser, M., Zerbe, O., Ceruso, M., Becker, J. M., and Naider, F.
(2008) Expression and biophysical analysis of two double-
transmembrane domain-containing fragments from a yeast G
protein-coupled receptor. Biopolymers 90, 117-130.

Luo, S. Z., and Li, R. (2008) Specific heteromeric association of
four transmembrane peptides derived from platelet glycoprotein
Ib-IX complex. J. Mol. Biol. 382, 448-457.

Duong, M. T., Jaszewski, T. M., Fleming, K. G., and MacKenzie,
K. R. (2007) Changes in apparent free energy of helix-helix
dimerization in a biological membrane due to point mutations. J.
Mol. Biol. 371, 422-434.

Rath, A., Glibowicka, M., Nadeau, V. G., Chen, G., and Deber,
C. M. (2009) Detergent binding explains anomalous SDS-PAGE
migration of membrane proteins. Proc. Natl. Acad. Sci. U.S.A.
106, 1760-1765.

Fleming, K. G. (2008) Determination of membrane protein
molecular weight using sedimentation equilibrium analytical
ultracentrifugation. In Current protocols in protein science
(Coligan, J. E., et al., Eds.) Chapter 7, Unit 7, pp 11—17.
Burgess, N. K., Stanley, A. M., and Fleming, K. G. (2008)
Determination of membrane protein molecular weights and
association equilibrium constants using sedimentation equilibrium
and sedimentation velocity. Methods Cell Biol. 84, 181-211.
Cristian, L., Lear, J. D., and DeGrado, W. F. (2003) Use of thiol-
disulfide equilibria to measure the energetics of assembly of
transmembrane helices in phospholipid bilayers. Proc. Natl. Acad.
Sci. U.S.A. 100, 14772-14777.

Cristian, L., Lear, J. D., and DeGrado, W. F. (2003) Determination
of membrane protein stability via thermodynamic coupling of
folding to thiol-disulfide interchange. Protein Sci. 12, 1732—1740.
North, B., Cristian, L., Fu Stowell, X., Lear, J. D., Saven, J. G.,
and Degrado, W. F. (2006) Characterization of a membrane
protein folding motif, the Ser zipper, using designed peptides. J.
Mol. Biol. 359, 930-939.

Li, E., You, M., and Hristova, K. (2005) Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and forster resonance energy
transfer suggest weak interactions between fibroblast growth factor
receptor 3 (FGFR3) transmembrane domains in the absence of
extracellular domains and ligands. Biochemistry 44, 352-360.
You, M., Li, E., Wimley, W. C., and Hristova, K. (2005) Forster
resonance energy transfer in liposomes: Measurements of trans-
membrane helix dimerization in the native bilayer environment.
Anal. Biochem. 340, 154-164.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Current Topics

Johnson, R. M., Heslop, C. L., and Deber, C. M. (2004)
Hydrophobic helical hairpins: Design and packing interactions
in membrane environments. Biochemistry 43, 14361-14369.
Melnyk, R. A., Kim, S., Curran, A. R., Engelman, D. M., Bowie,
J. U., and Deber, C. M. (2004) The affinity of GXXXG motifs in
transmembrane helix-helix interactions is modulated by long-range
communication. J. Biol. Chem. 279, 16591-16597.

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

Johnson, R. M., Rath, A., and Deber, C. M. (2006) The position
of the Gly-xxx-Gly motif in transmembrane segments modulates
dimer affinity. Biochem. Cell Biol. 84, 1006—-1012.
Gilles-Gonzalez, M. A., Engelman, D. M., and Khorana, H. G.
(1991) Structure-function studies of bacteriorhodopsin XV. Effects
of deletions in loops B-C and E-F on bacteriorhodopsin chro-
mophore and structure. J. Biol. Chem. 266, 8545-8550.

Kahn, T. W., Sturtevant, J. M., and Engelman, D. M. (1992)
Thermodynamic measurements of the contributions of helix-
connecting loops and of retinal to the stability of bacteriorho-
dopsin. Biochemistry 31, 8829-8839.

Teufel, M., Pompejus, M., Humbel, B., Friedrich, K., and Fritz,
H. J. (1993) Properties of bacteriorhodopsin derivatives con-
structed by insertion of an exogenous epitope into extra-membrane
loops. EMBO J. 12, 3399-3408.

Allen, S. J., Kim, J. M., Khorana, H. G., Lu, H., and Booth, P. J.
(2001) Structure and function in bacteriorhodopsin: The effect
of the interhelical loops on the protein folding kinetics. J. Mol.
Biol. 308, 423-435.

Kim, J. M., Booth, P. J., Allen, S. J., and Khorana, H. G. (2001)
Structure and function in bacteriorhodopsin: The role of the
interhelical loops in the folding and stability of bacteriorhodopsin.
J. Mol. Biol. 308, 409-422.

Therien, A. G., Grant, F. E., and Deber, C. M. (2001) Interhelical
hydrogen bonds in the CFTR membrane domain. Nat. Struct. Biol.
8, 597-601.

Hebert, T. E., Moffett, S., Morello, J. P., Loisel, T. P., Bichet,
D. G., Barret, C., and Bouvier, M. (1996) A peptide derived from
a [32-adrenergic receptor transmembrane domain inhibits both
receptor dimerization and activation. J. Biol. Chem. 271, 16384—
16392.

Tarasova, N. I., Rice, W. G., and Michejda, C. J. (1999) Inhibition
of G-protein-coupled receptor function by disruption of trans-
membrane domain interactions. J. Biol. Chem. 274, 34911-34915.
Yin, H., Slusky, J. S., Berger, B. W., Walters, R. S., Vilaire, G.,
Litvinov, R. L, Lear, J. D., Caputo, G. A., Bennett, J. S., and
DeGrado, W. F. (2007) Computational design of peptides that
target transmembrane helices. Science 315, 1817-1822.
Partridge, A. W., Melnyk, R. A., Yang, D., Bowie, J. U., and
Deber, C. M. (2003) A transmembrane segment mimic derived
from Escherichia coli diacylglycerol kinase inhibits protein
activity. J. Biol. Chem. 278, 22056-22060.

Andreev, O. A., Dupuy, A. D., Segala, M., Sandugu, S., Serra,
D. A., Chichester, C. O., Engelman, D. M., and Reshetnyak, Y. K.
(2007) Mechanism and uses of a membrane peptide that targets
tumors and other acidic tissues in vivo. Proc. Natl. Acad. Sci.
U.S.A. 104, 7893-7898.

Gerber, D., Quintana, F. J., Bloch, 1., Cohen, I. R., and Shai, Y.
(2005) p-enantiomer peptide of the TCRo transmembrane domain
inhibits T-cell activation in vitro and in vivo. FASEB J. 19, 1190—
1192.

Bay, D. C., Rommens, K. L., and Turner, R. J. (2008) Small
multidrug resistance proteins: A multidrug transporter family that
continues to grow. Biochim. Biophys. Acta 1778, 1814—1838.
Rath, A., and Deber, C. M. (2007) Membrane protein assembly
patterns reflect selection for non-proliferative structures. FEBS
Lett. 581, 1335-1341.

Rath, A., and Deber, C. M. (2008) Surface recognition elements
of membrane protein oligomerization. Proteins 70, 786-793.
Fleming, K. G., and Engelman, D. M. (2001) Specificity in
transmembrane helix-helix interactions can define a hierarchy of
stability for sequence variants. Proc. Natl. Acad. Sci. U.S.A. 98,
14340-14344.

Deber, C. M., Khan, A. R., Li, Z., Joensson, C., Glibowicka, M.,
and Wang, J. (1993) Val — Ala mutations selectively alter helix-
helix packing in the transmembrane segment of phage M13 coat
protein. Proc. Natl. Acad. Sci. U.S.A. 90, 11648—11652.



Current Topics

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Melnyk, R. A., Partridge, A. W., and Deber, C. M. (2002)
Transmembrane domain mediated self-assembly of major coat
protein subunits from Ff bacteriophage. J. Mol. Biol. 315, 63—
72.

Plotkowski, M. L., Kim, S., Phillips, M. L., Partridge, A. W.,
Deber, C. M., and Bowie, J. U. (2007) Transmembrane domain
of myelin protein zero can form dimers: Possible implications
for myelin construction. Biochemistry 46, 12164—12173.
Mendrola, J. M., Berger, M. B., King, M. C., and Lemmon, M. A.
(2002) The single transmembrane domains of ErbB receptors self-
associate in cell membranes. J. Biol. Chem. 277, 4704-4712.
Gerber, D., Sal-Man, N., and Shai, Y. (2004) Two motifs within
a transmembrane domain, one for homodimerization and the other
for heterodimerization. J. Biol. Chem. 279, 21177-21182.
Sulistijo, E. S., Jaszewski, T. M., and MacKenzie, K. R. (2003)
Sequence-specific dimerization of the transmembrane domain of
the “BH3-only” protein BNIP3 in membranes and detergent.
J. Biol. Chem. 278, 51950-51956.

Sulistijo, E. S., and MacKenzie, K. R. (2006) Sequence depen-
dence of BNIP3 transmembrane domain dimerization implicates
side-chain hydrogen bonding and a tandem GxxxG motif in
specific helix-helix interactions. J. Mol. Biol. 364, 974-990.
Bocharov, E. V., Pustovalova, Y. E., Pavlov, K. V., Volynsky,
P. E., Goncharuk, M. V., Ermolyuk, Y. S., Karpunin, D. V.,
Schulga, A. A., Kirpichnikov, M. P., Efremov, R. G., Maslen-
nikov, I. V., and Arseniev, A. S. (2007) Unique dimeric structure
of BNip3 transmembrane domain suggests membrane permeabi-
lization as a cell death trigger. J. Biol. Chem. 282, 16256—16266.
McClain, M. S., Iwamoto, H., Cao, P., Vinion-Dubiel, A. D., Li,
Y., Szabo, G., Shao, Z., and Cover, T. L. (2003) Essential role
of a GXXXG motif for membrane channel formation by Heli-
cobacter pylori vacuolating toxin. J. Biol. Chem. 278, 12101-
12108.

Roth, L., Nasarre, C., Dirrig-Grosch, S., Aunis, D., Cremel, G.,
Hubert, P., and Bagnard, D. (2008) Transmembrane domain
interactions control biological functions of neuropilin-1. Mol. Biol.
Cell 19, 646-654.

Dews, I. C., and Mackenzie, K. R. (2007) Transmembrane
domains of the syndecan family of growth factor coreceptors
display a hierarchy of homotypic and heterotypic interactions.
Proc. Natl. Acad. Sci. U.S.A. 104, 20782-20787.

Artemenko, E. O., Egorova, N. S., Arseniev, A. S., and Feofanov,
A. V. (2008) Transmembrane domain of EphAl receptor forms
dimers in membrane-like environment. Biochim. Biophys. Acta
1778, 2361-2367.

Bocharov, E. V., Mayzel, M. L., Volynsky, P. E., Goncharuk,
M. V., Ermolyuk, Y. S., Schulga, A. A., Artemenko, E. O.,
Efremov, R. G., and Arseniev, A. S. (2008) Spatial structure and
pH-dependent conformational diversity of dimeric transmembrane
domain of the receptor tyrosine kinase EphAl. J. Biol. Chem.
283, 29385-29395.

Unterreitmeier, S., Fuchs, A., Schaffler, T., Heym, R. G.,
Frishman, D., and Langosch, D. (2007) Phenylalanine promotes
interaction of transmembrane domains via GxxxG motifs. J. Mol.
Biol. 374, 705-718.

Herrmann, J. R., Panitz, J. C., Unterreitmeier, S., Fuchs, A.,
Frishman, D., and Langosch, D. (2009) Complex patterns of
histidine, hydroxylated amino acids and the GxxxG motif mediate
high-affinity transmembrane domain interactions. J. Mol. Biol.
385, 912-923.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Biochemistry, Vol. 48, No. 14, 2009 3045

Chin, C. N., Sachs, J. N., and Engelman, D. M. (2005) Trans-
membrane homodimerization of receptor-like protein tyrosine
phosphatases. FEBS Lett. 579, 3855-3858.

Oxenoid, K., and Chou, J. J. (2005) The structure of phospho-
lamban pentamer reveals a channel-like architecture in mem-
branes. Proc. Natl. Acad. Sci. U.S.A. 102, 10870-10875.
Howard, K. P., Lear, J. D., and DeGrado, W. F. (2002) Sequence
determinants of the energetics of folding of a transmembrane four-
helix-bundle protein. Proc. Natl. Acad. Sci. U.S.A. 99, 8568-8572.
Schnell, J. R., and Chou, J. J. (2008) Structure and mechanism
of the M2 proton channel of influenza A virus. Nature 451, 591—
595.

Go, M. Y., Kim, S., Partridge, A. W., Melnyk, R. A., Rath, A,
Deber, C. M., and Mogridge, J. (2006) Self-association of the
transmembrane domain of an anthrax toxin receptor. J. Mol. Biol.
360, 145-156.

Elbaz, Y., Salomon, T., and Schuldiner, S. (2008) Identification
of a glycine motif required for packing in EmrE, a multidrug
transporter from Escherichia coli. J. Biol. Chem. 283, 12276—
12283.

Dixon, A. M., Stanley, B. J., Matthews, E. E., Dawson, J. P.,
and Engelman, D. M. (2006) Invariant chain transmembrane
domain trimerization: A step in MHC class II assembly. Bio-
chemistry 45, 5228-5234.

Kjaer, S., Kurokawa, K., Perrinjaquet, M., Abrescia, C., and
Ibanez, C. F. (2006) Self-association of the transmembrane domain
of RET underlies oncogenic activation by MEN2A mutations.
Oncogene 25, 7086-7095.

Therien, A. G., and Deber, C. M. (2002) Oligomerization of a
peptide derived from the transmembrane region of the sodium
pump gamma subunit: Effect of the pathological mutation G41R.
J. Mol. Biol. 322, 583-550.

Huber, O., Kemler, R., and Langosch, D. (1999) Mutations
affecting transmembrane segment interactions impair adhesiveness
of E-cadherin. J. Cell Sci. 112 (Part 23), 4415-4423.
Thevenin, D., Lazarova, T., Roberts, M. F., and Robinson, C. R.
(2005) Oligomerization of the fifth transmembrane domain from
the adenosine A2A receptor. Protein Sci. 14, 2177-2186.
Prodohl, A., Weber, M., Dreher, C., and Schneider, D. (2007) A
mutational study of transmembrane helix-helix interactions.
Biochimie 89, 1433-1437.

Ridder, A., Skupjen, P., Unterreitmeier, S., and Langosch, D.
(2005) Tryptophan supports interaction of transmembrane helices.
J. Mol. Biol. 354, 894-902.

Gorman, P. M., Kim, S., Guo, M., Melnyk, R. A., McLaurin, J.,
Fraser, P. E., Bowie, J. U., and Chakrabartty, A. (2008) Dimer-
ization of the transmembrane domain of amyloid precursor
proteins and familial Alzheimer’s disease mutants. BMC Neurosci.
9, 17.

Jenei, Z. A., Borthwick, K., Zammit, V. A., and Dixon, A. M.
(2009) Self-association of transmembrane domain 2 (TM2), but
not TM1, in carnitine palmitoyltransferase 1A: Role of GXXX-
G(A) motifs. J. Biol. Chem. 284, 6988—6997.

Walkenhorst, W. F., Merzlyakov, M., Hristova, K., and Wimley,
W. C. (2009) Polar residues in transmembrane helices can
decrease electrophoretic mobility in polyacrylamide gels without
causing helix dimerization. Biochim. Biophys. Acta., Epub ahead
of print.

BI900184J



