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Abstract of the Dissertation

Effect of Anionic Lipids upon the Topography of Membrane-
Inserted Hydrophobic Helices

by
Khurshida Shahidullah

Doctor of Philosophy
in

Chemistry

Stony Brook University
2008

To investigate the effect of lipid structure upon the membrane topography of
hydrophobic helices, the behavior of hydrophobic peptides was studied in model
membrane vesicles. To define topography, fluorescence and fluorescence quenching
methods were used to determine the location of a Trp at the center of the hydrophobic
sequence. For peptides with cationic residues flanking the hydrophobic sequence, the
stability of the transmembrane (TM) configuration (relative to a membrane-bound non-
TM state) increased as a function of lipid composition in the order: 1:1 (mol:mol) 1-
palmitoyl-2-oleoyl phosphatidylcholine (POPC):1-palmitoyl-2-oleoyl
phosphatidylethanolamine (POPE) ~ 6:4 POPC:cholesterol < POPC ~
dioleoylphosphatidylcholine (DOPC) < dioleoylphosphatidylglycerol (DOPG) <
dioleoylphosphatidylserine (DOPS), indicating that the anionic lipids DOPG and DOPS
most strongly stabilized the TM configuration. TM-stabilization was near-maximal at
20-30mol% anionic lipid, physiologically relevant values. TM-stabilization by anionic
lipid was observed for hydrophobic sequences with diverse set of sequences (including

polyAla), diverse lengths (from 12-22 residues), and various cationic flanking residues
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(H, R or K), but not when the flanking residues were uncharged. TM-stabilization by
anionic lipid was also dependent on the number of cationic residues flanking the
hydrophobic sequence, but was still significant with only one cationic residue flanking
each end of the peptide. These observations are consistent with TM-stabilizing effects
being electrostatic in origin. However, Trp located more deeply in 100mol%DOPS
vesicles relative to 100mol%DOPG vesicles, and peptides in DOPS vesicles showed
increased helix formation relative to DOPG and all other lipid compositions. These
observations fit a model in which DOPS anchors flanking residues near the membrane
surface more strongly than does DOPG, and/or increases the stability of the TM state to a
greater degree than DOPG. TM-stabilization by anionic lipids was also observed for
shifted TM helices (flanked on both sides by cationic residues) in which TM helix
transverse movement within the bilayer was suppressed in 20 mol percent anionic lipid

containing vesicles compare to the uncharged vesicles.

Topological consequence of hydrophilic mutations and anionic lipid upon the
ErbB2 receptor(often over expressed in breast cancer) TM domain was also studied.
Mutation at 664 that replaces a V residue with a hydrophilic residue pushed a part of the
TM helix out of the membrane toward the N-terminus resulting in a shorter TM helix
relative to the longer WT TM helix. Contrary to the artificial shifted TM sequences, 20%
anionic lipid did not have any significant TM stabilizing effect upon the mutant ErbB2
shifted TM structures. ErbB2 have an abundance of positively charged residues only at
the C-terminal end which can interact with the anionic lipid but the helix shift happened
in the opposite direction so the shifted structures was unaffected in the presence of
anionic lipids. However, helix shift toward the C-terminus induced by the hydrophilic
mutation near the C-terminus region in uncharged vesicles was greatly suppressed in
anionic lipid containing vesicles. Hence, TM helix shift can not happen toward the
cytoplasmic side of the membrane where the TM protein juxtamembrane (JM) region rich
in positively charged residues tend to reside due to their affinity for anionic lipid in

cytofacial membrane.
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Chapter 1

Introduction



Integral membrane proteins are embedded in biological membrane and perform a
variety of biological functions such as relaying signals and transporting molecules across
the membrane. It is estimated that integral membrane proteins comprise one third of the
total proteins encoded by the cellular genome'. The most common type of integral
membrane proteins are transmembrane (TM) proteins that span the membrane with

hydrophobic a-helices of 15-25 amino acids in length® **.

Transmembrane (TM)/non-TM equilibrium

How does a membrane protein (MP) find its way into the membrane? Constitutive
MP’s tend to insert into the membrane co-translationaly. In this process during protein
synthesis the ribosome attaches itself transiently to a complex of membrane proteins
referred to as a translocon. Newly synthesized proteins get inserted into the membrane
through the translocon tunnel > %’. Non-constitutive membrane proteins such as toxins
and antimicrobial peptides bypass the translocon and insert into the membrane from
solution "**°. Even though the insertion pathway may involve a translocon , MP’s are
thought to be equilibrium structures'® ', So the energetics of membrane insertion can be
analyzed by a thermodynamic model where membrane protein can interact with aqueous
solvent, membrane interfacial region, and a hydrophobic membrane interior mostly
composed of hydrocarbon chain. (Figure 1.1). Even though both the membrane surface-
bound and non bound helices are non-transmembrane(TM) structures there are two
clearly distinct equilibria that govern TM stability. The first is the equilibrium between
the unbound and membrane bound non-TM states (governed by K1) and the second is the
equilibrium between the TM and bound non-TM state (governed by K2). In case of
unbound non-TM state (non-TM state 1) K2 might not be affected by K1 but overall
insertion is affected because the amount of the TM state is affected by the amount of the
surface bound non-TM state. In contrast, there is only one equilibrium (K2) when the
non-TM state is always surface bound (non-TM 2) and thus when a helix will
interconvert between TM and non-TM states can lead to a better understanding of the

structure/function relationship of membrane-inserted hydrophobic helices.



Background and Significance of TM/non-TM equilibrium

The equilibrium between TM and non-TM topographies is especially significant
for post translational membrane insertion of proteins and protein toxins. Bacterial protein
toxins form the most widely studied examples of proteins with this behavior. Helix 8 and
9 of diphtheria toxin TM domain undergo TM/non-TM interconversion that is thought to
be essential for translocation '* . This type of interconversion is also common in
membrane inserted segments of B-barrel toxins, including anthrax protective antigen ',

15; 16 .
* 7. Interconversion between TM and non-TM

and cholesterol dependant cytolysins
state is unlikely for TM helices flanked on both sides of the bilayer by large soluble
domains. However it can occur in helical hairpins connected by short hydrophilic link

12;13; 17 orin

(e.g. helix 8 and 9 of hairpin of diphtheria toxin and helices in some colicins)
the case of proteins with hydrophobic anchoring tail sequences capped at one end with
short hydrophilic sequences. Most notable examples of proteins with short tail anchoring
sequence include Bel family proteins (have a key role in apoptosis) ¥, and a number of
endoplasmic reticulum enzymes. The tail sequences of these proteins are involved in post
translational membrane insertion'’. TM/non-TM equilibria is also important for LAT
protein (involved in signal transduction)®’, posttranslational insertion of polio virus 3A
protein *', and antimicrobial peptides **. TM/non-TM equilibria can be especially

important in determining the fate of proteins with borderline hydrophobic sequences such

sequences may be abundant in nature as indicated by the genomic analysis .

Techniques for Distinguishing between TM/non-TM topography

TM helices have been studied in detergent, membrane mimetic systems (micelles,
bicelles or lipid bilayer) and in cell based systems using a wide variety of biochemical
and spectroscopic techniques, each having its own advantages and disadvantages which
will be discussed in the later in this section. Unlike soluble proteins TM helices of
membrane proteins are to a large degree independently folding units **. As a result, much
insight about the membrane protein folding and structure has come from the studies of
individual hydrophobic helices 2%’ A widely used approach to gain highly detailed

information about TM helix behavior, including their conformation and membrane



orientation, is NMR. Bechinger and colleagues have used solid state NMR to investigate
the TM stability of helical hydrophobic sequences containing pH sensitive Histidines by
measuring the molecular alignment of samples relative to the magnetic field* 2% 33!,
Drawbacks of the NMR approach are low sensitivity, which necessitates a large amount
of materials and the fact that an isotope is required in the helix of interest. Optical

2- .
3233 and oriented

techniques such as FT-IR (fourier transform infrared spectrocopy)
circular dichroism (OCD) ** ****®are also used to determine the helix alignment in
bilayers. Samples placed in an uniaxially oriented bilayer are hit with incident light at
normal and oblique angles with respect to the bilayer plane. In OCD, the presence or
absence of a negative band around 208nm indicates a surface or a transmembrane helix
respectively. In polarized ATR-FTIR spectroscopy, membrane alignment of helices is
determined by the dichroic ratio (R), a ratio of molecular absorption due to parallel
versus perpendicular incident light. Unlike NMR, FT-IR and OCD method do not
require any isotope level and the sensitivity is higher. However, FT-IR and OCD methods
can not distinguish a mixture of two different conformations from an average one.
Fluorescence spectroscopy is a highly sensitive and widely used technique to measure
various aspects of helix behavior. Polarity-sensitive fluorescent probe are routinely used
to determine the location and orientation of TM helices in lipid bilayer **7:3% 37,
Fluorescent properties of these probes (intensity and or wavelength) change in response
to the polarity of the local environment. Thus these parameters can be used to monitor
helix behavior. Fluorescence quenching is another spectroscopic parameter to examine
TM helix behavior ** ***' Quenching is a loss fluorescence intensity of fluorophore that
is near a quencher molecule due to the decrease in quantum yield of fluorophore. Using
tryptophan (trp) fluorescence quenching Deber and Liu *observed that membrane
association of hydrophobic helices can be modulated by anionic lipid in bilayers. In
addition, heterogeneous TM topography can be identified by using two different
quenchers designed to quench various Trp location **.One disadvantage of this system is

that you need to place a fluorescent probe in the hydrophobic sequence, which may

perturb the structure.



There are also biological methods that can be used to characterize TM/non-TM
topography. The glycosylation mapping technique developed by von Heijne and
colleagues quantified the efficiency of membrane integration of TM segments into
mammalian cell mediated by Sec 61 translocon *. In this approach, a test hydrophobic
sequence of interest flanked by N-linked glyscosylation sites is engineered into a carrier
protein, and degree of membrane integration is quantified by singly versus doubly
glycosylated sites (Figure 2). If the test segment is secreted and so delivered to the
luminal space then both glyscosylation acceptor sites are glycosylated. In contrast, if it is
inserted into the membrane in a TM form, then only a single site become glycosylated
(Figure 1.2). Singly and doubly glycosylated species are quantified by SDS-PAGE. This
translocon-based assay is powerful and gives biologically relevant results. Using this
approach, a complete biological hydrophobicity scale was derived that predicts the
contribution of each of the 20 amino acid residues to the TM/non-TM equilibrium**. In
addition, it was found that the position of a residue within the hydrophobic sequence
greatly affected the TM insertion of the sequence. They did a scan where two identical
amino acid residues were moved symmetrically from the center of the sequence toward
the end, and found that aromatic residues (Trp, Tyr) and charged residues (Lys, Arg)
greatly reduced membrane insertion when placed toward the center of the hydrophobic

4
sequence 5.

However, there are some limitations to this technique. First, there is no control
over the experimental conditions like lipid composition and pH. This is unlike the model
membrane system which will be discussed in the next paragraph. Another caveat is that
the TM helix integration event taking place in the translocon might not reflect the true
thermodynamic equilibrium. Thus, the results might not be applicable to topography

changes that take place after the release of a protein from translocon.

Lipid model membrane based studies of amino acid hydrophobic tendency could

o . 28; 46; 47
be used to generate similar scale but data so far is incomplete™ ™

. However, it has
been a valuable aproach because additional information about TM helix behavior under

different pH and lipid bilayer width was gained by using this system. Recently,



Aisenbrey et al came up with a method to measure the tendency of amino acid residues to
be in the interface or in the membrane interior which can yield a more complete and exact
scale **. Both model membrane and translocon based results regarding the hydrophobicity
of amino acids mostly coincide. For instance, position dependent effects on TM stability
due to polar and charged residues in hydrophobic helices detected in the translocon

. 4
system have also been seen in model membranes *.

Amino Acid composition of Hydrophobic Helices and TM stability

Amino acid sequence is an important determinant of the stability of TM helices.
TM helices are primarily composed of hydrophobic amino acids (Leu, Val, Ile) because
they can avoid unfavorable interaction with water by being within the non-polar
membrane interior. Polar and ionizable residues are less abundant in TM segments due to
the unfavorable energetics for exposure of hydrophilic residues to a non-polar

environment 2> 4% 4,

However, with the growth of membrane protein databases there is more evidence
of hydrophilic residues being very common within the TM domain of membrane
proteins. Studies conducted in our lab with model hydrophobic helices shows that a
single polar (Ser, Pro, His) or ionizable residue (Lys,Asp) can be tolerated in the core of
hydrophobic (poly Leu) sequences without perturbing the TM conformation ***°. In
contrast, using a test sequence composed of poly Leu-Ala Hessa et al found that a single
charged or polar residue when placed in the middle of the hydrophobic sequence can
destabilize the TM state sufficiently to perturb the fraction of TM helix formation'. Thus

a TM segment containing an internal polar or charged residue can adopt a stable TM state

only if the other residues in the sequence are sufficiently hydrophobic.

Charged residues in TM segments can also be tolerated if required by specific
protein function. Though the topography of S4 helix, an Arg rich sequence, in the of
voltage-sensitive K+ channel, is still controversial it is believed to be a TM helix located
within the lipid bilayer 32 Polar and charged amino acid residues are also evident within

the TM segment of other membrane pumps and ion channels > >*.



This brings up the topic of the minimum hydrophobicity requirement for a
sequence to be able to insert into lipid bilayer in TM form. A model peptide with a
hydrophobic stretch of all Leu residues (16-24) can incorporate into lipid bilayer™ >% "
¥ which is consistent with the strong hydrophobicity of leucine in all thermodynamic
scales. On the other hand, polyalanine stretches seem to be at the threshold of minimum
hydrophobicity needed to form a stable transbilayer helix, and several studies ** > ¢
%Thave shown that poly Ala sequences (18-23 residues) can not form stable TM helix in

Vitro.

Using translocon-based glyscosylation studies it was shown that for a
transmembrane segment of typical length (19 residues) composed of Leu and Ala
residues, 5 Leu residues are required for stable membrane insertion **. This threshold
prediction agrees nicely with Wimley and White octanol scale " 2. A similar observation
was also reported in model membrane studies. Using a poly Leu-Ala containing alpha-
helical segment of 24 residues Lewis et al found that Leu/Ala ratios of greater than 7/17
are required for stable transmembrane insertion *’. Needless to say stable membrane
insertion of a hydrophobic sequence can also be affected by other parameters like
sequence length and flanking residues and helix-helix interaction, which will be

discussed in following sections.

Helix length and TM topography
Helix length is another important parameter that can control TM stability. Studies
in bacterial and eukaryotic systems have shown that quite short sequences can actually

63; 64

form transmembrane helices . Though short TM helices are common in membrane

. 6556656
proteins " $07

they have not been studied in great detail. Behavior of short TM helices
might be of interest in the length dependent sorting of TM sequences within the
membrane compartments. TM segments of Golgi proteins are generally shorter (15
residues) than those of plasma membrane proteins (18-20 residues) as a result it has been
proposed that membrane proteins with shorter hydrophobic sequence are retained in the

Golgi in order to minimize hydrophobic mismatch®: ®* 7% "' Since short hydrophobic



sequences tend to form TM states with moderate stability >> % it is important to define

how sequence controls their TM/non-TM equilibrium.

What is the minimum length of a hydrophobic sequence that can form a stable
TM structure and how is it affected by the sequence? A study conducted in our lab
revealed a weak dependance of minimum length on the sequence hydrophobicity *®.
Minimum length for TM formation in the case of all Leu sequence was 11-12 residues as
opposed to 13 residues for moderately hydrophobic Leu-Ala sequences > *®. These
observations regarding minimum helix length and its dependence on hydrophobicity
coincide nicely with the results obtained under in vivo conditions using glyscosylation
mapping " 7.In one study, synaptobrevin2, a C-terminal tail anchoring protein was

. . . . 67
shown to insert into membrane with as few as 12 leucines .

Transverse positioning of helical sequences
Hydrophilic residues can alter the position of a TM helix within the bilayers,
causing a transverse shift so that the hydrophilic residue can locate at or closer to the

. 44; 55; 74
bilayer surface ** >’

as shown in Figure 1.3A. The TM helix can either move vertically
or pivot around an anchoring point as a result of a change in transverse position. These
movements can affect the protein function. Unlike soluble proteins, membrane proteins
are positioned in a fixed plane relative to the membrane surface and two separate
sequences might only interact properly when they are located on the same plane (Figure
1.3B). Also, a swinging motion of the TM helix might be amplified further away from the
bilayer and it could effect the interaction of TM flanking domains. Unlike TM/non-TM

interconversion, a switch between two different TM states can occur even when a TM

helix is flanked on both sides by soluble domains and so it may be more common.

There are several examples in which transverse shifts in TM helix position appear
to have an important role in function. It is well documented that vertical movement of
TM helices in membranes turn bacterial chemoreceptors on and off "> 7"’ Other

examples include integrins ' and fibroblast growth factor receptor 3 (FGFR3) . Shifts



in TM helix position can also change the position of the juxtamembrane (JM) domains
which can also affect protein function. For example, in cases in which ubiquitination
involves the juxtamembrane Lys residues at the end of a TM sequence might be affected
by altered JM position induced by TM helix shift ***'*** It has also been suggested that
proteolytic digestion by enzyme y-secretase can be altered as result of change in substrate
helix shift)* ®* % This action can have important consequences because among other

things this enzyme digests APP to form AP protein (involved in Alzheimer’s disease)™
84; 85

Pioneering studies using an earlier version of the glyscosylation mapping
technique have reported the tendency of several hydrophilic residues to induce shifts the

- .. 86;87;88; 89
TM helix position ™"~ ™

. The earlier glycosylation mapping technique engineered
several potential glycosylation acceptor sites downstream of test hydrophobic sequence
into a model protein and based on the fact that ER enzyme oligosaccharide transferase
(OST) can only glycosylate certain distance from the membrane, this technique was used
to measure the TM helix boundary. Using this method, Monné et al found that
hydrophilic mutations (Asp, Glu) within in the first turn of a-helices (but not at the center
of the helices) induced a change in TM helix membrane boundary such that the
hydrophilic residues located closer to the membrane surface®’. It was also reported that
Asp and Lys when placed on the opposite face of helix to prevent a salt bridge formation,
the helix was partially pushed out of the membrane™. But when placed on the same side
of the helix it did not induce any shift probably due to salt bridge formation®®. Moreover,
aromatic residues (Trp and Phe) at the center of the hydrophobic poly-Leu sequence
induced a shift in TM helix position to locate them closer to the surface whereas Trp and
Phe at the flanking poly-Leu sequence favored a shift increase their membrane

insertion®. This is consistent with the tendency of Trp and Tyr to locate at the edge of the
lipid bilayer®.

A more detailed study of transverse helix shifting potential for the complete
series of amino acid residues was reported recently from our lab for artificial helices in

monounsaturated phosphatidylcholine vesicles using a fluorescence approach *°. Highly



polar residues such as Asp, Gln, Glu had a greater tendency to move the TM helix
position than the moderately polar or non-polar residues. Also, the TM helix shift was
greater for charged form of the ionizable residues relative to their uncharged form’.Both
the glycosylation and fluorescence approaches had similar observation on the extent of

helix shift being dependent on the nature of the hydrophilic residue.

JM (juxtamembrane) residues and Lipid Composition

Protein topology might also be dynamically controlled by lipid composition in
some cases. For example the different lipid composition encountered by eukaryotic
membrane proteins upon movement from one membrane compartment to another (e.g.
ER to plasma membrane) might regulate the topology in each compartment. Anionic
lipids are an integral part of biological membranes and may have an especially large
impact on topography. There is enough evidence to suggest that interactions between
anionic lipid head groups and positively charged residues of proteins or peptides can

promote membrane association and or transport 4% 71 9% %3,

The cytoplasmic end of the TM segments are often flanked by positively charged
Lys and Arg residues and according to “positive inside rule”and these charged JM
residues have been proposed to act as a topological determinant of TM helix orientation
94:95:9 1 addition, positively charged residues favored TM insertion into the membrane
by sec61 translocon when placed at the cytoplasmic end of a transmembrane segment
rather than the luminal end. It has been proposed that interaction between the negatively
charged lipid headgroup in the cytofacial side of the membrane and the positively
charged JM residues contribute to enhanced TM stability °"**’. In these translocon based
experiments, the lipid composition is not controlled but the cytofacial leaflet probably
contains anionic lipids. Despite that the role of anionic lipid and charged JM residues
interaction in controlling TM non-TM topography has not been studied very well.
Because lipid composition can be varied in lipid bilayers, model membrane should be

1deal for such studies.
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Charged JM residues can also alter the behavior of TM helices in the absence of
anionic lipids. In neutral vesicles, charged flanking residues actually destabilized the TM
state of a short hydrophobic sequence to a greater degree then when they are uncharged
¥ This makes sense because in the TM state they experience a local environment more
hydrophobic than the aqueous solution and this environment is energetically unfavorable

for charged residues.

Flanking JM residues can also have a significant effect on TM helix behavior in
terms of helix-helix association and hydrophobic mismatch. Lew et al *® noted that
interaction between flanking residues can modulate helix association. Polypeptide
sequences containing Leu residues flanked by LysAsp associated under physiological
conditions in which the peptides had no net charge but not at low pH when Asp was
protonated so that the peptide was cationic. This shows electrostatic repulsion between
positively charged Lys residues can reduces helix-helix interaction in polypeptide
sequences. In addition, flanking JM residues can affect how a TM helix responds to
mismatch. Killian and colleagues reported that under condition of positive mismatch Lys
flanked peptides tilted more than the Trp flanked ones, suggesting that these residues

anchor differently at the membrane interface > ' 1!

. Lys-flanked sequences tolerated
negative mismatch better than the Trp-flanked sequences mainly due to the long side
chain of Lys which can snorkel'** %1 Snorkeling refer to the fact that Arg and Lys
residues have long side chains and they can stretch their side chain allowing the charged
terminal group to reach into the lipid head group while keeping the C* atom within the

membrane®’.

Helix-helix association

One way for the membrane proteins to overcome the energetic cost of burying a
hydrophilic residue into the membrane is by forming hydrogen bonds with a similar
residue on another helix. This drives helix-helix association (oligomerization). Hence,
helix-helix association can be an important determinant of TM stability. Studies in model
membranes by the Degrado lab '* as well as in biological membranes using the

TOXCAT system (Figure 1.4) by Engelman and colleagues'® observed that an
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asparagine residue can drive association of transmembrane domains. Strong hydrogen
bonding between membrane helices are thought to drive this interaction. Subsequent
studies by these labs noted that highly polar and ionizable residues (Asp, Glu, His) within
the TM sequence stabilized the formation of oligomers more than the weakly polar
residues (Ser, Thr, Tyr) ' 1% Moderately polar side chains have been shown to favor
transmembrane self-association/dimerization through H-bond. TOXCAT analysis of
random library of sequences revealed that motif rich in serine and threonine such as

xSxxSsxT or SXxxSSxxT tend to form dimers '%.

In addition, TM sequence context can *’ also play a significant role in the helix-
helix association. It was shown that polar residues (Asp and Asn) introduced in the
hydrophobic core of the TM segment of M13 bacteriophage coat protein promoted helix-
helix association whereas interfacially placed Asp and Asp did not promote helix
association ''’indicating that hydrogen bonding by polar residues can be modulated by

other factor like the depth of the polar residues in the membrane.

Hydrophobic Mismatch

Hydrophobic mismatch can be defined as the difference between the hydrophobic
thickness of the lipid bilayer and the length of the hydrophobic sequence that spans the
bilayer. Hydrophobic mismatch can be of two types: positive mismatch occurs when
hydrophobic length of the protein is longer than the hydrophobic thickness of the bilayer
and the opposite situation leads to negative mismatch. Consequences of positive and
negative mismatch are shown in Figure 1.5. Studies by Ren et al using lipids of various
acyl chain lengths had shown that polyLeu helix TM insertion can be modulated by
hydrophobic mismatch and cholesterol content '*. Subsequent studies also showed that
while a polyLeu sequence of 11 residues formed a surface bound non-TM sate in DOPC
(a lipid with 18 carbon atom long acyl chain), 15,19,and 23 residue poly Leu sequences
were able to adopt stable TM structure . In addition, the longer sequence (23 residues)
had a tendency to form oligomers under condition of positive mismatch. Therefore,
hydrophobic mismatch can significantly affect the stability of the TM conformation

giving rise to a non-TM topography or helix-helix association.
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Transmembrane segments of membrane proteins usually vary from 15-24 residues
484911 and membrane proteins encounters bilayer of different thicknes. Plasma
membrane is generally thought to be thicker than the endoplasmic reticulum (ER) due to
the higher cholesterol content' 2. So, it is not surprising that TM domains encounter
hydrophobic mismatch. The behavior of membrane proteins has been shown to be
affected by hydrophobic mismatch in several cases. For example, diphtheria toxin T
domain adopts a non-TM structure (bilayer surface bound) in 18 carbon atom long acyl
chain bilayer but in thinner bilayer with16 carbon long acyl chains it adopts a TM
structure'”. Mismatch can also affect the function of membrane proteins. Cytrochrome
oxidase ¢ activity is optimal in lipid bilayers with 18 carbon acyl chain but declines under
positive or negative mismatch '°. The effect of mismatch upon membrane protein

conformation often may be less than expected because there is evidence suggesting that

lipid bilayer sometimes adjusts its acyl chains to match the length of membrane protein
114; 115; 116

Goal of this work: TM topography and lipid composition

As the studies above show the amino acid composition of TM segments is one
major determinant of the topography and TM stability of membrane-inserted helices.
Much less is known about the effect of lipid. Understanding how sequence and lipid
composition can cause the TM helix to interconvert between different topographical

states will improve our ability to predict membrane protein structure and function.

To do this, model hydrophobic helices were used to define the TM topography as
a function of sequence and lipid composition. Model hydrophobic a-helices have been
extensively used for sequence-structure studies of TM proteins because of their
versatility. Our lab has investigated the principles of membrane protein structure by
applying fluorescence and fluorescence quenching methods to studies of hydrophobic
helices. In my study, these methods were used to define the structures of model
membrane-inserted hydrophobic helices. The effect of sequence hydrophobicity (altered
by varying Leu/Ala ratio) and bilayer lipid composition upon TM stability was
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characterized. Also, hydrophobic sequences of different lengths were used to investigate
if lipid composition affected the TM stability in the same fashion regardless of the TM
length. The effect of lipid change upon the ability of hydrophilic residues to shift TM
helix position was also studied. These latter studies included measuring the consequences

of a hydrophilic mutation at the C-terminus of the TM domain of the ErbB2 receptor.
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Figurel.1l: Schematic model depicting the equilibrium between different transmembrane
conformations. The grey rectangles represent transmembrane (TM) helices. K1 is
equilibrium constant between the membrane surface bound helix (non-TM state 2) and
non-bound helix in aqueous solution (non-TM state 1). K2 represents the equilibrium

constant between the bilayer inserted TM state and non-TM state 2.
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Figure 1.2. Schematic figure depicting the membrane integration of putative hydrophobic

helices using glyscosylation mapping. Integration of hydrophobic segment H leads to
one glyscosylation site (filled Y) and one unglycosylated sites (open Y) whereas
translocation of the sequence allows both sites to be glycosylated (filled Y). Singly, and

doubly glycosylated sites can be quantified by SDS-PAGE. Adapted from Hessa et al **.
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Figure 1.3: (A) Helix transverse shift induced by a hydrophilic residue X. Grey rectangle
represent the helix. Dotted line represents the center of the lipid bilayer. (B) Control TM
protein-protein interaction by helix shift. As depicted on the left a protease (light grey)
can only recognize the substrates only at one of two transverse positions (dark grey). As
depicted on the right side, domain of clear protein can only interact with the grey protein

that has the right transverse position in the membrane.
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Figure 1.4.Schematic presentation of the TOXCAT system for detecting transmembrane
helix association. The maltose binding protein (MBP, circles) is fused to the C-terminal
of TM segment and the N-terminal is fused to ToxR(squares), a transcription factor that
is only active when dimeric. If the TM segment dimerizes the ToxR monomers form a
dimer and it induces the transcription of the chloramphenicol transferase (CAT) gene.

Adapted from Russ et al 1999.
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Figure 1.5: Schematic model of some possible consequences of hydrophobic mismatch
when hydrophobic segment is longer (left) or shorter (right) than the hydrophobic bilayer
thickness. Adapted from Killian 1998.
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Materials and methods
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Materials. All the artificial peptides were purchased from Anaspec Inc.(San Jose,
CA).The peptides were purified via reversed-phase HPLC using a C18 column using a 2-
propanol/water gradient containing 0.5% (v/v) trifluoroacetic acid as described
previously ''7. The ErbB2 peptides were bought fro Keck Facility at Yale University and
purified by a C4 HPLC column using a (60:40) (2-propanol: acetonitrile)/water gradient
containing 0.5% (v/v) trifluoroacetic acid. The peptides were dried under N, redissolved
in 1:1 (v/v) 2-propanol/water, and stored at 4°C. Peptide purity was confirmed by
MALDI-TOF (Proteomics Center, Stony Brook University) and generally was ~90% or
greater. Estimated purity was lower (about 80%) only for “*pL;;A4(D10) and
KKpLoA(D10). The concentrations of purified peptides were measured by absorbance
spectroscopy using a Beckman DU-650 spectrophotometer, using an extinction
coefficient for Trp of 5560 M~ cm™ at 280 nm. Phosphatidylcholines (1,2-diacyl-sn-
glycero-3-phosphocholines), [diC14:1A9¢PC (dimyristoleoylphosphatidylcholine);
diC16:1A9¢PC; diC18:1A9¢cPC, (dioleoylphosphatidylcholine, DOPC); diC20:1A11¢PC;
diC22:1A13cPC, (dierucoylphosphatidylcholine); and diC24:1A15¢cPC; 1,2-dioleoyl-sn-
glycero-3-[phospho-L-serine] sodium salt (DOPS), 1,2-dioleoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] sodium salt (DOPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL).
Lipids were stored in chloroform at -20° C. Lipid concentrations were determined by dry
weight. Acrylamide was purchased from Sigma-Aldrich Chemical Co.(St. Louis, MO).
10-doxylnonadecane (10-DN) was custom-synthesized (contact authors for availability)
by Molecular Probes (Eugene, OR). It was stored as a 6 mM stock solution [determined

using extinction coefficient = 12 M cm™ at 422 nm ** Jin ethanol at -20°C.

Model Membrane Vesicle Preparation. Model membranes (unilamellar) were
prepared using the ethanol-dilution method > 7*. Peptides dissolved in 1:1 (v/v) 2-
propanol/water and lipids dissolved in chloroform were mixed and then dried under a
stream of N,. Samples were then further dried under high vacuum for 1h. Then, 10 pL
(for 800 uL samples) or 30 uL (for 2 mL samples) of 100% ethanol was added to
dissolve the dried peptide/lipid film. To disperse the lipid-peptide mixtures 790 or 1970
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uL, respectively, of PBS (10 mM sodium phosphate and 150 mM NacCl, pH 7), was
added to the samples while vortexing. For samples prepared at low or high pH, the pH of
the PBS was first adjusted using glacial acetic acid, for pH 3.8-5.5, or 2 M NaOH, for pH
9.0. The final concentrations were 2 uM peptide and 200 uM lipid, or 500 uM lipid
except for pH titration experiments using peptides incorporated into DOPS vesicles in
which, due to the difficulty of dissolving DOPS in ethanol, the final concentrations used
were 1 uM peptide and 100 uM lipid.

Fluorescence Measurements. Fluorescence data were obtained on a SPEX 12
Fluorolog spectrofluorometer operating in steady-state mode. Measurements were taken
on samples in semimicro quartz cuvettes (1-cm excitation path length and 4-mm emission
path length), except in the titration experiments, in which a 1-cm excitation and 1-cm
emission path-length cuvette was used. A 2.5-mm excitation slit width and 5-mm
emission slit width (band pass of 4.5 and 9 nm, respectively) were used for all
experiments. Trp fluorescence emission spectra were measured over the range of 300-375
nm. Fluorescence from background samples containing lipid but lacking peptide was

subtracted from the reported values. All measurements were made at room temperature.

pH Titration Experiments. As described above, 2 mL samples containing
peptide incorporated into vesicles were prepared using PBS adjusted to about pH 4, and
their Trp fluorescence emission intensity was measured at 330 and 350 nm. Sample pH
was increased by adding 1-8 pL aliquots of either 0.25 or 2 M NaOH. After each aliquot
was added and the sample mixed, it was incubated for 2 min (control experiments show

4798 and then

this to be a sufficient time for equilibration of pH across the bilayer
fluorescence was remeasured. The total volume of NaOH added by the end of the
titration experiment (by which pH was 11.4-11.6) was about 70 pL. Intensities were
corrected for background fluorescence using control samples lacking peptide. The pH
dependence of the ratio of fluorescence intensity at 350 nm and 330 nm (F3s0/F30) was
calculated. The data was fitted to a sigmoidal curve (Slidewrite Program, Advanced

Graphics Solutions, Encinitas, CA), and apparent pKa values were estimated from the pH

at the inflection point of the Fs50/F330 ratio vs. pH curve.
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Acrylamide Quenching Measurements. Fluorescence intensity and emission
spectra were first measured for model membrane-incorporated peptides or background
samples. After addition of a 50 pL aliquot of acrylamide from a 4 M stock solution in
water and a Smin incubation period, fluorescence was remeasured. (This is sufficient
time for acrylamide to equilibrate across the bilayer **.) Fluorescence intensity was
measured at an excitation wavelength of 295 nm and an emission wavelength of 340 nm.
This excitation wavelength was chosen to reduce the resulting inner filter effect due to
acrylamide absorbance. Corrections to intensity were made both for dilution by the
addition of acrylamide and for the residual inner filter effects **. Fluorescence emission
spectra were recorded using an excitation wavelength of 280 nm, despite the stronger
inner-filter effect arising from acrylamide at 280 nm, because the overall intensity was
greater than when an excitation wavelength of 295 nm was used. Controls show that
emission spectra have very similar wavelength maxima using either excitation

wavelength *.

10-DN-Quenching Measurements. To measure quenching in samples containing
10mol% 10-DN, samples containing model membrane-incorporated peptides or
background samples without peptide were prepared in which 10 mol % of each of the
lipids present was replaced by an equivalent mole fraction of 10-DN. Fluorescence
intensity and emission spectra were measured for samples with and without 10-DN.
Fluorescence intensity was measured using an excitation wavelength of 280 nm and an
emission wavelength of 330 nm. Emission spectra were recorded using an excitation

wavelength of 280 nm.

Calculation of the Acrylamide/10-DN Quenching Ratio (Q Ratio). The ratio of
quenching by acrylamide to quenching by 10-DN was used to estimate Trp depth in the
bilayer. This ratio was calculated from the formula Q ratio = [(Fo/Facrylamide) = 11/[(Fo/F'1o-
pn) - 1], where F is the fluorescence of the sample with no quencher present and
Flacrylamide and Fio-py are the fluorescence intensities in the presence of acrylamide or 10-

DN, respectively *.
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Circular Dichroism (CD) Measurements. Circular dichroism spectra were
recorded on a Jasco J-715 CD spectrophotometer at room temperature using a 1-mm
path-length quartz cuvette. Unless otherwise noted, samples were prepared using 5 uM or
10uM peptide and 500uM lipid. The spectra were obtained from at least 50 scans.
Backgrounds from samples lacking peptide were subtracted. Estimation of helical content
was done using DICROWEB an online server for secondary structure analysis from CD

data.
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Chapter 3

Affect of lipid composition upon the topography of membrane-

inserted hydrophobic helices
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INTRODUCTION

The fact that interior of the bilayer is hydrophobic leads to the expectation that
helical TM sequences should be composed of hydrophobic amino acids. On the other
hand, TM sequences can contain a significant number of hydrophilic residues if required
by helix-helix interactions or specific functions, as is evident for membrane pumps and
ion channels in which numerous charged and polar residues are tolerated within generally

non-polar TM segments 5334,

Nevertheless, too many hydrophilic residues in the hydrophobic core can lead to a
less stable TM topography resulting in the formation of a non-TM state in aqueous
solution or membrane-bound but located close to the membrane surface (non-TM sate 1

and 2 in Figure 1) **#7+%°

. The equilibrium between TM and non-TM topographies can be
functionally significant. The hydrophobic helices of diphtheria toxin T domain undergo
TM/non-TM interconversion thought to be essential for translocation across membranes
1213 This interconversion also occurs in the membrane-inserting segments of beta-barrel
toxins, including anthrax toxin protective antigen'* and cholesterol-dependent cytolysins
1316 1t is also believed to be important for some Bel family proteins (involved in
apoptosis)'®, a number of tail-anchored endoplasmic reticulum enzymes, '° polio virus 3A
protein *', and antimicrobial peptides **. This equilibrium can also play an important role
in the fate of TM helices with borderline hydrophobicity. Moderately hydrophobic

. . . . 23
sequences are not uncommon in membrane proteins as observed by genomic analysis™.

TM topography can be regulated by lipid composition. For example, it has been
reported that bacterial lipid composition affects the topography of TM helices in complex
membrane proteins ''% ''°, Certain bacterial cytolysins require cholesterol to form a TM

state 120

, and the T domain of diphtheria toxin forms a TM state more easily in bilayers
composed of lipids with short acyl chains'?. The question of modulation of TM protein
topography and function by lipid composition is also interesting in eukaryotic membranes
because the lipid environment of many membrane proteins varies as they cycle between

various internal membranes and the plasma membrane. Nevertheless, little is known
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mechanistically about what effect the structural diversity of membrane lipids has in

controlling TM topography.

In this report, we studied the effect of lipid composition on hydrophobic helix
behavior using synthetic peptides incorporated into model membrane vesicles
(“liposomes”). Synthetic hydrophobic peptides, frequently Lys-flanked polyLeu or
polyLeu-Ala helices, have been successfully utilized as models for hydrophobic a-helical

- 27;28;30; 121; 122; 123; 124
TM domains by our lab and many others “~~> 7> "7 % %>

. In this report fluorescence
spectroscopy was used to study the lipid composition-dependence of the TM stability of
these and closely related sequences. We found that physiological membrane
concentrations of anionic lipids greatly stabilize the TM conformation of the hydrophobic
helices flanked by cationic residues. In addition, there was a marked difference between
topography in the presence of two different anionic lipids. This was true for peptide
sequences with diverse hydrophobic sequences, short or long hydrophobic lengths, and

various cationic flanking residues. It is likely that these properties are important for the

function of these lipids.
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RESULTS
Distinguishing TM and non-TM Topographies

The effect of lipid composition upon the topography of a variety of bilayer-
inserted hydrophobic sequences was studied. Structures of different lipids used in this
study are shown in figure 3.1. The peptides had hydrophobic cores with a variety of
lengths and hydrophobicities, and their hydrophobic sequences were flanked by ionizable
hydrophilic residues (Table 3.1). The peptides also contained a Trp in the center of the
hydrophobic sequence. Measurement of Trp location within the membrane allows
identification of membrane topography *’-°% > Since Trp emission is sensitive to the
polarity of its surrounding environment, one method to measure Trp location is from its
fluorescence emission Amax. For the peptides in this study, in a fully TM orientation a
Trp residue at the center of the sequence locates at the center of the highly non-polar core
of the lipid bilayer and exhibits a highly blue-shifted Amax near 320-325 nm ***°. When
a peptide adopts a membrane-bound non-TM orientation, its hydrophobic core moves
close to the more polar bilayer surface, and Trp Amax exhibits a strong red shift, falling in
the range of 335-345nm %, Intermediate values of Trp Amax can be indicative of
mixed populations of TM and non-TM topographies, but can also be observed when a

conformation forms in which Trp is at an intermediate depth ***°*.

To confirm TM topography using a more direct method, dual fluorescence
quenching was also used to measure Trp depth. In this method, Trp fluorescence
quenching is compared using two molecules: 10-doxylnonadecane (10-DN), a bilayer
inserted quencher that quenches Trp deeply buried within the membrane strongly, and
acrylamide, a water soluble quencher that quenches Trp most strongly when the Trp is
exposed to aqueous solution. The ratio of acrylamide quenching to 10-DN quenching
(quenching ratio or Q-ratio) exhibits a linear relationship with Trp depth **. A low
quenching ratio of <0.1-0.2 is indicative of a Trp located near the bilayer center and a
high Q-ratio >1 is observed for a Trp located close to the bilayer surface. Intermediate Q-
ratios can be observed for mixed populations of deep and shallow Trp, or when a

conformation forms in which Trp is at an intermediate depth ***°*.
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A third method to define the topography of hydrophobic helices is to measure
how Trp fluorescence is affected by bilayer width. Studies have shown that Trp at the
center of hydrophobic sequence give the most blue shifted fluorescence when a

hydrophobic sequence length matches the width of the bilayer™” 7

. Hydrophobic helices
that can form a TM configuration are sensitive to hydrophobic mismatch, which is the
difference between the length of a hydrophobic helix and the width of the hydrophobic
core of the bilayer. Such sequences exhibit Trp emission that is sensitive to bilayer width.
Trp emission red shifts in wide bilayers due to negative mismatch-induced destabilization

50; 74 .
*74 Emission

of the TM state, and formation of a significant amount of a non-TM state
also red shifts in very thin bilayers, partly due to positive mismatch >. In contrast, when a
hydrophobic helix is bound to membrane in a non-TM location close to the bilayer

surface it emits red-shifted fluorescence with a Amax that is insensitive to bilayer width
50

The Stability of the TM Topography of Hydrophobic Helices with Varying
Hydrophobicities: Effect of Bilayer Width

First, the membrane topography of a series of peptides containing Leu/Ala-rich
hydrophobic cores was measured. Hydrophobicity was varied by varying the content of
Leu and Ala residues from 15 Leu 0 Ala (most hydrophobic, <*pL;5(D10)) to 7 Leu 8 Ala
(most hydrophilic, ““pL;Ag(D10)) (Table 3.1, sequences 1-5). To allow evaluation of
peptide topography the peptides also contained a single Trp at the center of the
hydrophobic sequences. An Asp was also present at the center of the hydrophobic
sequence so that the hydrophobicity of the peptides could be controlled with pH.

Trp emission Amax was measured as a function of bilayer width by incorporating
the peptides into vesicles composed of phosphatidylcholines containing monounsaturated
acyl chains of various lengths (Figure 3.1). Under low pH conditions (+), in which the
Asp residue should be uncharged (see below), most of the peptides exhibited a U-shaped
dependence of Amax on bilayer width with a minimum Amax ~320-325 nm, indicative of
a TM topography in bilayers with an intermediate width (e.g. with 18:1 acyl chains). The
exception was the most hydrophilic peptide tested (““pL;Ag(D10)) which showed a red
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shifted Amax (335-340 nm) that was not very dependent on bilayer width. This indicates
that ““pL;Ag(D10) does not form a TM state in these vesicles at low pH. (Instead, the

peptide is bound to the bilayer surface, see below.)

Under high pH conditions (A), in which the Asp residue should be charged (see
below), all of the peptides exhibited red shifted fluorescence that was not very dependent
on bilayer width. This indicates that when the Asp residue is charged the peptides are not
hydrophobic enough to form a TM topography. The Trp Amax values observed in most
cases (335-345 nm) were indicative of peptides bound to the bilayer surface. The
KKpL;Ag(D10) peptide exhibited even more highly red-shifted fluorescence (Amax ~350
nm, off scale in Figure 1) indicative of peptide that is dissolved, or at least largely

dissolved, in aqueous solution.

Most subsequent experiments were carried out at pH 4 so that the Asp residue would
be uncharged. However, when DOPS vesicles were used, pH was generally kept at 5.5 so
that the PS carboxyl group would not be protonated, and PS would retain a net negative
charge 125126

PS 127

. This was not necessary for PG which ionizes at a somewhat lower pH than

Effect of Lipid Structure Upon the Stability of The TM Topography of Hydrophobic
Helices With Varying Hydrophobicities: Vesicles with No Net Charge

Next, the Trp fluorescence of these peptides was measured in a variety of lipids
and lipid mixtures with different polar headgroups. Phospholipids containing 16 or 18
carbon atom long acyl chains, which are common in biological membranes, were used.
The phospholipids used had a least one 9-10 cis double bond in one of their acyl chains

so that the lipid bilayers would be in the normal liquid disordered state '**.

Figure 3.2 shows Trp emission Amax (Figure 3.2A) and Q-ratios (Figure 3.2B,
raw quenching data is in Table 3.2) for these peptides when incorporated into lipid
vesicles with various compositions lacking a net electric charge (DOPC, POPC, 1:1

POPC/POPE mol:mol, and 6:4 mol:mol POPC/cholesterol). In all cases, the most
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hydrophobic peptide (““pL,5(D10)) exhibited a blue-shifted Amax and low Q-ratio value
typical for TM helices with a Trp at the center of the bilayer, while the red shifted Amax
and high Q-ratio values were observed for the least hydrophobic peptide (““pL;Ag(D10))

corresponding to a fully non-TM state *% *°

. The peptides with intermediate numbers of
Ala showed intermediate Amax and Q-ratio values that tended to increase as the number
of Ala increased, consistent with progressively less stable TM orientation as the

hydrophobicity of the peptides decreased. It should be noted that previous studies show

similar effects of the Leu to Ala ratio upon the stability of the TM topography *"**.

For vesicles without net charge, the behavior of most of the peptides was only
slightly dependent upon lipid structure (Figure 3.2). The main exception was the
KKpL;Ag(D10) peptide, which exhibited highest Amax (345-355nm) and Q-ratio values in
POPC/POPE and POPC/cholesterol vesicles. These values indicate that a significant
fraction of this peptide was either very shallowly located or not even membrane-bound in

vesicles composed of these lipids.

The value of the pKa of the Asp residue also yields information concerning the
location of these peptides. Because a charged Asp residue is energetically unfavorable in

a hydrophobic environment ***7%°

, the pKa of an Asp residue in the center of a TM helix
is much higher than in a state in which the Asp residue is located more shallowly in the
membrane or fully exposed to aqueous solution, as in the case of a peptide located at the
bilayer surface or dissolved in aqueous solution *’. In fact, previous studies showed that
the presence of a charged Asp buried within the lipid bilayer is so energetically
unfavorable that ionization of an Asp in the middle of a TM helix is accompanied by
conversion to the non-TM state*’, i.e. the TM/non-TM and Asp ionization equilibria are

linked.

As shown in Figure 3.1 there were changes in Trp fluorescence due to ionization
of the Asp residue, so that the Asp pKa values could be determined from wavelength
shifts in the emission spectra as a function of pH. Figure 3.3A gives apparent Asp pKa

values for the peptides determined by this method as a function of the number of Ala
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residues when the lipids used have no net charge. Asp pKa decreased as the
hydrophobicity of the peptide decreased (i.e. as the number of Ala increased). This
suggest that when the Asp is protonated the stability of the TM state decreases as peptide
hydrophobicity decreases, consistent with the Amax and quenching data. On the average,
pKa values were slightly lower for vesicle compositions containing POPE or cholesterol.
This is consistent with a slightly lower stability of the TM state relative to a non-TM

configuration in these lipids as compare to that in DOPC or POPC vesicles.

Effect of Lipid Structure Upon the Stability of The TM Topography of Hydrophobic
Helices With Varying Hydrophobicities: Zwitterionic vs. Anionic Lipid Vesicles

In contrast to the results above, lipid charge had a large effect on the stability of
the TM state. Generally, Amax was more blue shifted (Figure 3.4A) and the Q-ratio was
lower (Figure 3.4B) when peptides were incorporated into vesicles composed of anionic
lipids (DOPG or DOPS) than when incorporated into vesicles composed of zwitterionic
and/or uncharged lipids. [This is most obvious for the least hydrophobic peptides,
KKpLoAs(D10) and “*pL;Ag(D10).] This behavior indicates that the TM state is

significantly more stable in the vesicles composed of these anionic lipids.

It is noteworthy that Trp located more deeply in vesicles composed of DOPS than
in vesicles composed of DOPG, with Amax and Q-ratio values in DOPS indicative of full
formation of a TM state with the Trp at the bilayer center even in the case of the
relatively hydrophilic “*pL;Ag(D10) peptide. Additionally, pKa data indicated that the
depth of the Asp group was deeper for peptides in DOPS vesicles than in DOPG vesicles
(Figure 3.3B). The decrease in pKa as peptide hydrophobicity decreased was less in
DOPS vesicles than in DOPG vesicles. Although the pKa of the Asp residues is much
higher in anionic lipid vesicles than in vesicles lacking a net charge (compare Figure
3.3A and 3.3B) this may not be related to a difference in TM stability in anionic and
zwitterionic vesicles. Instead, it reflects the well-known high proton concentrations close
to the surface of anionic vesicles arising from the attraction of protons by the anionic

charge on the lipid .
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Importantly, the observation that Trp depth in DOPG vesicles was intermediate
between the deep value observed in DOPS vesicles and the shallower values observed in
vesicles lacking a net charge did not appear to involve the formation of a mixture of TM
and non-TM topographies by peptides in DOPG vesicles but rather the formation of a
single topography with an intermediate Trp and Asp depth. This reason for this
statement is that we did not observe any large quencher-induced shifts in Amax. Such
shifts are characteristic of co-existing populations with deep and shallow Trp depths
because the relatively selective quenching of the deep population by 10-DN induces a
large red shift of Amax while the quenching of the shallow population by acrylamide
induces a large blue shift **. Instead of this, we observed only very small quencher-
induced shifts (Table 3.3), behavior characteristic of cases in which there is an
intermediate Trp depth °”*°. This suggests that the difference between peptide behavior
in the DOPG vesicles and DOPS vesicles arises from the way the TM state is anchored in

the lipid bilayer (Figure 3.8).

It should also be noted that the differences between peptide behavior in DOPG
and DOPS vesicles were not due to the difference in solution pH used in the Amax and Q-
ratio experiments for these lipids. Control experiments showed that the Amax and Q-ratio
values for peptides in DOPG vesicles was the same at pH 3.8 and 5.5, and that
differential behavior of peptides in DOPG and DOPS vesicles could also be observed at
neutral pH ( Table 3.4).

The Role of Cationic Flanking Residues in the Stabilization of the TM Conformation in
Anionic Vesicles: Electrostatic Origin of Stabilization

The stabilization of the TM state observed for peptides inserted into anionic lipid
vesicles could be due to electrostatic interactions between the charged residues and
anionic lipids. To study this, we used a series of peptides lacking an Asp residue so that
the charge of flanking residues could be varied without the complication of changes due
to Asp ionization (Table 3.1, sequences 7-9). The peptides chosen had an inherently
borderline TM stability due to their short hydrophobic segments **. To investigate the
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role of electrostatic effects, the effect of pH upon the stability of the TM state was
compared in both zwitterionic and anionic vesicles when the peptides were flanked on
both ends of the hydrophobic sequence by 2Lys (““pL,,), 2His ("'pL,), or 1Lys plus
1His residue (KHlez).

Figure 3.5 illustrates the dependence of Amax and quenching upon flanking
residue type and lipid composition at pH 5.5 and pH 9 for these peptides. Lys residues
are charged at both of these pH values ¥, while His residues should be largely protonated
at pH 5.5 and largely deprotonated at pH 9. Consistent with this, in both anionic and
zwitterionic vesicles Figure 3.5 shows that there were pH-dependent changes in both Trp

Amax and Q-ratio for a His-flanked peptide, but none for a peptide flanked only by Lys.

[In fact, for the "pL,, peptide a change in fluorescence intensity upon pH titration
detects one His pKa slightly above 5.5 and a pH-dependent shift in the Trp emission
wavelength detects another pKa close to pH 7.5 for peptides incorporated into DOPC
vesicles. In DOPS vesicles, the change in fluorescence intensity upon pH titration detects
one His pKa near 6.5 and a pH-dependent shift in the Trp emission wavelength detects
another close to pH ~8-8.3 (data not shown).]

Figure 3.5 also shows that at pH 5.5 Trp Amax blue shifted and Q-ratio were
significantly lower in DOPS vesicles than in DOPC vesicles for all three peptides. This
indicates that relative to topography in DOPC vesicles, in DOPS vesicles the TM state is
stabilized relative to the non-TM state both when the flanking residues are charged Lys or
charged His. This rules out stabilization of the TM state requiring a specific Lys-PS
interaction. At pH 9, the Amax and Q-ratio data was similar to that at pH 5.5 for the
Lys,-flanked peptide, but for the His,-flanked peptide there was no blue shift or decrease
in Q-ratio in DOPS vesicles relative to that in DOPC vesicles. This indicates that when
the His is not charged, DOPS does not stabilize the TM state, and thus the stabilization of
the TM state is likely to be electrostatic in origin. In contrast, as noted above for the Lys-

flanked peptide the Amax and Q-ratio data at pH 9 is similar to that at pH 5.5.
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Figure 3.5 also shows that the behavior of the peptide with a hydrophobic core
flanked by one His and one Lys exhibited intermediate behavior at high pH, with
differences both in Amax and Q-ratio in DOPS vesicles relative to DOPC vesicles that
were smaller than those for the peptide flanked by two Lys but larger than those for the
peptide flanked by two His. This is expected as the peptide with one His and one Lys
should carry a charge of +1 on each end at high pH, intermediate between that of the
Lys,(+2) and His,(0) flanked peptides.

The Effect of Lipid Composition on the Stability of the TM State for Longer Helical
Sequences

The studies above used peptides with relatively short, 12-17 residue hydrophobic
cores. In these peptides the charged residues flanking the hydrophobic core would be
somewhat more buried within the bilayer in the TM state than in the case of the longer
~20 residue hydrophobic sequences common in many TM proteins. The increased
exposure of charged residues to a hydrophobic environment in the short peptides would
tend to increase the free energy of the TM state for such sequences. Thus, it was possible
that the stabilizing effects of anionic lipids upon peptide topography found above were

specific to short hydrophobic helices.

To determine whether lipids have similar effects for longer hydrophobic
sequences, peptides with hydrophobic cores of 18-22 residues long were studied. These
sequences had weakly hydrophobic cores composed of Ala with or without a few Leu
(Table 3.1, sequences 10-14). When these peptides were inserted into DOPS vesicles
highly blue-shifted Amax and low Q-ratio values were generally observed (with the
exception of ““pA,, peptide which showed a somewhat more red shifted Amax and high
Q-ratio), showing that a TM state predominated. In contrast, a non-TM state
predominated in the presence of vesicles composed of DOPC (Table 3.5). This shows
that stabilization of the TM state by DOPS is not restricted to short hydrophobic
sequences. It should also be noted that stabilization of the TM configuration in DOPS
vesicles relative to DOPC vesicles was similar for peptides with flanking Lys and Arg

residues, indicating they interact similarly with DOPS.
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Fluorescence properties indicated that in most cases the non-TM state formed in
the presence of DOPC vesicles for these longer and less hydrophilic peptides was
predominantly not vesicle-bound. First, Trp Amax, was close to that for free Trp and
significantly more red shifted than for Trp located at the membrane surface >°. Second,

there was very little, if any, quenching of Trp fluorescence by the membrane-bound

quencher 10-DN (Table 3.2)%.

An exception to this behavior was observed for the *“pL4A 5 peptide, which was
slightly more hydrophobic than the other long peptides. It exhibited Amax and Q-ratio
values indicating that the peptide was bound to the DOPC vesicles, similar to the
behavior of the shorter hydrophobic sequences described above (Table 3.5). Also
similar to the behavior of shorter hydrophobic sequences, the incorporation of cholesterol
appeared to inhibit its binding to PC-containing vesicles, while Amax and Q-ratio values
for this peptide incorporated into anionic lipids was lower than that in DOPC, with values
in DOPG vesicles that were not as low as in DOPS vesicles. This shows that many of the
effects of lipid structure upon topography described above are not restricted to shorter

hydrophobic helices.

Behavior of Helical Peptides in Biologically Relevant Amounts of Anionic Lipids
The studies above used pure DOPS and DOPG vesicles. We were interested in

whether anionic lipid effects would be similar in vesicles containing more
physiologically relevant anionic lipid contents of 20-30mol%. Figure 3.6 shows that, as
judged from Trp depth measured by Q-ratio, the stabilization of the TM state in vesicles
composed of 30 mol%DOPS/70 mol% DOPC was almost as great as that in pure DOPS
vesicles for a variety of peptides. [It should be noted that at the sample pH used peptide
Asp residues were still protonated at lower anionic lipid contents, with a pKa value of ~

6.5 at 30mol% DOPS (data not shown).]

Similarly, only a low mol% of DOPG was necessary to stabilize the TM state,
with a significant degree of stabilization by as little as Smol% DOPG (Figure 3.7). The
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mol% DOPG need to maximally stabilize the TM state (20 mol%) was similar for a
peptide with four flanking Lys at each end of the hydrophobic sequence
(“K¥KpL;,A4(D10)) and a peptide with a less hydrophobic core, and only two flanking
Lys at each end (“*pL;A5(D10)), as judged by both Q-ratio (Figure 3.7A) and Amax
(Figure 3.7B). It is noteworthy that for the latter peptide the increased stability of the TM
state reached a plateau at 20mol% DOPG even though it has not formed a state with Trp

as deep as in DOPS vesicles (see Discussion).

Secondary Structure Shows Increased Helix Content When Peptides Are Inserted into
Phosphatidylserine Vesicles.

The secondary structures of the peptides used above were evaluated by circular
dichroism. Secondary structure was evaluated at different pH values and in different
lipid compositions (Table 3.6). In all cases, the peptides had a largely helical structure.
In the presence of DOPC vesicles, helix content was generally in the range 65-75%,
which corresponds to helix formation by almost all of the residues in the hydrophobic
core of the peptides. The more weakly hydrophobic peptides exhibited a helix content at
the lower end of this range. For Asp-containing peptides helix content in DOPC vesicles
was not greatly affected by whether a peptide formed a TM state (at low pH) or non-TM
state (at high pH). There was also little dependence of helix content upon lipid
composition, with the striking exception of DOPS vesicles, in which there was an
increase in helix content to 80-90%. Because DOPG vesicles did not induce a
significant increase in helix content, this increase cannot be due simply to DOPS being

anionic (see Discussion).
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DISCUSSION
Role of Negative Lipid in TM Stability: Electrostatic Interactions
It is well known that, relative to zwitterionic lipids, anionic lipids enhance the

4293 The results in this report

binding of cationic polypeptides to membranes
demonstrate that anionic lipids also stabilize the TM topography of hydrophobic a-
helices with flanking cationic residues relative to the non-TM topography. This is not
simply a matter of enhanced binding to the membrane, because an enhancement of the
amount of peptide in a TM state by anionic lipid is observed in cases in which a peptide

is fully bound to zwitterionic vesicles. Thus, there are two effects of anionic lipids upon

polypeptide-membrane interaction, as summarized in Figure 3.8A.

Several lines of evidence are consistent with this being a result of Coulombic type
electrostatic interactions. First, stabilization depends on lipid having a negative charge
and peptide having a positive charge. Second, stabilization of the TM state is observed
with more than one type of anionic lipid. Third, stabilization is not specific for the type of
charged residue. Finally, the effect increases with the number of positive charges on the
peptide, as shown by the observation that stabilization of TM topography was greater
when there were two flanking positive charges than when there was one flanking positive

charge.

Presumably, interactions between positively charged residues and anionic lipid
head groups decrease the free energy of the peptides in the TM state relative to that when
the bilayer is uncharged. However, the free energy of a membrane-bound non-TM state
should also be decreased by electrostatic interactions. The TM topography may be
preferentially stabilized because cationic residues are further from the hydrophobic core
of the bilayer in the non-TM state than when in the TM state, so that the electrostatic
interactions stabilize the free energy of the non-TM state to a lesser degree than they do

that of the TM state.

The electrostatic interaction between peptide and lipid is probably stronger than in

bulk aqueous solution because charged amino acid residues located near or at the
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boundary between the non-polar/polar regions of the bilayer should experience a local
environment with a lower effective dielectric coefficient than in bulk water. Consistent
with this, it has been reported that free energy is higher for charged residues near the

. : 4551
membrane bilayer in ER translocon system ™ .

It should be noted that hydrophobic peptides that equilibrate between fully
soluble and fully TM states may be useful for evaluating the effect of different residues
upon the relative stability of these two states via experiments in which various
substitutions are made in these sequences. This could provide a hydrophobicity scale that
would complement other types of scales, and which would be particularly useful for
biological cases in which there is post-translational equilibration of hydrophobic

sequences between TM and soluble states.

The Origin of the Difference Between Peptide Topography in DOPS and DOPG

One of the most striking observations in this report was that there was a
substantial difference between peptide topography in DOPS vesicles and DOPG vesicles.
This is an interesting observation because the functional significance of the different
types of anionic phospholipids is a long standing mystery in biology. The difference
between DOPG and DOPS vesicles is puzzling in terms of a simple electrostatic
interaction. Both PG and PS should have a net -1 charge on their polar headgroups at the
experimental pH studied. However, PS has two negative charges, one on the phosphate
and one on the carboxyl, and one possibility is that the PS headgroup can orient so as to
allow both charges to interact with cationic residues. Another possibility is that
differences in hydrogen bonding or other polar interactions between peptide and lipid are
affected by the difference in PS and PG headgroup structure. Studies have shown that
changes in lipid composition that affect the dipoles near the interfacial region can disrupt

the binding of helical peptides to a lipid bilayer'*’.

The nature of the difference in polypeptide topography in DOPS and DOPG
vesicles is also of interest. As noted in the results, the fluorescence behavior for peptides

in which topography in DOPS and DOPG was compared does not fit a model in which
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topography in DOPG is simply explained by the presence of a co-existing TM state
similar to that in DOPS vesicles and a non-TM state similar to that in DOPC vesicles. An
alternative that does fit the data is that there are two different TM states in DOPS and
DOPG vesicles which differ in the degree of positional anchoring of the TM helix. We
have previously proposed that in the absence of heteroaromatic residues at the boundary
of the hydrophobic sequence, decreasing TM peptide core hydrophobicity (by
substituting Leu with Ala) decreases anchoring of the sequence at a precise position in
membranes, such that there is decreased burial of one or the other end of the hydrophobic
core of the peptide within the bilayer **. A greater degree of peptide anchoring in DOPS
vesicles could also explain the difference between peptide behavior in DOPG and DOPS
vesicles (Figure 3.8B). Notice that, as illustrated in Figure 3.8, a loss of precise anchoring
would be associated with a shallower Trp depth, consistent with the shallower Trp depth
observed in DOPG vesicles. This model is also consistent with the observation of less
helical structure in DOPG vesicles than in DOPS vesicles. A poorly-anchored
hydrophobic sequence would have additional residues exposed to aqueous solution, and
such residues would not need to be constrained in a helical structure. It should be noted
that sensitivity of anchoring to lipid structure might be sequence dependent.
Heteroaromatic residues have a distinct energetic preference for the polar/non-polar

boundary of the bilayer 45;51; 130; 131

and their presence at the end of the hydrophobic
segment might compensate for anchoring that would otherwise be weak. In any case, our
report points to cationic residue-PS interaction as a novel factor controlling TM peptide

anchoring, and worthy of further study.

The hydrophobicity of the core sequence may also be important for determining
how well a TM state is anchored. Trp location for the ““pL;Ag(D10) peptide as DOPG
levels in the membrane increased was found to plateau at a depth that was shallower than
observed for the peptides with a more hydrophobic (Leu-rich) core. This is consistent
with the idea that the unfavorable energetics of exposing Leu in the latter peptides to
aqueous solution, relative to the cost of exposing Ala, also anchors the TM topography in

a constant position relative to the bilayer.
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A second, but less likely possibility for the shallow Trp depths observed for
peptides in DOPG vesicles relative to in DOPS is that there is greater stabilization of the
TM state in DOPS vesicles than in DOPG vesicles, but that the stabilization is not easily
detected by fluorescence. It is possible that when incorporated into DOPG vesicles the
Trp residue in the non-TM state locates more deeply than when incorporated into vesicle
lacking a net charge, so that there is only a moderate difference between Trp depth in the
TM and non-TM states, and their co-existence cannot be detected easily via quencher-
induced Amax shifts. It is also possible that a relatively deeply penetrating non-TM state
co-exists with the poorly anchored TM state described above, and these two states might

have similar average Trp depths.

Effect of POPE and Cholesterol upon the Stability of the Surface Bound Non-TM
Topography

Cholesterol and POPE appeared to disfavor the surface associated non-TM state
relative to the state in which the peptides are dissolved in solution. A possible
explanation arises from the fact that cholesterol and POPE have headgroups that are
smaller than those of other lipids, so that they may pack more tightly in the headgroup
region of the bilayer, which could make it more energetically difficult for a peptide to
penetrate into the polar headgroup region. It has been proposed that the strength of the
interaction of Apo-I protein (a primary constituent of high density lipoprotein) and other
peptides with phospholipids is impaired at higher concentrations of cholesterol due to this

type of effect '*% 13

Physiological Significance of Stabilization of TM Topography by Negatively Charged
Lipids

Electrostatic interactions between anionic lipids and cationic residues have
important biological consequences. The preferential interaction of water soluble
positively charged peptides and peripheral proteins with anionic lipids has been
extensively characterized in numerous cases *****'**. Antimicrobial peptides, which are
generally cationic, are believed to disrupt the microbial membrane by interacting with

135; 136

negatively charged lipids . Preferential interactions between sites on TM proteins
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and anionic lipids have also been documented, and the anionic lipid may often have an

137; 138; 139; 140; 141 . .
37:138:139: 140:131 “There s already evidence that

important structural and functional role
anionic lipids affect TM protein orientation in cells. In cell membrane, TM helices orient
such that the more cationic of their flanking hydrophilic sequences tends to orient
towards the cytoplasmic surface of membrane (positive-inside rule), and studies have
found that anionic phospholipids control orientation by what appears to be an
electrostatic interaction with cationic residues'** '+,

In this regard, the ability of DOPS to promote helix formation may be important
for determining peptide behavior in DOPS vesicles and in real membranes. It is
interesting to note that the ability of cationic residues on the cytofacial side of the
membrane to form a helical continuation of a hydrophobic helix structure has been shown
to be important for the formation of a TM topography during membrane insertion in the
translocon ', The cytofacial surface of the endoplasmic reticulum membrane

presumably contains a significant amount of PS, and thus PS might play a role in this

process.

Stabilization of the TM state by anionic lipids may be particularly important for
proteins that undergo post-translational changes in topography. As noted in the
introduction, a number of proteins have hydrophobic sequences that post-translationally
convert from a non-TM to TM state. Stabilization of the TM state might be most
important for determining the structure of the hydrophobic sequences in such proteins
when they are semi-hydrophobic, i.e. have a hydrophobicity at the borderline necessary
for stability in the TM state. For example, although several studies have shown polyAla

sequences do not form stable TM helices in vitro ***% 6% 61

, the results in our study
suggest this would not necessarily be the case in natural membranes containing moderate
amounts of anionic lipids. Other sequences with borderline hydrophobicity may not be
rare. Genomic analysis has revealed that there are numerous semi-hydrophobic

sequences with borderline hydrophobicity in both prokaryotes and eukaryotes **.

Furthermore, TM state stabilizing effects were observed at levels of anionic lipid

(<20%) within the physiological level believed to be present on the cytofacial leaflet. It
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should be interesting in future studies to investigate the effect of anionic lipids upon
membrane proteins with natural semi-hydrophobic sequences in order to determine
whether anionic lipids, and/or the type of anionic lipid present, have a significant effect

on topography.
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Table 3.1. Sequences of the hydrophobic peptides used in this study. Notice that for
simplicity the names do not explicitly mention the Trp at the center of the hydrophobic

sequence.

Sequence Name Sequence
1 SEpLis(D10) Acetyl-KKLLLLLLLDWLLLLLLLLKK-amide
2 SEpL13AL(D10) Acetyl-KKLALLLLLDWLLLLLLALK-amide
3 KEpL11A4(D10) Acetyl-KKLALALLLDWLLLLALALKK-amide
4 KKpL<;A6(D 10) Acetyl-KKLALALALDWLLALALALKK-amide
5 *EpL;Ag(D10) Acetyl- KKLALALAADWALALALALKK-amide
6 AR SL 11 AL(D10) Acetyl-KKKKLALALLLDWLLLLALALKKKK-amide
7 “*pLi, Acetyl-KKGLLLLLLWLLLLLLKKA-amide
8 L1, Acetyl-KHGLLLLLLWLLLLLLHKA-amide
9 "L, Acetyl-HHLLLLLLWLLLLLLHH-amide
10 KEpA g Acetyl KKAAAAAAAAAWAAAAAAAAAK?2-amide
11 pAis AcetylRRAAAAAAAAAWAAAAAAAAALRR-amide
12 MEpLLA g Acetyl-KKLAAAAAAAAAWAAAAAAAAALK?2-amide
13 “EpL4A Acetyl- KKLAAAAAAAAALWLAAAAAAAAALK2-amide
14 pA,, Acety KKAAAAAAAAAAAWAAAAAAAAAAAK2-amide
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Table 3.2. Quenching of Trp fluorescence by acrylamide and 10-doxylnonadecane (10-
DN). F/Fo is the ratio of fluorescence in the presence of the quencher to that in its
absence. Q-ratio is defined in Materials and Methods. Q-ratio values shown are for the
average from 3-6 samples, and their standard deviation.

Peptide pH Lipid F/Fo F/Fo Q ratio
Acrylamide 10-DN
DOPC 1.09+0.06 3.74£0.48 | 0.035+.024
POPC 1.09+0.09 4.05+0.5 | 0.029+.031

KK,
pLis(D10) 3.8 | POPC+chol 1.13+£0.03 4.09+0.17 | 0.042+0.01

POPC/POPE | 1.17+0.02 4.65+0.62 | 0.046+0.01

DOPG 1.08+0.12 3.46+0.88 | 0.032+0.05
5.5 DOPS 1.13£0.08 | 4.34+0.1.6 | 0.040+0.03
DOPC 1.28+0.09 2.74£0.22 0.16+0.055
POPC 1.284+0.04 2.77£0.50 | 0.156+0.05

3.8 | POPC+chol 1.43+0.05 3.62+0.21 | 0.165+0.02
POPC/POPE | 1.46+0.05 3.23+£0.30 | 0.206+0.043

KKpL13A,(D10)

DOPG 1.30+0.02 3.04+0.29 | 0.148+0.02
5.5 DOPS 1.24+0.10 3.87+0.31 | 0.086+0.03
DOPC 1.19+£0.13 2.234+0.07 0.15+0.01
POPC 1.224+0.26 2.46+0.50 | 0.152+0.03

3.8 | POPC/POPE | 1.24+0.05 1.94+0.23 | 0.258+0.08
POPC+chol 1.36+0.15 3.21+0.10 | 0.161+0.07

“¥pL11A4(D10)

DOPG 128£0.01 | 3.0000.57 | 0.139+0.04

55| DOPS 1.08£0.02 | 2.84£021 | 0.043x0.01

30% DOPS | 1.12£0.03 | 2.58+0.23 | 0.076+0.02

DOPC 133£0.15 | 1.86:0.11 | 0.384+0.18

POPC 128£0.15 | 1.9+0.14 | 0.309:0.05

. 3.8 | POPC/POPE | 134+0.16 | 1.88+0.16 | 0.385+0.19
PLoAK(D10)

POPC+chol | 1.363+0.02 | 2.04£0.26 | 0.348=0.09

DOPG 126£0.04 | 2.4940.07 | 0.172+.008

55 | 30%DOPS | 131%0.07 | 2.530.07 | 0.206=0.05

DOPS 1.14£0.03 | 2.76:022 | 0.078+0.02

DOPC 1.73£0.07 | 1.88+0.17 | 0.838+0.18

POPC 132012 | 1.35£0.09 | 0.8410.40

« 3.8 | POPC/POPE | 2.55+0.15 | 13+0.13 | 5.216+2.4
pL;Ag(D10)

POPC+chol | 2.54£026 | 1.27+0.07 | 5.74+1.81

DOPG 1404014 | 1.830.19 | 0.482+030

55 | 30%DOPS | 122+0.08 | 2.370.23 | 0.161£0.06

DOPS 1.12£0.10 | 231£0.07 | 0.095+0.005

55| DOPC 1.54£0.19 | 138003 | 1.413+0.50

““pLi, 9 DOPC 197+0.06 | 1.66+0.15 | 1.46+034
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55| DOPS 1.06£0.05 | 1.78:0.39 | 0.074+0.07
9 DOPS 1.10£0.16 | 2.92+£0.32 | 0.05240.09
55| 30%DOPS | 0.137+0.06 | 0.504+0.03 | 0.2720.06
55| DOPC 1.50£0.05 | 1.8140.05 | 0.663=0.08
o 9 DOPC 1.56+0.05 | 2.07+0.07 | 0.52620.10
PL2 55| DOPS 1.06£0.09 | 2.18+0.19 | 0.048+0.008
9 DOPS 1224001 | 1.8£0.12 | 0.278+0.04
55| 30%DOPS | 1.1650.03 | 1.98£0.14 | 0.16+0.04
55| DOPC 1.64+0.14 | 1.84+022 | 0.76:£0.26
HH 9 DOPC 1.38+0.19 | 1.85+0.17 | 0.452+0.24
PLi2 55| DOPS 1.1320.11 | 2.49+0.17 | 0.0770.08
9 DOPS 1.19+0.11 | 1.43+0.15 | 0.439+0.16
55| 30%DOPS | 121£0.09 | 1.91£0.20 | 0.233+0.11
KKD A, 55| DOPC 6.1842.25 | 1.14%0.06 36.88
DOPS 1.48+0.07 | 1.62£0.01 | 0.785+0.13
KKDA e 55| DOPC 3.49+1.3 | 1.06£0.04 39
DOPS 13140.06 | 1.8£0.10 | 0.387+0.09
KKpLoA g 55| DOPC 2324021 | 1.1340.12 10
DOPS 1.1120.06 | 1.79£0.26 | 0.143%0.05
DOPC 1.78+0.09 | 1.84£026 | 0.933+0.31
“pLiAsg 55| DOPG 1.41£0.06 | 1.57£0.09 | 0.718+0.16
DOPS 124+0.04 | 1.95£0.19 | 0.254+0.05
POPC/chol | 1.23+0.14 | 0.636+0.29 | 1.94+0.91
. DOPC 12740.07 | 1.45+0.18 | 0.605£0.29
PLuADIO) | e DOPG | 1312009 | 3542022 | 0.12+0.04
100%PG | 126£022 | 3.35:0.43 | 0.112+0.09
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Table 3.3. Effect of quenchers on Trp emission Amax. The parameter AAmax is defined
by the absolute value of the difference between Amax in the presence of 10-DN and that
in the presence of acrylamide, with the quenchers present at the same concentrations as
for Q-ratio measurements. Large AAmax values that are consistent with large fractions of

each of two co-existing populations with very different depths in the membrane are

shown in bold. Average values from data from 3-6 samples are shown. The Amax values

for individual samples generally differed from the average by no more than +1 nm.

Peptide Lipid pH Amax | Amax;opy | AMaXacrylamide | AAmax
(nm) (nm) (nm) (nm)

DOPC 4 323 322 322 1

POPC 4 324 321 323 2

KK (D10) POPC/40%chol 4 328 329 326 3
POPC/POPE 4 325 326 325 2

DOPG 4 322 321 323 2

DOPS 5.5 |320.5 321 320 1
DOPC 4 326.7 3255 327 1.5

POPC 4 328.5 327 330 3

KK POPC/40%chol 4 330 330 330 0
L13Ax(D10) POPC/POPE 4 331 330 329 1
DOPG 4 326 325 326 1

DOPS 5.5 324 324 324 0

DOPC 4 324 324 323 1

POPC 4 326 326 325 1

KK POPC/40%chol 4 327 326 327 1
LiA«(D10) POPC/POPE 4 327 330 327 3
DOPG 4 324 322 324 2

DOPS 5.5 321 321 321 0

DOPC 4 327.5 335.8 324 8

POPC 4 328 334 327 7

KK POPC/40%chol 4 331 345 327 18
LoA¢(D10) POPC/POPE 4 331 338 324 14
DOPG 4 325 326 325 1

DOPS 5.5 321 323 321 2

DOPC 4 335 336 332 4

POPC 4 334 338 333 5

KK POPC/40%chol 4 353 355 353 2
L:A4(D10) POPC/POPE 4 346 343 341 2
DOPG 4 329 329.5 328 1.5

DOPS 5.5 325 327 324 3

DOPC 5.5 335 348 325 23

kK[ DOPC 9 335 348 325 23

12 DOPS 5.5 322 326 322 4

DOPS 9 322 325 322 3

DOPC 5.5 326 327 326 1

Kitp DOPC 9 326 325 324 1

12 DOPS 5.5 324 325 323 2

DOPS 9 324 325 323 2
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DOPC 5.5 326 329 327 2
ity DOPC 9 327 328 326 2

12 DOPS 5.5 324 326 324 2

DOPS 9 327 328 327 1

DOPC 5.5 335 336 333 3

KKL,A 5 DOPG 5.5 332 333 331 2
DOPS 5.5 325 327 325 2

KK A e DOPC 5.5 357 357 356 1
DOPS 5.5 327 336 325 11

KK o DOPC 5.5 360 360 360 0
18 DOPS 5.5 327 335 325 10

RR DOPC 5.5 356 359 356 3

18 DOPS 5.5 327 333 325 8

KK 5 DOPC 5.5 358 358 359 1

2 DOPS 5.5 334 335 334 1
KKKK DOPC 4 331 340 327 13
LiA«(D10) DOPG 4 323 322 323 1
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Table 3.4. Comparison of Amax and Q-ratio values for peptides incorporated into lipid
vesicles at various pH. Samples contained 2 uM peptide and 200 uM lipid. The sample
buffer used at pH 7 was PBS. Average values from data from three samples are shown.
The Amax values for individual samples generally differed from the average by no more
than £1 nm.

Peptide pH Lipid Amax | Almax Q-ratio
(nm) | (nm)

KK 3.8 DOPG 324 1.7 0.173+0.03
pL1A4D10) 5.5 DOPG 324 2 0.208+0.03
KK 3.8 DOPG 329 1.8 0.616+0.3
pL7As(D10) DOPG 331 2 0.574+0.18
7 DOPC 332 22 1.097+0.18
KKpLy, 7 DOPG 328 1 0.683+0.33
7 DOPS 325 1.5 0.152+0.03
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Table 3.5. Q-ratio and Amax values for peptides with medium-to-long hydrophobic

segments. Q-ratio is defined in Materials and Methods. nd = not determined. Q-ratio and
Amax values shown are the average from three samples. Standard deviation is shown for
the Q-ratio. The Amax values for individual samples generally differed from the average

by no more than +1 nm.

peptide DOPC DOPS DOPG POPC/40%chol
Q-ratio Amax | Q-ratio Amax | Q-ratio Amax | Q-ratio Amax

KKpA 5 36.743 | 358 | 0.387+0.09 | 327 nd nd nd nd

RRpA1g | 5.63+1.6 | 356 | 0.135+0.03 | 327 nd nd nd nd

KEpL,Ag | 10£1 357 | 0.143+0.05 | 327 nd nd nd nd

KKpAy, | 36.9+5 | 360 | 0.785+0.13 | 334 nd nd nd nd
KKpL4Ag | 0.933+31 | 335 | 0.254+0.05 | 325 | 0.718+0.16 | 332 | 1.94+0.91 | 349
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Table 3.6. Helix content of membrane-associated peptides in different lipids as
determined by circular dichroism. Samples contained 5 or 10 uM peptide in vesicles
composed of 500 uM lipid. The remainder of the secondary structure was largely
unordered.

Peptide Lipid Peptide:Lipid | pH | % Helix
Ratio (mol:mol) Content
**pL,Ag(D10) DOPC 1:50 4 65
DOPC 1.50 9 68
POPC/40%Chol 1:50 4 58
POPC/POPE 1:50 4 67
DOPG 1.50 4 68
DOPG 1:50 55| 69
DOPS 1:50 55 90
SEpL13AL(D10) DOPC 1.50 4 71
DOPC 1:50 9 74
POPC/40%Chol 1:50 4 66
POPC/POPE 1.50 4 68
DOPG 1:50 4 70
DOPS 1:50 55| 85
DOPC 1:100 4 68
DOPS 1:100 55| 80
S pLoAg(D10) DOPC 1:50 4 73
DOPC 1.50 9 74
DOPS 1:50 55| 89
DOPC 1:100 4 70
DOPS 1:100 55| 94
KKoL11A4(D10) DOPC 1:50 4 78
DOPC 1:50 9 72
EpL4A g DOPC 1:50 4 60
POPC/40%Chol 1:50 4 61
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DOPG 1:50 4 67
DOPS 1:50 55| 83

DOPC 1:100 4 63

DOPS 1:100 4 86

KKpA g DOPC 1:50 4 71
DOPS 1.50 551 79

A, DOPC 1:50 4 65
DOPS 1:50 55| 85

SR OL11AL(D10) DOPC 1.50 4 67
DOPG 1:50 4 65

L2 DOPC 1:50 55| 76
DOPS 1:50 55 90

DOPC 1:100 55| 80

DOPS 1:100 55 90
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Figure 3.1. At physiological pH (7.4) DOPC, POPC and POPE headgroups are
zwitterionic hence carries no net charge. On the contrary, DOPG and DOPS headgroup
have net -1 charge at physiological pH.
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Figure 3.2: Trp emission Amax of peptides incorporated into lipid vesicles composed of
di-unsaturated phosphatidylcholines with various acyl chain lengths. The vesicles were
prepared at pH 3.8 (+) or 8.5 (A), values below and above the pKa of Asp residue,
respectively. Samples in this and subsequent figures contained 2uM peptide and vesicles
contained 200uM lipid unless otherwise noted. (A) KKpL15(D10). (B) KKlegAz(DIO). ©)
KKpL11A4(D10). (D) *“pLoA(D10). (E) ““pL;Ag(D10). In the case of ““pL;Ag(D10)
only the pH 3.8 curve is shown, as at pH 8.5 the peptide is not membrane bound and its
Amax is off scale (350 —355 nm). The Amax values reported are average from at least
three samples, and values for individual samples usually differ from the average value by
no more than £1 nm.
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Figure 3.3: Effect of lipid structure upon the stability of TM state measured by Amax and
quenching ratio for peptides incorporated into lipid vesicles without net charge. (A)
Amax. (B) Q-ratio. All samples were prepared at pH 4. POPC/POPE mol ratio is 1:1
and POPC/cholesterol mol ratio is 3:2. In panel B, the off-scale values are: for
POPC/POPE vesicles 5.2 + 2.4, for POPC/cholesterol vesicles 5.74 + 1.8 and the
standard deviation for POPC is + 0.4. The Amax values and Q-ratio reported are average
from at least three samples. Standard deviations for Q-ratios are shown and the Amax
values in individual samples generally within +1 nm of the average values.
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Figure 3.4: Apparent Asp pKa of peptides in (A) Lipid vesicles with no net charge. (B)
Lipid vesicles composed anionic lipids. (pKa values for DOPC vesicles are also shown
in B. for purposes of comparison.) pKa values were estimated from the change in the

ratio of fluorescence emission intensity at 330 nm to that at 350 nm as pH was increased
in samples containing a 1:100 peptide:lipid mole ratio. Values shown are the average

pKa from duplicates and their range. The pKa values have not been corrected for the
difference in the quantum yield of Trp fluorescence when the peptide Asp is in the

1onized and unionized states.
by more than £0.2 units.

Correcting for this variable does not shift pKa measured
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Figure 3.5: Effect of lipid structure upon the stability of TM state measured by Amax and
Q-ratio for peptides incorporated into anionic lipid vesicles. Values for the zwitterionic
lipid DOPC are shown for comparison. (A) Amax. (B) Q-ratio. Samples were prepared
at pH 4 except for those containing DOPS vesicles, which were prepared at pH 5.5 to
maintain anionic charge on the PS headgroup. The results shown are for the average from
three samples. Standard deviations are shown for Q-ratios. Amax values in individual
samples were generally within £1 nm of the average value.
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Figure 3.6: Q-ratio and Amax for peptides with short hydrophobic sequences ““pLi5,
HHlez, KH5L1, are shown when they are incorporated into vesicles composed of DOPC
(open bars) or DOPS (filled bars) at pH 5.5 and pH 9.0. The results shown are for the
average from three samples. Standard deviations are shown for Q-ratios. Amax values in
individual samples were generally within +1 nm of the average value.
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Figure 3.7: Comparison of Q-ratio for peptides with different lengths and varying
flanking residues in 30mol%DOPS/70mol%DOPC vesicles to that in pure DOPC or pure
DOPS vesicles. Samples containing DOPS were prepared at pH 5.5; those containing
only DOPC were prepared at pH 4.0. The results shown are for the average from three
samples. Values shown are average from at least three samples and standard deviation.
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emission Amax at pH 4.0. The results shown are for the average from two samples. Amax
values in individual samples were generally within +1 nm of the average value.
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Figure 3.9: Schematic illustration of the proposed difference in peptide topography in
DOPG and DOPS-containing vesicles. (A) Effect of anionic lipid on membrane
association and topographical equilibria. Notice that anionic lipid enhances both binding
of polypeptides to membrane and the formation of the TM topography when the
polypeptide is membrane-bound. (B) Difference between topography in DOPG and
DOPS vesicles. Trp location is indicated by the “W”. The hydrophobic core of the
peptide is shown by light gray shading and the hydrophilic flanking segments by dark
gray shading. Helical sequences are indicated by thick rectangular regions and
disordered sequences by thin rectangular regions. In addition to the topographical
difference illustrated here may be a lesser degree of formation of the TM topography in

the presence of DOPG-containing vesicles.
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Chapter 4

Transverse Shift and Anionic Lipid
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INTRODUCTION

Transmembrane segment of membrane proteins are usually thought of as a fixed
stretch of 20-25 hydrophobic amino acid residues. However, with the advancement in our
knowledge of membrane protein structure it is evident that the membrane-buried residues
can be flexible and diverse. Studies conducted in our lab using both artificial helices **
*%and TM segment of polio virus 3A protein *'showed that a TM helix can sometimes
exist in two positions with different membrane boundaries, as shown in figure 4.1. This
type of transverse shift can result in a significant movement of TM helix position. The
presence of a highly hydrophilic residue within a poly-Leu-Ala hydrophobic sequence
has been shown to shift the position of a TM helix up to 6A *’so that the hydrophilic

residue can locate at or near the bilayer surface.

The notion that changes in TM helix tranverse position might control protein
function was proposed long time ago'**and there are several examples where a shift in
helix position plays an important role in protein function. In the case of bacterial
chemoreceptor it is well documented that vertical movement of TM helix can control the
signaling state of the receptor” " 77 Similarly, in integrins, transmembrane signaling is
modulated by the transverse movement of the TM helix within the membrane’® '*. Helix

shift is also functionally important for fibroblast growth factor receptor 3 (FGFR3)".

Anionic lipids, an integral part of biological membranes, are often found to be
involved in a wide range of biological phenomenan including membrane protein insertion

6:146:1473nd hormone or toxin penetration'*® '’ It is well documented

and translocation
that electrostatic interactions with charged membrane promote insertion and or transport
of membrane proteins with cationic residues or polybasic clusters’" °* ** 1% Although
most biomembranes are known to contain ~ 20% anionic lipids in inner leaflet recent
study in intact cell have noted that the distribution of phosphatidylserine (PS) within the
cellular organelles can vary '°"* '*2. This uneven distribution of surface charge potential
can influence how proteins are targeted and retained in sub cellular compartments. So,

interactions with lipids have a key role in stabilizing the structure of membrane protein

within their lipid bilayer environment.
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Von Heijne and colleagues first reported that hydrophilic residues within the
hydrophobic helices can change the position of the TM helix within the membrane using
glyscosylation mapping ** %" ***_Our lab extended such studies in lipid bilayer system,
and measured helix transverse shift for the whole series of hydrophilic residues using
membrane inserted peptides with a KKLALAXALALAWLALALALALAKK sequence
(X is the hydrophilic residue). The shift was found to be dependant on the identity of the
hydrophilic residue. The extent of shift induced by hydrophilic residue at pH 7 in
increasing order: L<G~Y<T<R~H<S<P<K<Q~E<N<D *°. The order correlated nicely
with a combination of amino acid hydrophobicity and the ability to snorkel. In previous
chapter I have reported that anionic lipid can stabilize the non-TM topography of
borderline hydrophobic sequences through an interaction between helix flanking cationic
residues and the anionic lipid head group. In this chapter, studies were done to investigate
whether the same type of head group specific interaction will exert any effect upon the

TM sequences that would have a tendency to form a shifted TM state.
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RESULTS
Defining the Topography of Membrane-Inserted Hydrophobic Helices Using
Fluorescence Emission Amax, Fluorescence Quenching and Bilayer width

To define the topography, fluorescence properties of a trp residue located at the
center of the hydrophobic sequence was used as a prob ** >, Trp is sensitive to the
polarity of the local environment. When a helical sequence form a TM structure it is
accompanied by blue-shifted trp emission Amax (320-325nm) and when a sequence
adopts a non-TM surface bound topography the trp experiences a more polar environment

resulting in a strong red shifted trp Amax (335-345nm)°% %

. Intermediate values of trp
Amax are indicative of a mixed population of TM and non-TM topography or a shifted-
TM state wherein only a part of hydrophobic sequence is form the spanning segment such

that a polar residue can locate close to the bilayer surface (Figure 4.1)°% *°.

Interpretation of Amax results can be complemented with a more direct
measurement of trp depth. To do this a dual fluorescence quenching method*® developed
in our lab was used to determine the trp depth within the bilayer. This method uses two
quenchers of trp fluorescence: 10-doxylnonadecane (10-DN), a membrane inserted
quencher which preferentially quenches the fluorescence of membrane-buried trp, and
acrylamide, a water soluble quencher mainly quenches the fluorescence of aqueous
solution exposed trp. The ratio of acrylamide quenching to 10-DN quenching (Q ratio)
correlates linearly with the trp depth in the bilayer. Low Q ratio (<0.1-0.2) is a
characteristic of trp near or close to bilayer center while a high Q ratio (> 1) indicate a trp
location near the bilayer surface™. An intermediate value for Q ratio is observed for
peptides adopting a mixed orientation with shallow and deep trp depth, or for peptide
adopting a shifted TM conformation.

Changing bilayer width to induce hydrophobic mismatch between lipid bilayer
and helix length is another method to define the TM topography of membrane inserted
helices. For a trp located at the center of a hydrophobic sequence, trp fluorescence is
generally most blue shifted when trp is at the center of the widest bilayer in which the

46; 55; 74

TM configuration is stable . For this reason, the bilayer width at which the trp
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fluorescence is most blue shifted can distinguish short, medium and long TM helices
(Figure 4.2). Trp emission red shifts in wider bilayers due to negative mismatch-induced
destabilization of the TM state, and formation of a significant amount of a non-TM state
30:7 Emission also red shifts in very thin bilayers, partly due to positive mismatch >
This positive mismatch induced red shift arises because in thinner bilayer trp is closer to
the bilayer surface since the distance between bilayer center and the surface is reduced as
bilayer width decreases (Figure 4.3). Also, in thinner bilayer the helix tends to tilt to
minimize exposure to aqueous solution and it has been proposed that this promotes
oligomerization. In an oligomeric state a trp may be shielded from the apolar membrane

environment thus giving a red shifted Amax *"+*%.

Behavior of Shifted-TM Hydrophobic Helices in Anionic Lipid Containing Vesicles:
Investigated by Bilayer width variation and Trp depth

The peptide used in this study consisted of a 25 residue long poly-Leu-Ala
sequence with a 21-residue hydrophobic core containing a trp at the center of the
sequence and a single variable (X) residue located 5 residues away from the N-terminal
end of the hydrophobic sequence (Table 4.1). All the sequences were flanked by two JM
lysine residues on both N and C-terminus. These sequences were originally studied
by a former student in our lab to study how different hydrophilic residues can control
transverse position of transmembrane helices *°. Peptides with
X=L, R,Q,Y,E were selected by me because they represented the transverse shifting
tendency of different types of hydrophilic residues. In order to study the effect of bilayer
width upon the helix topography, lipids with different acyl chain length were needed.
Since, anionic lipids (PG/PS) with different acyl chain lengths are not available
commercially, 20mol% of readily available 18 carbon anionic lipids were combined with
mono-unsaturated phosphatidylcholine (PC) of different chain lengths to get negatively
charged vesicles with different bilayer widths. Resulting bilayer thickness should be the
average of two types of lipid chain lengths (Table 4.2).
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pLA;y (X=L) peptide

As mentioned in earlier in this chapter, the change in the trp emission Amax as a
function of lipid bilayer thickness can tell us about the length of the membrane spanning
segment of the peptide. A decrease in length of the membrane spanning sequence, due to
helix shift, can easily be detected because TM state of a short helix gets destabilized
(causes Amax red shifts) in much thinner bilayer than for longer helices as shown in
figure 4.2°°. To see lipid effects helix shift peptides were incorporated into both
uncharged bilayers composed of phosphatidylcholine (PC) lipids and partially charged
bilayers containing (80:20) mol:mol zwitterionic lipid and anionic lipid. Figure 4.4
compares the effect of bilayer width on the trp emission Amax (A) and trp depth (B) in
these two types of bilayer for the “parental” poly-Leu-Ala peptide sequence (X=L) at pH
7.0. The Amax profile for this peptide (Figure 4.4A) shows that the “effective TM length”
is longer in anionic lipid containing vesicles. “Effective TM length” is defined as the
bilayer width (in acyl chain length units) at which trp fluorescence is most blue shifted
because there is a close match between the bilayer thickness and length of the
hydrophobic sequence®. In uncharged bilayers (dotted line) the minimum is about 19.5
carbons (shown by an arrow) and the minimum goes up to 20.5-21 carbons (arrow) in
20% DOPS or 20% DOPG containing bilayers (solid lines). This increase in effective TM
length combined with the blue shifted Amax in thicker bilayer indicates that TM
conformation is stabilized by anionic lipids. A smaller quenching ratio (Q ratio) in 20%
anionic lipid containing vesicle compare to 100%DOPC vesicle (Figure 4.4B) confirms
the observation of enhanced TM stability in wider bilayers. This could be due better
anchoring of the poly-Leu-ala sequence in negatively charged vesicles (Figure 4.9 and
discussion) because both the Amax and Q ratio values confirm that pLA | is in fully TM

state in both types of bilayers.

pLAQ;Peptide (X=0)

Peptide containing glutamine (Q) residue shows a large shift in the helix position
when incorporated into uncharged vesicles as judged by the shortening of the effective
TM length to about 17 carbons (+, Figure 4.5A) compared to the parental pLA sequence

(+, Figure 4.4A). This is consistent with the hydrophilic nature of the glutamine residue
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which gives it a strong tendency to locate near the membrane surface. The TM
topography starts to become destabilized in much thinner bilayer than X=L peptide which
is also consistent with the behavior of short TM sequences (+,Figure 4.4A, Figure
4.5A)°*. However, the TM stability increases when the peptide is incorporated into 20%
anionic lipid containing vesicle as seen from both the change in Amax profile (solid lines,

Figure 4.5A) and smaller Q ratio (Figure 4.5B).

PLAR;Peptide (X=R)

Arginine is a charged residue and has a long side chain which can snorkel '®so
this sequence does not shift as much as Q showing an effective TM length of 18 carbons
in uncharged bilayers(Figure 4.6A, +). There is 1 carbon increase in the Amax minimum
(indicated by arrow in Figure 4.6A) in 20% anionic lipid containing vesicles relative to
all PC vesicles indicating TM stabilization. Trp depth is also deeper in negatively charged

bilayer and it seems deepest in 20%PS containing vesicles (Figure 4.6B).

PpLAE;Peptide (X=E)

Glutamate is an ionizable residue and it also induces a large helix shift in
uncharged bilayers at pH 7.0 (effective TM length is 17 carbons, +,Figure 4.7A). As
observed for other sequences in this chapter, effective TM length increases in the
presence of anionic lipid to about 18.5 carbon atoms (arrow Figure 4.7A) showing that
shifted TM structure is suppressed in preference to a normal TM topography when the
peptide is incorporated into anionic lipid containing vesicles. This is evident from both
Amax result (Figure 4.6A) and trp fluorescence quenching (Figure 4.7B). It has been
shown that E is partially charged at pH 7.0°but pKa of E might be different in anionic
lipid containing vesicles as observed in chapter 3. Amax result at pH 9.0 still showed an
increase in effective TM length in the presence of anionic lipids but not as much as pH
7.0. This indicate that pKa of E is probably slightly higher in 20% anionic lipid

containing vesicles than PC vesicles.
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LAY,Peptide (X=Y)

Finally, the effect of tyrosine residue, which is known to prefer the bilayer
interfacial region, was tested. It does not induce much transverse helix shift in uncharged
bilayers (effective TM length is 19 carbon atoms). The Amax profile (dotted line Figure
4.8A) is actually not much different from the parental X=L sequence (Figure 4.4A). Both
had had long effective TM length (18.5-19 carbon atoms). Again there is TM length
increase by 1 carbon atom indicating stabilization of TM state in the presence of

negatively charged lipids (Figure 4.8).

Characterizing TM topography using quencher induced Amax shift (A1 Amax)

Shifted TM structures mostly exist in equilibrium with other TM conformations
so quencher induced shift in Trp Amax is another parameter for defining the TM
topography. When a membrane-inserted peptide forms coexisting deep and shallow
structures, its Trp emission Amax would be the average of blue and red shifted spectra
resulting from the deep and shallow conformation respectively. If that’s the case
acrylamide preferentially quenches the shallow Trp which give rise to a blue shift. On the
other hand, 10-DN quenches the deep Trp resulting in a red shifted Amax. The difference
in Amax (AAmax) in the presence of acrylamide and 10-DN can be up to 15 nm”. But for
a homogeneous population with an intermediate trp depth the difference in Amax is very
small. Table 4.3 showed that the AAmax values for X= Q,E and R containing peptides in
DOPS vesicles is very small (~1nm) compare to the DOPC (4.3-5.7 nm) vesicles
indicating the existence of a single species and a mixed species in charged bilayers and
uncharged bilayers respectively. For more hydrophobic sequences like, X=L and X=Y,
the Admax values were small regardless of the nature of the lipid bilayers. These
observations indicate that strong electrostatic interaction between the flanking cationic
residues and anionic lipid headgroup can stabilizes the TM conformation in preference to

the shifted-TM topography.
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DISCUSSION
Better anchoring of TM sequences having cationic JM residues in negatively charged
lipid vesicles

All these peptide sequences are flanked by two positively charged JM Lys
residues at each ends. This was designed originally to prevent peptide aggregation. In
previous chapter I have reported that anionic lipid was able to preferentially stabilize the
TM structure of hydrophobic helices relative to the surface bound non-TM structure
through an interaction between the JM cationic residues and negatively charged lipid
headgroup. This electrostatic interaction reduced the free energy of the TM state hence
making it more stable. Interaction between the flanking residues and anionic lipid
headgroup can also anchor the existing TM topography within the membrane. For
instance, increased TM stability of the pLA sequence in anionic lipid containing bilayer
can be explained by the better anchoring of the flanking Lys residues to the charged
bilayer. This is not uncommon. It has been proposed that TM sequences containing
moderately hydrophobic core (alternating Leu and Ala residues) can not anchor very
strongly in neutral PC bilayers such that the TM state is not strongly fixed in its
position™®. It is evident that small amount of negative charge in the bilayer can anchor
these type TM helices to the bilayer (Figure 4.9). Increased TM stability in case of pLA
and pLAY?7 in the presence of anionic lipid is probably due to the anchoring of the
flanking Lys residues since these helices form a normal TM structure in uncharged

bilayers.

Hydrophobic helices resist negative mismatch in the presence of anionic lipid

It is interesting to notice from the Amax curves of the hydrophobic sequences in
this study that in the (dotted lines) uncharged bilayers and charged bilayers (solid lines)
there is a large difference toward the right side of the plot accompanying the increase in
bilayer thickness. This difference is more dramatic for the shifted sequences that have a
shorter TM length. When the bilayer lipid acyl chain length is longer than the length of
the TM segment negative mismatch occurs. Under moderate negative mismatch the TM

sequence can oligomerize to prevent exposure of the hydrophobic sequence of the peptide
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or equilibrate between surface and TM conformation resulting in a red shifted Amax. In
case of extreme negative mismatch the peptide pops up to the surface giving a strongly
red shifted Amax. For instance, 22 carbons represent the widest bilayer in this study and
Trp Amax was most red in this bilayer. But Amax curves representing anionic lipid
containing bilayer do not go up as much as the PC bilayer. There is evidence that
flanking Lys residues form a continuation of the transmembrane helix and this may
facilitate favorable electrostatic interaction with the negatively charged lipid headgroups
97,153

. This is probably the reason the hydrophobic helices are able to maintain stable TM

conformation under negative mismatch condition in the presence of negative lipid.

Difference between PG and PS

In previous chapter, I reported a marked difference between DOPG and DOPS
lipid in terms of their ability to stabilize the TM conformation of hydrophobic helices
relative to the non-TM conformation. However, for those studies I used 100% anionic
lipid bilayer while in this study I used 20% anionic lipid containing bilayer. May be the
difference between PG and PS is not easily detectable with this smaller amount of anionic
lipid. Nevertheless, in some cases, such as, with X=R and X=E there was a difference
between PG and PS containing vesicles in terms of quenching ratio and Amax in vesicles
with 19 carbon atoms long acyl chains. The same difference in PG and PS behavior seen
in chapter 3 can be applied here as well. DOPS probably has a larger effect on anchoring
of the sequences to the membrane than the DOPG.
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Table 4.1. List of hydrophobic peptides used in this study.

Peptide Primary Sequence

pLAo Acetyl- KKLALALALALAWLALALALALAKK-amide
pLAY; Acetyl-KKLALAYALALAWLALALALALAKK-amide
pLAQ, Acetyl-KKLALAQALALAWLALALALALAKK-amide
pLAR; Acetyl- KKLALARALALAWLALALALALAKK-amide
pLAE; Acetyl- KKLALAEALALAWLALALALALAKK-amide
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Table 4.2 : The average lipid acyl chain length resulting from 80:20 mixture of PC and
DOPS lipids. All the lipids used in this study contain monounsaturated acyl chains so that
the bilayer remains in the fluid Ld state at room temperature. DNPC, a 24 carbon acyl
chain lipid has a relatively high melting temperature. To ensure its fluidity at room

temperature we made vesicles with 33% DEuPC and 66% DNPC.

Lipid Acyl chain Average acyl
length chain length
with 20% DOPS

DMoPC 14 14.8

DPoPc 16 16.4

DOPC 18 18

DIEPC 20 19.6

DEuPC 22 21.2

66%DNPC/33% 233 22.2
DEuPC
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Table 4.3: Quencher induced shift in Trp emission Amax for peptides at pH 7.0. A Amax

is the absolute difference between Amax in the presence of acrylamide and Amax in the

presence of 10-DN. The A Amax values for hydrophilic residues in DOPC and DOPS

vesicles are highlighted for comparison.

Peptide DOPC (80:20) DOPC/20%DOPG | (80:20) DOPC/20%DOPS
Amax(nm) | A Amax(nm) | Amax(nm) | A Amax(nm) | Amax(nm) | A Amax(nm)
pLAjo 325 1.4 324 2.7 323 1
pLAY, 321 1.4 322 7 320 1
pLAQ; 327.5 4.8 324 2 323 0.6
pLAR; 324 5.7 322 i 320 1
pLAE; 326 4.3 324 2.7 322 1
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Figure 4.1: Helix transverse shift induced by a hydrophilic residue X. Shaded rectangles

represent the helix and bold lines attached to the helix represent the juxtamembrane Lys

residues. The dotted line signifies the lipid bilayer center.
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Figure 4.2: Effect of bilayers width upon the Trp emission Amax. Trp Amax dependence
on lipid bilayers width can be used to determine the topography of peptides.
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Figure 4.3: Schematic figures depicting the conformations of a long TM sequence and a

short TM sequence in different bilayers thickness. The grey rectangle shows a normal

TM helix (pLA) and grey rectangle with X represents a shortened TM helix as result of

hydrophilic residue X (e.g. pPLAX>).
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Figure 4.4: Effect of 20mol% anionic lipid upon the conformation of pLA peptide at pH
7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. (+) shows
(80:20) mixtures of different length PC and DOPC. (O) shows (80:20) mixtures of
different length PC and DOPG. (A) shows (80:20) mixtures of different length PC and
DOPS. Arrow shows effective TM lengths in different lipid mixtures. (B) Trp
fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM peptide

incorporated into 500 uM lipid vesicles suspended in PBS buffer.
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Figure 4.5: Effect of 20mol% anionic lipid upon the conformation of pLAQ7 peptide at
pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. (+)
shows (80:20) mixtures of different length PC and DOPC. (O) shows (80:20) mixtures of
different length PC and DOPG. (A) shows (80:20) mixtures of different length PC and
DOPS. Arrow shows effective TM lengths in different lipid mixtures. (B) Trp
fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM peptide

incorporated into 500 uM lipid vesicles suspended in PBS buffer.
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Figure 4.6: Effect of 20mol% anionic lipid upon the conformation of pLAR; peptide at
pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. (+)
shows (80:20) mixtures of different length PC and DOPC. (O) shows (80:20) mixtures of
different length PC and DOPG. (A) shows (80:20) mixtures of different length PC and
DOPS. Arrow shows effective TM lengths in different lipid mixtures. (B) Trp
fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM peptide

incorporated into 500 uM lipid vesicles suspended in PBS buffer.
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Figure 4.7: Effect of 20mol% anionic lipid upon the conformation of pLAE; peptide at
pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. (+)
shows (80:20) mixtures of different length PC and DOPC. (O) shows (80:20) mixtures of
different length PC and DOPG. (A) shows (80:20) mixtures of different length PC and
DOPS. Arrow shows effective TM lengths in different lipid mixtures. (B) Trp
fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM peptide

incorporated into 500 uM lipid vesicles suspended in PBS buffer.
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pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. (+)
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different length PC and DOPG. (A) shows (80:20) mixtures of different length PC and
DOPS. Arrow shows effective TM lengths in different lipid mixtures. (B) Trp
fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM peptide

incorporated into 500 uM lipid vesicles suspended in PBS buffer.
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Figure 4.9: Schematic illustration of possible difference in anchoring of the TM state in
uncharged PC bilayer (left) and negatively charged lipid bilayer (right). Membrane buried
region of the TM helix is shown as grey shaded area and the dark grey area represents
juxtamembrane (JM) residues at the bilayer interface. Trp position is denoted by W. Note
the average Trp distance from the bilayer center is greater in neutral bilayer. In negatively
charged bilayer Trp position is fixed at the bilayers due to better anchoring of the TM

sequence. Distortion in lipid bilayer induced by peptide is not shown.
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Chapter 5

ErbB2 receptor TM topography and anionic lipid
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INTRODUCTION

The ErbB or epidermal growth factor receptor family is a family of four
structurally related (ErbB1-ErbB4) receptor tyrosine kinases (RTK). The RTK’s are
involved in many cellular processes including recruitment and activation of signaling

. 154;155; 156 157; 158
proteins "7 7

. Like most RTKs, ErbB receptors are composed of a single a-
helical transmembrane (TM) domain flanked by extracellular ligand-binding domain, and
an intracellular tyrosine kinase domain ** '°>'*°_ These receptors are activated through
binding of ligand to the extracellular domain. The binding induces receptor dimerization
(or dimer rearrangement) (Figure 5.1) that leads to the activation of tyrosine kinase
activity initiating an array of intracellular signaling pathways. The four receptors of the
ErbB protein family can form many homo or heterodimers and possibly higher order
oligomers in a ligand-dependant fashion, thus expanding the signaling diversity that can

be induced by a single ligandm; 159; 160; 161

Proper control and precise coordination of the ErbB receptors is important as they
regulate numerous critical biological outcomes including cellular growth and
differentiation. It is well documented that excessive ErbB signaling, arising from receptor
overexpression and or gene amplification, or by genetic alteration such as deletion and
mutation, is a hallmark of a wide variety of solid tumors. For instance, ErbB2 is

162; 163; 164 .
>0 T Moreover, mutation

overexpressed in 20-30% of metastatic breast cancer cells
of a single valine to glutamine at position 664 in the TM domain of neu, a rat homologue
of the ErbB2 receptor has been shown to overactivate the receptor turning it into an
oncogene '°; %, Studies have demonstrated that glutamic acid mutation does not change

.. 166, 167
the membrane association ~

of the TM sequence and it is not clear how glu mutation
leads to receptor activation. Earlier studies have suggested that mutation causes a
conformational change in the receptor which leads to the receptor activation'®® ', An
alternative model of receptor activation proposed increased receptor dimerization due to
inter-receptor hydrogen bond formation by the protonated carboxylic group of glutamic

. . 166; 167; 170; 171; 172
acid residue

. However, the glu mutation had very little effect on
dimerization in the human homologue of ErbB2 receptor as reported by the TOXCAT

assay ' . In addition, analysis of a range of neu proteins with mutations in TM domain
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revealed that dimerization of the oncogenic form of ErbB2 receptor through its
transmembrane domain may be important but not sufficient for its transforming
activity'"*. Further studies using both computational and experimental methods proposed
that the wild-type and mutant ErbB2 have different dimerization motifs based on the

observation that both wild type and mutant ErbB2 have different membrane orientations
175; 176

Unpublished studies from our lab using a peptide with the sequence of the ErbB2
TM domain (residues 656-680) investigated the structural consequences of the
transforming mutations (glutamic acid, glutamine, aspartic acid) '“on the ErbB2 TM
segment. Using fluorescence techniques, it was shown that V664E mutation induced a
transverse shift in the TM topography such that the E residue located closer to the bilayer
surface, thereby shortening the membrane spanning segment from 24 residues observed
for WT-ErbB2 to 17 residues in V664E mutant sequence (Figure 5.2). Other hydrophilic
mutations (Q and D) at position 664 also altered the TM helix boundary. It was reported
that while hydrophilic mutations like E664, Q664 and to a lesser degree D664 could
activate the receptor, other mutations like G664, H664 and K664 had no transforming
ability'®. Thus, he transforming ability of these hydrophilic residues might be related to
their helix shifting tendency. It is possible that the altered TM topography (e.g. a shifted-
TM position) in the mutant ErbB2 can result in a rearrangement of the pre-existing

dimers which can lead to receptor activation.

The intracellular juxtamembrane domain (JM), located between the
transmembrane domain and the kinase domains, also has been suggested to play a vital
role in receptor regulation and signaling specificity by protein kinase C and MAP

. 177; 178; 179; 180
kinase!”” 178 17%:

. When expressed in mammalian cell, a JM deletion mutant (AJM)in
the ErbB intracellular domain failed to dimerize and autophosphorylate, indicating that
JM domain is require for proper dimerization of the receptor'** ' The JM domain

contains an abundance of positively charged basic amino acid residues in its N-terminal
region and this is highly conserved feature among the ErbB family (Table 5.1)'7% '8! 1t

has been suggested that binding of the positively charged JM region to the membrane can
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modulate signaling between the ligand binding domain and kinase domain'”” '** A recent
report by McLaughlin et al showed that peptide corresponding to JM region bind strongly
to acidic lipid containing membrane and they proposed an electrostatic engine model for
ErbB receptor activation'®' They postulated that the flexible JM and kinase domains bind
electrostatically to the membrane surface preventing the kinase domains from close
contact with each other. Ligand induced dimerization causes partial trans
autophophorylation of ErbB leading to an increase in intracellular Ca2+ concentration
which can activate calmodulin and the Ca2+/calmodulin complex then binds to JM region
reversing its net charge and triggering the release of JM and kinase domains from

membrane further facilitating the kinase domain dimerization. '*"* ',

Thus, it is important to understand the structural consequence of the interaction
between the JM residues and membranes. We speculate that this interaction may be

influenced by the transverse shift of the ErtbB2 TM domain.

Goals of my studies in this chapter are as follows:

1. To define the effect of non-oncogenic hydrophilic mutations (Gly, His, Lys) at
position 664 upon ErbB2 TM topography.

il. To define how interaction between the juxtamembrane residues and anionic
lipid membrane surface affects the topography of ErbB2-wt and ErbB2-
mutant TM sequences.

iii. To define the relationship between JM-membrane interface and the helix shift.
As noted above, a Gln (Q) at position 664 which is closer to the N-terminus of
the ErbB2 TM sequence than the C-terminus induces a significant transverse
shift in helix position. We investigated the helix shifting behavior of a Q
placed at an analogous position near the C terminus. Since C terminus (unlike
the N-terminus) contains the positively charged JM region, we wanted to
determine if a Q-induced vertical shift in helix position toward the C terminus

would be prevented in the presence of anionic lipid.
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RESULTS
Topographical studies of membrane inserted ErbB2 V664X (X=hydrophilic residue)
mutant peptides using fluorescence spectroscopy

To study the effect of a hydrophilic mutation at position 664 of the ErbB2
receptor, peptide sequences containing the TM domain of the rat homologue of ErbB2
receptor with a single Trp substitution at position 671 as fluorescent probe and with or
without (WT) the hydrophilic mutation at position 664 were obtained. The general
sequence was: Acetyl-

9 AEQRASPVTFIATVX**GVLLFLWLVVVVGILIKRRRKYK®* —amide

(membrane spanning segment is underlined). Fluorescence properties of the trp located
within the hydrophobic sequence were employed to study the topographical behavior of
these peptide sequences ****. Previously, the behavior of ErbB2 WT (X=V) and ErbB2
containing the transforming mutants (X=E,D,and Q) was studied in our lab (Shyam
Krishnakumar unpublished result). To complete the story ErbB2 sequences with non-
transforming hydrophilic mutations (X= G,H,K) were studied. First, the effect of bilayer
width upon the trp emission Amax was used to define the conformation of the peptides in
lipid bilayer. It has been shown that trp Amax is most blue shifted when there is a
hydrophobic match between the lipid bilayer thickness and the length of the TM
sequence %™ Trp emission Amax red shifts as result of hydrophobic mismatch in
thinner and thicker bilayer. As a result, the shape of the trp Amax vs. lipid acyl chain
length curve aids topography characterization and helps define the length of a TM

segment (Figure 4.2).

Figure 5.3 shows Amax behavior of neuw/ErbB2 WT and ErbB2 mutant peptides at
pH 7.0. Results for WT, V664E, V664D and V664Q peptides from previous studies
(Shyam Krishnakumar) were included in this figure for comparison purpose. New
mutations introduced at position 664 of ErbB2 TM domain are: His, Lys and Gly.
Replacing V at position 664 with G (V664G) gave a similar pattern of Amax vs. bilayer
width curve as the WT sequence with a very blue shifted emission in DEuPC bilayers (22
carbon atoms acyl chain). This behavior is consistent with the putative TM segment of 23

hydrophobic residues of the ErbB2 TM segment spanning the lipid bilayer. The V664H
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peptide shifted the Amax minimum to a thinner bilayer width (16 carbon atoms) similar to
the other hydrophilic mutations V664E and V664D. This is characteristics behavior of a
short TM helix where the hydrophilic residue forms the boundary of the inserted portion
of the helix shortening the membrane spanning segment. These short TM helices are
destabilized in wider lipid bilayer more easily as seen by the steep shape of the curve
toward the right side of the plot (Figure 5.3). An intermediate pattern between that of
V664H and V664G was observed for V664K peptide with Amax minimum in medium
length bilayer (DOPC, 18 carbons chain).

In addition, the conformation of these peptides was studied by dual quenching
method that measures the trp depth in the bilayer®’. Two trp fluorescence quenchers are
used in this method. One is10-doxylnonadecane (10-DN) is a membrane inserted
quencher that preferentially quenches the fluorescence of membrane-buried trp and the
other is acrylamide a water soluble quencher that mainly quenches the fluorescence of
exposed trp. The ratio of acrylamide quenching to 10-DN quenching (Q ratio) responds
linearly to the trp depth in the bilayer. A low Q ratio (<.1-.2) is characteristic of trp near
or close to bilayer center while a high Q ratio (> 1) indicate a trp location near the bilayer
surface. And an intermediate value for Q ratio is observed for peptides adopting a mixed
orientation with shallow and deep trp depths, or for peptides adopting a shifted TM

conformation with an intermediate trp depth™®.

The topological behavior of the ErbB2 mutant peptides observed in the different
bilayer width study was confirmed by dual quenching assay (Figure 5.4). In this figure trp
depth in both medium bilayer DOPC (18:1 carbon acyl chain) and wider bilayer DEuPC
(22:1 carbon acyl chain) at pH 7.0 were reported for ErbB2 sequences. Again, quenching
results for V664E, V664D and V664Q (unpublished study by Shyam Krishnakumar)
were included in this figure so we could compare the results for all the hydrophilic
mutations. The V664G non-oncogenic mutation had similar quenching result as WT
ErbB2 which agrees with the Amax result in different bilayer widths. Both peptides had
lower Q ratio in wider bilayers (striped bar) indicating a deep trp location in the wider

bilayer and consistent with a long membrane spanning TM segment. All the hydrophilic

&9



mutations except G had a shallower trp location in the wider bilayer (striped bar) and
deeper trp location in medium width bilayer (solid bar). This pattern indicates a shorter
TM length for sequences with D,H,K,Q,E residues than for the WT (V) and G containing
peptides. This observation agrees with the Amax value in medium width bilayer (18

carbon chain) and wider bilayer (22 carbon chain).

Also, it should be noted that trp location in shorter shifted helices are different
than the longer WT sequence. The trp671 location within the hydrophobic sequence is
closer to the center of the DOPC bilayer for shifted sequences (residues 666-680) where
the hydrophilic residues form the membrane boundary. But in the entire hydrophobic
sequence (residues 656-680) trp is located off center within the sequence (Figure 5.5B).
Originally trp was placed at position 669 which is at the center of the ErbB2 WT
sequence. But as shown in figure 5.5A, trp 669 was near the bilayer surface when the
peptide formed shifted conformation (as in ErbB2 mutants) making it difficult to
distinguish between shifted-TM and non-TM conformation. Moving the trp position to
669 solved this problem. In 671 position, event though WT sequence formed a stable TM
conformation in the DOPC vesicles (which may be tilted to minimize mismatch) the trp
experiences a polar environment due to its nearness to the bilayer surface. Nevertheless,
information regarding the length of the membrane spanning segment can be obtained
from the relative difference in Q ratio between the 18 carbon acyl chain bilayer (DOPC)

and 22 carbon acyl chain bilayer (DEuPC) .

Since H is an ionizable residue, the behavior of V664H mutation upon the ErbB2
conformation was studied under different pH conditions. Figure 5.6 shows the effect of
bilayer width upon V664H trp Amax emission at pH 4,7, and 9. The results indicated that
at V664H formed a shorter TM segment at pH 7.0 and 9.0 than pH 4.0. The similar
pattern of Amax curve at pH 7.0 and 9.0 indicate that His is probably deprotonated at pH
7.0 (His pKa was not determined). Interestingly, the V664H sequence formed a more
stable TM structure in DOPC bilayer at pH 4.0 contrary to the expectations since His

bears a positive charge at this pH. This also evident from the quenching result where the
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deepest trp location for V664H was in DOPC at pH 4.0 (Figure 6). Quenching ratio at
(figure 5.7) at pH 4, 7, and 9 also agrees with the Amax data.

Effect of 20 mol% anionic lipid upon the topography of ErbB2 WT and mutant peptides
The ErbB2 transmembrane sequence used in our study contained a stretch of
positively charged residues at the C-termini of the hydrophobic region. This

juxtamembrane (JM) domain is highly conserved in the ErbB family'’®

. In the previous
chapter, I have reported that interaction between the anionic lipid headgroup and the
positively charged flanking residues of the peptides (contained alternating Leu/Ala) can
suppress transverse shift of these helices in anionic lipid containing vesicle. Unlike those
poly-Leu-ala peptides the ErbB2 peptides have cationic residues only at one end. In order
to investigate the affect of anionic lipid upon the shifted TM conformation of ErbB2
sequences containing oncogenic mutations, ErbB2 peptides were incorporated into

20mol% anionic lipid containing vesicles and their behavior were discerned by

fluorescence assays.

The bilayer width dependence of Trp emission maximum due to hydrophobic
mismatch is an important parameter for determining the length of the TM segment.
Figure 5.8 compares the effect of bilayer width upon trp Amax emission of WT sequence
between the PC containing vesicles (dashed line, PC/20%DOPC) and 20 mol% anionic
lipid containing vesicles (solid lines) at pH 7.0. In order to make negatively charged
bilayer 20mol% of 18 carbon chain length monounsaturated phosphatidylserine (PS) or
phosphatidylglycerol were incorporated into monounsaturated phosphatidylcholine (PC)
vesicles of different acyl chain lengths. WT peptide conformation was not effected by the
presence of 20mol% DOPS or DOPG (Figure 5.8 A) which is consistent with the TM
stability of the WT sequence. This was further confirmed by quenching results (Figure
5.8B) where trp depth was similar in both uncharged (DOPC) and negatively charged
vesicles [(80:20)DOPC/DOPS or DOPC/DOPG] at pH 7.0.
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However, we observed a difference in the topography of a peptide with the
V664E sequence between the zwitterionic and negatively charged vesicles (Figure 5.9).
Oncogenic mutation V664E formed a short truncated TM helix in PC bilayers as evident
from the trp Amax minimum near 16 carbon acyl chain bilayers (dashed line). This
minimum shifted slightly toward thicker bilayers in the anionic lipid containing vesicles
(solid lines). In addition, the Amax curve is more blue shifted in PS or PG containing
vesicles than the PC vesicles in the negative mismatch region. These observations in
combination with a slightly deeper Trp depth in PG/PS containing bilayer (Figure 5.9B)
suggests some suppression of transverse shift by anionic lipid. To show that the enhanced
TM stability in anionic lipid containing vesicles is not due to protonation of glu residue
(which would decrease its hydrophobicity) these studies were also done at pH 9.0 (Figure
5.10). Results at pH 9.0 also showed blue shifted trp Amax and lower Q ratio for V664E
when incorporated into 20mol% PS containing bilayer. So, the stability of V664E

observed in anionic vesicle is not likely to be due to the glu ionization event.

When V664Q was incorporated into 20mol% PS containing vesicles a blue shift
in Amax was observed relative to that in PC vesicles (Figure 5.11). The shape of the Amax
did not change much in the presence of anionic lipid as seen for V664E peptide. The
quenching result did not show any significant difference trp depth between DOPC and
20mol% DOPS containing vesicles. From these results, it is does not appear there is a

large change in V664Q topography in the presence of anionic lipid.

Effect of ErbB2 C-terminal hydrophilic mutation upon the topography

To study the effect of a hydrophilic mutation near the C-terminus of the ErbB2
TM domain, we designed an ErbB2 TM sequence such that a valine residue at position
674 near the C-terminal end was replaced with a hydrophilic residue Q to mimic the
position of the oncogenic Q mutation at the N-terminus side. Also, the W was moved to
position 667 where it would be located near the middle of the shifted sequence if Q
formed the membrane boundary at the C-terminus end. The resulting sequence is:
Acetyl*? AEQRASPVTFIIATVVGVW'LFLILVQ®**VVGILIKRRRK YK **"amide
(potential shifted TM segment is underlined). Figure 5.12 shows the behavior of V674Q
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and WT (original sequence) in different PC bilayer width at pH 7.0. The WT sequence
TM structure exhibited a Amax minimum at 22 carbons bilayer whereas V674Q had a
Amax at around 18 carbons bilayer indicating that V674 membrane spanning sequence
length is shorter than the WT sequence. Unlike the WT sequence TM state of the V674Q
peptide is destabilized in thicker bilayer as a result of hydrophobic mismatch, which is
also a hallmark of short TM helices. The shifted conformation of V674Q peptide was
also confirmed by directly measuring trp depth by fluorescence quenching. Figure 5.13
compares the trp quenching results for V664Q, WT and V674Q in medium bilayer
(DOPC) and thicker bilayer (DEuPC) at pH 7.0. WT TM conformation is more stable in
thicker bilayer as indicated by the smaller Q ratio in DEuPC. But both V664Q and
V674Q TM conformations were more stable in thinner bilayers as they exhibited a small

Q ratio in DOPC vesicles.

Effect of 20 mol% anionic lipid upon ErbB2-V674Q TM topography

To study the effect of anionic lipid we incorporated V674Q peptide into vesicles
composed of 80:20 mol ratio of PC (various acyl chain lengths) and DOPS (18 carbons
acyl chain length). The V674 peptide was also incorporated into vesicles composed of 80
mol% PC of different acyl chain lengths and 20 mol% DOPC as a control. The results of
bilayer width variation upon V674Q trp Amax is shown in figure 5.14. There was a
significant change in V674Q Amax minimum when incorporated into 20 mol% anionic
lipid containing vesicles (A). The bilayer width at which V674 TM state was most stable
shifted from 18 carbons acyl chain when incorporated into uncharged vesicles to a wider
bilayer (~21 carbon acyl chain) in case of charged vesicles (A). The V674Q Amax
minimum in DOPS containing vesicles is close to the WT Amax minimum in PC vesicles
(+) indicating that in anionic lipid the V674Q peptide adopted a longer TM conformation

which was more similar to WT peptide.

The quenching results in figure 5.15 provide more evidence of supporting these
observations. In uncharged vesicles V674Q TM state was less stable in wider bilayers

than it was in thinner bilayers as indicated by bigger Q ratio in DEuPC (striped bar) than
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DOPC(solid bar). However, upon incorporation of 20% negatively charged lipid, the
V674Q TM stability increased greatly in the thicker bilayer as judged by a very low Q
ratio in the both DOPC and DEuPC vesicles.

DISCUSSION

Certain hydrophilic mutations within the TM domain of some tyrosine kinases
have been associated with oncogenic transformation '*. One well known example is
mutation of a hydrophobic valine residue at position 664 to glutamate in neu protein a rat
homologue of ErbB2 receptor. Bargmann and Weinberg have reported that while
hydrophilic mutations such as Glu and Gln at position 664 in the TM domain of ErbB2
had a strong transforming ability and Asp had a moderate transforming ability '®. Other
hydrophilic mutations such as His,Lys and Gly showed no transforming ability'®>. An
unpublished study (Shyam Krishnakumar) from our lab showed that activating mutation
(V664E) in a peptide sequence containing the TM domain of neu/ErbB2 receptor altered
the position of the TM helix within the membrane. Based on his observation that other
transforming mutations (Q and D) also induced helix shift it was proposed that these
shifted TM helices might alter the lateral helix association so as to promote receptor
activation. Since, Glu,Gln and Asp have a higher propensity to alter a TM helix position
than less hydrophilic Lys,His and Gly™it was believed that the transforming ability of
these hydrophilic residues might be related to their ability to induce a shift in TM helix

position which can in turn alter the lateral helix association.

In order to investigate this, peptide sequences with H664, K664 and G664 were
studied. Replacing valine with glycine at position 664 did not change the conformation of
the TM sequence. Lysine induced a moderate shift in TM helix position but less than the
transforming mutations (E,Q,D)(Figure 5.3). This lesser shift may be because Lysine has
a long positively charged side chain which can snorkel, burying the rest of the residue
within the bilayer. Contrary to the expectations, His induced as much helix shift as an
Asp or Glu at pH 7.0. At pH 7.0 His should be mostly uncharged so the TM state should
be more stable at pH 7.0 or pH 9.0. But we observed that a His at pH 4.0 formed a more
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stable TM conformation as shown by the blue shifted Amax and smaller quenching ratio
(Figure 5.6 and 5.7). H664 peptide behavior in this case was different than predicted by
other studies where His containing peptide sequences were more hydrophobic at high pH
#2950, V664H mutation proved to be an exception to our speculation that the TM helix
shifting ability of these mutations are related to their transforming ability. Sharpe et al
observed a significant structural rearrangement of the TM domain caused by V664 to E

mutation in the ErbB2 receptor'**

. As I have reported V664H in spite of being a non-
transforming mutation, was able to bring structural change in neu/ErbB2 TM domain.
Hence, structural changes in the TM domain might only be one of the several steps that
lead to the active dimer conformation. Besides causing structural rearrangement of the
dimers activating mutations might affect the dimer interface or packing interactions

between the ErbB2 homo or heterodimers, thus activating the receptor in a manner that

can not occur with His mutation.

It is possible that neu gene favor a Glu/Gln residue at position 664 for specific
helix-helix association mode that is important for receptor activation. For instance, only
Glu and GIn which share a similar side chain are able to fully activate the neu oncogene,
while Asp with a slightly smaller side chain shows weak activation'®. Thus, the
interaction might be more favored by Glu/GlIn residue than other hydrophilic residues

with smaller or bigger side chains for steric reason.

Besides the TM domain, ErbB2 juxtamembrane (JM) domain (a region between
the TM domain and kinase domain) might also play a vital role in the receptor activation.
A cytoplasmic JM domain rich in positively charged residues (Arg, Lys) is found in all
the ErbB family proteins'™® '™, Since the cytoplasmic leaflet of the biological membranes
contain negatively charged lipid it has been suggested that positively charged JM region
should bind to membrane and be in a position to modulate receptor activation'’” 1% 183,
Knowledge concerning this interaction is scarce. Recent study by McLaughlin and
colleagues have reported that peptide corresponding to the JM domain of ErbB1 bind

strongly to PS containing vesicles whereas binding to the uncharged PC vesicles was

181
weak '8!,
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We investigated the effect of ErbB2 JM-anionic lipid interaction on the
topography of ErbB2-WT and mutant peptides. In previous chapters I have showed that
anionic lipid and JM residue interaction greatly stabilized the TM conformation relative
to the membrane surface bound non-TM states and shifted-TM states for hydrophobic
sequences flanked by JM Lys residues. For WT and V664Q ErbB2 peptides we did not
observe a large change in TM topography in the presence of 20mol% anionic lipid
relative to that of zwitterionic vesicles. ErbB2 WT peptide already existed as stable TM
conformation in uncharged bilayer so the topography was unaffected by the negative
lipid. The V664E mutant had a blue shifted Amax and lower quenching ratio at pH 7.0 in
the presence of anionic lipid indicating that TM state is more stable in these vesicles. This
moderate increase in TM stability might be due to the protonation of E residue in anionic
lipid containing vesicles at pH 7.0. We have shown that ionizable residues had higher
pKa in anionic lipid bilayers than the uncharged bilayer in previous chapter. However,
there was still a moderate increase in TM stability of V664E peptide in 20mol% DOPS
containing vesicle at pH 9.0. In any case, unlike the diLys flanked shifted sequences
(Chapter 4) suppression of ErbB2 helix transverse shift was minimal in the presence of
physiological amount of anionic lipid. We attribute this to the lack of positively charged
JM residues in the N terminus of the ErbB2 TM domain. Location of the hydrophilic
mutation (664) in ErbB2 TM domain is closer to the N terminal end so the N-terminal
side of the sequence gets pushed out of the membrane when helix shift occurs. Since N-
terminus does have any net charge, anionic lipid should not prevent this type of helix
shift. The minimal increase in TM stability observed for ErbB2 mutants in anionic
vesicles might to due the better anchoring of positively charged C-terminus JM region in

the negatively charged bilayer.

An interaction the ErbB2 peptide C-terminal JM domain and anionic lipid should
reflect an actual protein lipid interaction in cell membranes. Anionic lipids are located
primarily in the cytoplasmic leaflet of the cell membrane and cytoplasmic end of TM
domains are often flanked by positively charged JM residues as is true for ErbB proteins.

This JM-membrane interaction believed to modulate the TM helix orientation in
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membranes’® %

. Despite our use of vesicles with symmetric distribution of anionic lipids
ErbB2 peptides only interact with one face of the charged bilayer via its positively
charged C-terminal region. We took advantage of that fact and investigated the structural
consequence of introducing a hydrophilic Gln residue near at position 674 the C-terminal
end of the ErbB2 peptide. This C-terminal Q residue was placed at similar distance from
the membrane boundary as the N-terminal Q residue (664) and in both cases a V was
replaced with a Q. We have found that C-terminal Q residue was able to induce a shift in
TM helix position. Both V664Q and V674Q had a Amax minimum in about 18 carbon
acyl chain lipid bilayers but V674Q Trp Amax was redder than V664Q, which might be
due to different Trp depth. It was clear from the Trp Amax dependence of bilayer width
pattern that like the V664 peptide, V674Q peptide TM length was much shorter than the
WT peptide. Interestingly, the V674Q peptide TM length was longer in the 20mol%
DOPS containing vesicle. In other words unlike the N-terminal Q peptide (V664Q), the
C-terminal Q (V674Q) peptide TM helix was pushed back into the membrane by the
anionic lipid. We propose that TM helix shift toward the cytoplasmic side of a membrane
is prevented by strong interaction between N-terminal JM domain and anionic lipid
headgroup (Figure 5.16). On the other hand, TM helix can shift toward the lumenal side
of the membrane (e.g. toward N-terminal side in case of ErbB2). This could have other
important implications for TM regions shift in response to external factors or polar

mutants.
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Table 5.1: ErbB family proteins share a highly conserved basic/amphipathic membrane
anchoring region corresponding to residues 645-660 in the JM region of human ErbB1.

Basic residues are highlighted in bold.

RRRHIVRKRTLRRLLQ ErbB1
KRRQQKIRKYTMRRLLQ ErbB2
RGRRIQNKRAMRRYLER ErbB3
RRRKSIKKKRALRRFLET ErbB4
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Figure 5.1: Schematic representation of ErbB activation model. Two ErbB monomers are
colored same. Yellow circle depicts the extracellular ligand binding domain which is
connected to kinase domain (blue shape) by a transmembrane helix. Activation occurs
when ligand binds to extracellular domain leading to dimerization which brings the
kinase domain closer resulting in transphorylation. Some ErbB’s exist as dimers and
ligand binding believe to rearrange the dimer conformation which lead to the receptor

activation. But it is omitted for simplicity.

99



WT V664E

e

emyy|| 17 residues

24 residues

%
%

s i)

Figure 5.2: Schematic depiction of helix transverse shift induced by V664E mutation in

ErbB2 TM helix. Trp position in the sequence is denoted by W.
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Figure 5.3: Effect of lipid bilayer width upon Trp emission Amax for neu/ErbB2 mutants
and WT peptides at pH 7.0. The WT, V664E, V664D, and V664Q result from the work
of Shyam Krishnakumar are included here for comparison. Sample contained 2uM
peptide incorporated into S00uM lipid dispersed in PBS buffer at pH 7.0. The values

shown here are average of 2-6 samples.
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Figure 5.4: Quenching ratios for ErbB2 mutant and wild type peptide in DOPC (filled
bar) and DEuPC(striped bar) vesicles at pH 7.0. Results for V664E, V664D and V664Q
were from previous study (Krishnakumar) and shown here for comparison. Sample

contained 2uM peptide incorporated into 500uM lipid dispersed in PBS buffer at pH 7.0
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Figure 5.5: Effect of different Trp location within the TM segment of ErbB2 peptide. (A)

position 669 (B) position 671. Clear rectangles represent TM helix. Dotted line shows

lipid bilayers center.
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Figure 5.6: Effect of lipid bilayer width upon Trp emission Amax for ErbB2 V664H
peptides at pH 4(+), pH 7.0(A) and pH 9.0(O). Sample contained 2uM peptide
incorporated into 500uM lipid dispersed in PBS buffer. The values shown here are

average of 2-6 samples.
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Figure 5.7: Quenching ratio of ErbB2 V664H peptide in DOPC (filled bar) and DEuPC
(striped bar) at pH 4.0, pH 7.0, and pH 9.0. Sample contained 2uM peptide incorporated

into 500uM lipid dispersed in PBS buffer.
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Figure 5.8: Effect of 20mol% anionic lipid upon the conformation of ErbB2-WT peptide
at pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. +
shows (80:20) mixtures of different length PC and DOPC. O shows (80:20) mixtures of
different length PC and DOPG. A shows (80:20) mixtures of different length PC and
DOPS. (B) Trp fluorescence quenching ratio in different lipid mixtures. Samples
contained 2uM peptide incorporated into 500 uM lipid suspended in PBS buffer.
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Figure 5.9: Effect of 20mol% anionic lipid upon the conformation of V664E peptide at
pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. + shows
(80:20) mixtures of different length PC and DOPC. O shows (80:20) mixtures of different
length PC and DOPG. A shows (80:20) mixtures of different length PC and DOPS. (B)
Trp fluorescence quenching ratio in different lipid mixtures. Samples contained 2uM

peptide incorporated into 500 uM lipid suspended in PBS buffer.
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Figure 5.10: Effect of 20mol% anionic lipid upon the conformation of V664E peptide at

pH 9.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. + shows
(80:20) mixtures of different length PC and DOPC. A shows (80:20) mixtures of different

length PC and DOPS. (B) Trp fluorescence quenching ratio in different lipid mixtures.

Samples contained 2uM peptide incorporated into 500 pM lipid suspended in PBS

buffer.
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Figure 5.11: Effect of 20mol% anionic lipid upon the conformation of V664Q peptide at
pH 7.0. (A) Trp Amax dependence in lipid bilayer of different acyl chain lengths. + shows
(80:20) mixtures of different length PC and DOPC. A shows (80:20) mixtures of different
length PC and DOPS. (B) Trp fluorescence quenching ratio in different lipid mixtures.
Samples contained 2uM peptide incorporated into 500 uM lipid suspended in PBS buffer
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Figure 5.12: Effect of bilayer width upon Trp Amax emission of V674Q peptide at pH
7.0. WT result is shown here for comparison. Samples contained 2uM peptide

incorporated into 500 uM lipid suspended in PBS buffer
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Figure 5.13: Quenching results of ErbB2 WT, N-terminal Q mutant (V664Q) and C-
terminal Q mutant (V674Q) in DOPC (solid bars) and DEuPC (striped bars) at pH 7.0.
Results for ErbB2 WT and V664Q peptides are included here for comparison. Samples
contained 2uM peptide incorporated into 500 uM lipid suspended in PBS buffer
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Figure 5.14: Trp Amax dependence in lipid bilayer of different acyl chain lengths at pH
7.0. + shows (80:20) mixtures of different length PC and DOPC. A represents (80:20)
mixtures of different length PC and DOPS. Result for WT peptide in (80:20) mixtures of
different length PC and DOPC for comparison. Samples contained 2uM peptide
incorporated into 500 uM lipid suspended in PBS buffer
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Figure 5.15: Quenching ratio of V674Q in neutral vesicles (PC) and negatively charged
vesicles (80:20, mol:mol, DOPC:DOPS) of different bilayer thickness at pH 7.0. Samples

contained 2uM peptide incorporated into 500 uM lipid suspended in PBS buffer

113



Q664

AN
%

67

Clm W)

ol — - - - -~ ---- Q64""

++++

Figure 5.16: Schematic showing transverse TM helix shift toward the lumenal and
cytoplasmic side of membranes. Rectangles represent ErbB2 TM helix. Circle shows the

extracellular domain and square shows intracellular domain.
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FUTURE DIRECTIONS

Effect of other types of anionic lipids on the topography of membrane inserted
hydrophobic a-helices

I have reported that anionic lipids, such as, phosphatidylserine (PS) and
phosphatidylglycerol (PG) which are an integral part of the cell membranes, stabilized
the TM conformations of hydrophobic helices relative to non-TM or shifted-TM
topography through a specific headgroup-cationic juxtamembrane (JM) residue
interaction. There are also other types of negatively charged lipid in the cell membrane.
Cardiolipin (CL) is an integral part of inner mitochondrial membrane constituting about
20% of the total lipid where it has been known to be involved in mitochondrial function.
It has been seen in some bacterial membrane'® . Unlike other lipids it has four fatty acyl
chains and -2 net negative charges. Another anionic phospoholipid that is a major part of
cell membrane is phophatidic acid (PA). PA is the smallest of the phospholipids it can
exist in two ionization sates with net -1 or net -2 charges as phophatidate. PA plays a vital
role in many physiological events including regulation of protein and lipid
phosphorylation, activation of oxidative process and modulation of membrane trafficking
through direct interaction with the proteins'*®. Having smaller headgoups than more
conventional phospholipids like PS or PG, cardiolipin and PA might interact differently
with the polybasic or the charged region of the protein. Studies of Artificial hydrophobic
helices with positively charged JM residues in CL or PA containing lipid bilayer would

help in the understanding of real protein-lipid interaction.

ErbB?2 receptor studies: Effect of hydrophilic mutations upon the helix-helix interaction
between ErbB2 and ErbB3

Since neu/ErbB2 receptor function as dimers the effect of hydrophilic mutation
upon the dimerization can be important. ErbB2 preferentially forms heterodimers with
ErbB3 among other ErbB receptors. Fluorescence energy transfer or FRET can be used to

study this ErbB2/ErbB3 dimerization. ErtbB2 TM sequence used in the study already
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contains a Trp residue which can be used as a donar molecule for FRET studies. Since
dansyl chloride is a good acceptor for Trp fluorescence, peptides corresponding to the
ErbB3/ ErbB2 TM segment with dansyl label can be synthesized from Anaspec. Amount
of FRET from each hydrophilic mutation could be applied to measure the extent of
homo/heterodimerization. It has been proposed that oncogenicity of the Glu®®** mutation
arise from its ability to form more stable dimers than the WT sequence. Using FRET we
could measure the relative stability of WT and mutant ErbB2 dimers at physiological pH
to confirm this hypothesis.
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