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Introduction ments that traverse the membrane. In addition, NMR
studies [197] and electron microscopy [90, 188] have
Elucidating the principles that govern the interaction be-been utilized to obtain important information, although
tween proteins and membranes as well as understandingostly limited, on the structure and organization of
the molecular forces underlying peptide-peptide interacimembrane proteins. However, whereas high-resolution
tions within the lipid environment are major goals in structures are available for a myriad of soluble proteins,
biology. Both types of interactions play key roles in nu- three-dimensional structures were obtained for only a
merous biological events that take place in the cell memfew membrane proteins. The list includes bacteriorho-
brane. Several examples include energy metabolisntopsin, halorhodopsin, rhodopsin, the photosynthetic re-
muscle contraction, nutrient absorption, signal transducaction center, the light-harvesting complex, photosystem
tion, killing of bacteria, infection by viruses and a variety I, porin, and the nicotinic acetylcholine receptor (re-
of other processes. Proteins that have evolved to particiviewed in [19, 103, 161, 189, 202, 203]). Recently, the
pate in these events can be classified into three majgstructure of the nicotinic acetylcholine receptor was re-
groups: (i) water-soluble proteins that undergo substansolved at 4.6 A resolution using electron microscopy
tial conformational changes to allow them to interact and[121]. X-ray diffraction was used to determine the struc-
insert into the membrane (e.g., pore-forming toxins), (ii)ture of the light-driven chloride pump halorhodopsin
integral membrane proteins that can fold into active[87], an NK cell immunoglobulin-like receptor in com-
forms within the membrane (e.g., ion channels, transplex with its class | MHC ligand [21], and a calcium
porters, and receptors), and (iii) proteins containing bottpump from the sarcoplasmic reticulum [186]. Other
integral parts and water/membrane soluble regions (e.gstudies reported the structure of only membrane-inserted
envelope proteins of viruses). domains of membrane proteins. These include the X-ray
Knowing the structure of membrane proteins is astructures of the pore-forming domains of a potassium
major step toward understanding their function. Se-channel fromStreptomyces lividansrystallized from
guencing membrane proteins, similarly to water-solublemicelles [36], the NMR structure of the M2 channel-
proteins, has become relatively straightforward by cDNAlining segments from nicotinic acetylcholine and NMDA
cloning. In addition, hydropathy plots and related algo-receptors [122], and the NMR structure of the transmem-
rithms [38, 100, 155, 192, 193, 203], computationalbrane helix of glycophorin A [109]. The limited number
models [24, 64], as well as site-directed mutagenesi®f known 3-D structures from membrane proteins is
combined with functional studies have been used to premainly due to difficulties in crystallizing membrane pro-
dict the topology of membrane proteins, i.e., the seg+eins in their native environment. As a result, the mecha-
nism by which membrane proteins function, e.g., trans-
mit solutes, ions or specific information through the bi-
layer of the cell, is in general not known.
Key words: Membrane fusion — lon channels — Antimicrobial pep- Spectrofluorimetric approaches have also been used
tides — Lytic peptide — Pore-forming toxins for many years to get insight into the structure, organi-
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zation and dynamics of membrane proteins. In thesdorces between different domains within the membrane-
studies, specific amino acids were labeled with fluores-inserted regions of a protein are able to maintain the
cent probes and energy transfer was recorded. Sudinree-dimensional structure when the peptide backbone
studies were conducted with both water/membraneis not intact. Most intriguing were the observations that
soluble proteins such as colicins [32, 212], and integraisolated transmembrane helices of membrane proteins
membrane proteins such as potassium channels [25, 63jan assemble in vitro within a bilayer environment into
A promising approach, which has been utilized in functional proteins. Examples are: bacteriorhodopsin
the last decade to get insight into the structure and funcf79, 107, 112, 144], lactose permeasdstherichia coli
tion of membrane proteins, is based on studying noncof16, 159], the b-adrenergic receptor [86], a voltage-
valently linked fragments of membrane proteins. Manygated anion channel [162], and the anion transport do-
of such studies were carried out showing that transmemmain of human red cell band 3 (AE1) [67]. These studies
brane segments of membrane proteins can coassembledftengthen the notion that fragments of membrane pro-
a specific manner and that these interactions can be usgins can adopt their native structure and, therefore, sup-
to predict the functional structure of membrane proteinsport a proposed “two-stage” model for membrane protein
Detailed studies revealing important information on thefolding and oligomerization [143, 144]. The model sug-
forces underlying peptide-peptide interaction within the gegis that the final structure in membranes results from
membrane milieu were conducted predominantly on selfy, packing of smaller elements, each of which reaches
association _of single transmembrar_le helices derive%ermodynamic equilibrium with the lipid and aqueous
from type I, integral m?‘mt,’ra”e proteins or'mod.el PEP"Hhase before packing. The model excludes structures in-
tlde_s. Studies along this line were summarized in man corporating transmembrane segments that are not indi-
reviews [3, 103, 104, 146, 166, 193, 203] and, thereforeVidually stable in the membrane, such gsheets (re-
will be only partially discussed in the present review. viewed in [104, 145, 146, 193]).’|ndeed, many studies

This review will foc_qs mainly on recent studies demon with transmembrane domains of proteins supported this
strating the specific hetero-assembly of membrane- .

. . heory. However, most of these studies were focused on
bound segments derived from integral and water

membrane soluble proteins, which led to a better predicEhe forces underlying the dimerization or homo-

tion of the correct organization of these proteins in theoligomerization of hydrophobic transmembrane helices

. ; ived from type | integral membrane proteins. The list
membrane-bound state. In addition, topics such as thgenve ype |
role of the lipid head group charge, and the chirality Ofmcludes glycophorin A [20, 104], T-cell receptors [18,

the peptide, on peptide-lipid and peptide-peptide inter-lll]',the a}spartate sensory re_ceptoEofcoll [108], the.
action within the membrane milieu, as well as the po-terSIne kinase receptor family [78, 178], the IsK ion
tential application of such information for interfering channel regulator [9, 11], and phospholamban [3]. An-
with the function of membrane proteins will be dis- Other group includes native membrane-interacting am-
cussed. Dissection of complex proteins into fragments i®hipathic peptides (hydrophobic and hydrophilic amino-
a promising approach that, in combination with both ex-acid side chains are segregated at opposite surfaces of a
perimental and theoretical studies on the full-length pro-n€lix) such as antimicrobial and cytolytic peptides, as
teins, provide important information regarding the struc-Well as membrane-inserted domains of pore-forming
tural and functional organization of membrane- Proteins [29, 48, 49, 51, 53, 54, 62, 124, 153, 165-167,
interacting proteins. 169, 179].
A major question is, what are the underlying forces
that dictate the specific assembly of membrane bound/
Peptide-Peptide Interaction within the inserted polypeptides? In the case of amphipatheli-
Membrane Milieu cal peptides, in which the hydrophilic face of the helices
is oriented toward the interior of the bundle, hydrogen
Integral membrane proteins are composed of extramentbonds and/or salt bridges are the predominant forces, as
braneous and membrane-embedded domains and can bas been shown with the M2 channel-lining segments
classified into two major groups: those that function asfrom nicotinic acetylcholine and NMDA receptors, by
monomers, and those that function as homo- or heteroNMR spectroscopy [122]. Other examples include: (i)
oligomers. It is assumed that the folding of the extra-the pore-forming amphipatic helix pardaxin [152], in
membraneous domains follows the same principles ashich neutralization of the three positive charges by
those of soluble proteins about which extensive literatureacetylation preserved the ability of the molecule to spe-
exists [63]. cifically assemble within the membrane, similarly to the
Several integral membrane proteins have beemative molecule [152]; and (ii) the amphipatic antimicro-
shown to maintain tertiary structures when the peptidebial peptide dermaseptin: substituting serine with aspar-
backbone was cleaved, and substrate binding and/or cattie acid in its hydrophilic face caused assembly of the
lytic activity was retained. These studies revealed thamutated peptide in model phospholipid membranes
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[179]. On the other hand, in hydrophobic transmem-with a Phe- Gly mutation at position 11 [148]. Other
brane helices, Van der Waals interactions have beemxamples will be discussed in detail in the following
gaining favor as the dominant forces, but increasing evisections.

dence has revealed that hydrogen bonding is also crucial

in a membrane environment. The following examples

will elaborate this point: (i) a model membrane-soluble The Role of the Charge of the Membrane Head

peptide was designed and found to associate in a mond2roup and Peptide Chirality on Peptide-Membrane
mer-dimer-trimer equilibrium, in which the trimer pre- @nd Peptide-Peptide Interaction within the

dominates at the highest peptide/detergent ratios. IntefM€mbrane Milieu

estingly, the oligomers are stabilized by a buried Asn o ) o
side chain. Mutation of this Asn to Val essentially elimi- Both zwitterionic and negatively charged phospholipids
nates oligomerization of the membrane-soluble peptide2® Present in biological membranes. In most cells there
Thus, within a membrane-like environment, interactions!S @n asymmetric distribution of the phospholipid head
involving a polar Asn side chain provide a strong ther-970UPS such that the internal surface of the cell is h|gh!y
modynamic driving force for membrane helix associa-N€gatively charged whereas the outer surface contains
tion [28]. (i) A model transmembrane helix was de- pfe‘?'om'”a”“Y zwitterionic head groups [191]. Ele_ctro—
signed based on the GCN4 leucine zipper. It was foundptatic interactions therefore play an important role in the

that in both detergent micelles and biological mem-Process of membrane binding. In the case of peptides

: TN with charge opposite to that of the membrane, the first
branes, helix association is driven strongly by hydrogen }ep in the binding process depends on electrostatic at-

bonding between asparagines, independent of the rest raction. The peptide concentration at the bilayer-water

the hydrophobic leucine and/or valine sequence. Ac- .
. . . __interface is related to the membrane-surface charge den-
cordingly, hydrogen bonding between membrane helices. )
. S ) Sity and can be estimated based on the Gouy-Chapman
provides stronger associations than the packing of sur

faces in glycophorin A helices [214]. (iii) NMR studies model (for a reviewseeMcLaughlin, 1989 [117]). The

of the dimeric ransmembrane demain of glycophorin Adn‘ference in the chemical standard potential of free and

bound peptide, expressed by a partition coefficient, and

(GpA) solubilized in aqueous detergent micelles demon-the effective charge of the peptide can be derived from

strated that Van der Waals interactions alone can mediatﬁ;]iS model [176]. After the initial binding, the peptide

stable and specific associations between transmembrage, jhsert deeper into the membrane. The extent of pen-
helices [109]. (iv) Transmembrane domains exhibitinggyration varies, depending on both the charged and hy-
hlgh-aff[nlty homo-ohgomenzatmn were selected from a drophobic groups present in the peptide and the mem-
randomized sequence library based on the right-handegiane |ipidic composition. Whereas positively charged
dlm_er!zanon motif of glycophor!n A. The most frequent peptides may remain close to negatively charged head
motif isolated, GxxxG, occurs in more than 80% of the groups, deeper insertion can be observed in zwitterionic
isolates. However, flanking residues were found to achjjayers [204]. In addition, electrostatic forces are also
in concert with the GxxxG motif, and the size comple- jmportant in determining the transmembrane orientation
mentarity was found to be maintained at the interfaceof integral membrane proteins, as expressed by the “posi-
consistent with the notion that the identified sequenceive-inside” rule for the distribution of basic residues on
patterns represent packing motifs [158]. (v) Deber etal.the cis relative to the trans side of the membrane-
[35] have shown that Val Ala mutations within the ef-  spanning alpha-helices [192]. In contrast, many studies
fective transmembrane segment of a model singlerevealed that peptide-peptide interactions within the
spanning membrane protein, namely the 50-residue mamembrane are usually independent of the charge of the
jor coat (gene VIII) protein of bacteriophage M13, have phospholipid head group, although the energy of binding
a sequence-dependent impact on the stabilization ahight be different. Several examples include: (i) The
membrane-embedded helical dimeric structures in SDSpore-forming lytic peptide pardaxin binds, organizes and
PAGE. permeates similarly both zwitterionic and negatively
Specific self-association within the membrane envi-charged phsopholipids [152, 153]; (ii) the amphipatic
ronment occurs also with peptides that do not predomihelix, 5, of the pore-forming protein insecticid&acil-
nantly form ana-helical structure. For example, the 33- lus thuringiensis-endotoxin self-associates and perme-
amino acid N-terminal fusion peptide of HIV-1 envelope ates similarly zwitterionic and negatively charged mem-
glycoprotein (gp4l) adopts a predominanflysheet branes [48, 52]. (iii) Matsuzaki et al. [116] have shown
structure in phospholipid membranes [81, 148]. Thisthat the antimicrobial peptide magainin can insert and
peptide self-associates in phospholipid membranes anassemble when bound to phosphatidylglycerol but stays
forms trimers in SDS. Substitution of Val at position 2 unassembled on the surface of phosphatidylserine. (iv)
with Glu abolished the trimerization and only dimers Fisher et al., [44] used Forster resonance energy transfer
could be observed [81]. Similar results were obtainedio measure dimerization of the glycophorin A transmem-
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brane helix in detergent micelles. Interestingly, they ob-were obtained with allb-amino acid Androctonin, a
served that the structure was the same butthwas at  B-sheet antimicrobial peptide [71].
least two orders of magnitude weaker in sodium dodecyl  Studies with intact HIV-1 virus and synthetic fusion
sulfate than in zwitterionic detergents. In contrast topeptides derived from HIV-1 and Sendai virus revealed
these examples, self-assembly of peptides that bind ontihat fusion peptides can specifically self-associate in the
the surface of the membrane has been shown to bmembrane and thus assist in the oligomerization of the
strongly dependent on the charge of the phospholipicenvelope proteins [46, 81, 149, 154]. Surprisingly, with
head group. For example, the-helical antimicrobial the fusion peptide of HIV-1, it was demonstrated that
peptide dermaseptin [62, 147, 179], and the helix S4 opeptide chirality is not necessary for peptide-peptide rec-
the Shakermpotassium channel [153] could self-associateognition within the membrane, since the mlamino-acid
only on the surface of negatively charged membranes. HIV-1 fusion peptide could coassemble with the native
Another important factor that has been investigatedall L-amino-acid fusion peptide when inserted into model
is the role of peptide chirality on peptide-lipid and pep- phospholipid membranes. More interesting were the
tide-peptide interaction within the membrane. Naturalfindings that both the native and the enantiomeric syn-
phospholipids are all-forms and therefore provide the thetic fusion peptides could inhibit cell-cell fusion me-
biological membrane interface with stereospecificity. diated by HIV-1 gp41/gp120 and their receptors, because
It has been shown that cell surfaces and phospholipi@f their ability to associate with the analogous domain in
monolayers can stereospecifically recognize each othehe intact fusion protein and to interfere with its action
[17,69]. In addition, peptide chirality has been shown to[81, 148].
be crucial for peptide-peptide interaction in solu- Recent studies with diastereomers (containing both
tion. Examples include the ribonuclease S-peptide/Se- andL-amino acids in the same peptide) of amphipatic
protein complex [31], HIV-1 protease/substrate complexa-helical peptides revealed that the membrane environ-
[119] and the coiled coil formed by the heptad repeatsment can impose on them a helical structure and preserve
derived from the F1 fusion protein of Sendai virus [58]. their activity, although the structure can be locally al-
Should stereospecific peptide-lipid and peptide-peptidgered [157, 171, 205]. Moreover, this family of peptides
recognition within the membrane exist, it is expected thatcan discriminate between lipids containing different head
during the biochemical process that involves such intergroups (reviewed in [127, 169]). For example, diaste-
actions, two peptide enantiomers will function differ- reomers of melittin and pardaxin bind negatively-
ently. To test this hypothesis the fusion peptide ofcharged lipids better than zwitterionic lipids [123, 125,
HIV-1 has been used as a model [148]. The fusion pepi26, 170]. Furthermore, the NMR structure of a diaste-
tide is an hydrophobic N-terminal domain of the enve-reomer of melittin in lipid micelles has a helical structure
lope glycoprotein gp41 of HIV-1 that shares high homol- similar to the native allL.-melittin [171] and they are
ogy with equivalent domains of other enveloped virusesorganized similarly in negatively charged membranes
[47]. This peptide is directly involved in the fusion of [126]. Interestingly, a short (14 amino acids) and highly
the viral and cell membranes and its synthetic versiorpositively charged amphipatia-helical peptide could
can induce fusion of phospholipid membranesgde-  form dimers in SDS-PAGE [128]. In the same study it
tails in the section on membrane fusion). It was foundwas shown that replacing 30% of theamino acids with
that a synthetic fusion peptide of HIV-1 gp41 and its their b-amino acids preserved a similar structure in the
enantiomeric (alb-amino acid) analogue bind equally to membrane, but the resulting diastereomer did not form
phospholipid membranes and have equal potencies idimers. Cyclization of the all-peptide also prevented
inducing membrane fusion. These findings indicate thaits ability to self-associate in the membrane [128].
the stereospecificity of the fusion peptide is not impor-
tant for peptide-lipid interaction during the fusion pro-
cess [148]. That peptide chirality is not a prerequisite forHeteroassembly of Peptides within the
peptide-lipid interaction has been shown in other cases d¥lembrane Milieu
well. Enantiomers of amphipatie-helical lytic peptides
such as the bee venom melittin and the antimicrobialCompared to extensive studies on the dimerization and
peptides cecropin and magainin, possess lytic activithomo-oligomerization of membrane-inserted peptides,
indistinguishable from that of the parent molecules [14,only limited studies were done to show direct evidence
118, 195]. These enantiomers preserved the amphipatior specific heteroassembly within the membrane milieu.
a-helical structure of the wild-type peptides, a structureThe following sections will summarize studies done with
proposed to be prerequisite for their function. Since thesynthetic peptides derived from three representative
biological function was preserved, the enantiomeric pepmembrane proteins: (i) ion channels as representatives
tides should be organized in the membrane similarly tdfor integral membrane proteins; (ii) the pore-forming
their parent allL-amino-acid peptides. Similar results proteinB. thuringiensisd-endotoxin as a representative
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for water/membrane soluble membrane proteins; and (iii)Tlhe ShakerK™ Channel
envelope proteins of viruses which contain both integral

and water/membrane soluble regions. Studies with synthetic peptides comprising various pu-
tative membrane-inserted regions of the channel revealed
several interesting features. First, the structure of S4 was

STUDIES ON PEPTIDE-PEPTIDE INTERACTION BETWEEN found to be amx-helix [139] in agreement with what was
MEMBRANE-INSERTED DOMAINS OF VOLTAGE-ACTIVATED reported using other methods applied on the functional
loN CHANNELS AGREE WITH SITE-DIRECTED channel [65]. Interestingly, it was found that the tilt
MUTAGENESIS AND X-RAY DATA angles derived for S3 and S4 are 44° and 72°, respec-

tively. In other words, S4 is oriented almost parallel to

) _ the membrane plane in agreement with its role as a volt-
lon channels are abundant integral membrane proteingge sensor that can change its orientation upon trans-
that allow the passage of specific ions through the phosmemprane potential [139]. As for S3, its tilt angle sug-
pholipid membrane barrier, an essential step in manyjests a transmembrane orientation. Furthermore, reso-
cellular processes [72]. Voltage-activated Bnd N&  npance energy transfer (RET) studies with donor/
channels belong to a large and diverse group within th%cceptor-labeled pairs of peptides also revealed a
family of voltage-activated ion-conducting channels. specific interaction between the helices S3 and S4. S3
They comprise four polypeptide monomers of about 70nteracts with S4 derived from the potassium channel,
kD each in the case of the'kchannel or four homolo- pt does not interact with S4 derived from the eel sodium
gous subunits in a single-chain protem_m the case of th%hannel, despite the fact that they share high homology
Na" channel [4, 72]. Sequence analysis of thedkan- i their hydrophobicity and positive charges [139]. Two
nel monomers and the Naubunits suggests that each of positively charged amino acids in S4 were shown to
them consists of six hydrophobic segments (S1-S6)nteract with negatively charged amino acids in S2 and
each Iong enough _to form a transmembrane helix, and &3 in the intact channel (K374 and R377 [132, 185)).
pore region (P-region) proposed to form part of the lu-Neijther has positive charges in the S4 homologous to the
men of the channel. They also include long N- and C-sodium channel. Thus, itis reasonable to assume that the
terminal domains. One of the helices, the S4 segment, ifyck of these necessary residues prevents the coassembly
highly conserved in th&hakertike potassium channels, of the S3 with the S4 segments of the sodium channel.
and also exists in each of the four subunits of the sodiunp aqdition, it was found the P-region of ti@hakerk™*
and calcium channels. S4 has a basic residue at eveghannel can self-associate when bound to the membrane,

it was proposed that the S4 can serve as the voltagg38]_

sensor of the channel [15, 160, 184]. Whereas the four
P-regions of the K channel are the same, those of the ) .
Na' channel vary considerably in length. Despite exten-TheElectrophorus electricuicel) Na© Channel
sive studies, it is not clear which structural components
are involved in the folding of the monomers/subunits, inPeptides corresponding to the P-regions of the four ho-
their assembly to form functional channels, or in themologous subunits (I, I, I, and IV) of the eel Na
specific recognition needed for this “discriminative” as- channel were synthesized and structurally and function-
sembly process. Subunit interactions within the hydro-ally characterized. A network of peptide-peptide inter-
phobic core region were reported in the assembly procesactions within the membrane was determined using RET
[7, 130, 131, 164, 172, 173], as well as sites in themeasurements between donor/acceptor-labeled pairs of
intracellular N-terminal domains of the channels [106], peptides. The data revealed that besides the P-regions of
which seem to be crucial for the process of “discrimina-subunits | and 1ll, which did not coassemble in the mem-
tive” assembly. Furthermore, interactions between segbrane, all other pairs coassembled but did not bind to
ments and subunits of the channel have functional imunrelated membrane-bound peptides. Thus, the follow-
portance in the assembled channel as well, as was showng P-region pairs were found in the membrane-bound
for the P-region [80, 181] and the voltage sensor Sdstate; I/ll, 1/, 1II/IV and I/IV. Similar results were
segments of theShakerK™ channel [132]. Thus, the obtained with studies done on the intact channel. Beni-
voltage-gated ion channels are an interesting and rekah et al. [13] used site-directed mutagenesis and intro-
evant system to examine interactions between memeduced pairs of cysteines into the P-regions of a rat skel-
brane-embedded segments. etal muscle sodium channel. Only cysteinyl residues that
Studies along this line were carried on with the were in close proximity could form disulfide bonds or
ShakerK™* channel, theElectrophorus electricugeel)  metal-chelating sites. They found that cysteine in do-
Na“ channel, and the inward rectifier'kchannel. main | spontaneously formed a disulfide bond when



96 Y. Shai: Molecular Recognition within the Membrane

A B

-region

It |

L
Ui
)

Fig. 1. PanelA, topology of the ROMK1 channel

MO / oom %" pased on hydropathy analysis. PaBektudies

i, NHy pre-M0 done with peptides modeled after several segments

post-M2 of the channel led to the identification of two

pre-M0 additional membrane-interacting helices [10, 12].

paired with cystein in domain Il, whereas the same resistructures, whereas the P-region and pre-M0O are not
due, when coupled with cystein in domain 1V, created ax-helices.

high-affinity binding site for C8" ions. 4. Molecular recognition studies using donor/
acceptor-labeled pairs of peptides revealed that (i) the
P-region and M2 can self-associate in their membrane-
bound state but M1 cannot; (ii) Self-associated P-region
can coassemble with M2 but not with M1; and (iii) M1
ROMK1 is a member of the inwardly rectifying'®chan-  can coassemble with M2. No coassembly was observed
nels that conduct an inward'iurrent at hyperpolarizing - petween any of the segments and a membrane-embedded
membrane potentials. They play an important role ing-helical control peptide.

regulating the resting membrane potential and electrical 5. Molecular recognition studies using donor/
excitability of cells in a variety of tissues, including the acceptor-labeled pairs of peptides also revealed that MO
brain and heart [72]. Several proteins of this family haveand Post-M2 do not self associate but they coassemble
been identified and include ROMK1 [73], IRK1 [89], with each other in their membrane-bound state. Their
GIRK1/KGB [34, 88], KATP [6], RACTK1 [180], and  apility to coassemble might assist in the oligomerization
prokaryotic KcsA [163]. Hydropathy analysis of these of the channel.

channels predicts only two potential transmembrane do-
mains, namely M1 and M2 (Fig.A). Furthermore, sig-
nificant similarity to the P-region of voltage-gated” K
channels was found for a P-region between M1 and M

The ROMK1 K Channel

Based on the above findings, a model for the orga-
ization of the ROMK1 potassium channel within the

A embrane was suggested [10, 12, 168]. If we assume
(ﬁA‘% S|m|lar|t¥]for R|O'\I/|K1 [;3])' yyr(]jropathy F;]I%[.S OT that the channel is composed of tetramers, then the inner
the ROMK1 channel also showed that MO exhibits in- ., ¢ jg composed of a tetramer of P-region domains sur-

termediate hydrophobicity and that there are hydropho-rounded by M1 and M2 regions. Post-M2 and MO are

bic stretches in the C-terminus that are potentially mem_hypothesized to be surface-localized and to surround M1

brane-associated [73]. Furthermpre, exper_imental Viand M2, forming interactions between them (Figh)2
dence suggests that the C-terminus contributes to th

; fi dl e . h ®he finding that Post-M2 is membrane-localized gains
pore properties of inwardly rectifying potassium ¢ an'support from site-directed mutagenesis on the intact

nelss[iﬁtzgétic peptides comprising six regions within channel. It was shown that exchange of the C-terminus
: altered pore properties, suggesting that in inwardly rec-

ROMKL, namely, MO, M1, M2, P-region, pre-MO and tifying channels certain regions of the C-terminus are

post-MZ were _syntheS|zed and charactgnzgd re9‘"‘rd'r'ﬁkely to be in the membrane and that the C-terminus

their structure in the membraqe and their abl'llty to self-caems to make a major contribution to the pore [142,

associate or to coassemble with each other in the me 82].

brane milieu (Fig. B) [10, 12]. A summary of the find- The organization of M1, M2, and the P-region, as

ings is listed below: deduced from the experiments done with peptides, is in
agreement with the X-ray structure of a truncated form of
1. MO, M1, M2, P-region, post-M2, but not pre-MO the homologous KcsA channel fro®treptomyces livi-
bind strongly to the membrane. dans,which contained only M1, M2, and the P-region
2. M1, M2, and P-region are inserted into the hy- (Fig. 2B) [37]. In that study, X-ray analysis with data to
drophobic core of the membrane, whereas MO and post3.2 A revealed four identical subunits that create an in-
M2 bind onto the surface of the membrane. verted teepee, or cone, cradling the selectivity filter of
3. MO, M1, M2, and post-M2 adopt higk-helical  the pore in its outer end. In this structure only a small
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P-region

0=<0

Fig. 2. Comparison of the structural organization of the ROMK1 channel as predicted based on studies done with model peptides [10, 12] (Pane
A), and as determined by X-ray crystallography. (Taken with permission from Doyle et al., 1998 [36].) Bpafiet protein-dissection approach
agrees with the 3D X-ray structure and predicts the localization of regions of the channel that were not present in the crystals.

part of the P-region is«-helical and lines the lumen of forming domain of various families df-endotoxinsa5
the pore. The P-regions are surrounded by the M2 helixis the most conserved helix, ard’ is conserved to a
M1 forms the outer ring and is associated with M2.  lesser extent. The pore-forming domain needs to un-
A recent mutagenesis study with a homologous in-dergo a drastic conformational change in order to bind
ward-rectifying potassium channel indicated that the M2and insert into the membrane. It is assumed that the
pore-lining inner helices are surrounded by the M1 lipid-trigger for the insertion of the pore-forming domain of
facing outer helices, arranged such that the M1 heliceshe toxins into the epithelial cell membrane is a confor-
participate in subunit-subunit interactions. This arrangemational change in the toxin, which occurs when the
ment, although revealing a similar order in the assemblyteceptor-binding domain binds to a receptor present on
of the membrane-inserted domain, seems to be differerthe brush-border membranes [l, 190] Studies with syn-
from the X-ray structure of the bacterial potassium chan+hetic peptides corresponding te6 and a7 from two
nel in which helix M1 did not seem to participate in the families of$-endotoxins [33, 48, 52, 54] suggest tha,

subunit-subunit assembly [120]. but not a7, oligomerizes within lipid membranes, per-
meates phospholipid vesicles, and forms ion channels
A NETWORK OF HELIX-HELIX INTERACTIONS REVEALS AN within planar lipid bilayers. Furthermore5 was shown
“UMBRELLA-LIKE” STRUCTURE FOR THEPORE-FORMING to insert into the membrane and Specifically associate
DOMAIN OF B. THURINGIENSISO-ENDOTOXIN with the partlally inserted7 helix [54] In addition,OLS

could self-associate within the membrane in a parallel
The 3-endotoxins are a family of highly potent insecti- manner as expected if the pore is formed from the asso-
cidal toxins produced during sporulation By thuring- ~ ciation of several helices.
iensis (for review see[74, 84]). They are released as In a more detailed study, all the seven helices of the
protoxins, which are solubilized in the midgut of insects pore-forming domain of Cry3A, a member of theen-
and activated by gut proteases. The crystal structure afotoxin family, were synthesized and compared for their
two variants ofd-endotoxins in aqueous solution [66, membrane interaction, structure within the membrane,
105] have been determined. The toxins are composed afrientation relative to the membrane plane and the net-
three distinct domains (Fig.A3. Domain |, the pore- work of peptide-peptide interactions in the membrane
forming domain, consists of a bundle of sixhelices between all pairs of peptides [50]. Attenuated total re-
surroundinga5, the central helix. Domain Il, the recep- flectance Fourier-transform infrared (ATR-FTIR) spec-
tor-binding domain, is comprised of thr@esheets, and troscopy was used to study the structure and orientation
Domain 1l has a two-antiparalleB-sheets sandwich of the helices when bound/inserted into the membrane.
structure. The pore-forming domain has a general strucThe results showed that all the helices, exeehtinter-
ture similar to other bacterial toxins such as colicin act with lipid membranes, and only4 anda5 are in a
[133]. Among the seven helices comprising the pore-transmembrane orientation. RET experiments between
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Fig. 3. PanelA, 3D X-ray structure of &-endotoxin in aqueous solution (modified from Grochulski et al., 1995 [66]; Li et al., 1991 [105]). Panel
B, model of the membrane-bound form of the pore-forming domain, based on studies done with model peptides (taken with permission from Gazit
et al., 1998 [50]).

donor- and acceptor-labeled pairs of peptides were caithe helices are joined on the side of the pore-forming
ried out, enabling the mapping of the network of recog-domain proximal to the membrane. Therefore, their in-
nition of all the possible combinatorial pairs of mem- sertion into the membrane is in agreement with the hy-
brane-bound helices. Remarkably, the RET experimentdrophobic hairpin hypothesis suggested for the insertion
showed that only4 anda5 self-assemble within mem- of proteins into membranes [39].
branes. Moreovergd anda5 coassemble in an antipa- The helixa7 is located in the interface between the
rallel manner. This orientation would be expected if theypore-forming domain and the receptor-binding domain
are inserted as a hairpin. The results also showed thgFig. 3B). Its ability to coassemble with5 anda6 may
a4, o5, andab recognizea? in the membrane-bound assist the insertion of the4-loop-«w5 hairpin into the
state. Overall these results are consistent with a model imembrane by unpacking the helical bundle that exists in
which only helicesx4 anda5 insert into the membrane the non-membrane bound form of the toxin. After re-
as a helical hairpin in an antiparallel manner, whereas theeptor binding, the affinity ot7 to the membrane sur-
other helices lie on the membrane surface like ribs of arface and its affinity for the helices should lead to the
umbrella (the “umbrella model” [50]). The results also unpacking of the pore-forming domain and facilitate the
support the suggestion tha? serves as a binding sensor insertion ofa4 anda5 into the membrane.
to initiate the structural rearrangement of the pore-  Very recently, another member of tldeendotoxin
forming domain. Support for the role of domain | as the family, namely CrylAc, was studied [56]. In this study
pore forming domain comes from the X-ray structurethe complete hairpin domain4-loop-5, its isolatecx4
[105], site-directed mutagenesis, and studies with hybricand a5 helices, as well as mutan# peptides, based on
toxins [1, 207]. This notion is further supported by stud- mutations done on the intact toxin, were synthesized and
ies that showed that truncated proteins, corresponding tmvestigated. Membrane permeation studies revealed
domain I, of two members of th&endotoxins form ion that only o5 and F9L«4, which has a mutation that
channels similar to those formed by the intact toxinsincreases the toxicity of wt CrylAc, could permeate
[194, 196]. The “umbrella” model is also supported by phosphatidylcholine vesicles. This is in agreement with
mutational analysis at various regions in the pore-the finding that only these two helices self-associate in a
forming domain [215, 27, 76]. positive cooperative manner when bound to the mem-
The insertion of thex4-a5 hairpin into the mem- brane. Interestingly, a peptide corresponding todle
brane is also expected because of theoretical consideleop-o5 hairpin was highly active, indicating the
ations, since: (1) the C-terminal o#, the loop between complementary role of the two helices in membrane per-
a4 andab, and the N-terminal o&5 form a hairpin that meation. The synergistic effect between the two helices
contains the least polar segment of domain | [66], and (2)s in agreement with the findings thatt anda5 recog-
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nize each other in the membrane as measured using REAses to become active; (ii) the newly generated N-
experiments. Surprisingly, the active F84 could as- terminus contains the fusion peptide, a hydrophobic
sociate with thea4-loop-w5 hairpin within the mem- stretch of amino acids believed to insert and destabilize
brane and completely abolished its capacity to makeéhe membrane, leading to fusion [37, 201]; and (iii) ei-
pores in the membrane. In contrast, none of the atder ther a heptad repeat adjacent to the N-terminal fusion
peptides o5 displayed any substantial inhibition [56]. peptide folds into a protease-resistant trimeric coiled-coil
These findings suggest that FQt4 can interrupt this at a certain step during the fusion process [177, 201], or
interaction in the hairpin, whereag5 cannot, despite two heptad repeats, one adjacent to the N-terminal fusion
being more active. Thus, it suggests that is posi- peptide and the other to the C-terminal transmembrane
tioned facing the aqueous lumen of the channel, in agreedomain, fold into a trimer of heterodimers such that the
ment with site-directed mutagenesis studiesinterior contains the N-terminal heptad repeat trimer and
[115]. These findings provide the first example that athe outer ring the C-terminal heptad repeats [8, 43, 175].
mutated helix within a pore can function as an “immu- Although much is known about the three-
nity protein” by directly interacting with the segments dimensional structure of fusion proteins in the absence of
that form the pore. This presents a potential means ofmembranes [23, 85, 156], the details of their interaction
interfering with the assembly and function of other mem-with the membrane are still unknown. In an effort to
brane proteins as well. This mode of inhibition was sug-shed light on this complex phenomenon, the interaction
gested also in the case of colicin [42, 55, 213]. It hadbetween model membranes and synthetic peptides that
been hypothesized that the ability of a few immunity mimic the corresponding region in the intact protein has
protein molecules in the cytoplasmic membrane to conbeen studied (reviewed in [37, 134]). The significance
fer protection against the lethal effects of a channel-of this strategy has been demonstrated by three observa-
forming colicin involves a complex stabilized by elec- tions: (i) there is a direct correlation between the effects
trostatic or polar interactions between immunity proteinof mutations in the intact protein and the peptide analogs
and the hairpin inserted helices of the colicin channel[46, 75, 81, 114, 141, 149, 154], (ii) the fusion activity of
Cramer et al. [213] concluded that the immunity proteinsynthetic peptides, measured in vitro, is sensitive to fac-
exerts its specific effect through rapid lateral diffusion in tors such as pH or to the addition of inhibitory agents that
the cytoplasmic membrane and helix-helix recognitionaffect the infectivity of the virus in vivo [140, 199], and
and interaction with at least one hydrophobic and ongiii) some synthetic peptides corresponding to regions of
amphiphilic transmembrane helix of the colicin channel.viral fusion proteins show anti-viral activity, suggesting
Interaction with the amphiphilic helix implies that the that they can accurately model and interact with func-
immunity protein can react with the channel in the opentional domains of the viral protein [57, 60, 77, 81, 101,
state [213]. Another study indicated that the immunity 102, 149, 151, 206, 208, 209].

protein interacts with the membrane-anchored channel

domain that requires a functional membrane-inserted im- L . . i
munity protein but does not require the channel to be in’\s/lelf—Assomat!qn of Fusion Peptides within the
the open state [41]. embrane Milieu

After receptor binding, a conformational change is mani-
fested by an increase in the exposed hydrophobicity,
which is thought to be related to the exposure of the
fusion peptide [174]. The fusion peptide is then inserted
Introduction into the cell membrane [70, 129, 177, 187, 202], the viral
membrane [199], or both [68], and has been postulated to
Membrane fusion is an essential reaction involved ininduce local membrane dehydration [215] and to pro-
many biological processes such as viral infection, endomote negative curvature in the bilayer [40]. Brasseur
and exocytosis, fertilization, neurotransmission, andand co-workers [22] predicted that the N-terminal fusion
vesicle trafficking [177, 201]. In order to merge two peptide can insert into the membrane with an orientation
opposing membranes, strong repulsive hydration, sterimblique relative to the water-membrane interface. This
and electrostatic barriers must be overcome by the actionrientation was found for example with the N-terminal
of specialized membrane proteins. In the case of infecfusion peptides of Influenza [183], SIV [30, 113], HIV-1
tion by enveloped viruses, several “fusion proteins” were[81, 114], and Sendai virus [61, 154].
identified [200]. Fusion proteins from different viral It has been shown that fusion peptides specifically
families (e.g., Paramyxo-, Orthomyxo-, and Retroviri- self-associate when inserted into the membrane, and that
dae) share conserved features [201]. Specifically, (ixhe level of oligomerization is important for their activ-
they are type | integral membrane proteins synthesized asy. This has been demonstrated with fusion peptides
inactive precursors that are cleaved by host-cell protethat adopt both an-helical secondary structure [59, 61,

PEPTIDE-PEPTIDE INTERACTIONS INVOLVED IN
PrROTEIN-MEDIATED MEMBRANE FUSION
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154] or ap-sheet structure [135, 148, 149]. Interest- that of the core complex of the homologous SV5 fusion
ingly, an amino-acid substitution that decreased the fuprotein, as determined by X-ray crystallography
sogenic activity of fusion peptides in a model system[8]. However, in the presence of phospholipid mem-
decreased the size of the oligomers in SDS-branes, this complex binds strongly to the membrane’s
PAGE. Similarly, such mutations also decreased the acsurface and dissociates therein. In agreement with these
tivity of the intact virus or cells expressing the corre- gbservations, NMR studies showed that the N-terminal
sponding mutated fusion proteins. For example, mutarepeat of the homologous Newcastle Disease virus fusion
tion of the valine at position 2 in the amino-terminal protein adopts an-helical structure in SDS that is con-
domain of HIV-1 gp41 to glutamic acid resulted in an sjstent with the idea that it binds parallel to the bilayer as
envelope glycoprotein that dominantly interfered with 3 monomer, with its hydrophobic face buried in the
both syncytium formation and infection mediated by themembrane [210]. Furthermore, similar results were ob-
wild-type HIV-1 envelope glycoprotein [45]. This inter- tained with HIV-1 fusion protein. Kliger et al. [82]
ference was not abolished by excess of wild-type glycofound that recombinant proteins corresponding to the
protein, suggesting that a higher-order envelope glycogciodomain of HIV-1 fusion protein, but lacking the fu-
protein complex is involved in membrane fusion. In angjon peptide, bind membranes and consequently undergo
attempt to understand this phenomenon, Kliger etal. [81} aior conformational change. As a result, the prote-
synthesized a 33-residue peptide (wild type, WT) iden-,qq resistant core becomes susceptible to proteolytic di-
tical to the N-terminal segment of gp4l and its V2E yoq4i0n  |n agreement with this observation, Kliger et al.

mutant. They showed that both peptides inhibited HIV-1gp 0o q that synthetic peptides corresponding to the seg-

envelope-mediated cell-cell fusion and self- and coasi,q s that construct this core, oligomerize in aqueous

semble in the membrane. Interestingly, the WT, but no - ; ; P
the V2E mutant, induced liposome aggregation, destabit§0|Utlon’ but dissociate upon binding to the membrane.

lization, and fusion. Moreover, the V2E mutant inhib- However, the C-terminal heptad repeat, when elongated

ited vesicle fusion induced by the WT peptide, probablytowards the transmembrane region, self-associates in the

by forming inactive heteroaggregates. These data su membrane [82]. Aiter the membrane-induced conforma-

gest that specific interactions mediated by N-terminal ional change, both the N-terminal and C-terminal heptad

fusion peptides are required to form higher order oligo—[)epeats clan ass%lst_llq k;_rlngltr;]g thebwral an(: ceIIuIQr m?rr;:-
mers necessary for membrane fusion. ranes closer, facilitating the subsequent merging. The

similarity between what was found in HIV-1, a retrovi-
rus, and in Sendai, a paramyxovirus, suggests that these
The Protease-Resistant Coiled-Coil of Fusion Proteins distantly related viruses share common steps in their fu-
Melts and Dissociates Upon Interaction sion mechanism. However, the ectodomain of para-
with Membranes myxovirus fusion proteins has certain features that result
in a more complex picture. First, it is composed of more

Binding of the fusion protein to the host-cell receptor than 380 amino acids, compared to those of Influenza
induces a change in conformation that is believed tovirus (an orthomyxovirus) and HIV-1 (a retrovirus),
cause the packing of the C-terminal heptad repeat¥hich are only composed of about 175 amino ac-
against the grooves of the coiled-coil formed by the N-ids. Second, in addition to the N- and C-terminal heptad
terminal heptad repeats, resulting in the structure obrepeats, which are similar to those found in retrovirus
served by X-ray crystallography or NMR [8, 23, 26, 43, fusion proteins, an extra leucine zipper was found in the
110, 198, 208]. Using electron paramagnetic resonanc#terior of paramyxovirus fusion protein ectodomain
analysis, Shin and co-workers [150, 211] showed thaf57]. A peptide modeled after it was able to self-
cysteine-substituted peptides comprising the loop regio@ssociate both in solution and when bound to mem-
and part of the N-terminal heptad repeat of Influenzabranes. Interestingly, the peptide was shown to bind spe-
virus fusion protein (HA) and the N-terminal heptad re- cifically to Sendai virions and was a highly potent in-
peat of HIV-1 fusion protein (gp41) insert reversibly into hibitor of Sendai virus-mediated lysis of human red
phospholipid vesicles. Based on these results, the awblood cells, suggesting that it can accurately model and
thors suggested that binding of the N-terminal heptadinteract with regions of the full-length viral fusion pro-
repeat regions to the membrane could bring the viral andein.

cell membranes closer together and facilitate fusion.  The finding that peptides corresponding to the C-
Ben-Efraim et al. [12] analyzed the interaction betweenterminal heptad repeat of HIV-1 gp41 (DP-178 or T-20)
peptides corresponding to the N- and C-terminal heptadelf-associate in the membrane led to the discovery of a
repeats from Sendai virus fusion protein, in the presenceecond site for the inhibition of viral infection. Kliger et
and in the absence of membranes. They showed that ial. [83] showed that DP178 could block two steps in the
an agqueous environment, the peptides coassemble into gp41 conformational cascade at different affinities. The
a-helical complex, presumably with a structure similar to low-affinity site represents inhibition of host-cell recep-
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Receptor-induced
cenformational change
cell membrane Membrane-induced
) 1] conformational change

Internal fusion peptide Internal fusion peptide
E—
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Internal fusion peptide
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B
A

Fig. 4. The new “umbrella” model of paramyxovirus-induced membrane fusion (adapted from Peisajovich et al., 2000b [136]). Binding of the virus
to cell receptors (Pand) results in a conformational change of the fusion protein, leading to the formation of a trimeric coiled-coil B artet

internal fusion peptide, placed on top, is able to interact with the target membrane Qparte affinity of the N-terminal and the C-terminal heptad
repeats toward the membrane causes the opening of the coiled-coil, accompanied by the binding of these regions to the memianeh{Banel
membrane-induced conformational change causes the cellular and viral membranes to approach each other, facilitating the insertion and se
association of the N-terminal fusion peptide into the membrane. Subsequently, both the internal and the N-terminal fusion peptides induce the
merging of the membranes. A similar model, but without the presence of an additional internal fusion peptide, can be postulated also for HIV-1 cell
entry.

tor-induced conformational change, before the coiledour view of the functional organization of viral fusion
coil binds to the membrane [82]. The high-affinity site proteins. Further studies are required to understand the
represents inhibition of the newly postulated change irnspecific role played by each fusion peptide and their
the oligomerization state of gp41: DP-178 interacts withpossible interaction during the fusion process, as well as
its corresponding segment in the full-length protein, thusto determine whether this finding is common to envelope
inhibiting the recruitment of several gp4l-membraneglycoproteins from other viral families.
complexes, which leads to fusion pore formation [82].

An intriguing observation was the finding that para-
myxoviruses contain an additional internal fusion pep-Conclusions
tide that also self-associates in the membrane-bound
state [136]. Interestingly, a synthetic peptide modeled,
after this region is a potent inhibitor of Sendai virus-cell
fusion [60]. Based on these results, a revised model fo
paramyxovirus-induced membrane fusion has been po
tulated. According to the new “umbrella” model, bind-
ing of the virus to cell receptors (Fig. 4, pa#l results
in a conformational change of the fusion protein, leadin

rotein-membrane interaction and protein-protein recog-
nition within the membrane milieu are of fundamental
[mportance to understand the basic rules that govern cel-
alar processes. However, the high complexity of the
forces involved and the technical difficulties that arise
when working with membrane proteins are obstacles

he f : f 9= led-coil (Fig. 4 Ighard to overcome for completely understanding molecu-
to the formation of a trimeric colled-col (Fig. + panel o recognition within the bilayer. As reviewed here, dis-
B). The internal fusion peptide, placed on top, is able to

. ) ) section of complex proteins into fragments is a promis-
mtgract with the target membrane (Fig. 4 padgl The ing approach that, in combination with both experimental
affinity of the N-terminal and the C-terminal heptad re-

and theoretical studies on the full-length proteins, can

pe_zlitz tov_\I/ard the me_mgrgnehcagj_s(ej_s thef or!)enmg of tErovide important information regarding the structural
coiled coll, accompanied by the binding of these regions, 4 fynctional organization of membrane-interacting
to the membrane (Fig. 4, pané&l). This membrane- roteins

induced conformational change causes the cellular anB '
viral membranes to approach each other, facilitating the
|nser_t|0n_ and self association of the N-terminal fus'o_nReferences
peptide into the membrane. Subsequently, both the in-
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