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Abstract
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
(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 DOPS vesicles relative to 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. We conclude anionic
lipids can have significant and headgroup structure-specific effects upon membrane protein
topography.
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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
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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 segments1,2.

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 surface3-5. The equilibrium between TM and non-
TM topographies can be functionally significant. Bacterial protein toxins form the most widely
studied examples of proteins with this behavior. The hydrophobic helices of diphtheria toxin
T domain undergo TM/non-TM interconversion thought to be essential for translocation across
membranes6,7. This interconversion also occurs in the membrane-inserting segments of beta-
barrel toxins, including anthrax toxin protective antigen8 and cholesterol-dependent
cytolysins9,10. It is also believed to be important for some Bcl family proteins (involved in
apoptosis)11, a number of tail-anchored endoplasmic reticulum enzymes,12 polio virus 3A
protein13, and antimicrobial peptides14.

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
proteins15,16. Certain bacterial cytolysins require cholesterol to form a TM state17, and the
T domain of diphtheria toxin forms a TM state more easily in bilayers composed of lipids with
short acyl chains7. 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 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 α-helical TM domains by our lab and many
others18-24. 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.

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. The peptides had hydrophobic cores with a variety of
lengths and hydrophobicities, and their hydrophobic sequences were flanked by ionizable
hydrophilic residues (Table 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 topography3,5,25,26. Since Trp emission is sensitive to the polarity
of its surrounding environment, one method to measure Trp location is from its fluorescence
emission λmax. 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 λmax near 320-325 nm27,28. When a peptide adopts a
membrane-bound non-TM orientation, its hydrophobic core moves close to the more polar
bilayer surface, and Trp λmax exhibits a strong red shift, falling in the range of
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335-345nm27,28. Intermediate values of Trp λmax 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 depth28,29.

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 depth29. 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 depth28,29.

A third method to define the topography of hydrophobic helices is to measure how Trp
fluorescence is affected by bilayer width. 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 of the TM state, and formation
of a significant amount of a non-TM state3,25. Emission also red shifts in very thin bilayers,
partly due to positive mismatch26. The result is a “U” shaped dependence of λmax upon bilayer
width. 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 λmax that is insensitive to bilayer
width3.

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, KKpL15(D10)) to 7 Leu 8 Ala (most
hydrophilic, KKpL7A8(D10)) (Table 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 λmax 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 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 λmax on
bilayer width with a minimum λmax ∼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 (KKpL7A8(D10)) which showed a red shifted λmax (335-340 nm) that was not
very dependent on bilayer width. This indicates that KKpL7A8(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 (Δ), 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 λmax values observed in most cases (335-345 nm) were
indicative of peptides bound to the bilayer surface. The KKpL7A8(D10) peptide exhibited even
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more highly red-shifted fluorescence (λmax ∼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 charge30,31.
This was not necessary for PG which ionizes at a somewhat lower pH than PS32.

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 state33.

Figure 2 shows Trp emission λmax (Figure 2A) and Q-ratios (Figure 2B, raw quenching data
is in Supplemental Table S1) 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 hydrophobic peptide (KKpL15(D10))
exhibited a blue-shifted λmax and low Q-ratio value typical for TM helices with a Trp at the
center of the bilayer, while the red shifted λmax and high Q-ratio values were observed for the
least hydrophobic peptide (KKpL7A8(D10)) corresponding to a fully non-TM state3,34. The
peptides with intermediate numbers of Ala showed intermediate λmax 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 topography4,
24.

For vesicles without net charge, the behavior of most of the peptides was only slightly
dependent upon lipid structure (Figure 2). The main exception was the KKpL7A8(D10) peptide,
which exhibited highest λmax (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
environment3,5,34, 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 solution5. 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 state5, i.e. the TM/non-TM and
Asp ionization equilibria are linked.

As shown inFigure 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 (Supplemental Figure S1). Figure 3A gives apparent Asp pKa values
for the peptides determined by this method as a function of the number of Ala 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
λmax and quenching data. On the average, pKa values were slightly lower for vesicle
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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, λmax was more blue shifted (Figure 4A) and the Q-ratio was lower (Figure 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, KKpL9A6(D10) and KKpL7A8(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 λmax 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 KKpL7A8(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 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 (compareFigure 3A and 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 lipid31.

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 λmax. 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 λmax while the quenching of the
shallow population by acrylamide induces a large blue shift29. Instead of this, we observed
only very small quencher-induced shifts (see Supplemental Table S2), behavior characteristic
of cases in which there is an intermediate Trp depth3,27. 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 (see Discussion).

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 λmax and Q-ratio experiments
for these lipids. Control experiments showed that the λmax 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 (Supplemental Table S3).

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 1, sequences
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7-9). The peptides chosen had an inherently borderline TM stability due to their short
hydrophobic segments28. To investigate the 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 (KKpL12), 2His
(HHpL12), or 1Lys plus 1His residue ( KHpL12).

Figure 5 illustrates the dependence of λmax 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 values5, 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 vesiclesFigure 5
shows that there were pH-dependent changes in both Trp λmax and Q-ratio for a His-flanked
peptide, but none for a peptide flanked only by Lys.

[In fact, for the HHpL12 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 5 also shows that at pH 5.5 Trp λmax 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 λmax and
Q-ratio data was similar to that at pH 5.5 for the Lys2-flanked peptide, but for the His2-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 λmax and Q-ratio data at pH 9 is similar to that at
pH 5.5.

Figure 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 λmax
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 Lys2(+2) and His2(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 1, sequences 10-14).
When these peptides were inserted into DOPS vesicles highly blue-shifted λmax and low Q-
ratio values were generally observed (with the exception of KKpA22 peptide which showed a
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somewhat more red shifted λmax 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
2). 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.

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 λmax, was close to that for free Trp and significantly more red shifted than
for Trp located at the membrane surface35. Second, there was very little, if any, quenching of
Trp fluorescence by the membrane-bound quencher 10-DN (Supplemental Table S1)29.

An exception to this behavior was observed for the KKpL4A18 peptide, which was slightly more
hydrophobic than the other long peptides. It exhibited λmax 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 2). Also similar to the behavior of shorter hydrophobic
sequences, the incorporation of cholesterol appeared to inhibit its binding to PC-containing
vesicles, while λmax 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 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 5mol% DOPG (Figure 7). The 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 (KKKKpL11A4(D10)) and a peptide with a less
hydrophobic core, and only two flanking Lys at each end (KKpL7A8(D10)), as judged by both
Q-ratio (Figure 7A) and λmax (Figure 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). 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
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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).

DISCUSSION
Role of Negative Lipid in TM Stability: Electrostatic Interactions

It is well known that, relative to zwitterionic lipids, anionic lipids enhance the binding of
cationic polypeptides to membranes36,37. The results in this report demonstrate that anionic
lipids also stabilize the TM topography of hydrophobic α-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 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 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 membrane bilayer in ER translocon
system4,38.

The degree of stabilization of the TM state by anionic lipid is substantial. Assuming that when
a peptide appears to be fully in the non-TM state in DOPC it is only 90% non-TM and fully-
TM in DOPS only corresponds to 90% TM, gives a lower limit to the effect ΔΔG° TM/non-
TM in DOPS relative to DOPC of close to 3 kcal/mole. This is a crude estimation and could
easily be half or even less of the true ΔΔG°.

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.
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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 bilayer39.

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 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 bilayer28. A greater degree of peptide anchoring
in DOPS vesicles could also explain the difference between peptide behavior in DOPG and
DOPS vesicles (Figure 8B). Notice that, as illustrated in Figure 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 bilayer4,38,40,41 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 KKpL7A8(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.

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
coexistence cannot be detected easily via quencher-induced λmax shifts. It is also possible that
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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. This can affect bilayer
physical properties like compressibility and spontaneous lipid curvature in a fashion that tends
to inhibit binding of peptides to membranes42-47.

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 cases36,37,48. Antimicrobial peptides, which are generally cationic, are believed to
disrupt the microbial membrane by interacting with negatively charged lipids49,50.
Preferential interactions between sites on TM proteins and anionic lipids have also been
documented, and the anionic lipid may often have an important structural and functional
role51-55. There is already evidence that 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 residues56,57.

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 translocon38. 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 vitro19,35,
58,59, 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
eukaryotes60.

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 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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Materials and Methods
Materials

Peptides: Acetyl-K2L7DWL8K2-amide [KKpL15(D10)], K2LAL5DWL6ALK2-amide
[KKpL13A2(D10)], acetyl-K2(LA)2L3DWL4(AL)2K2-amide [KKpL11A4(D10)], acetyl-
K2(LA)3LDWL2(AL)3K2-amide [KKpL9A6(D10)], acetyl-K2(LA)3ADW(AL)4K2-amide
[KKpL7A8(D10)], acetyl-K2GL6WL6K2A-amide [KKpL12], acetyl-KHGL6WL6HKA-amide
[KHpL12], acetyl-H2L6WL6H2-amide [HHpL12], acetyl-K2A9WA9K2-amide [KKpA18], acetyl-
R2A9WA9R2-amide [RRpA18], acetyl-K2LA9LWLA9LK2-amide [KKpL4A18], acetyl-
K4(LA)2L3DWL4(AL)2K4-amide [KKKKpL11A4(D10)], acetyl-K2LA9WA9LK2-amide
[KKpL2A18] and acetyl-K2A11WA11K2-amide [KKpA22] were purchased from Anaspec Inc.
(San Jose, CA). (Notice that the peptide names do not include the Trp at the center of the
hydrophobic sequence.) 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 previously61. The peptides were dried under N2, 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 KKpL11A4(D10) and KKpL9A6(D10). The concentrations of purified peptides
were measured by absorbance spectroscopy using a Beckman DU-650 spectrophotometer,
using an ε for Trp of 5560 M-1 cm-1 at 280 nm. Phosphatidylcholines (1,2-diacyl-sn-glycero-3-
phosphocholines), [diC14:1Δ9cPC (dimyristoleoylphosphatidylcholine); diC16:1Δ9cPC;
diC18:1Δ9cPC, (dioleoylphosphatidylcholine, DOPC); diC20:1Δ11cPC; diC22:1Δ13cPC,
(dierucoylphosphatidylcholine); and diC24:1Δ15cPC; 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 ε= 12 M-1 cm-1 at 422 nm29in ethanol at -20°C.

Model Membrane Vesicle Preparation
Model membranes were prepared using the ethanol-dilution method25,26. Peptides dissolved
in 1:1 (v/v) 2-propanol/water and lipids dissolved in chloroform were mixed and then dried
under a stream of N2. Samples were then further dried under high vacuum for 1h. Then, 10
μL (for 800 μL samples) or 30 μL (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 μL,
respectively, of PBS (10 mM sodium phosphate and 150 mM NaCl, 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 μM peptide and 200 μM 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 μM peptide and 100 μM lipid.

Fluorescence Measurements
Fluorescence data were obtained on a SPEX τ2 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
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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 μL 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 this to be a sufficient time for equilibration of pH across the bilayer5,62 and
then 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 μL. 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 (F350/F330) 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 F350/F330
ratio vs. pH curve. Distortions of the apparent pKa due to a change in Trp quantum yield upon
peptide deprotonation was small (≤0.2 pH units, see Supplemental Figure S1).

Acrylamide Quenching Measurements
Fluorescence intensity and emission spectra were first measured for model membrane-
incorporated peptides or background samples. After addition of a 50 μL aliquot of acrylamide
from a 4 M stock solution in water and a 5min incubation period, fluorescence was remeasured.
(This is sufficient time for acrylamide to equilibrate across the bilayer29.) 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 effects29. 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 wavelength29.

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/F acrylamide) - 1]/
[(Fo/F10-DN) - 1], where Fo is the fluorescence of the sample with no quencher present and
Facrylamide and F10-DN are the fluorescence intensities in the presence of acrylamide or 10-DN,
respectively29.

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
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prepared using 5 μM or 10μM peptide and 500μM lipid. The spectra were obtained from at
least 50 scans. Backgrounds from samples lacking peptide were subtracted. Overall α-helix
content was estimated using CONTINLL deconvolution program.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Trp emission λmax of peptides incorporated into lipid vesicles composed of diunsaturated
phosphatidylcholines with various (monounsaturated) acyl chain lengths. The vesicles were
prepared at pH 3.8 (+) or 8.5 (Δ), values below and above the pKa of Asp residue, respectively.
Samples in this and subsequent figures contained 2μM peptide and vesicles contained 200μM
lipid unless otherwise noted. (A) KKpL15(D10). (B) KKpL13A2(D10). (C) KKpL11A4(D10).
(D) KKpL9A6(D10). (E) KKpL7A8(D10). In the case of KKpL7A8(D10) only the pH 3.8 curve
is shown, as at pH 8.5 the peptide is not membrane bound and its λmax is off scale (350 –355
nm). The λmax 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 2.
Effect of lipid structure upon the stability of TM state measured by λmax and quenching ratio
for peptides incorporated into lipid vesicles without net charge. (A) λmax. (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. The λmax values and Q-ratio reported are average from at least three samples. Standard
deviations for Q-ratios are shown and the λmax values in individual samples generally within
±1 nm of the average values. Inset: Version of (B) with expanded y-axis.
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Figure 3.
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 ionized and unionized states. Correcting for this
variable does not shift pKa measured by more than ±0.2 units (see Supplemental Figure S1).
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Figure 4.
Effect of lipid structure upon the stability of TM state measured by λmax and Q-ratio for
peptides incorporated into anionic lipid vesicles. Values for the zwitterionic lipid DOPC are
shown for comparison. (A) λmax. (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. λmax values in individual samples were generally within ±1 nm of the
average value.
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Figure 5.
Q-ratio and λmax for peptides with short hydrophobic sequences KKpL12, HHpL12, KHpL12 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. λmax values in individual samples were generally
within ±1 nm of the average value.
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Figure 6.
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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Figure 7.
Effect of the vesicle DOPG content upon Q-ratio and λmax for vesicle-
associated KKKKpL11A4(D10) and KKpL7A8(D10) peptides. (A) Q-ratios at pH 4.0. Values
reported are the average from at least three samples and standard deviation. (B)Trp emission
λmax at pH 4.0. The results shown are for the average from two samples. λmax values in
individual samples were generally within ±1 nm of the average value.
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Figure 8.
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
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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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Table 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 KKpL15(D10) Acetyl-KKLLLLLLLDWLLLLLLLLKK-amide
2 KKpL13A2(D10) Acetyl-KKLALLLLLDWLLLLLLALK2-amide
3 KKpL11A4(D10) Acetyl-KKLALALLLDWLLLLALALKK-amide
4 KKpL9A6(D10) Acetyl-KKLALALALDWLLALALALKK-amide
5 KKpL7A8(D10) Acetyl-KKLALALAADWALALALALKK-amide
6 KKKKpL11A4(D10) Acetyl-KKKKLALALLLDWLLLLALALKKKK-amide
7 KKpL12 Acetyl-KKGLLLLLLWLLLLLLKKA-amide
8 KHpL12 Acetyl-KHGLLLLLLWLLLLLLHKA-amide
9 HHpL12 Acetyl-HHLLLLLLWLLLLLLHH-amide
10 KKpA18 Acetyl-KKAAAAAAAAAWAAAAAAAAAK2-amide
11 RRpA18 Acetyl-RRAAAAAAAAAWAAAAAAAAALRR-amide
12 KKpL2A18 Acetyl-KKLAAAAAAAAAWAAAAAAAAALK2-amide
13 KKpL4A18 Acetyl-KKLAAAAAAAAALWLAAAAAAAAALK2-amide
14 KKpA22 Acetyl-KKAAAAAAAAAAAWAAAAAAAAAAAK2-amide
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Table 3
Helix content of membrane-associated peptides in different lipids as determined by circular dichroism. Samples
contained 5 or 10 μM peptide in vesicles composed of 500 μM lipid. The remainder of the secondary structure was
largely unordered.

Peptide Lipid Peptide:Lipid
Ratio (mol:mol)

pH % Helix
Content

KKpL7A8(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 5.5 69
DOPS 1:50 5.5 90

KKpL13A2(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 5.5 85
DOPC 1:100 4 68
DOPS 1:100 5.5 80

KKpL9A6(D10) DOPC 1:50 4 73
DOPC 1.50 9 74
DOPS 1:50 5.5 89
DOPC 1:100 4 70
DOPS 1:100 5.5 94

KKpL11A4(D10) DOPC 1:50 4 78
DOPC 1:50 9 72

KKpL4A18 DOPC 1:50 4 60
POPC/40%Chol 1:50 4 61

DOPG 1:50 4 67
DOPS 1:50 5.5 83
DOPC 1:100 4 63
DOPS 1:100 4 86

KKpA18 DOPC 1:50 4 71
DOPS 1.50 5.5 79

KKpA22 DOPC 1:50 4 65
DOPS 1:50 5.5 85

KKKKpL11A4(D10) DOPC 1.50 4 67
DOPG 1:50 4 65

HHL12 DOPC 1:50 5.5 76
DOPS 1:50 5.5 90
DOPC 1:100 5.5 80
DOPS 1:100 5.5 90
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