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Abstract of the Dissertation
Sequence to Topography Relationship in Membrane-Inserted
Hydrophobic Helices
by
Shyam S. Krishnakumar

Doctor of Philosophy
in
Biochemistry and Structural Biology

Stony Brook University
2007
Hydrophobic α-helices have been widely used to study membrane protein sequencestructure relationships in model membranes. Our lab has developed fluorescence methods
to determine the topography of membrane-inserted hydrophobic helices, and to
understand the equilibria describing their topographic stability. Using this model
membrane system, the minimum hydrophobic length necessary to form a transmembrane
(TM) helix in membranes was investigated. Sequences with 13 consecutive hydrophobic
residues were found to be the minimum necessary to form a predominantly TM state in a
bilayer with a biologically relevant width. The ability of these short hydrophobic
sequences to form TM helices in the presence of substantial negative mismatch (~10 Å)
implied that lipid bilayers have a considerable ability to adjust to hydrophobic mismatch.
In addition, the ability of hydrophilic residues to shift the transverse position of the TM
helices within the bilayer was studied. Hydrophilic residues at some positions within
iii

hydrophobic helices induced transverse shifts in TM helix position such that the polar
residue moved closer to the bilayer surface. The extent of shift depended on the identity
of the hydrophilic residue. The shift was controlled by the combination of amino acid
hydrophilicity, ionization state and the ability of the side chains to position the polar
groups near the bilayer surface (snorkeling). Furthermore, the structural consequence of
pathogenic hydrophilic mutations in the TM domain of neu/ErbB2 receptor was
investigated. Hydrophilic mutations in the TM domain were found to alter the membrane
position of the TM helix and thus redefine the transmembrane boundary. This suggested a
new mode of receptor upregulation in the neu/ErbB2 oncogene. Finally, in collaboration
with Dr. Eckard Wimmer, Department of Molecular Genetic and Microbiology, the
membrane topography of poliovirus proteins 3A and 3AB was characterized.
Fluorescence studies showed that the hydrophobic domain forms a stable TM structure in
mature 3A protein, but adopts a non-TM surface topography in context of the precursor
3AB protein. The hydrophobic sequence could insert in a TM form, only when the Ctermini 3B domain was removed. Furthermore, a shortened C-terminal part of the
putative hydrophobic segment (16 residues rather than 22 residues) was found to span the
lipid bilayer.
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CHAPTER 1
INTRODUCTION

Integral Membrane Proteins
It has been estimated that nearly 30% of a genome encodes for integral membrane
proteins (1). The majority of the TM proteins have α-helical segments, typically of 15-25
amino acid residues in length, spanning the membrane bilayer. Structurally, α-helical
membrane proteins can be either monotopic (single α-helix spanning the membrane
bilayer) or polytopic (multiple α-helices spanning the membrane bilayer).
Integral membrane proteins, which perform a variety of important biological
functions, fall into two major classes. Many transmembrane proteins associated with the
cell plasma membrane function as receptors. This class of membrane proteins acts as
sensors of external signals, transferring information across the membrane and allowing
the cell to change its behavior in response to environmental cues. This is typically
achieved through conformational (allosteric) change in the receptor with response to
ligand binding. There is a large variety in receptor proteins, each responding to particular
ligand or a family of ligands. Another class of membrane proteins functions as
transporters. The membrane bilayer forms a barrier around the cell that is impermeable to
essential molecules and ions and these membrane proteins drive the transmembrane
movement of select solute either in an energy independent manner (channels), or in an
energy dependent manner (pumps). The transmembrane channels form channels through
which the molecule can pass down its concentration gradient (i.e. facilitated diffusion),
while transmembrane pumps force ions or small molecules through the membrane against
their concentration gradient.
Techniques for Examining TM Helix Structure and Function
Techniques like X-ray crystallography and NMR spectroscopy, which are widely
used to obtain high resolution structures of soluble proteins, are not easily applied to
membrane proteins (2-4). A number of issues, including solubility of membrane proteins,
expression in large quantities, and reconstitution into membrane or membrane-like
environments complicate structure determination. Recent advancements in experimental
design and techniques have allowed for a growing number of high resolution structures to
be obtained for membrane proteins (5-8). Nevertheless, a number of other techniques
have been developed to examine the structure and behavior of TM α-helices.
2

An elegant assay to monitor the structure and behavior of TM α-helices is the
glycosylation mapping technique developed by von Heijne and colleagues (9). This
method relies on the fact that the oligosaccharyl transferase complex on the luminal side
of the ER can only glycosylate residues, in a consensus sequence, if it is 12 residues away
(minimum glycosylation distance) from the membrane surface. By varying the number of
residues between the glycosylation site and putative TM segment (α-helix) and
measuring the glycosylation level, the membrane boundary of the TM helix could be
identified (Figure 1). This approach is powerful and gives biologically relevant results,
but there are a number of caveats, including the lack of control over pH and lipid
composition and that the TM helix boundary could be influenced by interactions within
the translocon. Recently, a different glycosylation assay was developed to quantify the
efficiency of membrane integration of hydrophobic TM segments into rough microsome
membranes (10). In this assay, the hydrophobic sequence is engineered to be flanked by
two acceptor sites for N-linked glycosylation and the degree of membrane integration is
quantified by the fraction of singly glycosylated versus doubly glycosylated acceptor
sites (Figure 2). A limitation of this technique is that the decision to form a TM helix
might reflect the kinetic events in the translocon, rather than a true thermodynamic
equilibrium.
Another

important

aspect

of

transmembrane

protein

structure

is

the

oligomerization state of the TM helices. The non-covalent association of transmembrane
α-helices is a fundamental event in the folding of helical membrane proteins. The
TOXCAT assay is a cell based system developed to study helix-helix interactions in
natural membrane environments (11). This assay uses a chimeric construct composed of
the N-terminal DNA binding domain of ToxR (a dimerization-dependent transcriptional
activator) fused to a transmembrane domain of interest and a monomeric periplasmic
anchor (the maltose binding protein). Association of the TM helix results in the ToxRmediated activation of a reporter gene encoding chloramphenicol (CAT). The level of
CAT expression indicates the strength of TM association (11). Another useful assay to
investigate the oligomeric state of TM helices is analytical ultracentrifugation. The basis
for this method is that protein or protein complexes sediment differently depending on
the molecular weight of the protein or the complex. As a result, TM helices will sediment
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Figure 1. Glycosylation mapping method developed by von Heijne and colleagues (9).
The glycosylation mapping mutants are derived from leader peptidase (Lep), with the TM
segment of interest (H) inserted into the construct. The modification of luminal
glycosylation acceptor site (engineered at different distances with respect to the Hsegment) by the oligosaccharyl transference complex depends on the distance of the
acceptor site from the membrane. Sites very close to the membrane are not glycosylated
(open Y), while sites that extend sufficiently far from the membrane are efficiently
glycosylated (bold Y). The minimum glycosylation distance (MGD) is the distance
between the end of the H-segment and the first site that is glycosylated 50 % or higher.
Adapted from Nilsson et al. 1998 (9).
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H

H

Figure 2. Glycosylation assay for determining fractional integration of putative
hydrophobic segments. Integration of the hydrophobic segment (H) leaves one
glycosylation site in the cytoplasm and thus un-glycosylated (open Y). But translocation
of the sequence allows both sites to be glycosylated (bold Y). Unmodified, singly and
doubly modified sites can be resolved using SDS-PAGE and quantified. Adapted from
Hessa et al. (2005) (10).
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differently depending on their oligomeric state. By fitting the sedimentation profile to
mathematical equations, the number of helices in an oligomer can be determined (12). A
downside for this method is that the sedimentation analysis is done in detergent micelles
and not in lipid bilayers. Also, SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis) analysis has been widely used to assess the degree of association in TM
helices (13, 14). TM helices migrate on SDS-polyacrylamide gels with an apparent
molecular weight approximately equal to the oligomeric state. Different mobilities of the
oligomeric state can be used to identify the number of helices in the oligomeric state.
This is a simple and effective technique, but it works only in case of strong oligomers as
weak oligomer structures tend to break up under the denaturing conditions.
Another widely used technique, which has been useful in examining various
aspects of TM helix behavior, is fluorescence spectroscopy. There are a variety of in vitro
and in vivo fluorescence-based assays that use intrinsic or covalently-linked fluorescent
probes to examine helix behavior. Polarity-sensitive fluorescent probes are routinely used
to determine location and orientation of TM helices within the membrane bilayer (15-17).
Fluorescent properties of these probes (fluorescence intensity and/or wavelength
maxima) change in response to the polarity of local environment and this is used to assess
helix behavior. Oligomerization of TM helices has been widely studied by FRET
(Fluorescence Resonance Energy Transfer), which is the distance dependent transfer of
electronic excitation energy between two fluorophores (18, 19). To monitor
oligomerization between TM helices, one helix is labeled with a donor fluorophore and
the other with an acceptor fluorophore. In absence of helix-helix interaction, donor
fluorescence is high. But when the donor and acceptor are in proximity due to helix-helix
interaction, then the energy transfer is significant and the donor fluorescence intensity
decreases with a concomitant rise in acceptor fluorescence. This is a very sensitive
technique, with excellent resolution (18, 19). Fluorescence quenching is another
fluorescence phenomenon used to examine TM helix association and other aspects of
helix behavior (20-22). Quenching is a loss of fluorescence intensity of fluorophore in a
close proximity of the quencher molecule due to decrease in the quantum yield of the
fluorophore. Quenching based assays have been used to determine membrane topography
of TM proteins, orientation of TM helices and TM helix-helix association (16, 23-25).

6

Amino Acid Composition of Transmembrane α-Helices
Primary sequence is one of the major factors in determining the topography of the
TM helix, its position within the membrane bilayer and its interaction with other
membrane-inserted helices. TM helices are primarily composed of hydrophobic residues
(Leu, Ile, Val) as they tend to stabilize the TM structure because of the favorable
energetics arising from loss of exposure of hydrophobic side chains to water. Conversely,
polar and ionizable (charged) residues are less abundant in TM segments because of the
energetic cost involved in burying a hydrophilic residue in the nonpolar environment of
the bilayer (26-28).
However, there are many instances of hydrophilic residues within the TM domain
of membrane proteins. The ability of polar and ionizable residues to deeply bury in a lipid
bilayer was shown by work done in our lab (29, 30). Studies with model hydrophobic
peptides (polyLeu peptides), showed that a single polar (Ser, Pro, His) or ionizable (Lys,
Asp) residue in the middle of hydrophobic sequence could be tolerated and the entire
sequence can adopt a stable TM structure (29, 30). This shows the ability of ionizable
residues to adopt an uncharged state to minimize the cost of burial in the membrane
bilayer. Consequently, a putative TM segment containing an internal polar or ionizable
residue should still be able to adopt a stable TM structure if the other residues are
sufficiently hydrophobic.
Another way by which membrane proteins tend to overcome the energetic barrier
of burial of polar residues in a membrane is oligomerization. Hydrophilic residues reduce
the energetic cost of their insertion into membranes by forming hydrogen bonds (31, 32),
which drives helix association. Work from the DeGrado and Engelman labs have shown
that a single hydrophilic residue in a hydrophobic TM sequences can drive selfassociation of these TM sequence (31-37). FRET measurements of designed host
peptides, SDS-PAGE analysis and TOXCAT assays of chimeric proteins have shown that
ionizable and strongly polar residues like Asp, Glu, Asn and Gln tend to promote
oligomerization (32, 33, 36, 37). Also, weakly polar side chains have been shown to drive
TM domain self-association by favorable H-bonding interactions. TOXCAT analysis of a
randomized library showed that motifs involving Ser and Thr (SxxSSxxT or SxxxSSxxT)
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have high self-association properties and are regularly found in TM proteins that homodimerize (35).
Recent studies have shown that the position and sequence context within which
the polar residue resides affects its oligomerization property (34, 38). Systematic Asn
substitutions in a host peptide system has demonstrated that Asn at positions close to the
middle of the TM domain strongly stabilized oligomers, but Asn close to the membrane
interface did not (38). Also, recent work wherein an Asp or Asn were introduced in the
TM segment of M13 bacteriophage coat protein showed that while an appropriately
placed polar residue could stabilize TM helix–helix interactions, the strongly polar
residue was not sufficient in most cases to enhance association (34). Thus, the overall
amino acid context plays a significant role in determining whether or not a TM segment
would oligomerize, as the sequences flanking the polar residue could either provide
unique packing interactions or prevent close approach by steric factors. This is best
illustrated by the work of Russ et al. (39) who identified the GxxxG motif as the most
significant feature of more than 100 highly dimeric transmembrane domains. The small
side chain of Gly is thought to allow close packing of helices in a dimer (40, 41).
Inappropriate inter-helical hydrogen bond formation by polar side chains
introduced by mutations may be a molecular basis for disease states. Deber and
colleagues have shown that a mutation (Val232Asp) in the TM domain of the cystic
fibrosis transmembrane regulator chloride channel (CFTR) affects the regular function of
the receptor by altering the normal structure of the CFTR due to a strong hydrogen
bonding interaction introduced by Asp 232 (42, 43). An inappropriate hydrogen bond
introduced by Val664Glu mutation in TM domain of neu/ErbB2 receptor has been
proposed to cause deregulation of tyrosine kinase activity. Inter-helical hydrogen bonding
between uncharged Glu side-chains in the membrane is believed to stabilize the receptor
dimers, resulting in constitutive activation of the receptor (44).
Charged residues in TM segments could also form intra-helical salt bridges to
reduce the energetic cost of burial in the lipid bilayer (45). Glycosylation mapping has
shown that a hydrophobic segment with an Asp and a Lys residue placed on the same
side of the helix one turn part could adopt a stable TM structure, due to salt bridge
interaction between the oppositely charged Lys and Asp residues. However, if the
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residues were placed on the opposite face of the α-helix, such that they cannot form a salt
bridge, then they disrupt insertion of the hydrophobic sequence in the membrane to a
greater degree (45).
A hydrophilic residue within a TM helix can also affect the position of the helix
within the membrane bilayer (9, 46-48). Using the glycosylation assay, von Heijne and
colleagues have shown that a polar residue within the hydrophobic sequence could alter
its transmembrane boundary. They showed that TM segments with polar residues could
reposition within the membrane, such that the hydrophilic residue locates closer to the
bilayer surface. In addition, they found a strong positional dependence for the membranerepositioning effect of the polar residue. Mutations located in the first turn of the α-helix
had a greater effect in shifting TM helix position compared to mutations that lie deep
within the TM segment (47, 48). A similar result was obtained by a recent study in our
lab, examining the effect of charge and position of Asp residue on hydrophobic helix
behavior (49). In physiologically relevant bilayer widths under pH conditions, wherein
the Asp was charged, the Asp residue could not be buried in the bilayer and so either a
truncated TM state or non-TM surface state was formed, depending on the position of the
Asp in the sequence. A shifted orientation was favored over the non-TM state when the
hydrophobic sequence beyond the Asp substitution was long enough to form a truncated
TM sequence (49).
Hydrophobicity and Sequence Length
A noted before, strong hydrophobicity is a key characteristic of TM segments. So
how hydrophobic does a sequence have to be to incorporate into bilayers as a TM
domain? Studies with model peptides have shown that poly-Alanine sequences (18-23
residues) are at the threshold for transmembrane integration (10, 50, 51). Glycosylation
mapping studies have shown that for a transmembrane segment of typical length (19
residues) composed of only Leu and Ala residues, a minimum of 5 Leu residues are
required for stable membrane insertion (10). This threshold appears to be close to what is
predicted using the Wimley-White octanol scale (52). Stable membrane insertion of a
hydrophobic sequence is also affected by residues flanking the hydrophobic sequence
(see below). This raises the question of what is the minimum length a hydrophobic
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sequence must have to function as TM domain in biologically systems? Both in vivo and
in vitro studies have shown that the sequence length depends on the hydrophobicity of the
sequence. Very short sequences, as short as 11 residues, can form TM domains if they are
very hydrophobic (53-56). The formation and behavior of short TM helices are poorly
characterized. Short TM helices may be more common than generally thought because
the length of the TM segment may be smaller than that based on naïve hydrophobicity
calculations.
Hydrophobic Mismatch
From an energetic point of view, the length of the hydrophobic TM segment is
expected to be approximately equal to the hydrophobic thickness of the lipid bilayer.
However, membrane proteins are found with a wide range in TM helix length (between
15 – 24 residues) (26, 27, 57). Also, membrane proteins encounter bilayers of different
thickness. For example, all plasma membrane proteins are initially fully integrated into
endoplasmic reticulum (ER) membranes upon synthesis on ribosomes but the plasma
membrane is generally thicker than membranes of ER, partially due to higher cholesterol
content (58). These observations raise the question of hydrophobic mismatch.
Hydrophobic mismatch can be defined as the difference in hydrophobic thickness of a
lipid bilayer and the hydrophobic length of the TM helix. There are two types of
hydrophobic mismatch that can occur: positive mismatch results when the hydrophobic
TM segment is longer than the hydrophobic thickness of the lipid bilayer. Conversely,
negative mismatch occurs when the hydrophobic TM segment is shorter than the
hydrophobic thickness of the bilayer (59, 60).
The energetic constraints imposed by hydrophobic mismatch could be relieved in
a number of ways (summarized in Figure 3). In case of positive mismatch, the protein or
peptide might oligomerize or aggregate to minimize exposed hydrophobic area and/or the
helix could tilt to reduce the effective TM length. Lipid in turn could modulate membrane
thickness by stretching and ordering their acyl chains. If negative mismatch occurs, then
the protein or peptide may aggregate in membrane, or adopt a surface or shallowly
located conformation. Lipids could decrease the bilayer thickness by acyl chain
disordering or disrupt bilayer organization (59, 60).
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Helix
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Helix
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Acyl Chain
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Helix Tilting

Surface
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Figure 3. Schematic representation of some possible consequences of hydrophobic
mismatch when the hydrophobic segment is longer (left) or smaller (right) than the
hydrophobic bilayer thickness. Adapted from Killian 1998 (60).
Ren et al. (24) have shown, using lipids of various acyl chain lengths and model
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peptides, that hydrophobic sequences could interconvert between a surface non-TM
conformation and a TM structure in response to hydrophobic mismatch and cholesterol
content. A short hydrophobic stretch of 11 leucine residues was shown to be surface
associated (non-TM conformation) in a moderately thick membrane (DOPC bilayers),
while sequences with 15, 19 and 23 Leu were capable of adopting a stable TM structure
(16). They also found that the 11, 15 and 19 pL sequences were largely monomeric, but
the 23 residue pL sequence had a higher tendency to associate, especially under
conditions of positive mismatch (16). Thus, hydrophobic mismatch could significantly
affect the energy of the TM structure, resulting in either a non-TM conformation or in
helix-helix association.
Tilts in TM helices in response to positive mismatch have been demonstrated in
several studies (59, 61-65). NMR studies with the TM domain of virus protein ‘u’ (Vpu)
have shown that it tilts in response to positive hydrophobic mismatch. The Vpu TM
domain tilts from 18º in bilayers having 18 carbon acyl chain length to 27º, 35º and 51º in
bilayers with 14, 12 and 10 carbon acyl chain lengths (65), close to what would be
expected if the entire hydrophobic segment were to be buried within the hydrophobic
core of the bilayer. Contrasting data have been obtained for other systems, wherein tilt
changes have been reported to be rather small (66).
The activity of several membrane proteins have been found to be sensitive to
mismatch (67-69). For example, the enzyme activity of mitochondrial cytochrome c
oxidase has been shown to be optimal in lipid bilayers with 18 carbon acyl chains.
Positive or negative mismatch was found to decrease the enzymatic activity of the protein
(68). On the contrary, several studies have shown that membrane proteins can maintain
native structure and function to a significant degree in the presence of mismatch. This
suggests that in these cases, the lipid bilayers adjust their hydrocarbon thickness to match
the length of the hydrophobic surface of the protein to allow normal functioning of the
protein (70-72). For example, X-ray lamellar diffraction measurements of bilayer
thickness showed that the membrane bilayer could expand or contract (~ 4Å), to match
the hydrophobic length of the gramicidin peptide (73). Theoretical quantitative analysis
showed that this experimental data can be understood in terms of a simple elasticity
theory of membrane deformation (74).
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Effect of Residues Flanking the Hydrophobic Segment on TM Structure and Behavior
It has been suggested that residues flanking the hydrophobic segment act as
anchors, i.e. they fix the position of the edge of the hydrophobic segment of a helix
relative to the bilayer (75). Typically, TM segments are flanked by charged residues (Lys
and Asp), which have favorable interactions with the aqueous solution and interfacial
region of the bilayer and thus stabilize the TM state (59, 75). However, strong anchoring
is not characteristic of all charged residues, as Arg does not have good anchoring ability
(59). In addition to anchoring TM segments, positively charged flanking residues (Lys
and Arg) have been proposed to act as topological determinants of TM helix orientation
(76). This gives rise to the ‘positive inside rule’, which states that positive charged
residues are frequently found on the cytoplasmic side of the membrane (76).
In addition, aromatic residues (Trp and Tyr) assist in anchoring TM segments in
the membrane as these aromatic residues preferentially locate at the membrane interfacial
region (59, 75). The preference of Trp and Tyr to locate at the bilayer interface was
shown by a glycosylation mapping study (46). In this study, Braun and von Heijne (46)
examined the effect of Trp placed either in the core of the TM segment or in the region
flanking the TM segment. Trp was found to pull the TM helix towards the bilayer
interface when located in the core of the TM segment or to push the TM helix towards
the bilayer core when located in the region flanking the TM segment. These aromatic
residues were found to have their lowest energy state at the polar/nonpolar interfacial
region, which makes them good anchoring residues.
The effects of flanking residues on TM helix behavior have been investigated by
many groups (59, 66, 77-80). Lew et al. (78) noted the role of flanking charges in
inducing or preventing helix association. Hydrophobic pL peptides flanked with LysAsp3
or LysAsp were found to associate under physiological pH conditions due to electrostatic
interactions of the flanking residues. This lateral association was reduced under low pH
conditions, wherein the Asp residue is protonated, and the electrostatic repulsion between
positively charged flanking Lys residues lowers helix association. This showed that the
ionic interactions of the flanking charges could promote or prevent TM helix association.
Both aromatic and charged flanking residues have significant effects on TM helix
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behavior under conditions of mismatch. In work with model peptides, Killian and
colleagues showed that Trp-flanked and Lys-flanked peptides behave somewhat
differently in response to mismatch (59, 66, 77, 80). Under conditions of positive
mismatch the Trp-flanked peptides showed less tilting (< 8º) compared to Lys-flanked
peptides (~12º) suggesting that the Trp anchors the peptide differently from Lys (66, 79,
80). Also, Trp was found to induce lipid distortion (non-lamellar lipid phases) under
conditions of less negative mismatch compared to Lys (59, 81). The Lys-flanked peptides
are thought to adapt to mismatch more easily due to the flexibility of its Lys side chains.
The ability of Lys side chain to ‘snorkel’ can help peptide compensate for mismatch (75).
Goal of this work – Understanding Sequence to Topography Relationship in TM Helices
As noted above, primary sequence is one major factor determining the topography
and TM stability of membrane-inserted helices. Understanding the dependence of their
behavior upon sequence would vastly improve our ability to predict membrane protein
structure, folding and function from amino acid sequence. The goal of this work was to
understand the sequence to topography relationship using isolated hydrophobic helices.
Individual hydrophobic α-helices (hydrophobic peptides) have been shown to be
a versatile and easily manipulated model system to study the sequence-structure
relationship in TM proteins (82). The reason is that TM helices are, to a large degree,
independent folding units. These peptides are usually studied after incorporation into
model membrane vesicles. Use of model membrane vesicles has a number of advantages.
These include the abilities to control environmental factors like lipid composition and
bilayer width (which cannot be controlled in cells or detergent-micelle based studies) and
pH (which cannot be controlled in cells).
In this work, a set of fluorescence methods developed in our lab were used to
efficiently define various topographical states of model membrane-inserted hydrophobic
α-helices and to understand the equilibria describing topographic stability. This model
membrane system was used to identify the minimum length required to form a stable TM
helix and its dependence upon sequence and environment. In addition, the ability of
hydrophilic residues to shift transverse position of TM helices within lipid bilayers was
studied and the shift propensities for a complete series of hydrophilic residues were
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measured. In conjunction with shifts in the TM domain, the structural consequences of a
hydrophilic mutations in the TM domain of ErbB2 receptor was investigated. Finally, in
collaboration with Dr. Eckard Wimmer in Department of Molecular Genetics and
Microbiology, the membrane topography of Poliovirus 3A and 3AB proteins was
characterized.
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CHAPTER 2
EXPERIMENTAL PROCEDURES
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Materials. A series of 1,2-diacyl-sn-glycero-3-phosphocholines (phosphatidylcholines,
PC): diC14:1∆9cPC (dimyristoleoyl-PC, DMoPC); diC16:1∆9cPC (dipalmitoleoyl-PC,
DPoPC); diC18:1∆9cPC (dioleoyl-PC, DOPC); diC20:1∆11cPC (dieicosenoyl-PC,
DEiPC); diC22:1∆13cPC (dierucoyl-PC, DEuPC) and diC24:1∆15cPC (dinervonoyl-PC,
DNPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Concentrations of
lipids purchased as liquid solutions in chloroform were confirmed by dry weight. The
lipids were stored in chloroform at -20ºC. 10-doxylnonadecane (10-DN) was custom
synthesized by Molecular Probes (Eugene, OR). It was stored as a 5 mM stock solution in
ethanol at -20 ºC.
Model Membrane Vesicle Preparation. Model membrane (unilamellar) vesicles were
prepared using the ethanol dilution method as previously described (16, 24). Peptides
dissolved in 1:1 (v/v) 2-propanol/water and lipids dissolved in chloroform were mixed
and dried under a stream of N2 gas. Samples were then dried under high vacuum for 1h.
The dried peptide/lipid samples were then dissolved in a minimum volume (typically 10
µl) of ethanol and diluted to the desired final volume (typically 800 µl) using PBS (10
mM sodium phosphate and 150 mM NaCl, pH 7.0), with constant vortexing. Low and
high pH samples were prepared using PBS (10 mM sodium phosphate and 150 mM
NaCl) adjusted to the required pH using glacial acetic acid (pH 4.0) or NaOH (pH 9.0),
respectively.
This method was slightly modified for the Polio 3A anchor peptides. Due to the
insolubility of the anchor peptides in ethanol, the procedure was modified to use
dimethylsulfoxide (DMSO). In the modified procedure, peptide dissolved in DMSO was
mixed with the lipids dissolved in chloroform and then dried under N2 gas and high
vacuum. The dried lipid/peptide mixtures were dissolved in 10 µl DMSO and then
diluted with PBS, pH 7.0 as described above. Control experiments with previously
studied hydrophobic peptides that form transmembrane α-helices (29, 30) showed that
substitution of DMSO for ethanol did not alter transmembrane topography upon
incorporation into lipid vesicles (data not shown). With exception of the shifts peptides in
Chapter 4, the final concentrations for the model membrane samples were 2 µM peptide
and 500 µM lipid. For shift peptides, final concentration of 2 µM peptide and 200 µM
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lipid was used.
Preparation of Model Membrane Vesicles Containing Protein. For experiments in which
3Am or 3ABm proteins were reconstituted into model membrane vesicles to form
proteoliposomes, lipid vesicles were prepared using the ethanol-dilution method (Ref).
Lipids dissolved in chloroform were dried under a stream of N2 gas, followed by drying
under high vacuum for 1h. The dried lipid samples were dissolved in a minimum volume
(10 µl) of ethanol, and then diluted to the final volume (typically 800 µl), using PBS (10
mM sodium phosphate and 150 mM NaCl, adjusted to pH 7.0) with constant vortexing.
The samples were then allowed to equilibrate for 30-60 min at room temperature. Then
aliquots of protein [20 µl from 0.5 mg/ml protein stocks containing octylglucoside (OG)]
were added to the pre-formed vesicles, and incubated for an additional 1 h before
fluorescence was measured. Samples contained final concentrations of 12.5 µg/ml protein
and 500 µM lipids. Since octylglucoside was rapidly diluted to far below its cmc in this
protocol, it should not have affected vesicle integrity. Confirming this, a protocol in
which the protein was diluted into buffer before addition of vesicles gave similar
fluorescence and fluorescence quenching results to those with the protocol described
above (data not shown).
Fluorescence Measurements. Fluorescence data was obtained on SPEX τ2 Fluorolog
spectrofluorometer operating in steady-state fluorescence mode at room temperature.
Excitation slits of 2.5 mm (4.5 nm band-pass) and emission slits of 5 mm (9 nm bandpass) were used for all measurements. The fluorescence emission spectra were measured
over the range 300-375 nm. Fluorescence from background samples containing lipid and
buffer with no peptide were subtracted to calculate reported fluorescence values. All
measurements were made at room temperature.
Acrylamide Quenching Measurements. To measure acrylamide quenching, fluorescence
intensity and emission spectra were first measured in samples containing peptides
incorporated into model membranes or background samples, prepared as described
above. Then a 50 µl aliquot of acrylamide from a 4 M stock solution dissolved in water
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was added. After a brief incubation (5 min), the fluorescence was remeasured. In these
experiments, fluorescence intensity was measured using an excitation wavelength of 295
nm and emission wavelength of 340 nm. This excitation wavelength was chosen to
reduce acrylamide absorbance (and the resulting inner-filter effect). Fluorescence
intensity was corrected both for dilution from addition of acrylamide and due to the
inner-filter effect (83). To determine emission λmax, Trp emission spectra in the
presence of acrylamide were measured with an excitation wavelength of 280 nm, which
gave stronger fluorescence intensity than with excitation at 295 nm despite the increased
inner-filter effect due to acrylamide absorbance at 280 nm. Previous controls show that
in these experiments the emission spectra λmax is not affected by this choice of
excitation wavelength (83).
10-Doxylnonadecane Quenching Measurements. To measure quenching by 10-DN, the
fluorescence of samples containing model membrane-incorporated peptide was compared
to that in samples containing 10-DN. To prepare the later, samples were prepared as
described above except that either 10% mol (for DOPC) or 12% mol (for DEuPC) of the
lipid was replaced with an equivalent mol % of 10-DN. Fluorescence intensity was
measured using an excitation wavelength of 280 nm and emission wavelength of 330 nm.
The emission spectra were measured with excitation wavelength of 280 nm.
Calculation of Acrylamide/10-DN Quenching Ratio. The acrylamide/10-DN quenching
ratio (Q-ratio) was used to estimate Trp depth in the bilayer. The ratio was calculated
from the formula Q-ratio = [(Fo/Facrylamide)-1]/ [(Fo/F10-DN)-1], where Fo is the fluorescence
of a sample with no quencher present and Facrylamide and F10-DN are the fluorescence
intensities in presence of acrylamide or 10-DN respectively. The Q-ratio varies inversely
with depth of the Trp in the membrane (83).
Circular Dichroism Measurements. Circular Dichroism (CD) spectra were recorded at
room temperature using a JASCO J-715 CD spectrometer using 1 mm path length quartz
cuvettes. Typically, final spectra were the average of 50 scans taken at a rate of 50
nm/min. Estimation of α-helical content was done using DICHROWEB, an online server
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for secondary structure analyses from CD data (84). Intensities in background samples
(lipid without peptides) were subtracted before analysis of secondary structure. The final
concentrations using for CD measurements were 2 µM peptide and 500 µM lipid, unless
otherwise noted.
Calculation of Effective TM Length (LTM

eff.).

Bilayer width at which λmax was a

minimum was identified from a polynomial fit of the λmax vs. bilayer width curves using
the SlideWrite program (Advanced Graphics Solution, Encinitas, CA). Correlation
coefficients (r2) were greater than 0.99 for all fits. LTM eff (in units of numbers of residues)
was calculated using the formula: LTM eff = bilayer core width at λmax minimum/ 1.5 Å
per residue; where bilayer width = 1.8 Å × number of acyl chain carbon atoms – 4.5 Å
(16)
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CHAPTER 3
EFFECT OF SEQUENCE HYDROPHOBICITY AND BILAYER
WIDTH UPON THE MINIMUM LENGTH REQUIRED FOR THE
FORMATION OF TRANSMEMBRANE HELICES IN MEMBRANES
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Transmembrane segments of membrane proteins are predominantly composed of
hydrophobic α-helical segments. Understanding the dependence of hydrophobic helix
behavior upon amino acid sequence would vastly improve our ability to predict
membrane protein structure, folding and function.
The formation and behavior of short TM helices are poorly characterized. Short
TM helices may be more common than generally thought because the length of the TM
segment may be smaller than that based on naïve hydrophobicity calculations. In recent
work on polio virus 3A/3AB proteins we found the 22-residue hydrophobic anchor of the
3A protein can adopt a TM structure, but the actual length of the TM segment is only
about 16 residues (85).
Because short hydrophobic sequences often form TM states with borderline
stability (16, 56, 85) it is also important to define how sequence controls their
equilibration between TM and non-TM states.

This equilibrium can often impact

membrane-protein function (17, 85-92) and genomic analysis suggests that the number of
sequences that can undergo TM/non-TM interconversion may be considerable (28).
The behavior of short TM helices is also of interest because of the role of TM
helix length in trafficking between membranes. It has been observed that the apparent
TM sequences of Golgi proteins are generally shorter (15 residues) than those (18
residues) of plasma membrane proteins (93-95), and a preferential interaction of short
TM α-helices with the thinner bilayers of Golgi apparatus is believed to be one
mechanism of retention in the Golgi (93-95). The predicted role of helix length in this
type of sorting is supported by studies showing the cellular location of simple TM
sequences is a strong function of length (94, 96-98).
Artificial hydrophobic α-helices with simple amino acid compositions are useful
for further studies of the relationship between helix length and behavior in membranes.
Artificial helices have already been widely used to study the sequence-structure
relationship in model membranes, and this system has a number of advantages, including
the abilities to control environmental factors such as lipid composition and bilayer width
and pH (which cannot be controlled in cells and/or detergent-micelle based studies), and
the ability to analyze helix behavior with a variety of techniques, including diffraction,
NMR, IR and fluorescence spectroscopy (16, 24, 71, 82, 99-102).
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We have developed a set of methods using fluorescence properties to define the
topographical states of membrane-inserted hydrophobic α-helices containing a single Trp
residue in their hydrophobic core as a function of sequence and bilayer width (16, 24, 29,
30, 78, 83, 85).

In a previous study using helix-forming Lys-flanked hydrophobic

sequences, we found that in DOPC bilayers 15 residue-long polyLeu type sequences
result in stable TM insertion, but that the TM configuration is not very stable when the
polyLeu sequence is 11 residues long (16). We also found that polyLeu sequences
containing internal charged residues may form truncated TM segments with as little as 11
consecutive hydrophobic residues (29, 49).
However, these studies did not define the minimum length capable of forming a
stable TM helix for sequences with more biologically relevant hydrophobicities, or how
TM stability would be affected by the identity and charge of hydrophilic residues
surrounding the hydrophobic sequence. Defining the importance of these parameters was
the aim of the present study. Sequences containing polyLeu or polyLeuAla hydrophobic
cores of varying lengths, and sequences with various hydrophilic residues flanking the
hydrophobic core, were used to precisely define the minimum length required to form a
stable TM helix and its dependence upon sequence and environment. We found that even
moderately hydrophobic sequences can form autonomous short TM segments under
conditions of considerable negative mismatch, and that the extent to which a TM
configuration is formed can be controlled by physiologically relevant changes in bilayer
width and pH. This information should aid the prediction of short TM helices from
sequence data, and their behavior in different membranes.
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RESULTS
Using Fluorescence Emission λmax, Fluorescence Quenching, and Bilayer Width
Variation to Define the Topography of the Membrane-Inserted Hydrophobic Helices.
The fluorescence properties of a Trp residue located at the center of the
hydrophobic sequence was used to define the topography of membrane-inserted peptides
(16, 24). When such a peptide adopts a TM orientation this Trp locates at or near the
bilayer center, which results in blue-shifted Trp emission λmax (315-320 nm). However,
if the peptide adopts a membrane-bound non-TM topography in which the peptide resides
close to the bilayer surface, then the Trp locates close to the surface, and the λmax red
shifts, generally to 335-345 nm (16, 24). The exact λmax value in the non-TM state value
depends upon how deeply the peptide is buried in the non-TM state, and upon whether in
the non-TM state the Trp faces aqueous solution or the bilayer interior (16, 24). Values of
λmax in between those for the TM and non-TM state are characteristic of mixtures of TM
and non-TM topographies (16, 24) or of a shifted TM state wherein only a part of the
hydrophobic sequence forms the membrane-spanning segment, and so the Trp is shifted
to an intermediate depth (29, 49). These alternatives can also be distinguished from each
other (see below).
The effect of changing bilayer width (and thus changing the degree of
hydrophobic mismatch between bilayer width and hydrophobic helix length) upon Trp
depth aids the characterization of topography, and can help define the length of a TM
helix (Figure 4) (16, 24, 29, 49). [Lipids with monounsaturated acyl chains are used in
these studies so that the bilayers remain in the fluid state at room temperature.] Several
studies have shown that for a Trp at the center of a hydrophobic sequence fluorescence is
generally most blue-shifted when a hydrophobic peptide is incorporated into the widest
bilayer in which the TM configuration is stable (16, 24, 29, 49). As a result, the bilayer
width at which fluorescence is most blue-shifted distinguishes short; medium and long
TM helices (see Figure 4). As bilayer width is further increased, so that negative
mismatch between helix length and bilayer width develops, Trp λmax red shifts due to
the peptide forming an increasing amount of the non-TM state (16, 24). When the TM
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Figure 4. Schematic representation of the dependence of Trp λmax upon lipid acyl chain
length for hydrophobic peptides with different lengths and tendencies to form a TM
topography (16, 24, 29). Short, medium, and long refer to the length of hydrophobic
sequences sufficiently hydrophobic to form TM sequences in the absence of negative
mismatch. Non-TM shows the behavior of a sequence insufficiently hydrophobic to form
a TM state at any bilayer width.
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state is fully lost, the red shift reaches a limiting value. This point can usually only be
detected for short and medium length TM helices (Figure 4).
When bilayer width is decreased from the maximum width at which the TM
configuration is stable (i.e., in conditions of positive mismatch between helix length and
bilayer width) there is also a red shift, although generally smaller than that under
conditions of negative mismatch (16, 24). This positive mismatch-induced red shift
arises from the fact that a Trp at the bilayer center automatically is located closer to the
surface as bilayer width decreases, combined with effects due to promotion of (weak)
oligomerization by conditions of positive mismatch (16, 24, 30). [It appears that the
fluorescence of a Trp at the center of the bilayer is more red-shifted when buried in an
oligomer than when exposed to lipid (30, 78)] When a membrane-bound helix does not
form a TM state, but instead sits near or at the surface of the bilayer in non-TM form, a
Trp at the center of the sequence shows highly red-shifted fluorescence that is not
sensitive to bilayer width (upper line in Figure 4).
Interpretation of λmax results is aided by combining them with more direct
measurements of Trp depth. To do this, a dual fluorescence quenching method can be
used. This method utilizes two quenchers of Trp fluorescence, acrylamide and 10-DN.
Acrylamide (although membrane permeable (83)) resides primarily in the aqueous
solution and preferentially quenches the fluorescence of Trp residues near the membrane
surface, while 10-DN, a membrane-inserted quencher, preferentially quenches the
fluorescence of Trp buried in the membrane bilayer (83). The ratio of acrylamide
quenching to 10-DN quenching (Q-ratio) responds nearly linearly to Trp depth in the
bilayer, with a low quenching ratio (< 0.2) indicating a deeply located Trp near the center
of the bilayer, while a high Q-ratio (1.0-3.0) is usually indicative of a Trp near the bilayer
surface (83).
Intermediate Q-ratios can arise either from peptides adopting a mixture of
conformations with shallow and deep Trp depths, or from peptides that adopt a “single”
shifted TM conformation with an intermediate Trp depth. These two alternatives can be
resolved by measurement of quencher-induced shifts in Trp λmax (29, 49, 83). If a
membrane inserted peptide forms co-existing deep and shallow conformations, then its
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Trp emission will be composite of red-shifted and blue-shifted emission spectra. In such
samples, acrylamide will preferentially quench the shallow Trp, inducing a blue shift in
λmax. Conversely, 10-DN will preferentially quench the deep Trp, and induce red shifts.
The difference in λmax in the presence of acrylamide and 10-DN, which depends on the
amount of each population present, can be up to 15 nm (49, 83). If only a single Trp
depth population is present, the difference in λmax in the presence of acrylamide and 10DN is very small (0-2 nm) (49, 83).
Effect of Helix Length and Sequence upon Topography of Membrane-Inserted Short
Hydrophobic Helices: 17 Hydrophobic Residues.
Using these methods, peptides with short hydrophobic sequences (13-17 residues)
were studied in order to determine the minimum length hydrophobic sequence forming
stable TM helices (Table 1). PolyLeu (pL)-type sequences were compared to two
different types of polyLeuAla (pLA)-type sequences. The first type had alternating Leu
and Ala residues, and the second had a block of Leu residues followed by a block of Ala
residues. All sequences had a Trp in the center of the hydrophobic sequence to probe
helix position within the bilayer. The also had two flanking ionizable residues, Lys
unless otherwise noted, at both the N and C-termini of the hydrophobic core sequence.
Figure 5 shows the effect of bilayer width on Trp emission λmax for pL and pLA
peptides at pH 7.0. For sequences with [including the Trp] 17 hydrophobic residues
(pL16, p(LA)8 and pL8A8), the pattern of λmax as a function of bilayer width (Figure 5A)
showed a minimum with very blue-shifted emission in DOPC vesicles (DOPC has 18
carbon acyl chains) and/or DEiPC vesicles (DEiPC has 20 carbon acyl chains) and a
significant red shift in wider bilayers. This pattern indicated that in DOPC vesicles the
Trp is near the bilayer center, and thus the 17 hydrophobic residue sequences were
forming relatively stable TM helices in DOPC vesicles, but in much wider bilayers the
Trp located more shallowly, consistent with some degree of formation of a non-TM state.
These conclusions are confirmed by fluorescence quenching data (Figure 6). All
three peptides with 17 hydrophobic residues exhibited low Q-ratios in DOPC vesicles
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Table 1: List of Peptides Used in this Study.
Peptide

Sequence

pL12 = (KKpL12)

Ac-(= acetyl)-K2GL6WL6K2A-NH2

pL14

Ac-K2GL7WL7K2A-NH2

pL16

Ac-K2GL8WL8K2A-NH2

p(LA)6

Ac-K2G(LA)3W(LA)3K2A-NH2

p(LA)7

Ac-K2G(LA)3LWA(LA)3K2A-NH2

p(LA)8

Ac-K2G(LA)4W(LA)4K2A-NH2

pL6A6

Ac-K2GL6WA6K2A-NH2

pL7A7

Ac-K2GL7WA7K2A-NH2

pL8A8

Ac-K2GL8WA8K2A-NH2

KH

pL12

Ac-KHGL6WL6HKA-NH2

HH

pL12

Ac-H2L6WL6H2-NH2

HD

pL12

Ac-HDGL6WL6DHA-NH2

These peptides were purchased from Anaspec Inc. (San Jose, CA).

Peptides were

purified via reverse-phase-HPLC using a C18 column with 2-proponal/water/0.5% v/v
trifluoroacetic acid as mobile phase as described previously (103). Peptide purity was
confirmed using MALDI-TOF mass spectrometry (Proteomics Center, Stony Brook
University). We estimated that final purity was on the order of 90% or better. After
drying the HPLC fractions the peptides were stored in 1:1 (v/v) 2-proponal/water at 4 ºC.
Peptide concentrations were measured by absorbance spectroscopy on a Beckman DU650 spectrophotometer using extinction coefficient for Trp of 5560 M-1cm-1 at 280 nm.
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Figure 5. Effect of lipid acyl chain length on Trp emission λmax of pLeu and pLeuAla
peptides of varying lengths incorporated into phosphatidylcholine vesicles at pH 7.0. (A)
pLeu and pLeuAla peptides with 17-residue hydrophobic core. (B) pLeu and pLeuAla
peptides with 15-residue hydrophobic core. (C) pLeu and pLeuAla peptides with 13residue hydrophobic core. Samples contained 2 µM peptide incorporated into 500 µM
lipid dispersed in PBS at pH 7.0. The average values of triplicate samples are shown.
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Figure 6: Quenching ratios for pLeu and pLeuAla peptides of varying lengths
incorporated into DOPC or DEuPC vesicles at pH 7.0. (A) Quenching ratio of peptides in
DOPC vesicles at pH 7.0. (B) Quenching ratio of peptides in DEuPC vesicles at pH 7.0.
Samples contained 2 µM peptide incorporated into 500 µM lipid dispersed in PBS at pH
7.0. Average and standard deviation from a minimum of 3 samples are shown
.
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(Figure 6A) corresponding to either fully or almost fully TM configurations with the Trp
near the bilayer center, and higher Q-ratios (Figure 6B) in DEuPC vesicles (DEuPC has
22 carbon acyl chains) indicating a shallower Trp depth that corresponds to some degree
of formation of shallow, non-TM state with the Trp closer to the bilayer surface. The
λmax values in Figure 5A also show that the p(LA)8 and pL8A8 give significantly more
red-shifted fluorescence than pL16 at all bilayer widths, strongly suggesting that the Trp
in the former peptides located more shallowly than in the latter peptide.

This is

confirmed by the observation that p(LA)8 and pL8A8 exhibited higher Q-ratios than pL16
in both DOPC and DEuPC vesicles (Figure 6).
Furthermore, for p(LA)8 and pL8A8 the red shift in λmax appears to approach a
limiting value as bilayer width is increased (Figure 5A), indicating nearly complete
formation of the non-TM state in very wide bilayers, while for the pL16 peptide in wide
bilayers the Trp remains relatively blue-shifted, indicating that the TM state still
predominates. This conclusion is supported by the quenching data in DEuPC vesicles
(Figure 6B), which shows high Q-ratios characteristic of a shallow Trp for the former
peptides, but a low Q-ratio for pL16 indicating that a predominant amount pL16 remained
in the TM state, in which Trp locates very deeply.
The differences between λmax and Trp depths for pL16 and the p(LA)8 and pL8A8
peptides incorporated into moderate-width (DOPC) and even thinner bilayers may result
from the TM configuration being less stable for the latter two peptides. However, it is
also possible that part of the difference between can be explained by the p(LA)8 and
pL8A8 peptides forming a TM state with a wider distribution of Trp depths than that of
pL16 (see Discussion). Consistent with this hypothesis, Table 2 shows that acrylamide and
10-DN do not induce large shifts in λmax for pLA peptides in DOPC vesicles, indicating
that the pLA peptides in DOPC vesicles do not form two populations with very different
Trp depths (i.e. co-existing TM and non-TM states), despite locating more shallowly than
the pL peptide.
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Table 2: Quencher-Induced Shifts in Trp Emission λmax for Membrane-Inserted pL and
pLA Peptides in DOPC and DEuPC Bilayers. The

Peptide
pL16
p(LA)8
pL8A8
pL14
p(LA)7
pL7A7
pL12
p(LA)6
pL6A6

a

a

λmax (nm)

λmax (nm)

(acrylamide)

(10-DN)

|∆λmax|

Lipid

λmax (nm)

DOPC

318

319

318

1

DEuPC

321

321

320

1

DOPC

323

322

324

2

DEuPC

334

333

336

3

DOPC

324

324

325

1

DEuPC

335

335

339

4

DOPC

319

320

320

0

DEuPC

325

325

328

3

DOPC

326

323

329

6

DEuPC

333

333

337

4

DOPC

330

326

333

7

DEuPC

337

338

342

4

DOPC

331

329

339

10

DEuPC

347

347

349

2

DOPC

340

337

348

11

DEuPC

349

347

349

2

DOPC

335

330

344

13

DEuPC

348

347

349

2

(nm)

b

Reported λmax values are averages from three to six samples. The values were generally

reproducible within ± 1nm. The λmax values have been rounded to whole numbers. b ∆λmax is
the absolute value of difference between λmax in the presence of acrylamide and λmax in the
presence 10-DN.
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Effect of Helix Length and Sequence upon Topography of Membrane-Inserted Short
Hydrophobic Helices: 15 Hydrophobic Residues.
Qualitatively, the pattern of both λmax (Figure 5B) and Q-ratios (Figure 6) for
sequences with 15 hydrophobic residues (pL14, p(LA)7 and pL7A7) was similar to that for
sequences with 17 hydrophobic residues. However, sequences with 15 hydrophobic
residues exhibited more red-shifted Trp fluorescence (Figure 5B) than sequences with 17
hydrophobic residues (Figure 5A), consistent with the former having less stable TM
insertion due to having shorter hydrophobic segments. This conclusion was supported by
the observation that the bilayer width at which λmax is a minimum was thinner for pL14
(18 acyl chain carbons), than for pL16 (20 acyl chain carbon atoms), and the observation
that both p(LA)7 and pL7A7 showed near-limiting red shifts in bilayers with 20 acyl chain
carbon atoms while p(LA)8 and pL8A8 only showed near-limiting red shifts in wider
bilayers with 22 acyl chain carbon atoms. Quenching ratios confirmed this difference
between 15- and 17- hydrophobic residue sequences. In DOPC vesicles (Figure 6A), the
Q-ratios are slightly higher, and thus Trp depth was slightly shallower, for the peptides
with 15 hydrophobic residues than it was for the corresponding peptides with 17
hydrophobic residues.

The less stable TM insertion of the 15 hydrophobic residue

peptides was also confirmed by quencher-induced λmax shifts in DOPC vesicles (Table
2). In contrast to the behavior of p(LA)8 and pL8A8, quenching-induced λmax shifts in
DOPC vesicles were significant for p(LA)7 and pL7A7, indicating that the latter peptides
formed significant amounts of both TM and non-TM states in DOPC vesicles, while the
former peptides did not (they formed much less non-TM state).
As in the case of the analogous sequences with 17 hydrophobic residues, the pL14
peptide showed more blue-shifted fluorescence than the p(LA)7 or pL7A7 peptides at all
bilayer widths (Figure 5B), indicative of a shallower Trp location for the latter peptides.
In agreement with this data, Q-ratios (Figure 6) confirmed that pL14 forms structures with
a deeper Trp depth than p(LA)7 and pL7A7. In addition, in DOPC vesicles the pL14
peptide did not show the significant quencher-induced λmax shifts seen with p(LA)7 or
pL7A7 (Table 2), also consistent with its maintaining a more stable TM configuration
(similar to the pL16 peptide).
The difference between Q-ratios (and λmax) for p(LA)7 and pL7A7 and those for
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p(LA)8 and pL8A8 were not as large in DEuPC vesicles as they were in DOPC vesicles
(Figure 5A, 5B, and Figure 6B), probably because in DEuPC vesicles the non-TM state is
already predominant in all of these cases. In contrast, Q-ratios and λmax both indicate
that in DEuPC vesicles pL14 has a shallower Trp depth than pL16. Nevertheless, the TM
state appears to predominate for pL14 in DEuPC vesicles as judged by the observation
that λmax and Q-ratio values for this peptide in DEuPC vesicles (325 and 0.32,
respectively) were closer to the values it exhibited in DOPC vesicles (319 and 0.04,
respectively), in which the TM state is formed, than they were to that for pLA7 and pL7A7
peptides in DEuPC vesicles (333-337 nm and 0.88-0.92, respectively), cases in which the
peptides appear to be almost fully in the non-TM state.
Effect of Helix Length and Sequence upon Topography of Membrane-Inserted Short
Hydrophobic Helices: 13 Hydrophobic Residues.
The λmax values for peptides with 13 hydrophobic residues (pL12, p(LA)6 and
pL6A6) also follow patterns somewhat analogous to that observed for sequences with 15
or 17 hydrophobic residues.

However, the peptides with 13 hydrophobic residues

exhibited much more red-shifted Trp fluorescence (Figure 5C), than observed for
peptides with 15 or 17 hydrophobic residues, and this, plus λmax vs. bilayer width
profiles, were indicative of even less stable TM insertion and shorter TM segments than
for the peptides with 15 or 17 hydrophobic residues. The latter conclusion is supported
by the observation that for all of the peptides with 13 hydrophobic residues the bilayer
width at which λmax is a minimum is that of DPoPC vesicles (DPoPC has 16 carbon acyl
chains), thinner than that giving a minimum λmax for the 15 and 17 hydrophobic residue
peptides.
Quenching ratios and quencher-induced λmax shifts again support the
conclusions derived from λmax data. In DOPC vesicles, pL12, p(LA)6, and pL6A6 show
high Q-ratios and large quencher induced λmax shifts, indicating a large amount of the
non-TM state is present, (Figure 5C). The lesser stability of the TM state for pL12 relative
to pL14 and pL16, demonstrated by its exhibiting a high Q-ratio (Figure 6A) and large
quencher-induced λmax shifts in DOPC vesicles (Table 2), is particularly striking. This

34

difference is confirmed by behavior in DEuPC vesicles, in which pL12 differs from pL14
and pL16 in that it fully forms the non-TM state as judged a very high Q-ratio (Figure 6B).
For all of the peptides with a 13-residue hydrophobic sequence the limiting λmax
in wide bilayers was significantly more red-shifted (close to 350 nm) than for 15- and 17residue long hydrophobic sequences (generally 335-340 nm), indicative of a shallower
Trp location in the case of the 13-residue hydrophobic sequences. Consistent with this
conclusion, the Q-ratio for the peptides with 13-residue hydrophobic sequences in the
non-TM state (~3) was larger than that of the peptides with the 15- and 17-residue
hydrophobic sequences in the non-TM state (~1) (Figure 6). This difference could reflect
either a shallower peptide location for the 13 residue hydrophobic peptides in the nonTM state or a difference in Trp orientation in the non-TM state (see Discussion). Another
possible explanation was that the peptides with 13 hydrophobic residues were not fully
membrane-bound. However, control experiments in which vesicles containing pL6A6
were chromatographed on Sepharose 4B confirmed that membrane binding was complete
(data not shown).
It is noteworthy that although a Q-ratio value of about 1 can represent a fully nonTM configuration, because of the high Q value in the non-TM state for the sequences
with 13 hydrophobic residues, the value of about 1 observed for pL12, p(LA)6, and pL6A6
in DOPC vesicles is indicative of a mixture of deep and shallow configurations. This is
confirmed by the very large quencher-dependent λmax shifts observed for pL12, p(LA)6,
and pL6A6 in DOPC vesicles (Table 2).
As with the longer peptides, the pL12 peptide shows more blue-shifted
fluorescence than the p(LA)6 and pL6A6 peptides in DOPC vesicles. However, the
difference is small, and no difference is detected by Q-ratio, suggesting that the stability
of the TM state for the pL12 peptide is not much greater than that for p(LA)6 or pL6A6.
Secondary Structure of Peptides: Effect of Helix Length and Mismatch.
Previous studies have shown the types of peptides studied here form α-helices
when membrane-associated (16, 104). To confirm this was true for the specific
combinations of sequence and hydrophobic residue lengths studied in this report, the
peptides were incorporated into vesicles composed of DOPC or DEuPC and then helix

35

content was estimated from circular dichorism (CD) spectra. Estimated helix contents
were found to be in the range of 80-90% (Data not shown). The results show that the
peptides were highly helical in both the TM and non-TM state.
Minimum Length Required for Stable TM Helix Formation.
The data from the experiments above was further analyzed to define the
sequence/bilayer width dependence of the minimum length required for TM helix
formation. To do this, the dependence of Trp λmax upon negative mismatch (the degree
to which bilayer width exceeds the length of the hydrophobic sequence) was calculated
(Figure 7). The value of λmax was used as a crude measure of the fraction of peptide
molecules in the TM configuration, based on the observation that λmax in the TM state
falls in the 315-320 nm range, and that for the non-TM state usually falls in the 340-350
nm range. The amount of negative mismatch (in angstroms) was calculated for each
peptide/lipid vesicle combination as described in the legend to Figure 7.
Figure 7A shows the behavior of the pL type peptides as a function of negative
mismatch, combining the results in this study (triangles) with those of our previous study
on pL10 and pL18 peptides (circles) (16). The dependence of λmax upon negative
mismatch indicates that the TM state for pL sequences is tolerant of up to ~11-12 Å
negative mismatch before the non-TM state predominates (Figure 7A). This degree of
mismatch would be roughly equivalent to that for an 11-12 residue long hydrophobic
sequence in a DOPC bilayer.
It should be noted that there was good agreement between λmax behavior as a
function of bilayer width for the pL peptides studied here and those studied previously,
with the behavior the pL12, pL14 and pL16 falling between that previously determined for
pL10 and pL18 [see Figure 1B in Ren et al. (16)]. [Note the change in nomenclature in this
report: in Ren et al (16) the subscript used was larger by one residue because it
designated the total number of hydrophobic core residues including the Trp.]
Figure 7B shows that the pattern of λmax vs. negative mismatch for the pLA-type
peptides was in general similar to that for the pL-type peptides, with very little difference
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Figure 7. Dependence of Trp λmax upon the degree of negative mismatch between
hydrophobic segment length and bilayer width. (A) pL peptides. Data from Figure 5 (▲)
and for pL10 and pL18 peptides from Ren et al., 1999 (16) (●) in DOPC, DEiPC and
DEuPC vesicles. Solid line shows sigmoidal fit to the data, with a limiting λmax of 350
nm at infinite negative mismatch using SlideWrite program. (B) pLA peptides. Data
derived from Figure 5 is shown for p(LA)n (■) and pLnAn (♦) in DOPC, DEiPC and
DEuPC vesicles. Dashed line shows the sigmoidal fit from panel A. for comparison.
Negative mismatch was calculated from the formula: bilayer width (16) - hydrophobic
sequence length = 1.5 Å × number of hydrophobic residues.
for the p(LA)n (squares) and pLnAn (diamonds) series. However, the TM configuration
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or the pLA peptides was more sensitive to mismatch than that for the pL peptides
(compare solid and dashed line in Figure 7B). For the pLA peptides the maximum
degree of mismatch at which the TM state predominates (i.e. the midpoint of the
sigmoidal curve) is about 9Å, which is equivalent to a 13h residue long hydrophobic
sequence in a DOPC bilayer. In addition, there seems to be a slightly more gradual
dependence of TM stability upon the degree of negative mismatch for the pLA peptides.
It should be noted that vesicle curvature is unlikely to have affected these conclusions.
Control experiments using peptides inserted into MLV gave λmax vs. bilayer width
results very similar to those obtained with SUV (Data not shown). Furthermore, it should
be noted that the observed behavior of the peptides represents their equilibrium behavior.
Control experiments using membrane-bound decane to reversibly increase bilayer width
and alter the TM/non-TM equilibrium (83) demonstrated that (as judged by red-shifted
λmax and increased acrylamide quenching) the membrane-inserted state formed by a
short hydrophobic peptide (pL12) rapidly and reversibly converted from the TM state to
the non-TM configuration when bilayer width was altered in situ by decane addition or
removal (data not shown).
Effect of Flanking Hydrophilic Residues on the Minimum Length Hydrophobic Sequence
Forming a Stable TM Helix.
Because the identity of the hydrophilic residues flanking a hydrophobic sequence
could influence the effective hydrophobic sequence length, the effect of different
ionizable residues flanking the hydrophobic core upon stability of the TM configuration
was studied. The behavior of pL12 sequences flanked on both on N- and C-termini either
by 2 Lys, 1 Lys + 1 His, 2 His, or 1 His + 1 Asp was examined.
Figure 8 shows the dependence of Trp λmax upon bilayer width for these peptides
at different pHs. At pH 4.0, where His and Lys both carry positive charges while Asp is
largely uncharged [(49)and see below], peptides flanked with two Lys-residues (KKpL12),
1 Lys + 1His (KHpL12) or 2 His (HHpL12) showed similar patterns of λmax vs. bilayer
width, with fluorescence most blue-shifted for peptide inserted into (16 carbon acyl
chain) DPoPC vesicles (Figure 8A). [In this section the designation KKpL12 is used for the
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Figure 8: Effect of lipid acyl chain length on Trp emission λmax for pLeu peptides with
varying flanking residues incorporated into phosphatidylcholine vesicles at: (A) pH 4.0;
(B) pH 7.0 (C); pH 9.0. Symbols: (▲) KKpL12, (○) KHpL12, (∆) HHpL12, and (□) HDpL12 .
The samples contained 2µM peptide incorporated into 500 µM lipid dispersed in pHadjusted PBS. Average values from 3 samples are shown.
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Figure 9: Quenching ratios for pL12 peptides with varying flanking residues incorporated
into DOPC (filled bars) or DEuPC (striped bars) vesicles. (A) Q-ratios at pH 4.0, (B) Qratios at pH 7.0, (C) Q-ratios at pH 9.0. Samples contained 2 µM peptide incorporated
into 500 µM lipid dispersed in PBS of different pH. Average and standard deviation for
triplicates are shown
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pL12 peptide for clarity.] In addition, in both DOPC and DEuPC bilayers Trp quenching
data showed similar Q-ratios for these peptides (Figure 9A). As noted above in the case
KK

pL12, these λmax and Q-ratio values are indicative of the formation of a mixture of

of

TM and non-TM state in DOPC bilayers, and formation of the non-TM state in wider
bilayers. The presence of a mixture of TM and non-TM conformations in DOPC vesicles
for these three peptides is confirmed by the observation of large quencher-induced shifts
(Table 3). Combined, this data confirms these three peptides have very similar TM
stabilities at low pH. At most,

KH

pL12 and

HH

pL12, gave λmax values in DOPC bilayers

that are very slightly more blue-shifted, and Q-ratios slightly lower, than that for KKpL12,
suggesting slightly more stable TM insertion than for KKpL12. These results indicate that
the effect of flanking Lys+ and His+ residues upon the stability of the TM configuration
do not differ greatly. This result is interesting because Lys snorkeling, which is the
positioning of the Lys side chain so that its amino charge should be close to the bilayer
surface (75), should help stabilize a TM configuration relative to a like-charged residue
that cannot snorkel as well (i.e. His)(see Discussion).
Relative to the Lys- and His-flanked peptides at pH 4, the HD-flanked peptide
HD

( pL12) adopted a somewhat more stable TM topography when inserted into DOPC
vesicles at pH 4, as judged by its more blue-shifted λmax and lower Q-ratios relative to
the other peptides (Figures 8A and 9A, respectively). In fact, for HDpL12 in the TM state
appears to predominate in DOPC as judged by the lack of strong quencher-induced shifts
in λmax (Table 3). The effective length of the TM sequence also appears to be slightly
longer than that of the other peptides, as judged by an increase in the acyl chain length at
which λmax is at a minimum (Figure 8A). These results reflect the fact that it is easier to
place an uncharged Asp near or within the polar/hydrophobic boundary of the bilayer
than it is to place a charged residue near this boundary (105).
These experiments were repeated at pH 7 (Figures 8B and 9B) and pH 9 (Figures
5C and 6C). At pH 9 Lys will remain cationic (30), while the other flanking residues
should deprotonate, so that His is uncharged and Asp is anionic. Consistent with this,
KK

pL12 did not exhibit any pH-dependence in λmax or Q-ratio, while all the other

peptides exhibited a significant pH-dependence in these parameters (compare Figures 8A,
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Table 3: Quencher-Induced Shifts in Trp Emission λmax for Membrane-Inserted
Peptides in DOPC and DEuPC Bilayers: Peptides with Different Hydrophilic Flanking
Residues.
Peptide
KK

pL12

KH

pL12

HH

pL12

HD

pL12

KK

pL12

KH

pL12

HH

pL12

HD

pL12

KK

pL12

KH

pL12

HH

pL12

HD

pL12

a

pH
4
4
4
4
7
7
7
7
9
9
9
9

λmax

λmax (nm)

λmax (nm)

|∆λmax| b

(nm )a

(acrylamide)

(10-DN)

(nm)

DOPC

330

328

339

11

DEuPC

347

347

349

2

DOPC

329

328

335

7

DEuPC

347

346

348

2

DOPC

329

326

341

15

DEuPC

347

346

348

2

DOPC

325

324

325

1

DEuPC

337

336

339

3

DOPC

331

329

339

10

DEuPC

347

347

348

1

DOPC

325

325

326

1

DEuPC

337

335

340

5

DOPC

327

327

329

2

DEuPC

337

333

337

4

DOPC

327

327

327

0

DEuPC

339

339

342

3

DOPC

331

328

340

12

DEuPC

347

347

349

2

DOPC

325

325

326

1

DEuPC

335

333

338

5

DOPC

327

327

329

2

DEuPC

336

332

337

5

DOPC

330

329

333

4

DEuPC

341

339

341

2

Lipid

Reported λmax values are averages from three samples. The values were generally reproducible

within ± 1nm. The λmax values have been rounded to whole numbers. b ∆λmax is the absolute
value of difference between λmax in the presence of acrylamide and λmax in the presence 10-DN
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8B, and 8C and Figures 9A, 9B, and 9C). To confirm that there was a change in
protonation, the pKa of the flanking residues was determined from the effect of pH upon
the fluorescence of the membrane-inserted peptides (Figure 10). The lack of charge on
His at pH 9 was confirmed by pH dependence of the fluorescence of

KH

pL12 and

HH

pL12

peptides, which indicated an apparent (His) pKa close to pH 7. A pH-dependent change
in fluorescence was also observed for the

HD

pL12 peptide, and it appeared that the first

(Asp) pKa occurred near pH 5-5.5 and the second (His) pKa near 8. This Asp pKa value
is in agreement with previous studies on closely related sequences, which indicate that
the pKa for an Asp residue near the end of a hydrophobic sequence occurs in the range 57 (49). In the case of HDpL12 His pKa may be increased (relative to the KHpL12 and HHpL12
peptides) by a favorable interaction between the His and the charged Asp residue.
When λmax (Figure 8C) and Q-ratio (Figure 9C) were measured for membraneinserted KHpL12 and HHpL12 at pH 9 (i.e. when the His was uncharged) the values obtained
indicated that the peptides had an increased tendency to form the TM state relative to that
at pH 4, while for the

HD

pL12 peptide at pH 9 (i.e. when Asp was charged) a decreased

tendency to form the TM state was detected relative to that at pH 4.
The stabilization of the TM state at pH 9 in the case of the

KH

pL12 and

HH

pL12

peptides is consistent with the loss at pH 9 of the quencher-induced shifts observed at low
pH (Table 3). This indicates that these peptides no longer form a mixture of TM and nonTM states at pH 9. Similarly, the destabilization of the TM state for the HDpL12 peptide at
pH 9 is consistent with the observation of increased quencher-induced shifts in Trp
fluorescence in DOPC vesicles at this pH, indicating formation of co-existing TM and
non-TM states (Table 3).

These shifts are not seen at pH 4, where the TM state

predominates. Thus, comparison of behavior at high and low pH shows that when
flanking ionizable residues are charged, they destabilize the TM state to a much greater
degree than when they are uncharged, at least for short hydrophobic helices (see
Discussion).
At pH 7, λmax (Figure 8B), quenching (Figure 9) and quencher-dependent λmax
shift data (Table 3) tended to be intermediate between that at pH 4 and pH 9, with the
KH

pL12 and HHpL12 sequences behaving more like they do at pH 9 than at pH 4. The

43

0.80
0.75

F350/F330

0.70
0.65
0.60
0.55
0.50

KH

3

4

5

pL12

6

7

HH

8

pL12
9

HD

10

pL12

11

12

pH
Figure 10. Effect of pH on the fluorescence emission of

HH

pL12,

KH

pL12, and

HD

pL12

peptides. Ethanol dilution vesicles were prepared as for other samples, except increasing
all volumes 2.5-fold (final volume 2 ml) samples. After the fluorescence emission
intensity was measured at 330 and 350 nm, pH was increased by adding 1-10 µl aliquots
of either 0.5 or 2 M NaOH while mixing. After addition of each aliquot of NaOH,
samples were allowed to equilibrate for approximately 2 min before fluorescence was
remeasured. Previous experiments have shown that this to be a sufficient time for
equilibration of pH across the bilayer (49). Intensities were corrected for background
fluorescence and dilution by NaOH. The pH dependence of F350/F330, the ratio of
fluorescence intensity at 350 nm and 330 nm (which is sensitive to changes in Trp λmax
(49)) was measured. pKa values were estimated by fitting this ratio to a sigmoidal
function using the SlideWrite program.
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intermediate behavior pattern is consistent with the His, and perhaps Asp, being partially
charged at pH 7
.
DISCUSSION
The Minimum Length Threshold for Transmembrane Helices: Dependence Upon Bilayer
Width and Sequence Hydrophobicity.
This study investigated how negative hydrophobic mismatch and sequence
combine to affect the relative stability of TM and non-TM configurations of short
membrane-inserted hydrophobic helices. The results show that for highly hydrophobic
sequences, 11-12 consecutive hydrophobic residues is about the minimum to form a TM
configuration sufficiently stable to be the predominant configuration (i.e. 11-12 is the
minimum TM length) in a bilayer with a biologically relevant width (i.e. DOPC). Less
hydrophobic sequences have to be longer to form a stable TM state. However, the effect
of hydrophobicity was relatively modest. For an alternating Leu and Ala sequence, 13
consecutive residues is the minimum necessary to form a predominantly TM state in
DOPC vesicles. This sequence is of more biological relevance, because the
hydrophobicity of an alternating Leu/Ala sequence is more typical of TM sequences in
membrane proteins (28). By assuming a near-linear relationship between minimum TM
length and hydrophobicity, we can derive a formula for estimating minimum TM length
for a hydrophobic sequence surrounded by charged residues. Using our TM tendency
scale (28) as a measure of hydrophobicity gives the formula: Minimum TM length = 15.6
– (2.1 × Average TM Tendency Value of Core Sequence) …………….Equation 1
As an alternative, using the biological hydrophobicity scale of Hessa et al.
(10)gives the formula: Minimum TM length = 14.3 + (4.5 × Average Biological
Hydrophobicity value of Core Sequence)………………………………Equation 2
(These equations have been corrected for Trp and Gly residues in our peptides, see
below.) Since biological hydrophobicity was derived for residues near the bilayer center,
it should be most accurate equation for synthetic sequences with deep Trp or Tyr
residues, such as those used in this study, while TM tendency is more appropriate for
natural sequences in which Trp and Tyr are generally located close to the edge of the
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bilayer.
We do not yet know over how wide a range of sequences these equations are
useful.

At most, they should only be valid for moderately-to-highly hydrophobic

sequences, and they can not be applied to weakly hydrophobic sequences, as illustrated
by the relationship of the energetics of TM insertion vs. hydrophobic sequence length,
shown schematically in Figure 11. The free energy of burial of hydrophobic residues will
basically be proportional to the number of hydrophobic residues multiplied by the
average per residue free energy of burial. However, the energetic behavior of the
hydrophilic flanking residues is more complex. In the region of negative mismatch, the
unfavorable free energy associated with burial of hydrophilic flanking residues (or
equivalently, that of any compensating bilayer distortions, see below) should become
progressively worse as hydrophobic sequence length decreases. In the region of positive
mismatch, there should still be a residual unfavorable free energy associated with
locating hydrophilic flanking residues in the polar headgroup region close to the bilayer
surface, because the polar headgroup forms a more non-polar environment than aqueous
solution, but this free energy should be only weakly dependent on the length of the
hydrophobic sequence. The reasons for this are that the polar headgroup region is not
highly hydrophobic and any helix tilting to maintain burial of hydrophobic residues under
conditions of positive mismatch (see below), will tend to result in a nearly constant
headgroup position relative to the bilayer surface (as shown schematically in Figure 8).
Because of this, weakly hydrophobic sequences should tend to exhibit a high minimum
TM length value that is strongly dependent upon the exact value of sequence
hydrophobicity (Figure 11).

This sensitivity to hydrophobicity would be somewhat

ameliorated if helix tilt is disfavored due to disturbed lipid packing by tilted helices,
and/or if there is a strong tendency of weakly hydrophobic residues to protrude into
aqueous solution (66).
The weak dependence of minimum TM length upon hydrophobicity for
moderately-to- highly hydrophobic sequences means that correcting for the destabilizing
effect of the Trp that was placed in the center of the hydrophobic sequences (10) did not
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Figure 11. Schematic illustration of the energetics of TM helix stability as a function of
hydrophobic sequence length. ∆Go is the free energy of the TM configuration relative to
that of the non-TM configuration. The energetic contributions of the hydrophobic core
and flanking hydrophilic sequences are shown as separate components. The vertical
dashed-and-dotted line represents the boundary between negative and positive mismatch.
The TM configuration of the helix is shown below the graph under conditions of negative
(left) and positive (right) mismatch. The double arrows are shown at the minimum TM
length (given by the intercept of the dashed lines and x-axis), which is the point at which
∆Go for membrane burial of the hydrophobic core (down arrow) = ∆Go for membrane
burial of the flanking hydrophilic residues (up arrow). Notice that for a weakly
hydrophobic sequence the minimum TM length would fall in the region of positive
mismatch and would be very sensitive to the hydrophobicity of the peptide core.

47

significantly modify the value of minimum TM length. Based on the hydrophobicity of
Trp (10), the decrease in hydrophobicity due to a Trp should only have increased the
effective minimum TM length for our peptides by about 0.2 residues (calculation not
shown).
Furthermore, this effect is more than cancelled out by the Gly residue that was
contiguous to the hydrophobic sequences [Gly was present so that the results could be
compared to previous studies (10, 16, 24) - the Gly was originally a purity marker for
chemical synthesis (106)]. Based on the conclusion that a polar residue flanking a
hydrophobic sequence increases the effective length of a hydrophobic sequence by about
half as much as a non-polar residue (see below), the Gly should have decreased the
apparent minimum TM length of the hydrophobic core by ~ ½ a residue. Thus, overall
the core sequences used in this study should only behave slightly differently than
sequences with pure Leu or pure LeuAla hydrophobic cores.
Difference in Energetic Effects of Leu and Ala Upon TM vs. Non-TM Membrane
Insertion.
Ala is significantly less hydrophobic than Leu, and peptides with hydrophobic
cores composed entirely, or almost entirely, of Ala are not stable in the TM state (10, 50,
51, 107). This raises the question: what was the loss of TM stability due to Ala in the
pLA peptides? Estimating the fraction of peptide molecules in the TM and non-TM
configurations state under conditions of 10Å of negative mismatch (the fraction in the
non-TM configuration being roughly given by the red shift of λmax at 10Å mismatch
relative to λmax at no mismatch divided by the limiting red shift at infinite mismatch
relative to that no mismatch, see Figure 4) allows calculation of both an approximate ∆Go
for the TM/non-TM equilibrium and a ∆∆Go for the difference in TM stability between a
pL and pLA sequence. [It should be noted that we did not correct average λmax values
for the difference in intensity in the TM and non-TM states because we found that the
intensity in the non-TM state was only 5-20% less than in the TM state (data not shown).]
This calculation yields an estimate a ∆∆Go of ~0.50 kcal/mole more stable TM
insertion for a pL sequence relative to a pLA sequence. For p(LA)7, this would
correspond to 0.07 kcal/mole per Leu-to-Ala substitution. However, upon conversion of
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the TM to non-TM state, Ala at the end of a hydrophobic sequence will not change their
membrane depth/exposure to aqueous solution significantly, and of the remaining Ala on
the average about half will point towards the center of the bilayer in the non-TM state,
and so would not be likely to contribute much to the difference in energy between TM
and non-TM states. In the case of p(LA)7 these considerations result in an estimate of 0.2
kcal/mole less stable TM insertion per Leu-to-Ala substitution for residues moving form
a deep to shallow location upon conversion of the TM state to the non-TM state.
Even this value is smaller than the ∆∆Go predicted by the biological
hydrophobicity scale for a Leu to Ala substitution (0.66 kcal/mole) (10). In the case of
biological hydrophobicity the non-TM state is likely to be the solution state, and it has
been found that ∆Go for partition between aqueous environments and the bilayer surface
is about half of the ∆Go for partition between aqueous to hydrophobic environments
(105). Thus, ∆∆Go predicted by biological hydrophobicity might be as low as 0.33
kcal/mole. The remaining difference between this value and that we observe (0.2
kcal/mol) may involve the location of our peptides in the non-TM state. Our sequences
were much more hydrophobic than those used to estimate energy for peptides at the
membrane-solution interface (105), and so our peptides are likely to be located more
deeply in the non-TM state, decreasing the difference between free energy in the TM
state and surface-bound non-TM state.
The value of ∆∆Go we obtained should not be over-generalized. First, the number
of Leu to Ala substitutions affected by the change from a TM to non-TM state depends
on helix length. Second, the accuracy of these calculations is limited by the fact that
λmax is not an exact measure of the fraction of peptide in a TM configuration due to
factors such as sequence-dependent differences in the λmax of a pure TM form and pure
non-TM form. This latter factor certainly is responsible for the scatter in the λmax data
in Figure 4 at very high mismatch values. On the other hand, the weighting of average
λmax in mixtures of TM and non-TM forms due to conformation-dependent differences
in Trp intensity (quantum yield), is not of much concern because the peptides used
exhibited only small intensity changes in different configurations (data not shown). In
any case, the analysis of λmax shifts provides a useful first estimate of free energy
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differences.
The Minimum Length Threshold for Transmembrane Helices: Effect of the Hydrophilic
Residues Flanking the Hydrophobic Sequence.
As noted above, the membrane burial of hydrophilic residues flanking the
hydrophobic sequence is likely to be a major factor destabilizing TM insertion of short
TM helices. Consistent with this, the experiments in this report demonstrated that when
ionizable residues flanking the hydrophobic sequence are charged, they destabilize the
TM state to a much greater degree than when they are uncharged.

The strongly

destabilizing effect of charged flanking residues is not surprising because in the TM state
their local environment should be more hydrophobic than in aqueous solution, even if not
nearly as hydrophobic as that in the core of the bilayer. However, it was surprising that
under conditions in which the flanking residues were charged the His-flanked peptides
had a similar TM stability as Lys-flanked peptides. It might be predicted that Lys would
be less destabilizing because it has a long side chain and so can position its charged
amino group at a much shallower location than the depth of the Lys backbone (i.e.
snorkel) (60). A possible explanation is that although His cannot snorkel to as great a
degree as Lys, its positive charge should be somewhat delocalized, which would reduce
destabilization of the TM state.
It was also found that for both KHpL12 at high pH and HDpL12 at low pH, conditions
in which the pLeu sequence is immediately bounded by uncharged ionizable residues, the
TM state was considerably more stable than at pH values at which these residues were
charged. In both these cases, λmax vs. bilayer width profiles and Q-ratio values fell
between those of pL12 and pL14 sequences (compare Figures 5 and 8). Thus, the effective
minimum sequence length to form a predominantly TM state was about one residue
longer when the two residues flanking the sequence were charged than when they were
uncharged. This fits a rule in which the effective minimum TM configuration-forming
length equals the number of hydrophobic residues plus about ½ of the number of
uncharged hydrophilic residues flanking the hydrophobic core. Studies of sequences in
which the identity of the flanking uncharged hydrophilic residues are varied will be
required to confirm and refine this conclusion.
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Insights into the Details of TM and Non-TM Topographies From Trp Depth.
It should be noted that the depth of Trp in membranes is affected by factors in
addition to whether sequences are TM or non-TM. Peptide orientation in the shallow,
non-TM state is one such factor, as we found previously for longer helices (49). In the
non-TM state, membrane-bound helices orient to place their more polar face towards the
aqueous solution. Helical wheel representations of the sequences used in this study (not
shown), indicate that for the 13 hydrophobic residue sequences, Lys and Trp are aligned
on one helix face to a greater degree than for the other length sequences studied. If the
Lys-containing face points toward the aqueous solution, the Trp would also do so, and
this would explain why the non-TM state for the 13 hydrophobic residue sequences gave
a more red-shifted λmax and higher Q-ratio than the other sequences.
A factor that may affect Trp depth in the TM state is how firmly a TM state is
anchored in a specific position. A peptide forming a TM state with ends that are not
tightly anchored at the bilayer surface might be able to undergo considerable movement
perpendicular to the plane of the membrane, allowing formation of a distribution of TM
structures in which the Trp is not always located exactly at the center of the bilayer even
though the Trp is in the center of the hydrophobic sequence (Figure 12). Since such
movements should be less energetically costly for peptides with core sequences that are
not highly hydrophobic, they should be larger for LeuAla sequences than for all Leu
sequences. This might contribute to the red shift observed for the pL8A8 and p(LA)8
sequences relative to the pL16 sequence in DOPC, even if all three peptides form fully
TM states.
Bilayer Response to Negative Mismatch: Effect Upon the Conformational Stability of
Short TM Helices and Biological Implications.
Natural membranes have nonpolar cores of about 30Å in width, and about 20
hydrophobic residues are believed to be required to span the bilayer. However, the latter
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Figure 12. Schematic illustration of possible difference in anchoring of the TM state for
pL (left) and pLA (right) peptides.

Trp is shown as a W. Note that the average Trp

distance from the bilayer center is greater for the pLA peptides even though average Trp
location is at the bilayer center in both cases. Distortion in bilayer structure induced by
peptides is not shown
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number overlooks the ability of lipid bilayers to respond to mismatch. The observation in
this report that short hydrophobic sequences have the ability to maintain a TM
configuration in the presence of considerable negative mismatch can be most easily
explained by mismatch-induced changes in bilayer structure. This explanation is
consistent with studies showing that membrane proteins can maintain native structure and
function to significant degree in the presence of mismatch (70, 108-111). Such studies
suggest that forced hydrophobic matching occurs because TM proteins deform the
surrounding lipid bilayer, which has flexible acyl chains, to adjust its hydrocarbon
thickness to try to match the length of the hydrophobic surface of the protein (60, 70-72,
112). Indeed, studies in model membranes have established that hydrophobic helix length
can affect local bilayer structure in this fashion when there is mismatch between the
length of the hydrophobic sequence and the width of the hydrophobic segment of the
bilayer (59, 60).
On the other hand, some of the ability to tolerate mismatch is likely to involve
adjustments in protein structure (60). For example, when helices are especially long (i.e.
under conditions of positive mismatch), changes in helix tilt might compensate for
mismatch (60). For single TM helices significant changes in tilt as a function of bilayer
width have inferred indirectly (16), and directly observed for some sequences (24, 6165), although in other cases tilt changes have been reported to be rather small (66).
If the maximum amount of negative mismatch that can be tolerated is affected by
the limits of lipid deformation, then mechanical bilayer properties, which have already
been proposed to affect function via changes in TM helix dynamics (113), could be a
major factor in controlling the amount of mismatch that can be tolerated by short TM
helices. Since membranes rich in cholesterol and sphingolipids are likely to be less easily
deformed than those rich in unsaturated phospholipids, this could be of biological
significance. Differential sorting of short and long TM helices to different membranes in
eukaryotic cells (see Introduction), is thought to be due to the fact that the plasma
membrane bilayer is significantly wider than that of the Golgi or endoplasmic
reticulum(72, 93). This width difference might be due to a combination of differential
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content of cholesterol, differential lipid acyl chain saturation, or TM protein effects (72).
In any case, because these membranes also have different amounts of sphingolipids and
cholesterol, they may differ in their ability to distort in response to mismatch, and this
could also impact the dependence of sorting upon TM helix length.
Other Factors that May Alter Minimum TM Length In Vitro and In Vivo.
In addition to average core hydrophobicity and flanking residue hydrophilicity,
minimum TM length might be affected by several variables in vivo. One such variable
examined in this report was the effect of a hydrophobicity gradient along the peptide
sequence. We found very little difference between LeuAla sequences with uniform
hydrophobicity and LeuAla sequences with a hydrophobicity gradient. This implies that
it is not necessary to sacrifice TM stability in order to design a sequence with a
hydrophobicity gradient. In contrast, a recent study has shown that the amphiphilicity of
a sequence should have a very significant effect on TM stability (114). Helix-helix
interactions are another obvious variable that would affect the stability of the TM
configurations. If there are favorable interactions in the TM state relative to the surface
state, the TM state should be stabilized. [In this study, we used flanking sequences that
minimize helix-helix interaction via electrostatic repulsions (78)]. A third important
variable, noted above, is the structure of the membrane lipids. In preliminary studies we
have found that lipid headgroup structure can stabilize or destabilize TM insertion and
thus alter minimum TM length (K. Shahidullah and E. London, unpublished
observations). Finally, it should be noted that kinetic trapping during biosynthesis might
alter minimum TM length in vivo. If, during biosynthesis, a short TM sequence is more
stable within the translocon than in the lipid bilayer, it might be permanently trapped in
the TM state after release from the translocon if surrounded by hydrophilic sequences
that are too large to cross a lipid bilayer. For all these reasons, formation of stable or
metastable TM helices with hydrophobic cores shorter than 11 residues long cannot be
ruled out (56).
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CHAPTER 4
THE CONTROL OF TRANSMEMBRANE HELIX TRANSVERSE
POSITION IN MEMBRANES BY HYDROPHILIC RESIDUES
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Transmembrane α-helices are the primary membrane-inserted segments of membrane
proteins. Because isolated TM helices are independently folding units, the dependence of
their behavior upon sequence can yield fundamental insights into the membrane protein
structure/function relationship. Indeed, studies of individual TM helices have led to
important advances in understanding membrane protein folding, topography, interactions
with lipids, and interactions with other helices (16, 24, 50, 65, 82, 100, 102, 104, 115117)
TM helices are predominantly composed of hydrophobic residues that are buried
in the membrane.

Polar and ionizable (charged) residues are less abundant in TM

segments because the energetic cost involved in burying a hydrophilic residue in the
nonpolar environment of the bilayer. Nevertheless hydrophilic residues within a TM
sequence are very important in determining helix behavior. In many cases, hydrophilic
residues have been shown to promote TM helix association (30, 32, 37, 39, 78, 118). The
ability of the hydrophilic residues to form hydrogen bonds (31, 119) or salt bridges (45)
with other membrane inserted hydrophilic residue drive these TM helix-helix
interactions. Hydrophilic residues can also alter the topography of a membrane-inserted
hydrophobic sequence. The introduction of hydrophilic residues in a hydrophobic
sequence destabilizes the TM state. This can result in change from a TM topography to a
membrane-bound non-TM state, i.e. one in which the helix moves close to the bilayer
surface(10, 16, 24). In some cases, helices with intermediate hydrophobicity can
equilibrate between TM and non-TM states (16, 24, 29, 120, 121).
However, even when the TM state is maintained in presence of highly hydrophilic
residues, hydrophilic residues can still affect the position of a helix within the bilayer
such that there is a transverse shift (i.e. a change in the distance of amino acid residues
from the center of the bilayer) so that the hydrophilic residues locate at (or close to) the
bilayer surface (44, 45, 47-49, 85). This shift can shorten the effective length of the
hydrophobic segment that spans the lipid bilayer (47-49). Transverse shifts are important
because membrane proteins, unlike soluble proteins, are positionally-constrained in a
fixed plane relative to the plane of the membrane. Two separate sequences (e.g. on two
different helices or two different membrane proteins) may only interact properly if they
are located in the same plane. Thus, TM helix position can control membrane protein
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function via a mechanism that has no analog for soluble proteins.
The possibility that changes in the TM position of proteins might be functionally
important was pointed out long ago (122), and there already have been several examples
in which transverse shifts in TM helix position appear to have an important role in
function. In the case of bacterial chemoreceptors it has been well-documented that shifts
in TM helix position control signal transduction by modulating kinase activity inside the
cell (123-125). Similarly, in integrins, the activation of the receptor by ligand binding
results in movement of the part of a TM helix out of the lipid bilayer, effectively
shortening the TM helix by 4-5 residues (126). Based on the difference in the transverse
position of TM hydrophobic helices containing charged and uncharged Asp we have
suggested that Asp ionization state could alter TM helix transverse positions as a protein
cycles between acidic vacuoles and the plasma membrane in a functionally important
manner (49).
In pioneering studies, differences in the ability of several types of hydrophilic
residues to shift TM helix position in the translocon was measured by von Heijne and
colleagues using glycosylation mapping (9, 45-48). In the present report, transverse shifts
in TM hydrophobic helices were measured for the complete series of hydrophilic residues
within lipid bilayers. To do this a series of membrane-inserted peptides suitable for
detecting shifts in bilayers with physiologically-relevant bilayer widths was designed.
The fluorescence of a Trp residue located at the center of the hydrophobic sequence was
used to monitor the behavior of the peptides. We found that the extent of shift depends
on the identity of the hydrophilic residue, and that even a weakly polar residue, such as
Gly or Ser, can induce significant shifts in helix position. These results imply that the
identity of the TM insertion boundaries of a TM sequences can be a much more
ambiguous and even dynamic parameter than generally realized.

In many cases,

membrane protein TM helices are likely to be able to undergo facile switching between
TM states that differ in their transverse position and function.
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RESULTS
Using Fluorescence Emission λmax and Fluorescence Quenching to Define the
Topography of the Membrane-Inserted Hydrophobic Helices.
The fluorescence properties of a Trp residue located at the center of a
hydrophobic sequence was used to define the topography of membrane-inserted helical
peptides (16, 24, 29, 49). There are several topographies that helical peptides can form in
membranes. A full TM orientation in which the Trp locates at or near the bilayer center
(Figure 13, center), results in blue-shifted Trp emission λmax (320-325 nm for the
peptides in this study) (16, 24). If the peptide adopts a non-TM membrane-bound
topography, in which it resides close to the bilayer surface, then the Trp locates close to
the surface (Figure 13, left) and the λmax red shifts strongly (to as high as 345-350 nm)
(16, 24). The exact λmax value in the non-TM state value depends upon how deeply the
peptide is buried, and upon whether the Trp faces aqueous solution or the bilayer interior
when the peptide is in the non-TM state (29, 49). Values of λmax between those for the
TM and non-TM states are observed for mixtures of TM and non-TM topographies (16,
24), and for a shifted TM state wherein only a part of the hydrophobic sequence forms
the membrane-spanning segment (e.g. to allow a polar residue to locate close to the
bilayer surface), and so the Trp is shifted to an intermediate depth (29, 49)(Figure 13,
right). These two alternatives can be distinguished (see below).
Interpretation of λmax results is aided by combining them with more direct
measurements of Trp depth. To do this, a dual fluorescence quenching method was used
(83). This method utilizes two quenchers of Trp fluorescence, acrylamide and 10-DN.
Acrylamide, although membrane permeable (83), resides primarily in aqueous solution
and preferentially quenches the fluorescence of Trp residues near the membrane surface,
while 10-DN, a membrane-inserted quencher, preferentially quenches the fluorescence of
Trp buried in the membrane bilayer (83). The ratio of acrylamide quenching to 10-DN
quenching (quenching ratio or Q-ratio) responds nearly linearly to Trp depth in the
bilayer, with a low Q-ratio (as low as 0.05-0.1) indicating a deeply located Trp near the
center of the bilayer, while a high Q-ratio (1.0-3.0) usually indicates a Trp near the
bilayer surface (83).
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Figure 13. Schematic comparison of three distinct topographies of hydrophobic helices
(rectangles) in lipid bilayers. The position of a Trp (W) residue located in the center of
the hydrophobic sequence is shown. The dashed line represents the plane of the center of
the bilayer. Left: Non-TM state in which the helix and W residue lie close to the bilayer
surface. Center: Normal TM state in which there is near-match between helix length and
bilayer width and W residue is at the bilayer center. Right: Shifted-TM state in which
there is a near match between the total hydrophobic helix length and bilayer width, but in
which part of the helix has moved out of the core of the bilayer in order for a hydrophilic
residue (X) to locate nearer the bilayer surface. There is negative mismatch when the X
residue shifts to the bilayer surface, and a resulting symmetric distortion of the bilayer
(48). Notice that in this case the W residue is at an intermediate depth.
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As in the case of λmax, intermediate Q-ratios can arise either from peptides
adopting a mixture of conformations with shallow and deep Trp depths, or from peptides
adopting a shifted TM conformation with an intermediate Trp depth.
Cases in which a Trp is at an intermediate depth can be distinguished from cases
in which mixtures of shallow and deep Trp are present by measurement of quencherinduced shifts in Trp λmax (29, 49, 83). If a membrane-inserted peptide forms coexisting deep and shallow conformations, then its Trp emission spectrum will be a
composite of blue- and red-shifted emission spectra arising from the deep and shallow
conformations, respectively. In such samples, acrylamide preferentially quenches the
shallow Trp, inducing a blue shift in λmax. Conversely, 10-DN preferentially quenches
the deep Trp, inducing a red shift. In such cases, the difference in λmax in the presence of
acrylamide and 10-DN can be up to 15 nm (29, 49, 83). On the other hand, for a
homogenous population with a single intermediate Trp depth, the difference in λmax in
the presence of acrylamide and 10-DN is very small (0-2 nm) (29, 49, 83). It should be
noted that due to incomplete quenching, the λmax values in the presence of a quencher
often are not the exact values of the pure shallow state or pure deep state.
Topography of Membrane-Inserted p(LeuAla) Peptides With a Hydrophilic Substitution:
Effect Upon Trp Depth in DOPC Vesicles.
The peptides studied were of the pLA-type (16, 24, 29, 30, 49, 78), consisting of
25-residues with a helix-forming 21-residue hydrophobic core composed of alternating L
and A residues, a Trp at the center of the hydrophobic sequence, a single variable (X)
residue located five residues from the N-terminal end of the hydrophobic sequence, and
flanking di-Lys sequences at both its N and C-termini [general sequence: acetylKKLALAXALALAWLALALALALAKK-amide)] (Table 4). This sequence was chosen
because it is long enough form a stable TM structure even if the TM segment begins after
residue X (i.e. if the TM sequence is formed by residues 8-23 (16). In addition, a shift
between the topography in which the entire hydrophobic sequence (residues 3-23) forms
the TM segment and one in which residues 8-23 form the TM segment results in an
easily-detected change in Trp depth. Sequences with X = L (parental peptide), or a
“hydrophilic” residue: S, T, G, Y, P, Q, N, H, R, K, E or D, were compared.
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Table 4. List of Hydrophobic Peptides Used in this Study.
Peptide

Primary Sequence

p(LA)10

Acetyl-K2(LA)5W(LA)5K2-NH2

pLAG7

Acetyl-K2(LA)2GA(LA)2W(LA)5K2-NH2

pLAY7

Acetyl-K2(LA)2YA(LA)2W(LA)5K2-NH2

pLAS7

Acetyl-K2(LA)2SA(LA)2W(LA)5K2-NH2

pLAT7

Acetyl-K2(LA)2TA(LA)2W(LA)5K2-NH2

pLAH7

Acetyl-K2(LA)2HA(LA)2W(LA)5K2-NH2

pLAP7

Acetyl-K2(LA)2PA(LA)2W(LA)5K2-NH2

pLAK7

Acetyl-K2(LA)2KA(LA)2W(LA)5K2-NH2

pLAR7

Acetyl-K2(LA)2RA(LA)2W(LA)5K2-NH2

pLAQ7

Acetyl-K2(LA)2QA(LA)2W(LA)5K2-NH2

pLAN7

Acetyl-K2(LA)2NA(LA)2W(LA)5K2-NH2

pLAE7

Acetyl-K2(LA)2EA(LA)2W(LA)5K2-NH2

pLAD7

Acetyl-K2(LA)2DA(LA)2W(LA)5K2-NH2

pLAS8

Acetyl-K2(LA)2LS(LA)2W(LA)5K2-NH2

pLAN8

Acetyl-K2(LA)2LN(LA)2W(LA)5K2-NH2

pLAE8

Acetyl-K2(LA)2LE(LA)2W(LA)5K2-NH2

pA4E7

Acetyl-K2A4EA(LA)2W(LA)5K2-NH2

pG4E7

Acetyl-K2G4EA(LA)2W(LA)5K2-NH2

These peptides were purchased from Anaspec Inc. (San Jose, CA).

Peptides were

purified via reverse-phase-HPLC using a C18 column with 2-proponal/water/0.5% v/v
trifluoroacetic acid as the mobile phase as described previously (103). Peptide purity was
confirmed using MALDI-TOF mass spectrometry (Proteomics Center, Stony Brook
University). We estimated that final purity was on the order of 90% or better. After
drying the HPLC fractions the peptides were stored in 1:1 (v/v) 2-proponal/water at 4 ºC.
Peptide concentrations were measured by absorbance spectroscopy on a Beckman DU650 spectrophotometer, using ε for Trp of 5560 M-1cm-1 at 280 nm.
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Helix position was estimated from Trp depth, using both the Trp λmax and
fluorescence quenching assays described above. Figure 14 shows λmax and Q-ratio data
for the peptides incorporated into vesicles composed of DOPC (which has C18:1 acyl
chains) at pH 7. For almost all X residues, λmax (325-330nm) and Q-ratio (0.05-0.25)
values (Figures 14A and 14B, respectively) indicate a relatively deep Trp location
consistent with a primarily TM topography. The λmax and Q-ratio values are very
closely correlated with each other, confirming that both parameters measure Trp depth
(Figure 15). Averaging the results from λmax and Q-ratio indicates that Trp depth
becomes progressively less deep in the order X= L<G~Y<T<R~H<S<P<K<Q~E<N<D.
In almost all cases there are no significant quencher-induced shifts in λmax (∆λmax)
(Table 5), indicating that the decrease in Trp depth when X is hydrophilic is associated
with a shift in the TM position of the helix to locate the X residue closer to the surface of
the bilayer, rather than formation of a population in a non-TM state. An exception to this
is X = D, which forms a significant amount of the non-TM state in DOPC vesicles as
judged by quencher-induced λmax shifts. This suggests that the D residue induces such a
large shift in the TM position that the residual TM hydrophobic segment is too short to be
fully stable in the TM state in DOPC bilayers. This interpretation is supported by
measurements of the effective TM length for this peptide (see below). There are also
some peptides (X = S, K, and perhaps R) in which there are modest quencher-induced
shifts in DOPC vesicles. These cases involve two blue-shifted states as judged by λmax
values in the presence of quencher, suggesting that they are cases in which un-shifted and
shifted TM states co-exist.
The absolute change in Trp depth in the presence of a hydrophilic X residue in Å
can be roughly estimated by using standard curves derived in previous studies for the
dependence of Trp depth on λmax (a 2 nm red shift equals slightly less than a ~1Å
decrease in Trp depth) and Q-ratio (an increase of 0.1 in Q-ratio is equivalent to slightly
more than a ~1Å decrease in Trp depth) (24, 83). This reveals that the near-maximal
change in depth (i.e. for X = N relative to X = L) corresponds to a movement of Trp of
~3-4 Å closer to the bilayer surface. This movement is close to the 3.4 Å predicted when
a hydrophilic residue moves to the membrane interface and so the effective length of the
TM segment decreases from 21 to 16 residues (see Discussion).
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Figure 14. Trp λmax and quenching ratio for pLA peptides with single substitutions at
position 7 when incorporated into DOPC vesicles at pH 7.0. (A) Trp emission λmax. (B)
Quenching ratio. Samples contained 2 µM peptide incorporated into 200 µM lipid
dispersed in PBS. Average values from three to six samples and standard deviations are
shown.
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Table 5. Quencher-induced shifts in Trp emission λmax and LTM

eff

values for pLA

peptides with single substitutions at position 7 when incorporated into vesicles at pH 7.0.
X
Residue

Leu

Gly

Tyr

Thr

His

Arg

Ser

Pro

Lys

Acyl
λmax (nm) b

Chain
Length

a

λmax (nm)

λmax (nm)

Acrylamide

10-DN

∆λmax
c

(nm)

18

324

325

325

0

20

323

322

323

1

22

327

327

331

4

18

325

324

325

1

20

326

325

329

4

22

332

325

339

14

18

324

322

324

2

20

328

324

330

6

22

339

335

344

9

18

325

324

326

2

20

330

325

330

5

22

338

326

342

16

18

326

326

327

1

20

340

335

343

8

22

345

343

346

3

18

326

325

328

3

20

340

331

347

16

22

347

347

348

1

18

327

326

330

4

20

331

326

331

5

22

340

337

342

5

18

327

327

328

1

20

337

337

346

9

22

344

343

345

2

18

328

326

330

4

20

338

335

345

10

22

347

347

347

0

65

LTM eff d
(number of
residues)
20.9

19.8

18.4

18.5

18.0

17.7

18.9

17.8

17.6

Continued…
Glu

Gln

Asn

Asp

a

18

329

329

331

2

20

340

336

344

9

22

345

342

347

5

18

330

329

330

1

20

341

336

347

12

22

347

346

348

2

18

332

332

333

1

20

341

337

343

6

22

347

347

347

0

18

336

333

340

7

20

344

345

348

3

22

348

346

348

2

17.3

17.1

17.2

16.6

18 = DOPC vesicles, 20 = DEiPC vesicles and 22 = DEuPC vesicles. bλmax values are average

from 3-6 samples and the λmax values were reproducible to within ± 1nm.

c

∆λmax is the

difference between λmax in the presence of 10-DN and that in the presence of acrylamide. dNote
that the LTM eff does not apply to a specific acyl chain length given on the left.

66

It is important to note that the dependence of λmax and Q-ratio upon X residue identity
do not exactly parallel X residue hydrophilicity. Other variables, such as the ionization
state of a side chain and side chain ‘snorkeling’ [i.e. formation of a conformation in
which long side chains orient such that the polar group at the end of the side chain locates
as close as possible to the bilayer surface (75)] affect the extent of shift (see below).
Topography of Membrane-Inserted p(LeuAla) Peptides With a Hydrophilic Substitution:
Effect Upon Trp Depth in DEuPC and DEiPC Vesicles.
The pattern of the change in λmax and Q-ratio as a function of X residue identity
was different when the peptides were incorporated into vesicles composed of DEuPC
(which has C22:1 acyl chains), a lipid forming much wider bilayers than DOPC (16)
(Figure 16 and Table 5). In DEuPC vesicles, there is negative hydrophobic mismatch,
because the width of the hydrophobic core of the bilayer (~ 35Å) exceeds the length of
the full hydrophobic sequence (21 residues, ~ 31.5Å). Several studies have shown that
negative mismatch destabilizes TM states relative to non-TM states (16, 24, 29, 30, 49).
Consistent with this, the peptides exhibit much more red-shifted λmax and much higher
Q-ratios than observed in DOPC vesicles. The red shift and Q-ratio are again affected by
the identity of the X residue, and increase in the order X = L < G < T< Y < S < P < H < R
≤ K ≤ Q ≤ E ≤ N < D. This order is somewhat different than that in DOPC vesicles (the
reasons for this are discussed below). The differences between peptides with X= H, R, K,
Q, E, N and D are very small, with the values of λmax (345-348 nm) and Q-ratio (3-3.5)
being indicative of a Trp location very close to the bilayer surface. This indicates that
these seven sequences are fully forming the non-TM topography in DEuPC vesicles.
However, these peptides remain bound to the DEuPC vesicles, as their fluorescence is
still accessible to 10-DN quenching and their Trp emission λmax (346-348 nm) is not
consistent with being dissolved in aqueous solution (on our instrument the λmax for Trp
in water is about 355 nm). Nor does there seem to be a sub-population of these peptides
in solution, as there are no significant quencher induced-λmax shifts when λmax = 345348 nm (Table 5).
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Figure 16. Trp λmax and quenching ratio for pLA peptides with single substitutions at
position 7 when incorporated into DEuPC vesicles at pH 7.0. (A) Trp emission λmax. (B)
Quenching ratio. Samples contained 2 µM peptide incorporated into 200 µM lipid
dispersed in PBS. Average value from three to six samples and standard deviations are
shown.
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The peptides that exhibit intermediate λmax values in DEuPC vesicles (with X=
G, Y, T or S) form mixtures of the non-TM and TM states as judged by large quencherinduced λmax shifts (∆λmax) (Table 5). As noted above, such shifts are characteristic of
co-existing shallow and deep Trp depth populations. This conclusion is confirmed by the
behavior of the peptides in vesicles composed of DEiPC (which has C20:1 acyl chains), a
lipid forming bilayers with a width intermediate between that of DOPC and DEuPC (16).
It would be expected that the TM state would have an intermediate stability in DEiPC
vesicles, and consistent with this Table 5 shows that almost all of the peptides
incorporated into DEiPC vesicles tended to give λmax and Q-ratio values intermediate
between those in DOPC vesicles and DEuPC vesicles, and very large quencher-induced
large shifts in λmax, indicative of TM/non-TM mixtures.
Analysis of ∆λmax as a function of the λmax in the absence of quencher
illustrates the correlation of quencher-induced λmax shifts with the relative amounts of
TM and non-TM topographies present (Figure 17). The largest quencher-induced λmax
shifts should occur when the populations of TM and non-TM states are nearly equal,
which corresponds to λmax ~ 335 nm (in absence of quencher), half-way between λmax
in the TM state and non-TM state (345-348 nm). This pattern is observed in Figure 17 for
peptides incorporated into DEiPC and DEuPC vesicles. In contrast, when the peptides are
incorporated into DOPC vesicles, peptides with intermediate λmax values tend to exhibit
small ∆λmax values (Table 5), consistent with the presence of a single shifted TM
population.
Using the Effect of Bilayer Width Upon Helix Behavior to Investigate the Topography of
Membrane-Inserted Helices.
Shifts in helix position were also detected by the decrease in the number of
residues spanning the lipid bilayer when the X residue moves closer to the bilayer surface
(Figure 13, right). This decrease in length can be detected via the decrease in the stability
of the TM state under conditions of negative mismatch. The degree of negative mismatch
is controlled by the length of the membrane spanning sequence and the width of the
bilayer. The TM state of a short hydrophobic helix is destabilized in much thinner
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Table 5.
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bilayers than is the TM state of a long hydrophobic helix (16, 24, 29, 49). Previous
studies have shown that Trp fluorescence is most blue-shifted at about the maximum
bilayer width at which the TM state is not significantly destabilized by negative
mismatch (see Figure 4) (16, 24). Trp fluorescence becomes red-shifted in wider bilayers
due to formation of the non-TM state, in which Trp locates shallowly. Fluorescence also
generally red shifts, although to a lesser degree, in thinner bilayers (i.e., in conditions of
positive mismatch between helix length and bilayer width) (16, 24). This is due to the fact
that the distance of a Trp at the center of a bilayer to the membrane surface automatically
decreases as bilayer width decreases. In addition, there can be a modest red shift due to
(weak) oligomerization under conditions of positive mismatch in thin bilayers (16, 24,
30).
The bilayer width at which Trp fluorescence was most blue shifted was defined as
the “effective TM length” (LTM

eff).

This is the bilayer width (in units of acyl chain

length) at which there is a near-match between the width of the hydrophobic core of the
bilayer and the length of the hydrophobic sequence. LTM eff can also be expressed in Å or
as the number of residues that span this bilayer width (see Chapter 2).
It should be noted that the decrease in the length of a TM segment in the presence
of a hydrophilic X reside can exceed both the decrease in X residue depth and the change
in Trp depth, by simple geometrical factors described in the Discussion. In addition, LTM
eff

sometimes differs from the actual length of the membrane spanning sequence (LTM),

especially in the presence of snorkeling X residues. This difference can contain valuable
information (see Discussion.)
Effective TM Length of Membrane-Inserted p(LeuAla) Peptides With a Hydrophilic
Substitution.
Figure 18 shows the effect of bilayer width on the Trp emission λmax for the
various pLA peptides at pH 7.0. The parental peptide (X = L) has a profile with a λmax
minimum in DEiPC bilayers, indicative of an LTM eff ~31.5Å (16). This is corresponds to
the predicted LTM eff for the 21-residue (residues 3-23) hydrophobic core sequence of this
peptide (21 residues × 1.5 Å rise per residue = 31.5Å). The presence of hydrophilic X
substitutions resulted in the λmax minimum occurring in thinner bilayer widths.
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Figure 18. Effect of lipid acyl chain length upon Trp emission λmax for pLA peptides
with single substitutions at position 7 at pH 7. The substitutions are Leu (X); Gly (+); Tyr
(□); Ser (∆); Thr (♦); Pro (○); His (∇); Lys (+); Arg (▼); Glu (▲); Asn (●); Gln (■)
and Asp (◊). The lipids used were a series of di n:1 phosphatidylcholines, in which n is
the number of carbon atoms per acyl chain and the number 1 indicates that the acyl
chains were monounsaturated. Samples contained 2 µM peptide incorporated into 200
µM lipid dispersed in PBS. The λmax values shown are averages from three to six
samples. λmax values were reproducible to within ±1nm.
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This shows that the hydrophilic substitutions decrease the effective length of the
TM segment. LTM eff values for pLA peptides with various X residues are given in Table
5. In the most extreme case, when X = D, LTM eff decreases to 16.6 residues (25Å), close
to the value (16 residues, 24Å) expected when the X residue shifts to the bilayer surface
and the TM segment extends from residue 8 to 23. Intermediate LTM eff values, indicative
of an intermediate extent of helix shift, are observed for the other X residues. The overall
order in which LTM eff decreases is: X = L > G > T > Y ~ S > P > K ~ E ~ H ~ R ~ Q ~ N
> D. This is very similar, but not identical, to the order of the dependence of Trp depth in
DOPC vesicles upon X residue type. In particular, residues having long side chains (e.g.
K and R) tend to have a relatively larger effect on LTM

eff

than on Trp depth. This

behavior is likely to be related to snorkeling, and this subject is explored in detail in the
Discussion section.
How pH Affects the Topography of the p(LA) Peptides with Ionizable Residues.
In order to investigate the effect of charge on an ionizable X residue upon TM
helix behavior, the first step was to measure their pKas. To do this, samples containing
peptides inserted into vesicles prepared at low pH were titrated with base as described
previously (30, 49). Changes in ionization were detected by pH-induced changes on Trp
emission (49) (Figure 19). The pKa values in DOPC vesicles were 5.5, 6.7 and 7.0 for X=
Asp, Glu and His residues, respectively, and are no more than 0.1 units higher in DEuPC
vesicles (data not shown). The pKa values for X = Lys and Arg residues could not be
determined, presumably because they occur at too high a pH and/or are masked by
deprotonation of Lys residues flanking the hydrophobic sequence.
Next, λmax and Q-ratio were measured for samples containing X = D, E, and H
peptides when into DOPC vesicles under conditions in which the X residues would be
fully protonated (pH 4.0), or fully deprotonated (pH 9.0) based on their pKa values
(Figure 20). Trp depth was shallowest when the X residues were charged (pH 4 for the X
= H peptide and at pH 9 for the X = D and X = E peptides), and thus most hydrophilic.
This indicates that in the charged state H, D, and E residues resist burial within the lipid
bilayer and thus induce large shifts in TM helix position. For X = H+ the change in Trp
depth relative to X = L was ~2.5-3 Å. It is difficult to specify Trp depth for the TM
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Figure 19. Effect of pH on the fluorescence emission of pLA peptides with Glu, Asp or
His in position 7 when incorporated into DOPC vesicles. Vesicles were prepared at low
pH as for other samples, except increasing all volumes 2.5-fold (final volume 2 ml). After
fluorescence emission intensity was measured at 330 and 350 nm, pH was increased by
adding 1-10 µl aliquots of either 0.5 or 2 M NaOH while mixing. After addition of each
aliquot, samples were allowed to equilibrate for approximately 2 min before fluorescence
was remeasured. Intensities were corrected for background fluorescence and dilution by
NaOH. The pH dependence of F350/F330, the ratio of fluorescence intensity at 350 nm and
330 nm [which is sensitive to changes in Trp λmax (49)], was calculated. pKa values
were estimated by fitting this ratio to a single or double sigmoidal function using the
SlideWrite program. The pKa values estimated were 5.5 and 8.6 for X= Asp peptide (∆);
6.7 and 8.8 for X= Glu peptide (○) and 7.0 for X = His peptide (+). The second pKa,
when observed, is likely due to deprotonation of one or more of the Lys residues flanking
the hydrophobic sequence (49).
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Figure 20. Effect of pH on the Trp emission λmax and quenching ratio for pLA peptides
containing Asp, His or Glu residue at position 7 when incorporated into DOPC vesicles at
different pH. (A) Trp emission λmax of Asp, His and Glu peptides in DOPC vesicles at
pH 4.0 (filled bars), pH 7.0 (striped bars) and pH 9.0 (white bars). (B) Quenching ratio
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Figure 21. Effect of lipid acyl chain length on Trp emission λmax of pLA peptides with
Asp, His or Glu at position 7 at different pH. (A) Peptide with Asp substitution. (B)
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line) is shown for comparison. Experimental conditions are as in Figure 18. Average
values from three samples are shown. λmax values were reproducible to within ±1nm
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Table 6. Quencher induced shifts in Trp emission λmax and LTM

eff

values for pLA

peptides with Asp, His or Glu substitutions at position 7 when incorporated into DOPC
vesicles at different pH. Samples contained 2 µM peptide and 200 µM lipid dispersed in
pH-adjusted PBS.

X Residue

Glu

Asp

His

a

pH

λmax (nm)

a

λmax (nm)

λmax (nm)

∆λmax b

Acrylamide

10-DN

(nm)

LTM eff
(number of
residues)

4.0

325

324

325

1

18.7

7.0

329

329

331

2

17.3

9.0

330

329

333

4

17.1

4.0

330

329

331

2

17.5

7.0

336

333

340

7

16.6

9.0

337

334

340

6

16.8

4.0

330

329

331

2

17.3

7.0

326

326

327

1

18.0

9.0

324

324

325

1

18.0

Reported λmax values are average from three samples. The λmax values were reproducible to

within ± 1nm. b∆λmax is the absolute value of difference in Trp λmax in presence of 10-DN and
Trp λmax in presence of acrylamide.
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population formed by the X= D- and E- peptides because they form a mixture of
populations in which it is likely that some of the non-TM form is present as judged by
quencher-induced shifts in λmax (Table 6). However, an estimate of the extent of TM
helix shifts when Asp and Glu are charged can be obtained from LTM eff values derived
from λmax vs. bilayer width curves (Figure 21). For X = H+, E-, and D- LTM

eff

values

(Table 6) are 3.6, 3.8, and 4.1 residues, respectively, shorter than that for the X = L
peptide (Table 5). It should be noted that the value of LTM eff is in reasonable agreement
with Trp depth for the H+ residue (LTM eff predicting a shift of Trp depth by 2.4 Å relative
to the X = L peptide, see Discussion). Although locating more shallowly than the X = L
peptide, peptides with uncharged ionizable X residues (at pH 9 for X = H and at pH 4 for
X = D and X = E) affect Trp depth in DOPC vesicles to a much lesser degree than when
charged (Figure 20). The effects of Ho and Eo residues on Trp depth are modest, giving a
0.5-1 Å shallower Trp location than when X = L, while that of Do is substantial, with a 23 Å shallower Trp than when X = L. LTM

eff

for peptides with uncharged ionizable

residues are also shorter than for the X = L peptide, confirming the shift in TM helix
position. The decreases in LTM

eff

values for X = Eo, Ho and Do are ~2.2, 2.9 and 3.4

residues, respectively, relative to that for the X = L peptide (Table 6). The value of LTM eff
are in reasonable agreement with Trp depth for the Do residue (LTM eff predicting a shift of
Trp depth by 2.3 Å relative to the X=L peptide) but larger than expected for Eo, and more
strikingly so for Ho (LTM eff predicting a shift of Trp depth of 1.5 and 2Å further from the
bilayer center, respectively, see Discussion). The likely origin of this difference is
described in the Discussion.
Effect of a Change in the Position of the Hydrophilic Residue In the Hydrophobic
Sequence Upon Hydrophilic Residue-Induced Transverse Shifts.
We also examined whether a change in the position of a hydrophilic residue
within the hydrophobic sequence would affect the extent to which it would shift TM helix
position. To do this, pLA peptides with the hydrophilic (X) residue moved from position
7 to position 8 were used [general sequence: Acetyl-KKLALALXLALAWLALALALAL
AKK-amide] (Table 4). Figure 22 shows a comparison of Trp emission λmax (Figure
22A) and Q-ratio (Figure 22B) for pLA peptides with hydrophilic substitutions at
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Figure 22: Effect of the position of the hydrophilic residue within the hydrophobic core
of pLA peptide on the Trp emission λmax and quenching ratio when incorporated into
DOPC vesicles at pH 7.0. (A) Trp λmax for peptides with single substitution at position 8
(filled bars) or position 7 (striped bars). (B) Quenching ratio for peptides with single
substitutions at position 8 (filled bars) and position 7 (striped bars). The samples
contained 2 µM peptide incorporated into 200 µM lipid dispersed in PBS. Average values
from three samples and for Q-ratios standard deviation are shown. λmax values were
reproducible to within ±1nm
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position 8 (= X8 peptides) to that for peptides having hydrophilic substitutions at position
7 (=X7 peptides), when incorporated into DOPC vesicles. The order of the dependence of
Trp depth upon the identity of the X residue (X = L < S < E < N) is the same for X8 and
X7 peptides. This shows that the relative effects of different hydrophilic residues are not
altered by the small change in X residue position in the sequence. However, the Trp
residue is deeper for the X8 peptides (filled bars) than for X7 peptides (striped bars). This
indicates that the TM segment shifts less in the X8 sequences than in the X7 sequences.
This is confirmed by measurements of LTM

eff,

derived from the effect of bilayer width

upon λmax (Figure 23), which show that the X8 peptides exhibit a larger LTM eff than the
corresponding X7 peptides (Table 7).
This pattern is the opposite of that predicted if the X residues were moving to the
same location at the bilayer surface for the X7 and X8 peptides. In that case, the Trp
depth would have been shallower and the shift greater in the case of the X8 peptides, in
which the Trp is closer to the X residue. Two factors are likely to contribute to the
tendency of hydrophilic X8 residues to shift TM helix position less hydrophilic X7
residues. First, the length of the hydrophobic sequence shifted out the bilayer core if the
X residue moves to the bilayer surface is longer for the X8 peptides (5 residues) than for
the X7 peptides (4 residues). The movement of these residues out of the bilayer core is
energetically unfavorable, and thus they should resist shift to a greater extent for the X8
peptides. Second, for the X8 peptides the length of the truncated TM sequence formed if
the X residue moves to the bilayer surface (15 residues) is shorter than that formed by the
X7 series (16 residues). Thus, the negative mismatch forming upon helix shifting should
result in a greater degree of energetically unfavorable strain on the bilayer for the X8
peptides if the X residue shifted to the same location for the X7 and X8 peptides.
Effect of the Hydrophobicity of the Non-Polar Residues Shifted Out of the Hydrophobic
Core of the Bilayer Upon Transverse Shifts.
The experiments above suggested that the hydrophobicity of a sequence pushed
out of the bilayer upon a transverse shift could affect the extent of the shift induced by
hydrophilic X residues. To test this hypothesis, we measured the transverse positions of
peptides varying the sequence (residues 3-6) that would be shifted out of the core of the
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Figure 23: Effect of lipid acyl chain length on Trp emission λmax of pLA peptides with
single hydrophilic residues at position 7 or 8 when incorporated into vesicles at pH 7.0.
Substitutions: Ser (∆); Glu (○), and Asn (∇). Substitutions at position 8 are shown as
open symbols and dashed lines, and substitutions at position 7 are shown as filled
symbols and solid lines. The curve for the parental (X = L) peptide (+, dashed line) is
also shown for comparison. Experimental conditions are as in Figure 18. Average from
three samples is shown. λmax values were reproducible to within ±1nm.
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Table 7. Quencher induced shifts in Trp emission λmax and LTM

eff

values for pLA

peptides with Asn, Glu or Ser substitutions at position 8 when incorporated into DOPC
vesicles at pH 7. Samples contained 2 µM peptide and 200 µM lipid dispersed in PBS.

X Residue

a

λmax (nm)

a

λmax (nm)

λmax (nm)

∆λmax b

Acrylamide

10-DN

(nm)

Asn

328

327

328

1

Glu

327

326

328

2

Ser

325

325

326

1

LTM eff
(number of
residues)
17.6

17.5

18.6

Reported λmax values are average from three samples. The λmax values were reproducible to

within ± 1nm. b∆λmax is the absolute value of difference in Trp λmax in presence of 10-DN and
Trp λmax in presence of acrylamide.
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lipid bilayer by the movement of an X residue at position 7 to the bilayer surface [general
sequence:

Acetyl-K2Z4EALALAWLALALALALAKK-amide]

(Table

4)

In

the

sequences compared the X residue was E and the Z residues (residues 3-6) were (LA)2,
A4 or G4. The pKa of Glu for the Z = (LA)2, A4 and G4 peptides, determined as described
above, is 6.7, 7.1 and 7.3, respectively (data not shown). Thus, to compare sequences
with both protonated and ionized Glu, experiments were carried out at pH 4.0 and pH 9.0,
respectively.
When these peptides are incorporated in DOPC vesicles at pH 4.0 (Glu
protonated) Trp depth decreases in the order Z = (LA)2 < A4 < G4 as judged by both by
λmax (filled bars in Figure 24A) and Q-ratio (filled bars in Figure 24B) suggesting that
the E residue shifts increasingly towards the bilayer surface in that order. In the case of
the peptide with the Z = G4, sequence, there appears to be some non-TM state formed in
DOPC vesicles at pH 4 as judged by the observation that it (unlike the peptides with Z =
(LA)2 or Z=A4 sequences) exhibits significant quencher-induced shifts of λmax (Table 8).
The conclusion that the shift increases in the order Z = (LA)2 < A4 < G4 is supported by
LTM

eff

values derived from the effect of lipid acyl chain length on Trp λmax (Figure

25A). At pH 4.0, LTM eff for the Z = (LA)2, A4 and G4 peptides decrease relative to the
parental [Z = (LA)2, X = L] peptide by 2.2, 3.3, and 3.8 residues, respectively (Table 8).
When these peptides are incorporated in DOPC vesicles at pH 9.0 (Glu ionized)
Trp depth decreases in the same order as at pH 4, Z = (LA)2 < A4 < G4, as judged by both
by λmax (striped bars in Figure 24A) and Q-ratio (striped bars in Figure 24B). This
indicates that the dependence of helix shift on Z sequence follows the same order when
Glu is protonated or ionized. However, Trp depth at pH 9.0 is shallower than at pH 4.0
for all three peptides. In addition, quencher-induced λmax shifts suggest that when
incorporated into DOPC vesicles at pH 9 there is a mixture of a shifted TM and non-TM
topography formed by all three peptides (Table 8). The conclusion that at pH 9.0 the
degree of shift increased in the order Z = (LA)2 < A4 < G4 and that the shift is greater than
at pH 4 is supported by LTM eff values (Figure 25B). At pH 9.0, LTM eff decreased relative
to the parental [Z = (LA)2, X=L] peptide by about 3.9, 4.8 and 4.9 residues for the Z =
(LA)2, A4 and G4 peptides, respectively (Table 8).
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Figure 24: Trp λmax and quenching ratio of Glu-containing pLA peptides with varying
‘Z’ residues (residues 3-6) when incorporated into DOPC vesicles. (A) Trp emission
λmax in DOPC vesicles at pH 4.0 (filled bars), and pH 9.0 (striped bars). (B) Quenching
ratio for peptides incorporated into DOPC vesicles at: pH 4.0 (filled bars) and pH 9.0
(striped bars). The samples contained 2 µM peptide incorporated into 200 µM lipid
dispersed in pH-adjusted PBS. Average obtained from three samples and for Q-ratios
standard deviations are shown. λmax values were reproducible to within ±1nm.
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Figure 25. Effect of lipid acyl chain length on Trp emission λmax of X=Glu pLA
peptides with varying Z residues (residues 3-6) incorporated into vesicles. (A) pH 4.0 (B)
pH 9.0. Z residues: (LA)2 (+), A4 (∆) and G4 (○). The curve for the parental pLA peptide
with X = L and Z = (LA)2 (dashed line) is shown for comparison. Experimental
conditions are as in Figure 18. Average value of three samples is shown. λmax values
were reproducible to within ±1nm.
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Table 8. Quencher induced shift in Trp emission λmax and LTM

eff

values for pLA

peptides with Glu at position 7 and different Z residues (at positions 3-6) when
incorporated into DOPC vesicles at pH 4.0 or pH 9.0.

Z residues

(LA)2

A4

G4

a

pH

λmax (nm)

a

λmax (nm)

λmax (nm)

∆λmax b

Acrylamide

10-DN

(nm)

LTM eff
(number of
residues)

4.0

325

324

325

1

18.7

9.0

330

329

333

4

17.1

4.0

327

327

328

1

17.7

9.0

336

335

338

3

16.1

4.0

331

329

335

6

17.1

9.0

337

335

340

5

15.9

Reported λmax values are average from three samples. The λmax values were reproducible to

within ± 1nm. b∆λmax is the absolute value of difference in Trp λmax in presence of 10-DN and
Trp λmax in presence of acrylamide.
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Secondary Structure of the pLA peptides: Circular Dichroism (CD) Measurements
In order to evaluate the secondary structure of the various pLA peptides used in
this study, CD measurements were carried out (data not shown). For almost all peptides
and conditions studied, the α-helix content is estimated to be 80-85 %, which
corresponds to helix formation by the entire hydrophobic sequence. This is true both for
peptides incorporated into DOPC vesicles and incorporated into DEuPC vesicles, with
only about 1% loss in helix content in DEuPC vesicles. Many of the peptides form the
non-TM state in DEuPC vesicles, so these results indicate that, at least for those peptides,
the non-TM state is as helical as the TM state. There is a very small sequence dependence
of helix content: more polar the X residue or Z residues, the lower the helix content
(maximum 5-10 % decrease). This can be explained if residues extruded from the bilayer
have a lower tendency to form a helix. Since the more highly polar residues induce a
larger shift, they would extrude more residues and thus induce the largest changes in
secondary structure. The lowest helix values are observed with X = Pro, consistent with
its helix-breaking properties.
DISCUSSION
Defining the TM Helix-Shifting Propensities of Hydrophilic Residues Using
Fluorescence.
This study used TM helices incorporated into model membrane vesicles to
examine how features of hydrophobic helix sequence influence TM helix position within
membranes. In seminal studies using a glycosylation-mapping technique, von Heijne and
colleagues defined the effects of several polar and ionizable residues upon the transverse
position of TM helices at the time that they are likely to be associated with the translocon
(9, 45-48) . Their technique probes the boundary of a TM segment via the fact that an
exofacial Asn residue in an extra-membranous segment of a membrane protein has to be
12 residues away from the membrane surface to be accessible to glycosylation by
oligosaccharyl transferase. Our experiments have extended studies of transverse shift to
lipid bilayers and to all types of hydrophilic residues, measuring the position and length
of the TM helix itself. Several previous studies show that in the model membrane system
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TM helices form their equilibrium structures (24, 29, 30) and this equilibrium behavior
within a lipid bilayer is particularly relevant to post-translational shifts in TM helix
position. In addition, in our system we could vary pH to look at the behavior of ionizable
residues in both the charged and uncharged states. Thus, this report yields a more
detailed picture of the sequence-dependence of TM helix topography.
It is important to understand the mathematical relationship between the distance
that a hydrophilic X residue shifts towards the bilayer surface (the surface defined here as
the boundary of the hydrophobic core of the bilayer), the resulting changes in the length
of the TM helix spanning the bilayer, and Trp depth. Under conditions in which there is
initially no hydrophobic mismatch (Figure 26A) the movement of the X residue to the
surface (by n Å) should equal the length by which TM-spanning sequence decreases, and
a Trp at the center of the hydrophobic sequence should shift ½n Å away from the bilayer
center, assuming that the negative mismatch induced by the shortening of the TM
sequence is accommodated by a symmetric positioning within the lipid bilayer, as
inferred previously by Monné and von Heijne (48). At the other extreme is the case in
which there is initially positive mismatch and a tilted TM helix (Figure 26B). If positive
mismatch is lost after the shift of the X residue to the surface (by n Å), the decrease in the
length of the TM spanning sequence will be n/cosθ Å, where θ is the tilt angle prior to
helix shift. The Trp residue will again shift ~ ½n Å away from the bilayer center.
In our experiments, peptide lengths were such that they should switch from slight
positive mismatch to moderate negative mismatch upon movement of the X residue to the
surface (Figure 26C). Based on the considerations described above this movement would
decrease the length of the TM sequence (LTM) from 21 to 16 residues (7.5Å), move the X
residue 6.8 Å closer to the bilayer surface (assuming that 19 hydrophobic residues span a
DOPC bilayer under conditions of hydrophobic match (16, 24), and shift the Trp residue
~3.4 Å away from the bilayer center. When X was a highly hydrophilic residue with a
short side chain or when the hydrophobicity of the Z residues was low, observed shifts
approached these values (see Results).
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Figure 26:

Schematic figure summarizing the consequences of helix length and

transverse shifts upon the position of TM helices in membranes. (A) Case in which there
is match between the length of the entire hydrophobic sequence (rectangle) and bilayer
width. There is negative mismatch when the X residue shifts to the bilayer surface, and a
resulting symmetric distortion of the bilayer (48). Notice that in this case the extent of the
shift of the X residue is directly transmitted to that of the juxtamembrane sequences
(points a and b), unless the extruded sequence tends to lie along the bilayer surface (right)
(48). This would decrease the transmission of the shift to point b. (B) Case in which there
is positive mismatch between the length of the entire hydrophobic sequence (rectangle)
and bilayer width, and in which a shift sufficient to relieve the positive mismatch occurs
when the X residue shifts to the bilayer surface. The (maximum) tilt angle in the presence
positive mismatch is θ. Notice that in this case the extent of the shift of the X residue is
not identical to the shift of the juxtamembrane residues. Instead, the sequence should to
pivot around the distal boundary of the TM sequence (point a) reducing the amount of
shift of distal juxtamembrane residues. (C) Likely behavior of the pLA peptides. They
should show slight positive mismatch in DOPC vesicles if the entire hydrophobic
sequence spans the lipid bilayer, but when the X residue shifts to the surface, there should
be slight negative mismatch.
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TM Helix Transverse Shift Propensities of Different Hydrophilic Amino Acid Residues.
The extent of helix shift was strongly dependent upon the identity of the X
residue, with most residues inducing intermediate degrees of shift such that the X residue
did not fully move to the membrane surface. Figure 27 summarizes λmax (Figure 27A)
and Q-ratio (Figure 27B) for all of the X residues tested, and Figure 28 shows the
relationship between LTM eff and Trp depth in DOPC vesicles as measured by Q-ratio (a
very similar pattern is observed for a graph of LTM eff vs. λmax in DOPC vesicles, not
shown). Based on these graphs, the transverse shifting properties of different X residues
can be compared. This reveals a number of novel and even surprising findings.
Asparagine and Glutamine: Asn and Gln induced very large shifts, as large or
larger than most of the charged residues. In fact, at pH 7 Asn induced larger transverse
shifts than any residue other than Asp. This probably reflects the strong hydrophilicity of
the amide group, and is consistent with the observation that Asn and Gln are the two least
abundant uncharged polar residues in TM segments (26, 28). The lesser shifts induced by
Gln relative to Asn may be due to its extra methylene, which increases its hydrophobicity
and ability to snorkel (see below). Substitution of hydrophobic residues with Asn and Gln
may be particularly useful for probing the functional effects of large changes in TM helix
position (see below).
Lysine and Arginine: Lys and Arg shifted helix position to a much lesser degree
than the Asn or Gln or even other charged residues (see below). The main reason for this
is likely to be snorkeling. Arg and Lys with long side chain can snorkel to position their
charged groups as close as possible to the membrane surface (75, 127). This explains the
small change in Trp depth in the presence of Lys and Arg because the alignment of the
Lys or Arg side chains towards the surface would minimize the shift of the entire TM
helix necessary to locate charged groups near the membrane surface. Charge
delocalization in the Arg side chain may also aid its burial within the lipid bilayer.
It is interesting that even though snorkeling should significantly increase the length of the
TM segment (LTM) relative to a non-snorkeling charged residue, LTM eff for Arg and Lys
was smaller than predicted from Trp depth, as shown by comparison of LTM eff and Trp
depth for different X residues (Figure 28). The likely explanation for this behavior is that
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Figure 27: Summary of λmax and quenching ratio for pLA peptides with different
residues at position 7. Combined data from Figures 14 and 20 is shown.
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Figure 28. Correlation between Trp depth in DOPC vesicles in the TM state (as reported
by the quenching ratio) and LTM eff. Filled triangles represent residues that define a line
with the theoretical slope for the relationship between LTM eff and Trp depth for the pLA
peptides used in this study (~1Å shift in Trp depth per 2Å decrease in LTM

eff).

Open

circles represent hydrophilic residues that show a smaller change in Trp depth than
predicted from the decrease in LTM eff relative to X = L. Note: Values corresponding to E and D- are not shown because the pLA peptides containing these residues form coexisting shifted TM and non-TM states in DOPC vesicles
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snorkeling is costly in terms of lost entropy due to the restriction of the side chain
orientation required to position the charged group near the surface. As a result, negative
mismatch destabilizes the TM state relative to the non-TM state even when TM helix
transverse position and length is not much different from that if the parental peptide
(when X = L). Thus, when X = Arg or Lys the stability of the TM state and its sensitivity
to bilayer width is similar to that of a hydrophobic helix that has a highly hydrophilic X
residue that cannot snorkel and so forms a short TM segment.
Histidine, Aspartate and Glutamate: The other ionizable residues had a very
strong tendency to shift helix position when charged. This is expected as they are very
hydrophilic when charged and have shorter side chains than Lys and Arg. The order of
the extent of transverse shifting was X = Asp > Glu > His. The smaller shifts induced by
charged Glu and His may reflect their side chains being longer than that of Asp. Thus,
they are a bit more hydrophobic and can snorkel to a greater degree than Asp, although
not nearly as much as Lys or Arg. The fact that His+ induces smaller shifts than Glumight partly reflect the delocalization of the positive charge on His+.
Uncharged Glu, Asp and His induced much smaller transverse shifts than when
charged, consistent with their lower hydrophilicity in the uncharged state. The extent of
shift induced in the uncharged state followed the same order as in the charged state: X =
Asp > Glu > His. The uncharged Asp retained the ability to induce very large transverse
shifts, while the weaker helix shifting propensity of an uncharged Glu was, at most, no
greater than that of a Ser residue. This agrees with hydrophobicity results of Wimley and
White (105), who found that an uncharged Glu was slightly more hydrophobic than an
uncharged Ser as judged from their relative effects upon binding of a peptide to the nonpolar/polar boundary of a bilayer. The weak extent of shift induced by Hiso as measured
by Trp depth may partly reflect an ability to snorkel, as formation of the Hiso tautomer
with a proton on the N3 atom would have a hydrophobic side chain three carbon atoms
long. An ability of Hiso to snorkel is consistent with the disproportionally large decrease
in LTM eff relative to the shift in Trp depth (Figure 28), a pattern similar to that observed
for Lys and Arg residues.
The effects of ionization state upon the transverse position of TM helices
containing Asp, Glu and His residues may be biologically important because when
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incorporated into TM helices their pKa values fall in a physiologically significant pH
range. At pH 7, the overall order of transverse shifting remains X = Asp>Glu>His, but
the relative amounts of shift are affected by whether these residues were charged or not.
(It should be noted that the difference between Glu and Asp at neutral pH is in agreement
with the glycosylation mapping data of Monné et al (47).) As we previously observed for
Asp residues (30, 49), these ionizable residues have pKa values such that their
protonation, and thus effect upon transverse position, could be altered in acidic
organelles, and this might have important biological effects, e.g. upon signaling in acidic
organelles.
Proline: Pro had a strong tendency to induce transverse shifts at pH 7, but not as
much as Lys, Gln, Asn, Glu and Asp. The observation that Pro did not induce shifts
larger than Lys, Glu and Asp at neutral pH appears to contrast with previous
glycosylation mapping studies which found that Pro residues induced the largest
transverse shifts (Asn and Gln were not tested) in the position of the extra-membranous
glycosylated sequences (9). However, as noted by Nilsson et al. (9), the large effect of
Pro in those studies partly reflects the helix-breaking properties of Pro, which probably
results in formation of an extended structure by the sequence extruded from the bilayer
(the length of which is what glycosylation mapping measures), and thus a larger shift of
sequences outside of the membrane than that occurring within the bilayer.
Local destabilization of helical structure could also explain why Pro was one of
the residues that exhibited a disproportionally larger effect on LTM eff relative to that it had
upon Trp depth in DOPC vesicles (Figure 28). The energetic cost of burial of Pro could
have an unusually strong dependence on its depth of burial in the hydrophobic core of the
membrane because it destabilizes the helical structure of neighboring residues (9), so that
their burial is also energetically unfavorable. This would show up as a decrease in LTM eff
because the TM state would be destabilized more severely under conditions of negative
mismatch, which would tend to bury both the Pro and neighboring residues.
Serine: Ser, a modestly hydrophilic residue, induced an intermediate, but still
substantial, extent of transverse shift. There was evidence that this intermediate shift was
an average arising from co-existing of shifted and un-shifted populations. The significant
shifting ability of Ser is important because it is very common in TM sequences (26, 28).
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TM helices with Ser not too far from of one end of the hydrophobic sequence may have
an appreciable ability to switch between TM topographies with different TM segment
boundaries.
Tyrosine: Tyr induced a rather small shift. This may partly reflect the fact that its
lowest free energy location is not in a polar environment, but rather near the polar/nonpolar interface (26, 128). Consistent with this explanation it has been found that Trp, the
other heteroaromatic residue that prefers to locate at the polar/non-polar interface, has
little tendency to induce transverse shifts when located within five residues from the end
of a hydrophobic sequence (46). In addition, there may be snorkeling by the large phenyl
side chain to place the Tyr OH group close to the bilayer surface. This is consistent with
the observation that LTM eff for Tyr was smaller than Ser (a residue that cannot snorkel to
a significant degree), even though Tyr did not shift helix position as much as Ser.
Threonine: Thr is less hydrophilic than Ser due to its extra methyl group, and had
a weaker ability to shift helix position than Ser as judged by Trp depth. However, it had
a more significant effect upon LTM eff, decreasing LTM eff slightly more than Ser. We do
not understand the origin of this behavior, which cannot be explained by snorkeling.
Glycine: Gly induced the smallest shift of all residues tested, but it was still
significant relative to X=Leu. The observation that such a modestly hydrophilic residue
as Gly can influence TM helix transverse position emphasizes the strong sensitivity of
transverse position to sequence.
The Effect of the Sequence Pushed Out of the Bilayer Core Upon Transverse Helix Shift.
It was also found that modest changes in the hydrophobicity of the sequence
extruded from the bilayer core when a hydrophilic residue shifts towards the bilayer
surface strongly influences TM helix position. This indicates that there is a considerable
change in free energy when a hydrophobic sequence moves from a position slightly
below, to slightly above, the formal non-polar/polar boundary, and thus that the actual
polarity gradient in the direction perpendicular to the plane of the membrane must be
reasonably steep in the interfacial region. This conclusion is consistent with the
predictions of recently proposed models for the membrane polarity gradient (129, 130).
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Effect Upon Transverse Shift of the Position of the Hydrophilic Residue Within the
Hydrophobic Sequence and the Length of the Truncated TM Sequence Formed After a
Transverse Shift.
The position of a hydrophilic residue within a hydrophobic sequence also was
found to have a significant effect upon the extent of transverse shift, in agreement with
glycosylation mapping studies (45, 47, 48). The closer a hydrophilic residue is to the
center of a hydrophobic sequence, the more energetically unfavorable its location, which
should increase transverse shift. However, if a hydrophilic residue is too close to the
center of a hydrophobic sequence then its movement to the surface would be resisted by
two factors: having to shift too long a segment of hydrophobic sequence out of the
bilayer core, and forming too short a truncated TM sequence upon shifting. Assuming
bilayer distortion has a significant energetic cost, strong negative mismatch resulting
from the formation of a very short truncated TM helix (Figure 26A) would reduce the
degree the movement of a hydrophilic residue to the surface is energetically favorable,
and thus reduce the extent of the helix shift relative to a case of a longer hydrophobic
sequence in which the shift of the hydrophilic residue to the surface would not result in
negative mismatch (Figure 26B).
Additional Factors Likely to Affect Transverse Helix Shifts.
Additional variables may affect transverse shifts of TM helix position. One is
interactions between a hydrophilic residue and neighboring residues. Polar interactions
between two residues separated by one helical turn away can reduce the unfavorable free
energy of burial and thus the tendency to shift helix position (45). Steric effects in which
large neighboring residues reduce the exposure of the X residue to its environment could
also influence its propensity to shift position (105). Lipid composition may also be an
important variable. The positioning of cationic residues might be stabilized by interaction
with anionic lipids, and a lipid composition with an especially limited ability to distort to
accommodate hydrophobic mismatch could limit the extent of transverse shifts that
increase hydrophobic mismatch.
Finally, helix-helix interactions should modulate TM helix positioning. If only
one of two transverse positions formed by a TM helix can interact with a second helix,
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that position would be stabilized by helix-helix interaction. An important reciprocal
concept is that helix positioning could control helix-helix interaction if there is an
energetic cost of shifting a TM helix into a transverse position in which it can interact
with another helix.
Previous studies have shown that polar residues can drive association of model
transmembrane peptides via inter-helical polar interactions (32, 37). However, these
measurements were done in presence of detergent and the polar head groups of the
detergent molecules can modulate these interactions. Further, long hydrophobic helices
(~23 residues) used in these analysis have significant positive mismatch in detergent
micelles and positive mismatch tends to promote helix association (16, 24, 30). So the
ability of the hydrophilic side chain to promote helix association could have been
overstated.
It should be noted that several studies show that electrostatic repulsions between
the multiple flanking Lys sequences in our peptides generally prevent helix
oligomerization, and even in the absence of electrostatic repulsions, only very weak
oligomerization is observed (29, 30, 78). This weak oligomerization can be detected by a
dependence of Trp fluorescence properties, or fluorescence resonance energy transfer
between labeled peptides, upon peptide concentration within the bilayer (30, 78). With
the exception of the X = Lys peptide no effects of peptide concentration upon Trp
fluorescence in DOPC vesicles were observed for the peptides used in this report (data
not shown). The X = Lys peptide exhibited a blue shift (4 nm) in Trp λmax and a small
decrease in Q-ratio when the peptide/DOPC ratio was diluted from 1:100 to 1:500
mol:mol. This indicates that the X = Lys peptide forms weakly-associating oligomers at
higher peptide/lipid ratio, and that Lys snorkeling may limit the extent of transverse shift
even more strongly in the monomeric state.

Functional Role of Transverse Helix Shifts and Its Investigation Using Mutagenesis to
Control Helix Position.
This study shows that TM helix transverse position is very sensitive to sequence.
This implies that transverse shifts in TM helix position may be common, and that the
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actual boundaries of TM segments may often be different than the values assigned by
simple analyses of sequence hydrophobicity. As pointed out above, the constraint
peculiar to membrane proteins, that interactions between two domains can require that
the domains be properly aligned in a specific plane, implies that shifts in TM helix
position represent a unique mechanism for control of membrane protein function. In
addition to control of TM helix-TM helix interactions, this mechanism may control
function by shifting the position of extra-membranous domains. The behavior of
juxtamembrane sequences can affect the degree to which TM sequence shifts are
transmitted to domains outside of the membrane [Figure 26 and (48)].
In the most well studied example of such behavior, bacterial TM chemoreceptors,
there are very long helices that extend through and far beyond the membrane, and so can
directly transmit shifts in TM helix position to domains outside of the membrane (124).
Similar transmission of TM helix shifts to non-TM domains has been proposed for
integrins (126).
Shifts in TM domain position by polar residues introduced by mutations may be
molecular basis for disease states. A hydrophilic mutation (G380R) in the TM domain of
FGFR3 receptor results in abnormal bone development (i.e. dysplasias)(131). This
mutation leads to slow downregulation of the activated mutant receptors, and is likely to
prolong signaling (132, 133). It has recently been shown that this mutation alters the TM
helix boundary of FGFR3 receptor (131).

It has been proposed that this altered

membrane position might affect downregulation by altering the ubiquitination of FGFR3
(131, 133).
Similarly for the ErbB2 receptor, which is involved in cell growth and
development, a Val to Glu mutation (V664E) in the TM domain can induce an TM helix
shift (44), and this mutation has been linked to the constitutive activation of the tyrosine
kinase activity of the receptor, resulting in oncogenicity (44, 134). Although it has been
proposed that oligomerization induced by this mutation may be critical for oncogenicity
(44, 135, 136), further experimentation is needed to see if the shift in helix position is
also functionally important.
In the case of amyloid precursor protein (APP) processing, the membrane position
of APP is a major determinant for the cleavage site of γ-secretase (137).
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Hydrophilic/polar mutations in and around the TM domain has been shown to affect
proteolytic processing of APP by altering the boundary of the TM segment of APP (137,
138).
Functions of membrane proteins that are strongly dependent on TM helix
transverse position should be affected by hydrophilic substitutions in a manner that
reflects the degree of transverse shift induced more closely than other properties of the
substituting residue. Thus, knowledge of how transverse helix shifts depend upon
hydrophilic residue structure could be useful in mutagenesis-based studies in which
amino acid substitutions are used to probe the functional significance of transverse helix
position.
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CHAPTER 5
HYDROPHILIC MUTATIONS WITHIN THE TRANSMEMBRANE
DOMAIN OF NEU/ERBB2 RECEPTOR ALTER ITS MEMBRANE
POSITION
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The epidermal growth factor receptor (or ErbB) family of receptor tyrosine
kinase (ErbB1-ErbB4) plays a critical role in many physiological processes (139141). ErbB receptors are composed of a large extracellular ligand-binding domain
that is connected, via a single transmembrane helix to a cytoplasmic domain with
intrinsic tyrosine kinase activity (139-141). These receptors are activated by
extracellular ligands, which contain a conserved epidermal growth factor (EGF)
domain (139-141). Typically, these receptors form inactive dimers via lateral
association of the TM domains and ligand binding to the extracellular domain induces
conformational change in the receptor dimer, activating the receptor (142, 143). The
contact between the two cytoplasmic domains in the activated dimer stimulates its
catalytic activity and results in transautophosphorylation of the receptor. This
activates the tyrosine kinase activity and triggers the signalling cascades that lead to
phosphorylation of cytoplasmic substrates (134, 143-145) (Figure 29).
ErbB receptors play a critical role in cell growth and differentiation during
embryonic development and in adult life. So, signaling by the ErbB receptors is
tightly regulated (139-141). Deregulation of the ErbB signalling system, either by
over-expression or gene amplification or by genetic alterations such as deletions and
mutations, results in deregulated tyrosine kinase activity (146, 147). Most of these
aberrations result in ErbB receptors with constitutive or strongly enhanced signaling
capacity, which leads to malignant transformation. Therefore, ErbB receptors are
frequently linked to cancer (140, 141).
In most cases, the growth factor signalling of the ErbB receptor is
downregulated by ligand-induced receptor endocytosis (148). The ligand-bound
dimerized receptors are internalized into endosomes, where the receptors undergo
ubiquitination and are subsequently targeted to lysosomes for degradation (149). Deubiquitination enzymes can abrogate this degradation process, following which the
receptor recycles back to the cell surface (150, 151) (Figure 30). This allows the cell
to maintain the number of free receptors on the cell surface at a steady state level.
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Figure 29. ErbB receptor dimerization and activation. The ErbB receptors exist in a
pre-dimerized state on the cell surface (ErbB2-mediated heterodimers are shown
here). The inactive dimer is activated by ligand binding to the extracellular domain,
which results in structural rearrangement of the catalytic domain, activating the
tyrosine kinase activity of the cytoplasmic domain. Adapted from reference (139).
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Figure 30. Downregulation of ErbB receptors via endocytosis. Ligand binding to the
dimerized receptor induces receptor internalization into endosomes. In the
endosomes, the phosphorylated receptor undergoes ubiquitylation (Ub) by E3
ubiquitin ligase (Cbl) and the ubiquitylated receptor recruits adaptors containing
ubiquitin-interacting motif (UIM) and is targeted to the lysosomes for degradation.
De-ubiquitylation enzymes (DUB) can abrogate this process and target the ErbB
receptor to the recycling pathway. Adapted from reference (139).
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Cumulative evidence indicates that the ErbB receptors exist in a pre-dimerized
state that is not signaling competent (142, 152). Ligand binding to the pre-dimerized state
induces rearrangement of the receptor subunits resulting in receptor activation (153-155)
(Figure 29). Current information on the ErbB receptors signaling indicates that only
ErbB1 and ErbB4 receptors can form functional homodimers as no physiological ligand
for the ErbB2 receptor is known and the ErbB3 receptor has defective tyrosine kinase
activity (156, 157). However, all members of the ErbB family are capable of initializing
signalling cascades as heterodimers (141). It has been shown that the ErbB2 receptor is
the preferred dimerization partner for other ErbB receptors (158-160). This is attributed
to the structural characteristics of the extracellular domain of the ErbB2 receptor, which
is reminiscent of the ligand-bound form of other ErbB extracellular domain. Thus, ErbB2
receptor is constantly primed for interactions with other ErbB receptors (161) (Figure
29). Furthermore, ErbB2-containing-heterodimers are characterized by higher affinity
and broader specificity to many ligands compared to other heterodimer partners (160,
161). Also, ErbB2-containing-heterodimers undergo slow endocytosis and recycle back
to the cell surface more frequently (162, 163). Thus, the ErbB2 receptor acts as an
amplifier of the ErbB signaling network.
Transmembrane domains of the ErbB receptors are not passive membrane anchors
and have been implicated in modulation of signaling by the ErbB receptor family. The
critical role of TM domain in ErbB signaling is further evident in an oncogenic mutation
identified in the TM domain of neu, a rat homologue of the ErbB2 receptor. Mutation of a
single valine to glutamic acid at position 664 (V664E) located in the TM domain of neu
receptor has been shown to constitutively activate the receptor, turning it into an
oncogene (164, 165). It has been demonstrated that the glutamic acid mutation does not
affect the membrane association of the sequence, but it rather alters the lateral interaction
between the TM helices (136, 166). It has been suggested that the strong hydrogen
bonding interactions between protonated Glu side chains in the mutant receptors stabilize
the dimer structures, resulting in constitutive activation of the receptor (44). But recent
TOXCAT assay with human ErbB2 (HER2) showed that the Glu mutation has very little
effect on the dimerizing ability of HER2 TM domain (167). But this analysis was carried
in bacterial inner membranes, which may not mimic the eukaryotic membranes.
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Furthermore, it has been shown that engineered mutations, which are expected to increase
dimer strength, do not result in neu/ErbB2 receptor overactivation (168). Thus,
dimerization of the oncogenic form of neu/ErbB2 receptor via its TM domain may be
necessary, though not sufficient for its transforming activity (168). Also recent
computational studies on isolated TM domain of the neu/ErbB2 receptors have suggested
that the wild-type and the mutated ErbB2 receptors have different dimerization motifs,
possibly due to different orientation of the TM domains in the ErbB2 WT and the mutant
receptors (169, 170). Thus, it is still unclear how the Glu mutation results in increased
level of receptor association and constitutive activation of the neu/ErbB2 receptor.
The aim of this study was to understand the structural consequence of the
hydrophilic mutation in the TM domain of the neu/ErbB2 receptor. We used fluorescence
techniques to define the membrane position of the neu/ErbB2 TM domain with and
without the activating mutation. We found that under physiological conditions, the Glu
mutation (V664E) alters the membrane position of the TM domain, such that the charged
Glu residue locates at the membrane interface and a truncated segment (residues 665680) spans the bilayer. Other hydrophilic mutations (Gln and Asp) at position 664 were
also found to reduce the effective TM length spanning the bilayer and the magnitude of
shift in the TM helix position was found to correspond to the hydrophilicity and the
ionization state of the hydrophilic residue. This suggests a novel mode of receptor
activation in the neu/ErbB2 oncogene.
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RESULTS
Defining the Topography of Membrane-Inserted ErbB2 WT and V664E mutant peptides
using Fluorescence Spectroscopy
Peptides corresponding to the transmembrane segment of neu/ErbB2 receptor
(underlined residues) with a single Trp as position 671, flanking charged residues and
with
649

or

without

the

activating

mutation

[General

Sequence:

Acetyl-

AEQRASPVTFIIATVX664GVLLFLWLVVVVGILIKRRRYK686-Amide, where X =

V for WT and X = E for V664E mutant] were used to examine the effect of Glu mutation
on the membrane topography of the neu/ErbB2 TM domain (Table 9). Fluorescence
properties of a Trp residue within the hydrophobic sequence was used to define the
topography of the membrane-inserted peptides (16, 24). First, the effect of bilayer width
(hydrophobic mismatch effects) on Trp depth was used to define the effective length of
the TM helix. Previous studies have shown that the Trp fluorescence is most blue-shifted
at the bilayer width where there is hydrophobic matching between the TM segment and
the hydrophobic core of the bilayer (16, 24, 29, 49). Red shifts in Trp fluorescence is
generally observed in both thinner and wider bilayers due to hydrophobic mismatch. The
TM state is destabilized in wider bilayers due to the unfavorable burial of the charged
flanking residue into the bilayer resulting in formation of appreciable fractions of nonTM surface state (16, 24). Fluorescence also generally red shifts, although to a lesser
degree, in thinner bilayers due to the fact that the distance between a Trp at the center of
a bilayer to the membrane surface automatically decreases as bilayer width decreases. In
addition, there can be a modest red shift due to (weak) oligomerization under conditions
of positive mismatch in thin bilayer (16, 24). Thus, the bilayer width at which the Trp
fluorescence is most blue shifted defines the ‘effective TM length’ (LTM

eff).

LTM

eff

is

typically expressed as the number of residues that span this bilayer width (Materials and
Methods).
Figure 31 shows the effect of bilayer width on neu/ErbB2 WT and V664E mutant
peptides at pH 7.0. For the WT sequence, the pattern of λmax as a function of bilayer
width (Figure 31) show a minimum with very blue-shifted emission in DEuPC vesicles
(c22:1 bilayers), indicative of an LTM eff of 23.8 residues (Table 10). This is consistent
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Table 9. Neu/ErbB2 Transmembrane Peptides Used in this Study.

Peptide

Sequence

WT

AEQRASPVTFIIATVVGVLLFLWLVVVVGILIKRRRYK-Amide

V664E

AEQRASPVTFIIATVEGVLLFLWLVVVVGILIKRRRYK-Amide

V664D

AEQRASPVTFIIATVDGVLLFLWLVVVVGILIKRRRYK-Amide

V664Q

AEQRASPVTFIIATVQGVLLFLWLVVVVGILIKRRRYK-Amide

These peptides were purchased from Keck Peptide Synthesis Facility at Yale University.
Peptides were purified via reverse-phase-HPLC using a C4 column using water/ 60% 2proponal/ 40% Acetonitrile/0.5% v/v TFA as mobile phase. Peptide purity was confirmed
using MALDI-TOF mass spectrometry (Proteomics Center, Stony Brook University). We
estimated that the final purity was in the order of 95% or better. After drying the HPLC
fractions, the peptides were stored in 1:1 (v/v) 2-proponal/water at 4ºC. Peptide
concentrations were measured by absorbance spectroscopy on a Beckman DU-650
spectrophotometer using molar extinction coefficient (ε) for Trp of 5560 M-1cm-1 at 280
nm.
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Figure 31. Effect of lipid bilayer width upon Trp emission λmax for neu/ErbB2 WT and
V664E mutant peptides at pH 7.0. WT (▲) or V664E peptides (○) were reconstituted
into model membrane vesicles composed of monounsaturated PCs with different acylchain lengths. Samples contained 2 µM peptide incorporated into 500 µM lipid dispersed
in PBS at pH 7.0. The values shown are the average of six samples. The λmax values
were generally reproducible to ±1 nm.
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Table 10. LTM eff values for neu/ ErbB2 WT and V664X mutant peptides at different pH
conditions.

Peptide

pH

LTM eff

WT

7.0

23.8

4.0

20.0

7.0

17.0

9.0

16.8

4.0

16.7

7.0

16.3

9.0

16.2

4.0

18.0

V664E

V664D

V664Q

a

LTM

eff

a

were calculated from λmax vs. bilayer width curves as described in Experimental

Procedures.
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with the putative TM segment of 25 residues (residues 656-680) spanning the lipid
bilayer. The presence of the activating mutation (V664E) shifts the λmax minimum to a
thinner bilayer width (Figure 31). The peptide behaves as a short TM helix with an LTM eff
of 17 residues (Table 10). It adopts a relatively stable TM structure in DOPC bilayers
(c18:1 acyl chains), but is destabilized in wider bilayers due to negative mismatch, with
some degree of formation of a non-TM state. This indicates that the hydrophilic mutation
alters the TM helix position within the bilayer, such that the Glu-664 locates at the
bilayer interface and the TM segment extends from residue 665 to 680 (16 residues).
In addition, the Trp depth was measured directly using a dual quenching method
(83). The dual quencher analysis utilizes two quenchers of Trp fluorescence, acrylamide
and 10-DN to assess Trp depth. Acrylamide, an aqueous quencher, preferentially
quenches Trp residues at or near the membrane surface, while 10-DN, the membraneinserted quencher, quenches Trp buried in the membrane bilayer. The ratio of acrylamide
quenching to 10-DN quenching (Q-ratio) responds nearly linearly to Trp depth in the
bilayer, such that a low quenching ratio indicates a deeply located Trp, while a high Qratio is indicative of Trp near the bilayer surface (83). Extensive previous studies show
that Trp at the bilayer center gives a Q-ratio of < 0.15, while Trp close to the bilayer
surface gives a Q-ratio ≥1 (29, 49, 83).
The shift in helix position (and the consequent decrease in effective TM length)
was confirmed by dual quenching analysis (Figure 32). In medium width DOPC bilayers,
both the WT and V664E mutant exhibit low Q-ratio values consistent with a stable TM
topography, with the Trp locating relatively deeper in V664E mutant than in the WT
sequence (see below). In wider DEuPC bilayers, the V664E mutant shows high Q-ratio
value characteristic of a shallow Trp location, consistent with some degree of formation
of a non-TM state, but the WT sequence has low Q-ratio indicating that a predominant
amount of the WT peptide remains in the TM state, with Trp locating deeply within the
bilayer (Figure 32). This data is consistent with the observation that the V664E mutant
has a shorter TM segment spanning the bilayer compared to the WT. Further, no
significant quencher induced shifts in λmax was observed in both DOPC and DEuPC
bilayers indicating that both WT and mutant peptide form homogenous population with
single Trp location (Data not shown).
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Figure 32. Quenching ratio for neu/ErbB2 WT and V664E mutant peptides when
incorporated into DOPC (filled bars) or DEuPC (striped bars) vesicles at pH 7.0. Samples
contained 2 µM peptide incorporated into 500 µM lipid dispersed in PBS at pH 7.0.
Average values from six samples and standard deviations are shown.
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The difference in Trp location between the neu/ ErbB2 WT and V664E mutant in
DOPC bilayers is also noteworthy. The Trp at position 671 is closer to the center of the
truncated TM sequence (residues 665-680) rather than the entire hydrophobic sequence
(residues 656-680). So if the entire hydrophobic segment adopts a stable TM structure in
DOPC vesicles, as it would be in case of the WT sequence, then the Trp would locate
shallowly since it is off-center (Figure 33). But a shift in helix position, such that only
truncated segment spans the DOPC bilayers, would result in Trp locating closer to the
bilayer center (Figure 33). So the fact that the mutant peptide shows blue-shifted λmax
and lower Q-ratio in DOPC vesicles compared to the WT sequence (Figures 31 & 32),
indicating that the Trp is closer to the bilayer center in the V664E mutant than in the WT,
further supports the idea that the hydrophilic mutation alters the TM helix position within
the lipid bilayers and results in a truncated segment spanning the lipid bilayer.
Furthermore, WT sequence with Trp at position 669 (closer to the center of the entire
hydrophobic sequence) behaves qualitatively similar to WT peptide with Trp at position
67, with a LTM eff of 24 residues (data not shown). So, Trp position does not appear to
affect the behavior of the WT sequence.
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Figure 33. Schematic figure summarizing the change in Trp671 position within the bilayer
upon helix shifting in DOPC bilayer at pH 7.0. The position of Trp671 in the neu/ErbB2
WT and V664E mutant sequences is shown. The dashed line represents the plane of the
center of the bilayer. Even though the WT sequence adopts a TM structure, Trp671 locates
slightly shallow as it is off-center in the hydrophobic sequence. Shift in helix position
induced by the Glu664 mutation results in a truncated segment spanning the bilayer with
Trp671 locating closer to the bilayer center.
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Effect of Other Hydrophilic Mutations at Position 664 upon Membrane Positioning of
neu/ErbB2 Receptor
We also examined whether other hydrophilic residues known to alter neu/ErbB2
receptor function (165), when located at position 664, could alter TM helix position
within the bilayer. To do this, neu/ErbB2 TM sequences with a Gln or Asp substitution at
position 664 were compared to the WT sequence (General Sequence: Acetyl649

AEQRASPVTFIIATVX664GVLLFLWLVVVVGILIKRRRYK686-Amide, where X =

Q for V664Q and X = D for V664D mutant peptides) (Table 9). Figure 34 shows the
effect of bilayer width upon Trp λmax for the V664Q and the V664D mutant peptides at
pH 7.0. Qualitatively, both V664Q and V664D mutants exhibit λmax profile similar to
the V664E mutant (Figure 34). This pattern corresponds to a truncated TM segment
spanning the bilayer and forming relatively stable TM structures in DOPC bilayers, but is
destabilized in wider bilayers due to negative mismatch. The estimated LTM eff values of
18 residues and 16.3 residues for V664Q and V664D peptide respectively is comparable
to the effective TM segment of 17 residues observed for the V664E peptide (Table 10)
These conclusions were confirmed by fluorescence quenching data (Figure 35).
All mutant peptides exhibit low Q-ratios in DOPC vesicles (Figure 35) corresponding to
either fully or almost fully TM configurations, with the Trp near the bilayer center and
higher Q-ratios in wider DEuPC vesicles (Figure 35) indicating a shallower Trp depth,
consistent with a some degree of formation of a non-TM state.
The cumulative data indicates that a strong hydrophilic residue at position 664
induces a shift in helix position, such that the hydrophilic residue locates at or closer to
the bilayer surface and only a truncated segment spans the bilayer. Trp λmax and Q-ratio
values (Figures 34 & 35) show that the magnitude of shift in helix position depends on
the identity of hydrophilic residue at position 664 and it increases in the order: Q < E ≤
D. This is supported by the LTM

eff

values derived from the effect of bilayer width upon

λmax (Table 10). The effective TM length decreases by 5.8 residues, 6.8 residues and 7.5
residues for V664Q, V664E and V664D mutants respectively relative to the WT
sequence (Table 10). This order of ‘helix shifting potential’ for hydrophilic residue is
similar to that we observed in simple model hydrophobic peptide sequences (Chapter 4).

115

335

331

λ max (nm)

V664D

WT

V664E
327

V664Q

323

319

315

14

16

18

20

22

24

Acyl Chain Length (# Carbon Atoms)
Figure 34. Effect of lipid bilayer width upon Trp emission λmax for neu/ErbB2 V664Q
and V664D mutant peptides at pH 7.0. The WT and V664E data from Figure 31 are
shown for comparison. The ErbB2 peptides WT (∇), V664E (○), V664Q (∆) or V664D
(+) were reconstituted into model membrane vesicles composed of monounsaturated PCs
with different acyl-chain lengths. Samples contained 2 µM peptide incorporated into 500
µM lipid dispersed in PBS at pH 7.0. The values shown are the average of three to six
samples. The λmax values were generally reproducible to ±1 nm
.
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Figure 35. Quenching ratio for neu/ErbB2 V664Q and V664D mutant peptides when
incorporated into DOPC (filled bars) or DEuPC (striped bars) vesicles at pH 7.0.
Quenching ratio for the ErbB2 WT and V664E peptides from Figure 32 are shown for
comparison. Samples contained 2 µM peptide incorporated into 500 µM lipid dispersed
in PBS at pH 7.0. Average value from three to six samples and standard deviation are
shown.
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How pH Affects Topography of ErbB2 TM segments with Ionizable Residue Mutations.
In order to investigate the effect of charge on the ionizable residues (Glu and Asp)
on ErbB2 TM helix behavior, their pKa’s were measured. To do this, samples containing
peptides inserted into vesicles prepared at low pH were titrated with base as described
previously (49). Changes in ionization were detected by pH-induced changes on Trp
emission (49). The pKa values for V664E and V664D peptides in DOPC vesicles were
6.94 and 6.12 respectively (data not shown). The pKa values were very similar in DEuPC
vesicles (data not shown). The pKa value agrees well with previous work, which
estimated the pKa of V664E peptide to be ~ 6.5 using NMR measurements (44). [Note:
pH titration for the WT sequence revealed no measurable pKa value and no pH-induced
change in Trp depth or fluorescence quenching was observed for the WT sequence (data
not shown). Hence the fluorescence values of the WT sequence at pH 7.0 are used as
reference for all pH conditions].
Fluorescence measurements were then performed under conditions under which
Glu and Asp residues would be fully protonated (pH 4.0) or fully deprotonated (pH 9.0),
based on their pKa values. Figure 36 shows the Trp λmax and Q-ratio values for V664E
and V664D peptides at various pH in DOPC and DEuPC bilayers. At pH 9.0, when Glu
and Asp are fully ionized, the Trp locates shallowly as shown by red-shifted Trp
fluorescence and high Q-ratio values. This indicates that the D- and E- residues resist
burial within the lipid bilayer and locate at or closer to the bilayer surface, resulting in a
truncated TM segment spanning the bilayer.
This is confirmed by the LTM

eff

values derived from λmax vs. bilayer width

curves (Figure 37). At pH 9.0, the LTM eff for V664E and V664D peptides were 16.8 and
16.2 residues respectively, much shorter than the 23.8 residues observed for the WT
sequence (Table 10). Interestingly, the LTM eff value estimates for V664E and V664D at
pH 9.0 are very similar to the LTM

eff

estimates at pH 7.0 [17.0 and 16.3 residues

respectively] (Table 10). This indicates that even under physiological pH conditions, Glu
and Asp residues are primarily in an ionized state.
Under low pH conditions (pH 4.0), when Glu and Asp residues were protonated,
the mutant peptides adopts a TM topography in DOPC bilayers, but with different Trp
depth compared to the charged state and the WT, as judged by its blue-shifted Trp λmax
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Figure 36. Trp λmax and quenching ratio for neu/ErbB2 V664E and V664D mutant
peptides when incorporated into DOPC (filled bars) or DEuPC (striped bars) vesicles at
different pH. Samples contained 2 µM peptide incorporated into 500 µM lipid dispersed
in pH adjusted PBS buffer. Average values from three to six samples and standard
deviations are shown.
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Figure 37. Effect of lipid bilayer width upon Trp emission λmax for neu/ErbB2 V664E
and V664D mutant peptides at different pH. Data at pH 4.0 (∆), pH 7.0 (○) and pH 9.0
(+) are shown. The curve for the ErbB2 WT sequence is shown for comparison. The
samples contained 2 µM peptide incorporated into 500 µM lipid dispersed in pH-adjusted
PBS. Average values of three to six samples are shown.
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values and low Q-ratios (Figure 36 ). The data shows that the Glu and Asp residues
induce smaller shifts in helix position in the uncharged state than in the charged state. But
even the uncharged residues induces a substantial shift in TM helix position, as shown by
the decrease in LTM

eff

to 20 residues and 16.8 residues for V664E and V664D

respectively relative to the WT sequence (23.8 residues) (Table 10). The observation that
the E0 did not induce as much shift as the as the D0 correlates well with our earlier
observations that D0 residue is more hydrophilic than an E0 (Chapter 4).
Secondary Structure of neu/ErbB2 TM peptides – CD measurements
In order to evaluate the secondary structure of the neu/ErbB2 peptides, CD
measurements were carried out (Table 11). The α-helical content was estimated to be 72
% for wild-type sequence. The α-helical content decreased by a small amount for V664X
mutant peptides. The estimated α-helical content was 67% for V664E peptide, 65% for
V664D peptide and 68% for V664Q peptide (Table 11). Furthermore, the ionization state
of the Glu664 and Asp664 did not affect the helical content by more than 2 % (Table 11).
The helical content was also similar for peptides incorporated into DOPC and DEuPC
vesicles (Table 11).
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Table 11. Estimated secondary structure for neu/ErbB2 WT and V664X mutant peptides
incorporated into DOPC or DEuPC vesicles under various pH conditions. Samples
contained 2 µM peptide incorporated into 500 µM lipid dispersed in PBS.

Peptide

pH

WT

V664E

V664D

V664Q

a

% Helix a
DOPC

DEuPC

7.0

72

72

4.0

68

67

7.0

67

67

9.0

66

65

4.0

66

66

7.0

65

65

9.0

65

64

7.0

68

69

Remainder were predominantly random structure with <10% β-structure.
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DISCUSSION
In this study, using a model membrane system, we found that the activating
mutation (V664E) within the TM domain of the neu/ErbB2 receptor alters the membrane
boundary of the TM helix. Under physiological conditions, the Glu residue is partially
charged and induces a shift in the TM helix position, such that the hydrophilic Glu
residue locates at or closer to the membrane surface. As a result, the effective length of
the TM segment decreases from 24 residues in WT to 17 residues in V664E mutant
peptide. Furthermore, the extent of the shift in helix position correlates with the
ionization state of the Glu-residue. A fully charged Glu residue induces a greater amount
of shift in helix position compared to the protonated Glu residue.
Our data partially agrees with that of Smith et al. (44) who showed that the Glu664
in the neu/ErbB2 TM domain does not partition into the bilayer at physiological pH in
dimyristoylphosphatidylcholine (DMPC) bilayers, while protonation of Glu664 allowed
the sequence to fold into a long α-helix spanning the bilayer (44). However, they
suggested that the charged Glu residue leads to unfolding of the sequence N-terminal to
the Glu664 residue, thereby shortening the length of TM helix, but we observe only a 2 %
decrease in α-helical content of the neu/ErbB2 mutant peptide when Glu is charged
compared to when Glu is protonated (Table 11). Hence, local unfolding does not appear
to accommodate the decrease in effective TM length in our system.
Our finding that the Glu664 shifts the TM helix position (whatever its ionization
state) raises the possibility that the Glu664 mutation alters the configuration of the existing
TM domain interactions. For example, the transverse shift in the TM helix position
induced by the Glu664 mutation could alter the relative orientation of the TM helices in
the dimer and perhaps promotes the adoption of an ‘active’ configuration (Figure 38C). It
has been proposed that HER2, human ErbB2 receptor, has two distinct dimerization
modes: one mediated via a N-terminal dimerization motif and other via a C-terminal
dimerization motif (167, 171). Using computational analysis, Ben-Tal and colleagues
(171) have proposed a molecular-switch mechanism for HER2 receptor activation
wherein the dimer mediated via the C-terminal motif represents the inactive conformation
and the transition to the active state would involve a switch to dimerization via the Nterminal motif (171).
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Figure 38. Schematic Representation of Possible Mechanism for Receptor Activation in
wild-type and mutant neu/ErbB2 Receptor. (A) Activation of the wild-type ErbB2
receptor. The neu/ErbB2 receptor exists in steady state equilibrium between the inactive
homodimers and the monomeric neu/ErbB2 receptor. The monomeric receptor could
associate with other ErbB receptors to form inactive heterodimers. The inactive
heterodimers are activated by ligand binding, which results in structural rearrangement of
the cytoplasmic (catalytic) domain stimulating the tyrosine kinase activity (B) Glu664
mutation upregulates the neu/ErbB2 receptor by altering the equilibrium between the
homodimers and the heterodimers. The Glu664 mutation destabilizes the neu/ErbB2
homodimers and shifts the equilibrium towards the monomeric ErbB2 receptor and
thereby promoting the formation of the functional heterodimers. The shift in TM helix
position alters the dimer configuration, which can result in constitutive activation of the
receptor. (C) Possible mechanism for receptor upregulation in the V664E mutant
neu/ErbB2 receptors. (i) The Glu664 residue is directly involved in stabilizing the dimer
structure formed possibly via hydrogen bonding interactions with the neighboring helix.
(ii) The Glu664 alters the dimerization mode by changing the relative orientation of the
receptor in the dimer. The alternate dimerization mode can result in a more stable dimer
structure. (iii) The transverse shift induced by the Glu664 mutation changes the spatial
arrangement of the cytoplasmic catalytic domain, resulting in activation of the kinase
activity. The schematic shown here depicts an altered dimerization mode, but receptor
activation can happen with or without altering the dimerization mode. It is possible that a
combination of these modes is involved in receptor upregulation.
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Similar alternative dimerization modes are possible in neu receptor and the activating
mutation could shift the equilibrium towards the active form. In fact, a consensus
sequence in the N-terminal has been shown to be involved in neu TM domain
dimerization (172, 173), although no other dimerization motifs has been identified.
Further evidence that the Glu664 mutation activates the neu/ErbB2 receptor by altering the
pre-dimerized state comes from Sharpe et al. (135), who showed that the Glu664 mutation
induces significant structural rearrangement in the neu/ErbB2 TM domain extending over
four helix turns downstream of the mutation, arguing that it could alter the lateral
association of the TM helix with other helices within the membrane. (135).
Another possible outcome of altering the dimerization mode is that it could
change the equilibrium between the neu/ErbB2 homodimers and neu/ErbB2-containingheterodimers. No physiological ligand for neu/ErbB2 receptor is known and it is believed
the neu/ErbB2 receptor typically signals as a heterodimer with other ErbB receptors (139,
140). Perhaps, by altering the orientation of the dimer structure, the Glu664 mutation
promotes the formation of functional heterodimers over inactive ErbB2 homodimers by
either destabilizing the ErbB2 homodimers or by stabilizing the ErbB2-containing
heterodimers (Figure 38B).
An alternate possibility is that the shift in the TM domain could move the
cytoplasmic catalytic domain closer to the bilayer and alter the spatial arrangement of the
catalytic domains such that it activates the receptor dimer. This mode of receptor
activation may or may not be accompanied with a change in the dimerization mode of the
receptor (Figure 38C). Further, this could result in constitutive activation of the receptor
as the structural rearrangement induced by the transverse shift could mimic the activated
dimer structure.
In a recent report, McLaughlin et al. (174) have proposed an electrostatic engine
model for activation of the ErbB family receptor. They postulated that the
juxtamembrane (JM) region and the tyrosine kinase domain of ErbB family members
bind electrostatically to acidic lipids in the inner leaflet of the plasma membrane and this
result in autoinhibition. Upon ligand activation, the Ca2+/calmodulin complex binds to the
JM region, reversing its net charge and this allows the JM and the kinase domains of the
ErbB protein to move off the membrane, at which time, the latter becomes catalytically
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active. We find that the hydrophilic mutation shifts the TM helix position and thus moves
the catalytic domain towards the membrane. This appears to contradict the electrostatic
engine model, where the catalytic domain moves away from the bilayer. However, this is
not necessarily true. If the JM region and the kinase domain interact with the inner
leaflet, then a shift in TM helix location could move the charged residues in the Nterminus of the JM sequence such that the interaction of the JM sequence with the bilayer
surface is weakened and this could move the JM/kinase domains away from the bilayer,
resulting in removing the inhibition.
Heterodimers containing neu/ErbB2 receptor undergo slow downregulation and
recycle back to the cell surface more efficiently (162, 163). The altered membrane
position of the mutated neu/ErbB2 TM domain could further compromise the
downregulation of the mutant receptor. This is supported by studies showing that the TM
domain of other receptor tyrosine kinases play a critical role in ligand-induced receptor
internalization (131, 134, 175). For example, Yamada et al. (175) have shown that
replacing the charged residues flanking the TM domain of insulin receptor to uncharged
residues and thus changing the TM domain membrane position, results in impaired
internalization of the receptor. Also, a TM domain shift induced by achondroplasia
Arg380 mutation in FGFR3 receptor is believed to impair ubiquitination of the receptor
and its subsequent degradation of the receptor (131, 134). So, a similar mechanism may
apply to mutant neu/ErbB2 receptor.
In other experiments, we found that the Gln or Asp mutations at position 664 also
alter the membrane position of the TM domain and the extent of shift in helix position
correlates with the hydrophilicity of the residue. The order of extent of transverse shift is
Asp-1 > Glu-1 ~ Asp0 > Gln > Glu0. This data is consistent by our earlier findings that the
magnitude of shift is controlled by hydrophilicity and ionization state of the hydrophilic
residue (Chapter 4).
It has been shown that only certain hydrophilic mutation at position 664 in TM
domain of neu/ErbB2 receptor have the ability to constitutively activate the receptor
(165). Of all hydrophilic mutation tested, Glu664 had the maximum transforming ability,
followed by Gln664, which had about 70% transforming ability of Glu664, and then Asp664,
which had about 10 % transforming ability of the Glu664 mutation (165). Other
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hydrophilic mutations, like Gly, His and Lys, at position 664 showed no transforming
ability (165). Interestingly, the transforming ability of a hydrophilic residue correlates
with the ability of these residues to induce a shift in the TM helix position under
physiological pH conditions (Chapter 4). For example, at physiological pH, Glu, Gln and
Asp residues have high propensity to alter TM helix position compared to Gly, His and
Lys residues (Chapter 4). The high degree of specificity required for the activating
mutation suggests that a precise arrangement of the dimerized state is required for
neu/ErbB2 receptor activation.
Further support for the idea that a charged residue mutation in a natural TM
sequence can alter the protein function by shifting helix position comes from a recent
study on FGFR3, a tyrosine kinase receptor involved in skeletal system development
(131). Using neutron diffraction, Hristova and colleagues showed that a hydrophilic
mutation (G380R) within the TM domain of the FGFR3 receptor induces a shift in the
TM segment embedded in the membrane (131). They proposed that the structural change
in the TM domain plays a role in slow downregulation of the activated mutant receptors,
resulting in abnormal bone development (dysplasias) (131, 134). Shifts in TM helix
position have also been shown to functionally relevant in bacterial chemoreceptors (124,
125). Ligand binding to the extracellular domain has been shown to induce a piston-type
sliding of signaling TM helix towards the cytoplasm, which modulates the kinase activity
inside the cell (124, 125). Recent study shows that signal enhancing substitutions
typically drive the piston displacement of the signaling helix (124).
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CHAPTER 6
MEMBRANE TOPOGRAPHY OF THE HYDROPHOBIC ANCHOR
SEQUENCE OF POLIOVIRUS 3A AND 3AB PROTEINS
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After poliovirus (PV) enters the host cell its plus strand RNA genome is translated into a
polyprotein that contains one structural (P1) and two nonstructural domains (P2, P3;
Figure 39A). There is an efficient and regulated cascade of protein processing that
produces cleavage products with function distinct from those of the precursor proteins
(Figure 39A). A variety of precursor and mature proteins are released from the PV
polyprotein by cleavage with proteinases 2Apro, 3Cpro/3CDpro. The proteins of the P1
domain (VP1-VP4) assemble to form the capsid while those derived from P2 (2Apro, 2B,
2BC, 2CATPase) are primarily responsible for the biochemical and structural changes that
occur in the infected cell. The proteins of the P3 domain are those most directly involved
in RNA synthesis. These include two important and relatively stable precursors,
proteinase 3CDpro and 3AB, which were shown to specifically interact with a cloverleaflike structure at the 5' end of the viral RNA in a reaction that required for RNA
replication. The two precursors are slowly processed to the mature polypeptides, 3A, 3B,
3Cpro, and 3Dpol (176).
Shortly after infection of susceptible cells with PV, dramatic changes take place
in the host cell. There is a striking rearrangement of the cellular membranes and vesicles
accumulate in the cytoplasm (177-179). These vesicles are mostly derived from the
endoplasmic reticulum, Golgi apparatus, and lysosomes of the host cell. Recent studies
indicate that many of the vesicles are autophagosomes, which carry virus-specific
proteins, for example 2BC and 3A (180). The viral non-structural proteins and their
precursors, as well as some cellular proteins and the viral RNA assemble to form a
replication complex on the cytoplasmic surface of the vesicles that appear as rosette-like
structures (178, 181). Such structures are believed to provide a suitable environment for
RNA replication by increasing the local concentrations of viral proteins or by providing a
scaffold for the assembly of the members of the complex. Some of the viral nonstructural
proteins (2B, 2CATPase and 3A) associate with the replication complex via their own
membrane binding domains while others are recruited to the complex by protein/protein
or protein/RNA interactions (176, 182). The PV RNA polymerase 3Dpol is an example of
a soluble protein that interacts with another protein, 3AB, whose hydrophobic domain,
located in 3A, anchors the complex to membranes (183, 184).
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Figure 39. Genomic organization of poliovirus, processing of the polyprotein and amino
acid sequences of protein 3AB. (A) The single-stranded RNA genome is covalently
linked to the viral-encoded protein VPg at the 5’ end of the non-translated region
(5’NTR). The linkage of the 5' terminal UMP to the hydroxyl group of tyrosine in VPg is
shown on the left. The 5’NTR consists of two cis-acting domains. The cloverleaf is
involved in genome replication, and the internal ribosomal entry site (IRES), controls
translation of a 247 kDa polyprotein (open box). The polyprotein is processed by the
virus encoded proteinases 2Apro and 3Cpro/3CDpro into structural proteins (P1) and
nonstructural (P2 and P3), the latter specifying the proteins involved in replication.
Triangles indicate cleavages by 3Cpro/3CDpro and circles cleavage by 2Apro. Filled
symbols indicate fast cleavages and open symbols indicate slow cleavages. The open
diamond marks the VP0 capsid maturation cleavage. The 3’NTR contains a structured
heteropolymeric region and is polyadenylylated. The open arrow indicates one of two
suppressor mutations resulting from the W42F/F69W mutations in 3AB (see below). (B).
Presentation of 3AB and its cleavage product 3A. Shown is the amino acid sequence of
3AB with the Q/G cleavage site between 3A and 3B(VPg). The hydrophobic anchor
domain of 3A, starting at amino acid 59, is indicated in a box, which is enlarged below.
The shaded area represents the TM segment as defined in this report. Downward or
upward arrows indicate two separate sets of mutations. Filled arrows depict mutations
engineered into the protein, open arrows the suppressor mutations that rapidly emerged
during the first cycle of virus replication. Anchor peptide-1 and anchor peptide-2
delineate the peptides used for membrane binding studies.
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3AB is a small basic protein that contains a hydrophobic and membrane-binding
region near the C-terminus of its 3A domain. It was shown to possess the biochemical
characteristics of an integral membrane protein (185). Yeast two hybrid and biochemical
analyses have indicated that the 3AB protein strongly interacts with 3Dpol and the
sequences primarily responsible for this interaction are located in the 3B domain of the
protein (184, 186). Four amino acids in a hydrophobic patch on the surface of 3Dpol were
recently identified as binding partners of 3AB (183). Protein 3AB also has the propensity
to dimerize and form higher oligomers in solution in the absence of detergent. Both the
N-terminal region and the hydrophobic domain of 3A were found to be involved in these
interactions (184, 187). In vitro studies have suggested that 3AB has multiple functions in
RNA replication: (i) 3AB is a nonspecific RNA binding protein but in a complex with
proteinase 3CDpro it specifically binds to both the 5' cloverleaf and the 3'NTR of the PV
genome (188-190) (ii) 3AB stimulates the elongation activity of 3Dpol on a poly(A)
template with an oligonucleotide primer (188-194) (iii) 3AB stimulates the
autoprocessing of 3CDpro (195) (iv) the membrane bound form of 3AB is required for
processing by 3CDpro (191). In vitro the N-terminal domain of 3AB can be glycosylated
but the biological significance of this observation is not known (196).
Proteolytic cleavage of 3AB by 3Cpro/3CDpro yields 3A and 3B (VPg). The 3A
protein is 87 amino acids long (Figure 39B), consisting of a soluble cytosolic N-terminus
(58 residues) (197),

which exists as a symmetric dimer (187), a 22-residue long

hydrophobic domain (aa 59-81) followed by 7 additional residues at the C-terminus. Part
of the hydrophobic domain has been subdivided into two domains (I: aa 64-72 and II: aa
73-80), the latter of which was shown to be the primary determinant of membrane
binding in the context of 3AB (185). The first 15 amino acids of the hydrophobic domain
(aa 59-73) were predicted to form an amphipathic helix (185). Amino acid changes in the
hydrophobic domain of 3A were shown to result in impaired RNA replication and virus
death (198). The site of action of enviroxime, an antiviral drug which blocks PV RNA
replication, maps to the 3A sequences, supporting a critical role for 3A in the replication
complex (199). The 3A protein itself possesses additional functions beside those that are
in the context of 3AB. In vivo 3A inhibits ER-to Golgi membrane and secretory protein
traffic and induces specific translocation of different members of the ARF family (ADP-
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ribosylation factor) to membranes (200-203). Both a mammalian and a yeast two-hybrid
system showed that 3A multimerizes and interacts with 2B and 2CATPase (184, 204) (Yin,
Paul

and

Wimmer,

unpublished

observations).

Studies

with

an

in

vitro

translation/replication system indicated that a mutation in 3A (M97A or M97T) affected
only plus strand synthesis and not minus strand RNA synthesis (205).
The second product derived from 3AB is VPg, a small basic peptide consisting of
22 amino acids, which is covalently linked to the 5' end of the genomic RNA (206). PV
RNA synthesis is initiated by the covalent linkage of a UMP to the hydroxyl group of a
tyrosine in VPg yielding VPgpU(pU), the primer for both minus and plus strand RNA
synthesis (207). In vitro, both poly(A) and a small RNA hairpin cre(2C), located in the
coding sequences of 2CATPase, function as templates for the uridylylation reaction (207,
208). It has been proposed that in vivo the VPgpU synthesized on the cre(2C) RNA is
used for plus strand RNA synthesis while the poly(A) tail of the genomic RNA serves as
template for VPgpU synthesis prior to minus strand synthesis (207, 209). This claim,
however, has been recently challenged (210).
Studies of 3AB and 3A function in vitro have been hampered by their low
solubility in aqueous solutions, and purified preparations of these proteins always contain
detergent. However, it has been shown before that detergents are detrimental to PV RNA
replication. The uridylylation of VPg is totally blocked when crude replication
complexes, isolated from poliovirus-infected cells, or in vitro translation/RNA replication
reactions, are treated with detergent (211, 212). In addition, 3AB can be processed by
3CDpro only when membrane-bound and not in the presence of detergents (191).
Therefore, studies of 3A and 3AB in model membrane vesicles might be of more
relevance than studies in detergents. However, although the membrane association of 3A
and 3AB has been known for years, the precise arrangement of these proteins in the
hydrophobic environment of a lipid bilayer is obscure. In this study, we exploited the
fluorescence properties of a Trp residue placed in the center of the hydrophobic anchor
sequence to determine the topology of the anchor sequence when incorporated into model
membrane vesicles, using both a peptide containing the anchor sequence and intact 3A
and 3AB proteins. Our results indicate that the anchor sequence has the intrinsic ability to
form a TM topography, and adopts a mixture of a transmembrane and non-
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transmembrane topography in the context of the intact 3A protein. The hydrophobic
anchor of intact polypeptide 3AB, however, assumes only a non-transmembrane
configuration.
RESULTS
Construction of 3A/3AB Mutants Suitable for Membrane-Association Studies.

To analyze the properties of the hydrophobic domain when 3A and 3AB are
membrane associated, we adopted the method of measuring Trp fluorescence. For these
fluorescence experiments, a Trp is most useful when placed at the center of the
hydrophobic sequence (16, 24, 29, 30). In that case, Trp location can distinguish whether
the hydrophobic segment within which it is located forms a transmembrane helix, in
which case the Trp locates at the bilayer center, or forms a non-transmembrane structure,
in which case the Trp locates near the bilayer surface (16, 24, 29, 30, 83). Because the
hydrophobic anchor domain of 3A does not contain Trp, a single Trp residue was
introduced by a substitution mutation into a position we thought to be at the center of the
hydrophobic region (F69W; Figure 39B). To render the spectroscopic measurements
specific to the hydrophobic sequence, the Trp residue in the hydrophilic region of 3A was
replaced with a Phe residue (W42F; Figure 39B). It was then determined to what extent
these mutations influence the function of 3A/3AB by assaying the ability of
corresponding variant RNAs to produce cytopathogenic effects (CPE) on HeLa cell
monolayers. Mutants did not disrupt the polio virus function, but it revealed two
unexpected suppressor mutations. One mutation (A70V) mapped to the 3A hydrophobic
region next to the new Trp residue (Figure 39B), the other to the membrane-associated
viral protein 2B (I47V; Figure 39A).
The replication kinetics of the 2B/3A mutant virus, assayed by one-step growth
curve experiments in HeLa cell monolayers, revealed slightly slower growth phenotypes
as compared to WT PV (Figure 40). Nevertheless, these growth phenotypes indicated
satisfactory function of 3A/3AB in the context of the poliovirus genome and thus the
3A/3AB (W42F/F69W/A70V) polypeptides were used in the following studies.
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Figure 40. One step growth curves of WT poliovirus and a 3A mutants at 37 ºC. (A) WT
poliovirus compared to 3A mutant (W42F/F69W/A70V). (B) WT poliovirus and 3A
mutant (T14K/W42F/V72W). Growth curves were carried out as follows: HeLa cell
monolayers in 35-mm culture dishes were washed with Dulbecco's minimal essential
medium (DMEM) and inoculated with each virus at a multiplicity of infection of 10.
After adsorption for 30 min at room temperature, the cells were extensively washed to
remove unbound virus, and then incubated at 37°C or 39°C. The dishes were harvested at
0, 2, 4, 6, 8, 12, and 24 h post-infection, and subjected to three cycles of
freezing/thawing. The viral titers of the supernatants were determined by plaque assay, as
described previously (213).
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Ability of the Polio 3A Hydrophobic Sequence to Span Lipid Bilayers in TM form:
Behavior of the Anchor Peptide-1.

A peptide corresponding to the hydrophobic anchor sequence (underlined) of
protein 3A carrying the Trp-Val mutation at positions 69-70 plus the flanking charged
residues (acetyl58RAMTILQAVTTWVAVAGVVYVMYK81amide) (Figure 39B) was
used to study the ability of the hydrophobic sequence to span lipid bilayers. Fluorescence
methods we developed previously were used to define the topography of the bilayerinserted sequences (16, 24, 29, 30, 49, 83). The first assay involved measurement of Trp
emission λmax to evaluate approximate Trp depth. When a 20 residue long hydrophobic
sequence with a Trp near the center of its hydrophobic sequence adopts a TM orientation,
the Trp locates near the bilayer center, and gives highly blue shifted emission (λmax =
315-325 nm) (16, 24). If the sequence adopts a non-TM topography located close to the
surface of the bilayer Trp λmax red shifts strongly (335-340 nm) (16, 24). Additional
information was derived from the Trp λmax vs. bilayer width curve. A highly
hydrophobic peptide with a Trp at the center of the hydrophobic sequence exhibits a
minimum λmax value at the maximum width bilayer in which the peptide maintains a
fully TM structure. In wider bilayers, due to negative mismatch (i.e. bilayer width
exceeding hydrophobic helix length) there is formation of an appreciable fraction of a
non-TM, surface topography which gives more red shifted Trp emission (16, 24, 83). The
bilayer widths in which Trp emission red shifts can reveal the length of the TM sequence
(16, 24).
To measure Trp depth directly, a dual fluorescence quenching method was used
(83). In this method the ratio of quenching of Trp by acrylamide, which resides in the
aqueous solution, to quenching by the membrane-inserted quencher 10-doxylnonadecane
is measured. This quenching ratio (Q-ratio) responds nearly linearly to Trp depth in the
bilayer, such that a low quenching ratio (<0.15) indicates a deeply located Trp near the
center of the bilayer, while a high Q-ratio (>1) is indicative of a Trp near the bilayer
surface (29, 83).
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Figure 41 and Table 12 show values for anchor peptide-1 Trp λmax and how it is affected
by bilayer width (varied by using lipids with different length acyl chains). Even in
vesicles in which the λmax was most highly blue-shift, e.g. those vesicles composed of
DOPC (diC18:1PC), anchor peptide-1 exhibited a somewhat red shifted λmax (332 nm),
although the λmax red shift increased considerably (to 339 nm) in wider bilayers (Figure
41, filled triangles). The somewhat red shifted λmax observed in DOPC vesicles
indicates that the Trp was not located at the bilayer center in these vesicles. However,
there was at least some formation of a TM configuration in DOPC vesicles, as the λmax
even more red-shifted in wider bilayers, under which conditions a non-TM form would
predominate. When quenching was measured, results in agreement with the λmax data
were obtained. The Q-ratio was 0.35 in DOPC (C18:1 acyl chains) and 0.82 in DEuPC
(C22:1 acyl chains) (Table 12). This behavior indicates that anchor peptide-1 forms, at
least to some degree, a TM structure when incorporated into DOPC bilayers and adopts a
shallow, non-TM topography in wider bilayers.
The fluorescence properties of anchor peptide-1 incorporated into DOPC vesicles
do not distinguish between the peptide forming a homogeneous configuration, in which
the Trp has a single intermediate depth, and a case in which the peptide exists in a
mixture of two populations: one with a TM topography, and thus a deep Trp depth, and
another population with a non-TM topography having a Trp near the bilayer surface. The
effect of quenchers on the λmax of Trp emission can distinguish between these
alternatives. When deep and shallow Trp populations co-exist, intermediate λmax values
are observed because the two populations have overlapping blue and red-shifted spectra.
In such samples, there is selective acrylamide quenching of the shallow Trp population
because it is closer to the acrylamide than the deep Trp. This induces a blue shift in
λmax, because the deeper Trp population is only weakly quenched. In contrast, 10-DN

quenching induces red shifts due to selective quenching of deep Trp, which is closer to
10-DN than shallow Trp. In such heterogeneous populations, these shifts can result in a
λmax value in the presence of acrylamide that differs from that in the presence of 10-DN

by 5-15 nm. In populations with a homogeneous Trp depth, the quencher-induced shifts
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Figure 41. Effect of lipid bilayer width upon Trp emission λmax for anchor peptide-1
and anchor peptide-2. Anchor peptide-1 (▲) or anchor peptide-2 (∆) were reconstituted
into model membrane vesicles composed of monounsaturated PCs with different acylchain lengths. Samples contained 2 µM peptide incorporated into 500 µM lipid dispersed
in PBS at pH 7.0. The values shown are the average of six samples. The λmax values are
generally reproducible to ±1 nm.
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Table 12. Quenching of Membrane-Inserted Anchor Peptide-1 and Anchor Peptide-2 by
Acrylamide and 10-Doxylnonadecane.

Peptide

Fo/F

Fo/F

Acrylamide

10-DN

Q-Ratio

λmax (nm)

Peptide inserted into DOPC vesicles (C18:1 acyl chains) a
Anchor Peptide -1

1.31 ± 0.02

1.88 ± 0.01

0.352 ± 0.02

332± 0.2

Anchor Peptide-2

1.25 ± 0.01

2.33 ± 0.14

0.192 ± 0.21

327± 0.25

Peptide inserted into DEuPC vesicles (C22:1 acyl chains)

a

Anchor Peptide-1

2.11 ± 0.11

2.29 ± 0.13

0.82 ± 0.15

339.8± 0.4

Anchor Peptide-2

1.91 ± 0.02

1.99 ± 0.04

0.92 ± 0.05

340± 0.3

Fo/F is the ratio of fluorescence in the absence of quencher to the that in the presence of

quencher. The ratio of quenching by acrylamide to that by 10-DN, the Q-ratio, is defined
in Experimental Procedures. Average values and standard deviations derived from six
samples are shown.
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are much smaller (29, 83). For anchor peptide-1 in DOPC vesicles we observed very
little difference between Trp λmax in the presence of acrylamide and 10-DN (1.5 nm)
indicating that it adopts a homogeneous state in which the Trp is not at the center of the
bilayer.
The observation that the Trp was not located at the bilayer center suggested that
the TM was not 22 residues long. This was supported by the observation that emission
was significantly more red-shifted in diC20:1PC bilayers than in DOPC vesicles. This is
indicative of a partial loss of TM topography in diC20:1PC bilayers and previous studies
shows that this behavior corresponds to that expected for a TM sequence <18-19 residues
long (16, 24)(and see below).
Recovery of recombinant polioviruses harboring mutations at different positions within
the hydrophobic domain of 3A.

To confirm that TM sequence was shorter than expected, and that as a result the
center of the transmembrane sequence was at a position closer to the C-terminus of the
hydrophobic sequence than originally estimated, we decided to introduce a Trp at a
position closer to the C-terminus of the hydrophobic sequence than Phe69. In order to
determine at what positions Trp could be introduced while maintaining PV viability,
several mutant cDNA clones containing both a Trp substitution in the hydrophobic
sequence and the W42F mutation in the hydrophilic region were constructed. Genome
sequence analysis of revealed that PV could tolerate a Trp only at positions 72, although
one suppressor mutation (T14K) in the hydrophilic region of 3A emerged. This mutant
(T14K/W42F/V72W) grew moderately well at 37ºC although somewhat slower than WT
PV (Figure 40B). But 3A/3AB polypeptides containing the T14K/W42F/V72W
mutations are functional in the context of the replicating PV genome (data not shown).
Behavior of Anchor Peptide-2 in Model Membranes.

Since viruses containing Trp at position 72 grew well in HeLa cells, a synthetic
peptide carrying a Trp at position 72 (anchor peptide-2; acetyl-58RAMTILQAVTTFAA
WAGVVYVMYK81-NH2) was synthesized and subjected to the fluorescence analysis. In
DOPC vesicles, the values of both λmax and Q ratio for the Trp of anchor peptide-2 were
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just slightly above those expected for a Trp exactly at the bilayer center, and this
indicated a significantly deeper Trp depth than measured for anchor peptide-1, and
(Figure 41 and Table 12). These results show that anchor peptide-2 predominantly forms
the TM state in DOPC bilayers, and confirm that the Trp in anchor peptide-1 was not
located at the bilayer center.
The fact that the Trp of anchor peptide-2 is close to the bilayer center, while the
Trp of anchor peptide-1 is not as close to the bilayer center, indicates residue 72 is closer
to the center of the TM sequence than residue 69. The TM sequence cannot end beyond
Lys81, which is the last residue in the peptide, and it is far more likely to end at residue
Tyr80. If residue 72 is at the bilayer center of the TM sequence, the TM sequence must
start at, or very near, Gln64, which would mean the TM sequence is 16 residues long
(Figure 39B; shaded area in the hydrophobic domain).
This conclusion is supported by the shape of the Trp λmax vs. bilayer width
curve, which shows that the minimum λmax value (observed in lipids forming bilayers
with widths that are close to the point where there is no mismatch between TM helix
length and bilayer width) occurs in liposomes formed from lipids with acyl chains that
are 17-18 carbon atoms long (Figure 41). We previously found that 19-20 residue long
TM sequences exhibit a λmax minimum in liposomes composed of lipids with acyl
chains that are 20 carbon atoms long (16). Since bilayer width increases by about 1.8
angstroms per acyl chain carbon atom (0.9 angstroms per lipid molecule) (214), and the
length of a helix increases by 1.5 angstroms per residue, the difference between the acyl
chain lengths at which a 16 and 19-20 residue-long TM helix experience no mismatch
should be about that 3 carbon atoms, close to what is observed.
Fluorescence studies with intact polio 3Am and 3ABm proteins.

We next wished to study the membrane configuration of the anchor sequence in
the context of the intact proteins 3A and 3AB. Since the mutant virus containing three
mutations within the 3A sequence (T14K/W42F/V72W) grows similarly compared to
WT virus (data not shown), indicating that 3A/3AB was functional, we proceeded to
purify the mutant 3A and 3AB proteins with these mutations (referred to as 3Am and
3ABm) for further studies. The purified 3Am or 3ABm proteins were then incorporated
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into preformed liposomes as described in the Experimental Procedure section. This
process mimics insertion in vivo (see Discussion).
Trp fluorescence was again used to characterize the topography of the
hydrophobic anchor sequence within the membrane-incorporated full length proteins.
The behavior of the anchor sequence might differ in peptide and intact 3AB protein
because intact 3AB protein has large hydrophilic N- and C-terminal domains which
should not be able to cross membranes. This would prevent the formation of a TM state
by the anchor sequence upon binding of 3AB to membranes. In contrast, the 3A protein
has only a short C-terminal hydrophilic sequence that might be able cross membranes
(Figure 39B), and so the anchor sequence in 3A protein might form a TM state when
added to membranes. Table 13 shows that Trp λmax values support these hypotheses. In
DOPC vesicles, the 3Am protein exhibited a more blue-shifted λmax (328 nm) and lower
Q-ratio (0.39) than was observed for the 3ABm protein (λmax 331 nm, Q-ratio 0.67). This
suggests that a significant fraction of the hydrophobic sequence of the 3Am protein
formed a state with a deep Trp, i.e. a TM configuration, while the hydrophobic sequence
of the 3ABm protein formed a greater degree of a shallow, non-TM state in which Trp is
near the surface of the bilayer. The latter conclusion is confirmed by the observation that
the 3ABm protein incorporated into wider DEuPC bilayers, in which a non-TM form
would be expected to be present to a significant degree because the length of the
hydrophobic segment is too short to span the DEuPC bilayer, showed λmax and Q ratios
(λmax 332 nm and Q-ratio = 0.69, Table 13) that were very similar to those in DOPC
bilayers. As noted above, this insensitivity to mismatch between hydrophobic helix
length and bilayer width is characteristic of a sequence that is fully non-TM. In contrast,
3Am protein in DEuPC vesicles showed a higher λmax and Q-ratio (λmax 331 nm and Qratio = 0.62, Table 13) than it did in DOPC vesicles. Furthermore, λmax and Q-ratios for
3Am in DEuPC vesicles were similar to those for 3ABm protein in DEuPC vesicles,
indicating that negative mismatch affects the topography of the 3Am hydrophobic
segment, such that it converts from the TM to non-TM state, as expected This type of
sensitivity to mismatch is indicative of a TM state in the absence of mismatch (i.e. in the
DOPC vesicles).
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Table 13. Quenching of Membrane-Inserted Polio 3AB and Polio 3A Protein by
Acrylamide and 10-Doxylnonadecane.

Protein

Fo/F

Fo/F

Acrylamide

10-DN

Q-Ratio

λmax (nm)

Protein inserted into DOPC vesicles (C18:1 acyl chains) a
Polio 3AB

1.84 ± 0.12

2.26 ± 0.17

0.67 ± 0.20

330.8 ± 0.4

Polio 3A

1.45 ± 0.03

2.16 ± 0.04

0.39 ± 0.04

328 ± 0.3

Protein inserted into DEuPC vesicles (C22:1 acyl chains)

a

Polio 3AB

1.40 ± 0.03

1.57 ± 0.02

0.69 ± 0.03

331.7 ± 0.3

Polio 3A

1.54 ± 0.03

1.88 ± 0.04

0.62 ± 0.05

330.8 ± 0.2

Fo/F is the ratio of fluorescence in the absence of quencher to the that in the presence of

quencher. The ratio of quenching by acrylamide to that by 10-DN, the Q-ratio, is defined
in Experimental Procedures. Average values and standard deviations derived from six
samples are shown
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Thus, a number of internally consistent fluorescence parameters support the TM
assignment for the topography of the hydrophobic segment in the 3Am protein (at least
for some population of 3Am molecules, see below), and non-TM topography in 3ABm
protein.
However, there are some differences between the fluorescence behavior of the
hydrophobic sequences in the isolated peptides and intact protein. One difference is that
the Trp depth in DOPC for 3Am protein is significantly shallower than for the isolated
peptide as judged by Q-ratio. This suggests that in the case of the intact protein not all of
the hydrophobic sequence is in a TM state. The second difference is that in the DEuPC
vesicles, in which the non-TM state predominates, Trp fluorescence is more red-shifted
and Q ratios are much higher in the isolated anchor peptide than in the intact protein. This
suggests that the hydrophilic portion of the 3Am domain affects how deeply the
hydrophobic anchor sequence penetrates the bilayer in the non-TM state.
DISCUSSION
Tryptophan mutations in 3A highlight intra and intermolecular interaction between PV
proteins.

In this study, we used tryptophan-specific fluorescence measurements to
determine the topography of the 3A and 3AB proteins inserted into pre-formed model
membrane vesicles. In order to make fluorescence measurements specific to the 3Ahydrophobic domain, we placed a Trp at position 69 within the hydrophobic domain of
3A (F69W) and replaced a Trp residue in the hydrophilic region of 3A with a Phe residue
(W42F). The effects of these mutations upon viral replication are interesting. Although it
has been reported that the substitution of the well-conserved Trp at position 42 to Arg
resulted in a lethal phenotype (215) and aberrant protein processing, the Trp to Phe
substitution yielded a viable virus. Other previous studies have shown that a Phe 69 to
His substitution leads to a quasi-infectious virus, which acquired a second-site mutation
at the adjacent amino acid at position 70 to either Val or Thr (216). We found a similar
second-site mutation at position 70 to Val in the virus recovered from the W42F/F69W
mutant. Furthermore, we observed a suppressor mutation within the first hydrophobic
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domain of 2B (I47V) in the virus recovered from the W42F/F69W clone. This result
suggested that the hydrophobic domains of 3A/3AB and 2B/2BC functionally interact
during poliovirus replication, in agreement with previous studies by Towner et al. (217).
Interestingly, no second-site reversions were observed either in 3A or in 2B in the virus
derived from the W42F or F69W single mutants. One possible explanation of this finding
is that the mutation in the N-terminal hydrophilic region of 3A affects the structure of the
C-terminal hydrophobic domain, which results in inefficient interaction of the
hydrophobic domain of 3A with itself or with those of other viral proteins (e.g. 2B).
Interestingly, we found second-site mutations within the hydrophilic domain of 3A (T14K
or P17A) when we introduced a Trp mutation at position 72. These results support the
hypothesis that the hydrophilic and the hydrophobic domains of 3A structurally affect
each other.
Topography and membrane-interactions of the 3A hydrophobic anchor domain in intact
3A and 3AB proteins.

Based on the information above, single-Trp mutants were designed to test the
configuration of membrane-associate 3A and 3AB proteins. The model membrane
interaction of the isolated hydrophobic sequence of 3A, and that 3A and 3AB proteins
with single Trp were then used to evaluate the topography in membranes. The studies
using peptides containing the hydrophobic sequence within the 3A protein clearly
demonstrated that it had the capacity to form a TM configuration, but that did not answer
whether it does so in intact protein. To do that we devised a membrane-interaction
protocol that would mimic the post-translational interaction of 3AB and 3A with
membranes that occurs in vivo. This method resulted in a membrane insertion that was
about as efficient as that used to incorporate peptide into membranes, as demonstrated by
the observation that membrane-bound 10-DN quenched peptide and intact protein
fluorescence to similar degrees (compare Tables 12 & 13).
Using this protocol we found that the hydrophobic anchor domain of 3A adopts a
membrane-bound non-TM configuration in the context of the 3AB protein, wherein both
the 3A and VPg domains of 3AB are cytosolic. A similar non-TM arrangement of a
potentially-TM sequence has seen in other proteins such as cytochrome b5 and caveloin,
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under at least some conditions (218, 219). The non-TM configuration is not a surprise,
as formation of a TM configuration would have required either the large hydrophilic
domain of 3A or that of 3B to translocate across the membrane. However, although
translocation of a large hydrophilic domain would be very unusual, certain bacterial toxin
proteins do catalyze self-translocation of hydrophilic domains, so this could not be ruled
out a priori (220, 221).
In contrast to the behavior in the 3AB protein, the hydrophobic domain in 3A
adopts both a TM and a non-TM structure. In order for a TM state to form, the sequence
flanking the C-terminal tail of the hydrophobic domains (KLFAGHQ) must cross the
bilayer, despite the presence of several hydrophilic residues. It is possible that the
residual non-TM configuration is an artifact of the use of model membrane liposomes
that do not adequately mimic natural membranes. The difference in hydrophobic anchor
configuration in 3A and 3AB proteins is interesting because it illustrates one physical
mechanism by which precursor (3AB) and mature (3A) proteins can have different
structures that might lead to different functions. In this context it is also interesting to
note that based on biochemical studies, Towner et al. (185) have suggested that the
primary membrane anchor domain of 3A in the context of 3AB contains only the Cterminal 13 amino acids of the hydrophobic domain, which is too short to form an
α−helical structure that spans the lipid bilayer.

It should also be noted that when we incorporated the anchor peptides or the intact
3A or 3AB proteins into vesicles composed of 70mol% DOPC/ 30mol% DOPG we
obtained Trp λmax and quenching data that was very similar to that obtained in DOPC,
indicating that the presence of the anionic DOPG did not affect the topography of the
hydrophobic sequence (data not shown).
It is plausible that a fraction of the 3A hydrophobic anchors form TM helices once
3A is cleaved off from 3AB by 3Cpro or 3CDpro. It has been previously reported that the
hydrophobic domain of the RNA polymerase (NS5B) of HCV forms a TM helix (222),
and we have recently shown that this hydrophobic domain of NS5B can be replaced with
that of poliovirus 3A without abrogating replication of an HCV replicon (223). This result
can be easily rationalized if the hydrophobic anchor of 3A also has the ability to form a
TM helix.
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As discussed above, our results are in agreement with those of Towner et al. (217) ,
in terms of suggesting that the hydrophobic domains of 2B and 3A interact with each
other during poliovirus replication. Because of the precursor/mature protein relationships
multiple interacting partners are possible: 3A/2B, 3A/2BC, 3AB/2BC, and 3AB/2B. In
addition, if one of the interacting partners is 3A then two forms of the membrane bound
protein (TM and non-TM) are available for these interactions. Whether one or more of
these interactions are required for creating the correct environment for RNA replication is
not known. It should be noted that any such effects could be exerted at different stages in
the replication process. Previous studies with the 2B(C) protein of enteroviruses indicated
that its membrane binding ability affects RNA replication at two different stages (177,
224). One of these involves the induction of vesicles, which are required for RNA
replication (225). The second step involves RNA replication more directly and requires
an interaction with one or more viral or cellular proteins (224).
Our studies using peptides containing the hydrophobic domain of 3A and
liposomes with different acyl chain lengths indicated that the hydrophobic domain of 3A
behaves as a short transmembrane helix consisting of approximately 16 amino acids.
Based on the putative hydrophobic domain sequence, Phe at position 69 was originally
believed to be near the center of the TM segment. However, λmax and Q-ratio of F69W
peptide (anchor peptide-1) was higher compared to the V72W peptide (anchor peptide-2),
indicating that the Val at position 72 is closer to the center of the transmembrane helix
than the Phe at position 69. Therefore, the TM segment is most likely to be formed by
residues 65-80, rather than by the entire hydrophobic sequence (residues 59-80), with
Q64 forming the N-terminal boundary of the buried sequence (Figure 39B; shaded area
of the hydrophobic sequence). This is further supported by our findings that Gln has a
strong tendency to locate at the membrane surface rather than being buried in the bilayer
(Chapter 4)
Proposed model for the association of 3A/3AB with membranes and the initiation of PV
RNA synthesis.

The major cleavage products originating from the P3 region are 3AB and 3CDpro,
which are slowly processed to the final mature proteins (Figure 42). The 3AB protein
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associates with intracellular membranes via the hydrophobic domain of 3A and adopts a
non-TM structure. Its soluble, cytosolic VPg domain then interacts with 3Dpol and recruits
it to the membranes. Once 3AB is cleaved into 3A and VPg by 3Cpro/3CDpro the
hydrophobic domain of 3A can adopt both a TM and a non-TM structure. Whether the
TM and/or non-TM forms of 3A derived from membrane-bound 3AB, have a subsequent
function in replication remains to be determined. Since cleavage of 3AB by 3CDpro does
not take place in detergent (191), and the uridylylation reaction in HeLa cell extracts is
abolished in the presence of detergent (211), reconstitution of proteoliposomes containing
3AB is a useful tool for studying the role of 3AB in poliovirus replication. In the future, it
might be possible to reconstitute the entire poliovirus replication complex in vitro using
proteoliposomes. Such a system might enhance our understanding of the protein network
within the poliovirus replication complex and also the difference in the mechanism of
negative- and positive-strand RNA synthesis.
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Figure 42. Proposed model for the structures of 3AB and 3A on membranes and
initiation of poliovirus replication. The P3 precursor is processed by proteinase 3CDpro to
yield 3AB and 3CDpro. 3AB interacts with membranes forming a non-TM configuration
and its VPg domain binds 3Dpol to the membranes. Protein 3CDpro cleaves off VPg
releasing the 3A protein, which then assumes both a TM and a non-TM form.
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CHAPTER 7
SUMMARY & FUTURE DIRECTIONS
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SUMMARY
In this report, we used membrane-inserted hydrophobic α-helices to understand
the sequence to topography relationship in TM helices. Fluorescence methods developed
in our lab were used to define the various topographical states and understand the
equilibrium describing these topographical states. Using this model membrane system,
the minimum hydrophobic length necessary to form a TM helix in membranes was
investigated. The fluorescence of a Trp at the center of the sequence and its sensitivity to
quenching were used to ascertain helix position within the membrane. Peptides with
hydrophobic cores composed of polyLeu were compared to sequences containing a poly
1:1 Leu:Ala core (which have a hydrophobicity typical of natural TM helices). Studies
varying bilayer width revealed that the polyLeu core peptides predominately formed a
TM state when the bilayer width exceeded hydrophobic sequence length by (i.e. when
negative mismatch was) ~11-12Å (e.g. the case of a 11-12 residue hydrophobic sequence
in bilayers with a biologically relevant width, i.e. DOPC bilayers), while polyLeuAla
core peptides formed predominantly TM state with negative mismatch of up to 9Å (a 13
residue hydrophobic sequence in DOPC bilayers). This indicates that minimum length
necessary to form a predominating amount of a TM state (minimum TM length) is only
modestly hydrophobicity-dependent for the sequences studied here, and a formula that
defines the minimum TM length as a function of hydrophobicity for moderately-to-highly
hydrophobic sequences was derived. The minimum length to form a stable TM helix for
alternating LeuAla sequences and that for sequences with a Leu block followed by an Ala
block was similar, suggesting that the hydrophobicity gradient along the sequence may
not be an important factor in TM stability. TM stability was also similar for sequences
flanked by different charged ionizable residues (Lys, His, Asp). However, ionizable
flanking residues destabilized the TM configuration much more when charged than when
uncharged. The ability of short hydrophobic sequences to form TM helices in membranes
in the presence of substantial negative mismatch implies that lipid bilayers have a
considerable ability to adjust to negative mismatch, and that short TM helices may be
more common than generally believed. Factors that modulate the ability of bilayers to
adjust to mismatch may strongly affect the configuration of short hydrophobic helices.
In addition, the ability of hydrophilic residues to shift the transverse position of
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TM helices within bilayers was studied in model membrane vesicles. Transverse shifts
were detected by fluorescence measurements of the membrane depth of a Trp residue at
the center of a hydrophobic sequence. They were also estimated from the effective length
of the TM-spanning sequence, derived from the stability of the TM configuration under
conditions of negative hydrophobic mismatch. Hydrophilic residues (at the fifth position
in a 21-residue hydrophobic sequence composed of alternating Leu and Ala residues and
flanked on both ends by two Lys) induced transverse shifts in the TM helix moving the
hydrophilic residue closer to the membrane surface. At pH 7.0, the dependence of the
extent of shift upon the identity of the hydrophilic residue increased in the order
L<G~Y~T<R~H<S<P<K<E~Q<N<D. By varying pH, shifts with ionizable residues
fully charged or uncharged were measured, and the combined extent of shift data
increased in the order: L<G~Y~Ho~T<Eo~R<S<P<K+<Q~Do~H+<N~E-<D-. The
dependence of transverse shifts upon hydrophilic residue identity was consistent with the
hypothesis that shift magnitude is largely controlled by the combination of side chain
hydrophilicity, ionization state and the ability of the side chains to position the polar
groups near the bilayer surface (snorkeling). Additional experiments showed that shift
was also modulated by the position of the hydrophilic residue in the sequence and the
hydrophobicity of the sequence that moves out of the bilayer core upon
shifting. Combined, these studies show that the insertion boundaries of TM helices are
very sensitive to sequence and can be altered even by weakly hydrophilic residues. Thus,
many TM helices may have the capacity to exist in more than one transverse position.
Knowledge of the magnitudes of transverse shifts induced by different hydrophilic
residues should be useful for design of mutagenesis studies measuring the effect of
transverse TM helix position upon function.
Furthermore, we used hydrophobic peptides corresponding to the transmembrane
domain of neu (rat homologue of ErbB2) receptor to understand the structural
consequence of the hydrophilic mutation in the TM domain. Fluorescence properties of a
Trp residue introduced near the center of the hydrophobic segment was used to define the
membrane position of the neu/ErbB2 TM domain. The activating Glu664 mutation
(charged or uncharged) induced a shift in TM domain, such that the Glu residue located
at or close to membrane bilayer surface and a truncated segment spanned the bilayer.

153

Other activating hydrophilic mutations (Gln and Asp), at position 664, also reduced the
effective TM length spanning the bilayer and the magnitude of shift in TM helix position
was found to correspond to the hydrophilicity and the ionization state of the hydrophilic
residue. This data suggests that the transforming ability of a hydrophilic residue at
position 664 could depend on the ability of the hydrophilic residues to induce a shift in
TM helix position under physiological conditions. The altered membrane position of the
mutant neu/ErbB2 TM domain raises the possibility that the hydrophilic mutation
upregulates the receptor function by either altering the dimerization mode of the receptor
or by shifting the equilibrium towards active heterodimers or by spatial rearrangement of
the catalytic domain resulting in constitutive activation.
Finally, in collaboration with Dr. Eckard Wimmer in Department of Molecular
Genetics and Microbiology, we used fluorescence and fluorescence quenching methods
to define the topography of the anchor sequence in context of Polio virus 3A and 3AB
proteins inserted in model membranes. Mutants with a single tryptophan near the center
of the anchor sequence but lacking Trp elsewhere in 3A/3AB were constructed, which
after the emergence of suppressor mutations, replicated well in HeLa cells. When a
peptide containing the mutant anchor sequence was incorporated in model membrane
vesicles, measurements of Trp depth within the lipid bilayer indicated formation of a
transmembrane topography. However, rather than the 22 residue length predicted from
hydrophobicity considerations, the transmembrane segment had an effective length of 16
residues, such that the Gln64 likely formed the N-terminal boundary. Analogous
experiments using full length proteins bound to pre-formed model membrane vesicles
showed that the anchor sequence formed a mixture of TM and non-TM topographies in
the 3A protein but adopted only the non-TM configuration in the context of 3AB protein.
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FUTURE DIRECTIONS
Additional Hydrophobic Peptide Studies – Other Properties Influencing the Minimum
Length Threshold and Helix Shifting Potential of Hydrophilic Residues

All work presented in this report were done in zwitterionic PC vesicles in
ordinary fluid state. In order to accurately predict TM helix behavior in cellular
membranes, it will be important to determine how lipid composition influences the TM
helix behavior. The effects of lipid headgroup charge would be particularly important to
consider. Lipid headgroup charge could stabilize or destabilize the TM structure via
interactions with the ionizable flanking residues and thus alter the minimum length
threshold. In preliminary studies, our lab has found that negatively charged lipids could
facilitate deep insertion of Lys-flanked peptides through favorable electrostatic
interactions with the flanking charges (K. Shahidullah and E. London, unpublished
observations). Similarly, lipid headgroup charge could alter the shifting potential of
hydrophilic residues. Favorable interactions between the hydrophilic residue and the lipid
headgroup at the interfacial region would increase the amount of shift. In contrast,
unfavorable interactions might prevent the TM helix from shifting. In addition,
interactions between the ionizable flanking residues and the lipid headgroup charge could
influence the magnitude of transverse shift in TM helix position. A favorable electrostatic
interaction between the flanking ionizable residue and the lipid headgroup charge would
anchor the peptide strongly in the bilayer, resisting shift, even in the presence of strong
hydrophilic residue within the TM sequence. In addition, the effect of cholesterolcontaining mixtures on TM helix stability would be of interest because the eukaryotic
plasma membranes are rich in cholesterol (nearly 30 %). Previous work from our lab has
shown that addition of cholesterol tends to increase the thickness of the lipid bilayer (24).
This means that the minimum length of the hydrophobic sequence necessary to form a
stable structure would be different in cholesterol-containing bilayers. Also, wider bilayers
could limit the extent of transverse shift in TM helices in presence of hydrophilic residue
since negative mismatch would significantly destabilize the truncated TM segments
formed when the hydrophilic residue moves towards the bilayer surface.
Another variable that could affect TM helix behavior is helix-helix interaction.
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Helix association would help TM helix compensate for hydrophobic mismatch and
thereby stabilize the formation of very short TM segments. Thus, helix association could
decrease the minimum length threshold. Electrostatic interaction between oppositely
charged flanking residues could promote helix association such that otherwise metastable
TM helices with hydrophobic sequence less than 13 residues could form. Helix
association could also modulate TM helix positioning. Helix association, such that the
hydrophilic residues interact, would decrease the energetic cost of burying a hydrophilic
residue in the lipid bilayer and thus reduce the extent of shift in TM helix position.
Oligomerization of hydrophobic peptides could be altered using flanking residue
charges. Previous work has shown that LysAsp-flanked or LysAsp3- flanked peptides
strongly associate at neutral pH, but oligomerization is largely lost when pH is decreased
(78). So by altering the flanking residue charge, the oligomerization of hydrophobic
could be controlled. A variety of fluorescence based methods could be used to study helix
association. One possibility is to use the rhodamine self-quenching assay. The basis for
this method is that the rhodamine fluorescence is typically quenched when rhodamine in
close proximity of another rhodamine molecule, as would be the case in TM oligomers.
The flanking Lys residue could be labeled with rhodamine dye and rhodamine selfquenching can be used to monitor helix association (16). Another alternative is to use the
di-bromo tyrosine quenching assay (78). This technique involves peptides with a central
Tyr residue (instead of central Trp), which is subsequently brominated. Di-bromo Tyr is a
efficient quencher of Trp fluorescence at short range (~8 Å) and extent of Trp quenching
could be used to assess TM oligomerization. An advantage of this method is that it could
be easily adapted for hetero-oligomerization studies. So we could use the flanking residue
charge and fluorescence quenching methods to study the effect of helix association on
minimum length threshold and on helix shifting ability of hydrophilic residues.
Additional Polio Virus 3A Protein Membrane Topography Studies

As described in Chapter 5, we found that the hydrophobic segment of Polio 3A
protein can adopt a stable TM topography, but discovered an unexpected positioning of
TM segment within the bilayer. A continuation of this work is to confirm, as the model
predicts, that the Gln-residue lies at the boundary of the lipid bilayer. One way to confirm
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this truncated topography is to substitute the Gln residue with another hydrophilic
residue, like Asp. If the Gln residue does form the insertion boundary, then its
substitution with a charged Asp would not affect the depth of Trp (at position 72) within
the bilayer and the λmax vs. bilayer width profile will be similar for Gln and Asp
substitutions. Alternatively, Gln could be replaced with a hydrophobic residue, like Leu
or Val. If Gln locates at the boundary due to its hydrophilicity, then this substitution
would allow the entire 22-residue hydrophobic sequence to bury in the bilayer, and the
Trp at position 69 would locate closer to the center of the bilayer compared to Trp at
position 72.
In addition, the functional significance of the TM topography of 3A anchor
domain could be studied by examining whether membrane anchoring of 3A is sufficient
for normal function. The hydrophobic segment could be forced to adopt a membranebound non-TM state by introducing charged hydrophilic residue in the middle of the
hydrophobic sequence. Previous studies have shown that charged residue in the middle of
the hydrophobic sequence tends to destabilize the TM state, promoting formation of
membrane-bound non-TM state (29, 49). We could measure the effect of the hydrophilic
substitution upon ability of 3A protein to support polio virus replication. If the any type
of membrane anchoring is sufficient for 3A function, then such a mutation would not
affect the normal function. However, if TM topography is important for function, then
this mutation would abolish the normal function. If TM topography is required for normal
function, then we could substitute Gln residue at the membrane boundary, with a
hydrophilic Asp or hydrophobic Leu or Val residue to see if the different TM position of
the hydrophobic anchor domain could affect the normal function of the 3A protein.
Furthermore, we observed a suppressor mutation within the first hydrophobic
domain of 2B (I47V) in the virus recovered from the W42F/F69W clone. This result
suggests that the hydrophobic domains of 3A/3AB and 2B/2BC may interact during
poliovirus replication. This helix-helix association could alter the TM stability of the 3A
hydrophobic domain and also be functionally important. We could test for in vitro helixhelix association between 3A and 2B hydrophobic domain using FRET measurements.
As described above, rhodamine self-quenching assay or di-bromo tyrosine quenching
assay could be used to test for helix-helix interactions.
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Additional neu/ErbB2 Receptor Studies – Effect of Hydrophilic Mutation in TM Domain

We found that the hydrophilic mutation (Glu, Gln and Asp) at position 664 in the
neu/ErbB2 TM domain alters its membrane position, such that the hydrophilic residue
locates at or close to the membrane surface. The magnitude of shift in the TM position
was dependent on the hydrophilicity and the ionization state of the hydrophilic residue.
We propose that the transforming ability of a hydrophilic residue correlates with the
ability of the hydrophilic residues to induce a shift in TM helix position under
physiological conditions. One way to verify this hypothesis is to test the ability of other
hydrophilic residues, like Gly, Lys and His, which have no transforming ability (165), to
induce a shift in the membrane position of neu/ErbB2 TM helix. If these residues do not
change the membrane position, then it would support the hypothesis that the transforming
ability of a hydrophilic mutation is linked to its helix shifting ability.
All experiments on the neu/ErbB2 receptor were done in zwitterionic PC lipids
and it is imperative to understand the effect of hydrophilic mutations in neu/ErbB2
receptor under physiological conditions. As described earlier, membrane surface charge
(negative lipid) and cholesterol content could alter the shifting ability of hydrophilic
residues. Thus, understanding how lipid composition influences the behavior of
neu/ErbB2 TM domain would be important.
Since neu/ErbB2 receptors functions as dimers, the effect of hydrophilic mutation
on dimerization has to be considered. Di-bromo tyrosine quenching assay would be an
ideal choice for these experiments, as it could be applied to both homodimerization and
heterodimerization. One of the hypotheses for receptor upregulation is that the mutant
neu/ErbB2 sequence forms relatively stable dimers compared to WT sequence and the
Glu664 residue is directly involved in stabilizing these dimers. We could measure the
relatively stability of the WT and the mutant neu/ErbB2 dimers at physiological pH to
confirm this hypothesis. Furthermore, we could assess the stability of the mutant dimers
under low and high pH conditions to identify the ionization state of the Glu664 involved in
stabilizing the dimers. If dimer structures are relatively more stable at low pH compared
to high pH, then it would indicate that a protonated Glu664 is involved in stabilizing the
dimer structure and vice versa.
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In addition, we could test the possibility that the Glu664 mutation shifts the
equilibrium between neu/ErbB2 homodimers and neu/ErbB2-containing heterodimers.
We could do a competition assay with ErbB1 or ErbB3 TM helix to see if mutant
neu/ErbB2 preferentially forms heterodimers over neu/ErbB2 homodimers. Control
experiments with other TM helices, like glycophorin-A TM helix or Tar receptor TM
helix, could be done to test the specificity of these interactions.
Furthermore, we could test for alternative mode for receptor dimerization in WT
and mutant neu/ErbB2 receptor using NMR (in collaboration with Dr. Smith, Department
of Biochemistry and Cell Biology). Dr. Smith’s lab has used linewidth broadening in
2

HNMR to identify the inter-helical contacts in oligomers (226). This should help us

identify any change in helical contacts or change in oligomeric state when truncated TM
state is formed.
In this study, we introduced a Trp residue in the middle of the TM sequence
(position 671) as a fluorescence probe. It is unlikely that the Trp mutation will strongly
perturb the equilibrium between the TM and shifted state. A control experiment to rule
out any perturbation effect of Trp is to compare the localization and EGF-induced
internalization of full length neu/ErbB2 receptor with and without the Trp mutation in
mammalian cells. The cell surface localization of neu/ErbB2 protein and EGF- induced
internalization could be followed using fluorescently-labeled antibodies against
neu/ErbB2 receptor. These experiments will be carried out in collaboration with Dr.
Brown’s lab in Department of Biochemistry and Cell Biology. In preliminary studies, we
found that in COS cells, the full-length human ErbB2 protein, with and without Trp
mutation, have similar cell surface expression indicating that the Trp mutation does not
significantly perturb ErbB2 behavior.
The ionization state of the Glu residue associated with overactivation of the
neu/ErbB2 receptor is still unclear. We could test for the transforming ability of Glu
mutation at lower pH and higher pH conditions using a soft agar growth assay. Normal
cells must be attached to a surface before they can divide and hence fail to grow when
suspended in viscous fluid or gel. But transformed cells can grow in suspension as they
become anchorage-independent. This phenotypic change is closely related to in vivo
carcinogenesis (227). If an uncharged Glu is involved in receptor overactivation, then the
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cells will be transformed to a greater degree under low pH conditions, but if a charged
Glu is necessary for transformation, then the anchorage-independent growth will be more
prevalent under high pH conditions. Transformation assays using Gln664 mutant could be
carried out as a control. It would be interesting if Asp and Glu showed opposite pH
dependences. Since Asp0 and Glu-1 shift about the same degree, this might indicate that a
very specific amount of shifting is involved in activation of neu/ErbB2 receptor.
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