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ABSTRACT. The orientation in lipid bilayers of the signal sequence of the bacterial protein LamB was
studied using binding, circular dichroism, and fluorescence quenching experiments. Measurements were
made of binding modifications caused by the incorporation of lipid probes (brominated or nitroxide-
labeled phospholipids) used in the parallax fluorescence quenching method of determining peptide
penetration depth [Abrams, F. S., and London, E. (18@¢hemistry 315312-5322]. The signal peptide
bound to a similar extent to neutral bilayers composed of either egg phosphatidylcholine (EPC) or
phosphatidylcholines brominated at various positions on their acyl chains. The fluorescence of a tryptophan
in either the 18 or 24 position of the peptide was quenched more by bromines in the 6 and 7 than in the
9 and 10 positions on the lipid hydrocarbon chain. Parallax calculations showed that tryptophan-18 was
located ory 4 A from the hydrocarborwater interface, consistent with the peptide adopting a “hammock”
configuration in the bilayer, with both termini exposed to the aqueous phase and the edretial located

near the hydrocarberwater interface. In contrast, the incorporation of 10% nitroxide-labeled lipids into
EPC bilayers modified peptide binding in a manner dependent on the position of the nitroxide on the
hydrocarbon chain; 7-Doxyl PC reduced the percent peptide bound by about one-half, whereas 12-Doxyl
PC had little effect on binding. These binding differences modified tryptophan quenching by these probes,
making parallax analysis problematical. In the presence of the positively charged LamB peptide, the
incorporation of negatively charged phospholipids into EPC bilayers increased the level of peptide binding
and modified tryptophan quenching by nitroxide probes. These results suggest that the nitroxide probe
could be partially excluded from negatively charged lipid domains where the peptide preferentially bound.
Quite different binding and quenching results were obtained with a negatively charged peptide analogue,
showing that the charge on both the peptide and bilayer affects pepiiiexide probe interactions.

Knowledge of the location of peptides or proteins in lipid bilayers has been studied by a variety of techniques
bilayers is critical to an understanding of peptidipid (26—31), including fluorescence quenching7s 32). Signal
interactions and the function of membrane-bound peptidesor leader sequences are N-terminal extensions on proteins
or proteins. Structural information about the location and that must pass through the plasma membrane. Both prokary-
orientation at atomic or near-atomic resolution has been otic and eukaryotic signal sequences have a net positive
obtained for only a limited number of membrane-bound charge on their N-termini, a central hydrophobic region, and
proteins by X-ray crystallographyL{-4) or electron micros-  a polar cleavage regiod8, 34). Although signal sequences
copy 6—8). In part due to the lack of suitable crystals, there interact with proteinaceous components of the export ap-
have been relatively few high-resolution X-ray or EM paratus 84—36), there is evidence that during membrane
analyses of biologically relevant peptides in lipid bilayers. translocation the signal sequence is in direct contact with
To obtain information about the location and orientation of lipids (37), suggesting a possible role for membrane lipids
peptides in bilayers, other methods have been uSgd ( in the translocation process. Studies have shown that the
including nuclear magnetic resonanc0,(11), electron hydrophobic regions of specific bacterial protein signal
paramagnetic resonancd?2( 13), infrared spectroscopy sequences form-helices when associated with micelles or
(14—17), and fluorescence spectroscopgy4,(17, 18). In bilayers @6, 29, 31, 38—40). In the case of the leader
particular, the parallax method of interpreting fluorescence sequence of the bacterial protein LamB, it has also been
quenching datal@—21) has been used to obtain the depth shown that its level of binding to bilayers is strongly
in the bilayer hydrocarbon region of tryptophan or tyrosine increased by the presence of negatively charged phospho-
residues of several types of peptid@d-{25). lipids in the bilayer, as expected from electrostatic attraction

Peptides of particular interest have been the signal (leader)(27, 28, 31).

sequence of bacterial proteins, whose interaction with e controversial aspect of the LamB signal sequence

T This work was supported by Grant GM-27278 from the National
Institutes of Health.

* Department of Cell Biology.

§ Department of Neurobiology.

interactions with bilayers is its location and orientation in

the bilayer. When it is added to preformed lipid vesicles,

there is agreement that the N-terminus of the peptide is
localized near the outer surface of the bilay27, (31, 32,
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ocation of the C-terminus of this 25-amino acid Lam

peptide. Microelectrophoresis experiments with LamB pep- ::ng_lgw NN'_,_Eimm:P[E iﬁitgtﬁxﬁxﬁﬁgw&%i%ﬁ&i '.((:;%%
tides containing charged residue substitutions near the C-LamB-24W NH*MMITLR *K*LPLAVAVAAGVMSAQAWA -COO"
and N-termini indicated that both termini are located on the LamB-EE  NH*-MMITLE “"E"LPLAVAVAAGWMSAQAMA -COO"
outside of the vesicle3(l). These data were interpreted in a Amino acid substitutions are underlined, and charges are indicated
terms of a “hammock” configuration for the peptide where for each sequence.

both termini are anchored to the outside of the bilayer and

the hydrophobi@-helix is located in the hydrocarbon region MATERIALS AND METHODS

near the hydrocarberwater interface 31). This hammock ) ) ) )

model is also consistent with tryptophan fluorescence experi- Materials. Egg phosphatidylcholine (EPC), brain phos-
ments that showed much larger blue shifts (indicative of Phatidylserine (PS) (sodium salf), 1-paimitoyl-2-olesy-
insertion into the bilayer hydrocarbon region) when the 3-[Phosphorac-(1-glycerol)] (POPG), the nitroxide spin
tryptophan was at position 18 (in the hydrophobic core of Probes 1-palmitoyl-2-stearoyl (7-Doxy$prglycerol-3-phos-
the peptide) than when it was at position 24 (near the Phocholine (7-Doxyl PC), 1-palmitoyl-2-stearoyl (12-Doxyl)-
C-terminus) 27, 32). Different models of the peptide snglycerql-Q-phospho_chol|ne (12-Doxyl PC), the brominated
orientation in bilayers were obtained from parallax analysis Phospholipids 1-paimitoyl-2-stearoyl (6, 7-dibromeaglyc-

of fluorescent quenching experiments with nitroxide-labeled ero-3-phosphocholine (6,7-Br PC), 1-palmitoyl-2-stearoyl (3.-
lipids in vesicles composed of mixtures of zwitterionic 10-dibromo)srrglycero-3-phosphocholine (9,10-Br PC), and
phosphatidylethanolamine (PE) and negatively charged phos_l-palm|tpyl-2-stearoyl (11,12-dibromajrglycero-3-phos-
phatidylglycerol (PG) 27). It was calculated that the phocholm_e (11,_12-Br PC), and the fluorescently Iabeleo!
tryptophan residue placed at the 24 position of the peptide phospha_ltl_dylsenne NBD-PS were all purchased from Avant
was locatd 8 A into the acyl chain region of the bilayer, Pplar Lipids (Alapgstgr, AL). All chemicals were used
indicating a partial insertion of the C-terminal end of the without further purification. Buffers were made using Hepes

peptide into the bilayerX7). This result is inconsistent with g]sociggjrgusrasl’%ﬁggrg%t?grdﬁ;glezdmwﬁtﬁre' Léglzzsugtgzrg'sz
a hammock model. However, there are two potential y P J P

. . . 7.4 with NaOH.
problems with the interpretation of the results from the Peptide Svnthesi d PurificatioRentid th
fluorescence quenching experiments using Doxyl-labeled . eptide synthesis and Furilicationeptides were synthe-

., . : sized by the Micro Protein Chemistry Facility at the
lipids and LamB peptide. First, as noted by Abrams and 7 . . . ) .
LFc))ndon 18), to usg tﬁe parallax method to cglculate amino University of North Carolina (Chapel Hill, NC) using FMOC

acid depth, fluorescence quenching must be measured inchemistry in a Symphony (Rainin) peptide synthesizer. The

samples that have the same amount of bound fluorophore.per)tldes were purified by HPLC and analyzed by time-of-

Therefore, it is necessary to show that the presence of theﬂlght MALDI lll (Shimadzu/Kratos) mass spectrometry.

- . T ; Analogues to the signal sequence peptidEsgherichia coli
probg lipid does not alter peptide binding. In this reg_ard, Lamngere synthegsized v(\q/ith a tri)/p?ophan substituted for
Voglino et .al. @31 found that the. percent of LamB peptide the valine at position 18 (LamB-18W) or 24 (LamB-24W)
bound to bilayers composed entirely of 7-Doxyl PC was less (Table 1). At pH 7.4, both of these peptides have three
than 1%, compared to more than 40% bound to EPC bilayers. . .. : . _— o
Second, as noted by Jones and Gierag®), (the local positive charges near their N-termini. Another analogue

) e LamB-EE) was synthesized with the tryptophan substitution
concentration of the Doxyl-labeled PC lipid may not reflect ( ) y yptop

its bulk ion in the bil Thi be | at position 18, but with negatively charged glutamic acids
Its bulk concentration in the bilayer. This may be important - gy, hgtituted for the positively charged residues at positions

in experiments with the positively charged LamB peptide ¢ 5,4 7. Thus, at pH 7.4, both LamB-18W and LamB-24W
and vesicles containing mixtures of zwitterionic and charged 4 4 net charge of2, whereas LamB-EE had a net charge
phospholipids, because some positively charged peptides ofys _» (Table 1).
proteins cause cIust_erjng or partial phase sgpgratipn of the Preparation of Liposomes/ultilamellar liposomes (MLVs)
negatively charged lipids{—43). Such a variation in the o0 made by standard method8)(as described previously
local distribution of the lipid probes could affect the (31y The appropriate lipids were codissolved in chloroform/
interpretation of the quenching experimendg)( methanol (2:1 v:v) which was subsequently removed by
In this paper, we pursue the question of the orientation rotary evaporation. The lipids were hydrated in 2 mM Hepes
and location of the LamB signal peptide in phospholipid buffer and extensively vortexed.
bilayers by using binding, circular dichroism, and fluores-  Small unilamellar vesicles (SUVs) were prepared by probe
cence data to assess whether (1) the relatively smallsonication of MLVs #5). Briefly, MLVs were sonicated at
concentration (10 mol %) of nitroxide lipids usually used in 40 W with a Disruptor Excell 2005 sonifier cell (Heat
fluorescent quenching experiments affects the binding of the Systems) with a 19 mm flat tip under a continuousfisw
LamB peptide, (2) the position of the nitroxide group on for five cycles consisting of 2 min in the sonication mode
the lipid hydrocarbon chain affects peptide binding, (3) and 2 min in the standby mode. Before use, the SUV
different fluorescent quenchers, namely, brominated lipids, suspensions were centrifuged at 1009@0r 10 min to
modify LamB peptide binding, and (4) the net charge on sediment metal particles, undispersed lipid, and MLVs. Lipid
the LamB peptide can affect peptiedprobe interactions.  concentrations were determined by inorganic phosphorus
Finally, we use these data to test the hammd&® and measurements46). SUVs, rather than large unilamellar
partial lipid penetration model&7) for the LamB orientation  vesicles (LUVs), were used in the circular dichroism and
in the bilayer. fluorescence experiments to reduce light scattering. Previous
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experiments have shown that the binding of LamB-18W is bilayer thickness minu&cr, where for these brominated
similar to SUVs and LUVsJ3l). lipids the bilayer thickness is equal to 29 A7.

Circular Dichroism (CD).CD measurements were taken  Binding Measurementés described previoush(), the
on an Aviv 62DS spectropolarimeter equipped with a extent of binding of peptides to lipid vesicles was measured
CoolFlow CFT-33 (Neslab) temperature controller. CD With an ultrafiltration assay4@) that separated lipid and
spectra of the peptides were obtained at°@5using a 1 lipid—peptide complexes from free peptide with Centrifree
mm path length quartz cuvette, a 0.5 nm step size, and a 1(Amicon) filters. In all binding studies, the peptide concen-
s per step acquisition time. Spectra were averaged over 2dration was 5:M and the phospholipid concentration was
scans. For peptides in buffer, spectra were recorded from1.5 mM. This phospholipid concentration was chosen to
185 to 260 nm. For experiments with neutral bilayers, in ensure that the filters did not become clogged. For the
which the extent of peptide binding is relatively smal(  binding assay, peptideSUV samples were incubated for 10
31) and thus gives a lower Signa|-t0_noise ratio, pep.t.ide min, and then divided into six aliqUOtS which were centri-
lipid spectra were obtained from 200 to 260 nm. All spectra fuged for 15 min at 1009 through the Amicon filters.
were baseline-corrected. In the peptidipid samples, a Peptide recovery in the absence of lipid was greater than
background CD spectrum was recorded from the buffer with 95%, and phosphate analys#] revealed that no lipid was
the same ||p|d concentration used in the Samp|e_ To avoid in the eluate. The free peptlde concentration was measured
possible problems with peptide aggregati@g)( we used 5 in each eluate by tryptophan fluorescence at 352 nm. The
uM peptide. The lipid concentration was varied from 0 to 4 standard deviation for the six readings was always less than
mM. Higher lipid concentrations were not used due to 10%. The amount of peptide bound to the lipid was
problems with light scattering. Each lipigheptide sample ~ determined by subtracting the free peptide concentration from
was prepared independently, rather than by serial dilution. the total peptide concentration.
Ellipticity measurements at 222 nm, reported as mean molar Partition coefficients were calculated from the binding
residue ellipticity {222 in deg cn? dmol2), were measured ~ Measurements according to the procedure described previ-

over an average of 60 points. Standard deviations were lesusly @1). Under conditions where the concentration of
than 10%. peptide in the bilayer is much smaller than the molar

concentration of lipid, one may write for the mole fraction

Fluorescence Measuremeniuorescence emission spec- = .
partition coefficient

tra of the peptide’s tryptophan were measured with quartz
cuvettes (1.0 or 0.25 cm) over the range of 3200 nm K = (P.\W/(P L 2
using an excitation wavelength of 280 nm with a Fluoromax p= P W)/ (Pual) 2)

DM3000 (Spex Industries, Edison, NJ) photon counting \herep,; andP, are the bulk concentrations of peptide in

fluorometer operating in the signal/reference mode and y,o bilayer and water, respectively, dndndW are the molar
equipped with a water bath circulator for maintaining the qncantrations of lipid and water, respective) For
temperature at 25C. Spectra were collected with a step size gy | was taken to be 66% of the total lipid concentration
of 0.5 nm with an averaging time of 4 s/nm. Where i, the assumption that the peptide bound only to the outer
appropriate, measurements were corrected for blank SUSPeNmonolayer of the bilayerdl). The free energies of transfer

sions of buffer or lipid in buffer. Blue shifts were calculated 4t the peptide from the buffer to the bilayer were calculated
as the difference in wavelength of the maxima in emission ¢ AG = —RTIn Kp.

spectra of lipid-peptide and peptide samples. Standard
deviations in the blue shift were less than 0.5 nm. RESULTS

Quenching measurements were performed with an excita-
tion wavelength of 280 nm and an emission wavelength of
340 nm for LamB-18W or LamB-24W with EPC or 65:35
EPC/POPG in the presence and absence of 10 mol % Doxyl
PCs and also with brominated PCs. Each experiment was
repeated at least three times. The values of the fluorescenc
intensity in the absencd,f and presencel) of quencher
were measured at 340 nm. Parallax analysis was performe
according to published procedurds(19, 21). Specifically,
the distance of the tryptophan residue from the bilayer center
(Zcp) is given by

Circular dichroism, fluorescence blue shift experiments,
and direct binding measurements were used to investigate
the association of LamB-18W with bilayers composed of
EPC, 6,7-Br PC, 7-Doxyl PC, and a 9:1 mixture of EPC
and 7-Doxyl PC. The binding experiments (Figure 1A and
Sable 2) showed that the percentage of LamB-18W bound

as similar for EPC (43.%& 3.1%) and 6,7-Br PC (37.%

.0%), but was markedly lower for 9:1 EPC/7-Doxyl PC
(20.8+ 0.3%). Previously, we31) had shown that LamB-
18W had a very low percent binding ((481.0%) to bilayers
composed entirely of 7-Doxyl PC (also shown in Figure 1A).
5 The free energies of transfer from the buffer to bilay®Gj

Zeg = Loy + [=In(F/F)IaC — LyM2L,, (1) are shown in Table 2. Here it is seen that the small

differences in free energy between EPC and 9:1 EPC/7-Doxyl

whereLc; represents the distance from the bilayer center to PC resulted in relatively large decreases in the percentage
the shallow quencher which is 10.8 A for 6,7-Br P&YY, C of peptide bound. For these lipid systems, the magnitude of
is the mole fraction of quencher (1 for brominated lipids) the molar ellipticity at 222 nmitz2,) increased with increas-
divided by the lipid area (70 &, F; andF; are the relative ing lipid concentration (Figure 1B), meaning that the amount
fluorescence intensities of the shallower and deeper quench-of a-helix increased with lipid concentratior3X). At the
ers, respectively, antl,; is the difference in the depth of  higher lipid concentration, the changesdsy, were similar
the two quenchers. We use 0.9 A per £bt CBr, group for EPC and 6,7-Br PC, were reduced for 9:1 EPC/7-Doxyl
(47). The probe insertion depth is equal to one-half the PC, and were much smaller for bilayers of 7-Doxyl PC
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Ficure 1. Association of LamB-18W (5«M) with vesicles
composed of EPC, 7-Doxyl PC, 9:1 EPC/7-Doxyl PC, and 6,7-Br
PC. (A) Percentage of the peptide bound to vesicles at a lipid
concentration of 1.5 mM. (B) Ellipticity at 222 nmp4,;) and (C)
maximal change in tryptophan fluorescence maxima emission
wavelength (blue shift) plotted as a function of EPC concentration.

Table 2: Binding Parameters

% LamB-18W AG
lipid bound Ko (kcal/mol)

EPC 437+ 3.1 4.28x 10 —6.2
9:1 EPC/7-Doxyl PC 20.& 0.3 1.45x 10 —5.6
9:1 EPC/12-Doxyl PC 37.63.6 3.33x 10 —6.1
6,7-Br PC 371 3.0 3.26x 10 —6.1
9,10-Br PC 441 1.9 4.35x 10 —6.2
11,12-Br PC 38.25.9 3.41x 10 —6.1
EPC/POPG 94.65.1 8.65x 1C° —-8.0
EPC/POPG/7-Doxyl PC 938 4.8 8.50x 1C° -8.0
EPC/POPG/12-Doxyl PC 909 3.2 5.51x 1¢° —=7.7

(Figure 1B). Likewise, the changes in wavelength of the
maximum in tryptophan fluorescence (blue shift) were similar
for LamB-18W in EPC and 6,7-Br PC, reduced for 9:1 EPC/
7-Doxyl PC, and much smaller for 7-Doxyl PC (Figure 1C).
Figure 2 and Table 2 compare the binding of LamB-18W
to EPC and EPC bilayers containing 10 mol % 7-Doxyl PC
and 10 mol % 12-Doxyl PC, and also to brominated PCs
with the bromines at different positions along the chains (6,7-

Voglino et al.
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FiGURe 2: Binding of LamB-18W (5«M) with vesicles (at a lipid
concentration of 1.5 mM) composed of EPC, 9:1 EPC/7-Doxyl PC,
9:1 EPC/12-Doxyl PC, 6,7-Br PC, 9,10-Br PC, and 11,12-Br PC.
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Br PC, 9,10-Br PC, and 11,12-Br PC). The data indicate that
the percentage of bound LamB-18W was about the same
for EPC and all three brominated lipids, independent of the
presence and location of the bromines along the acyl chain.
In contrast, for the nitroxide-labeled lipids, the binding
depended on the location of the Doxyl group along the
hydrocarbon chain, with binding being essentially unchanged
by the presence of 10% 12 Doxyl PC but reduced by about
50% by the presence of 10 mol % 7-Doxyl PC (Table 2).
We also compared the binding of LamB-18W and LamB-
24W to PC vesicles. The percentage of LamB-24W bound
to EPC and the brominated PC bilayers was similar, being
39.0+ 4.8, 41.8+ 3.0, and 40.3+ 2.5% for EPC, 6,7-Br
PC, and 9,10-Br PC bilayers, respectively. These values were
similar to those found for the percentage of LamB-18W
bound to vesicles with the same compositions (Table 2). In
addition, as was the case for LamB-18W (Table 2), the level
of binding of LamB-24W was reduced (to 21483.8%) by
the presence of 10 mol % 7-Doxyl PC in EPC bilayers.
Panels A and B of Figure 3 show fluorescence emission
spectra for LamB-18W and LamB-24W in vesicles composed
of EPC, 6,7-Br PC, and 9,10-Br PC. For LamB-18W (Figure
3A), the tryptophan fluorescence was quenched to a much
greater extent by 6,7-Br PC than by 9,10-Br PC. For LamB-
24W (Figure 3B), the tryptophan fluorescence was quenched
by 6,7-Br PC, but was unquenched by 9,10-Br PC. Table 3
shows the values ofy/I for these data, wheré, is the
fluorescence intensity (measured at 340 nm) for EPCland
is the fluorescence intensity for the brominated PCs. For these
brominated lipids where the probe molecule did not affect
the binding (Figure 2), we used the parallax method (eq 1)
to calculate the location in the bilayer of the tryptophan at
position 18. We found that this tryptophan was located in
the hydrocarbon region atZxr of 10.7 A, or at a penetration
depth of about 3.8 A from the hydrocarbewater interface.
Quenching values for LamB-18W and LamB-24W in 9:1
EPC/7-Doxyl PC and 9:1 EPC/12-Doxyl PC are also shown
in Table 3. For LamB-18W, the value &/l was larger for
9:1 EPC/12-Doxyl PC than for 9:1 EPC/7-Doxyl PC,
whereas for LamB-24W, the value &f/l was smaller for
9:1 EPC/12-Doxyl PC than for 9:1 EPC/7-Doxyl PC.
Binding and quenching experiments were also performed
with the positively charged LamB-18W+) and the
negatively charged LamB-EE-Q) (Table 1) in the presence
of bilayers containing mixtures of zwitterionic and negatively
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FIGURE 3: Fluorescence spectra for (A) LamB-18W and (B) Lam- PC or 12-Doxyl PC.
24W with vesicles of EPC, 6,7-Br PC, and 9,10-Br PC. Peptide (5

uM) was used with SUVs at a lipid concentration of 1.5 mM. absence of nitroxide probes (Figure 4A), there were higher
values ofl/I when the probe (either bromine atoms or the

Table 3: Fluorescence Quenching Daltgfl) Doxyls) was closer to the lipid headgroup. However, in cases

peptide where the binding was affected by the presence and position

lipid LamB-18W LamB-24W  LamB-EE of the probe, such as in the cases of the binding of LamB-

18W to EPC/7-Doxyl PC and EPC/12-Doxyl PC (Figure 2)

S:Zﬁ;?gc iiiﬁ 8:8421 i:g;i 8:83 _ or LamB-EE binding to EPC/POPG/7-Doxyl PC and EPC/
EPC/7-Doxyl PC 1.25 0.06 1.29+ 0.03 - POPG/12-Doxyl PC (Figure 4B), there were larger values
EPC/12-Doxyl PC 1.4 0.04 1.14+0.14 - of 1o/l when the Doxyl group was located at the 12 position
EPC/POPG/7-Doxyl PC  1.320.04 1.14+0.02 1.42+0.06 on the hydrocarbon chain.

EPC/POPG/12-Doxyl PC 1.160.05 1.03+0.02 1.56+ 0.09

DISCUSSION

The results of our CD, fluorescence, and binding experi-
ments provide information about (1) the effects of specific
lipid probes on the binding of LamB signal peptides to
bilayers, (2) the conformation of the peptide in bilayers, and
(3) effects of peptide charge on fluorescence quenching.

Lipid Probes and Peptide Binding.he data in Table 2
and Figures 1, 2, and 4 show that the presence in the bilayer
of specific lipid probes can alter LamB peptide binding to

charged lipids (65:35 EPC/POPG). Figure 4A shows that the
addition of the negatively charged POPG to EPC increased
the percentage binding of LamB-18W from 43t73.1 to
94.0 + 5.1%. For these negatively charged bilayers, the
presence of either 10 mol % 7-Doxyl PC or 12-Doxyl PC
had no appreciable effect on binding (Figure 4A). However,
as shown in Figure 4B, for these EPC/POPG bilayers the
presence of 10 mol % 7-Doxyl decreased the level of binding
of LamB-EE, whereas the presence of 10 mol % 12-Doxyl the lipid membrane. The extent of this effect depends on

PC had a much smaller effect on the level of binding. the type of probe, the position of the probe in the lipid
The fluorescence quenching results for LamB-18W, LamB- hydrocarbon chains, and the net charge on both the peptide
24W, and LamB-EE peptides and negatively charged bilayersand bilayer. That is, although all three of the brominated
containing Doxyl lipids are shown in Table 3. In the case of lipid probes tested did not effect LamB-18W or LamB-24W
both LamB-18W and LamB-24W, the values Igfi (com- binding, in EPC bilayers nitroxide spin probes with the Doxyl
pared to EPC/POPG) were larger for EPC/POPG/7-Doxyl |ocated in the acyl chain near the lipid headgroup (7-Doxy!
PC than for EPC/POPG/12-Doxyl PC. However, for LamB- pC) markedly decreased the extent of binding whereas those
EE the value of /I was larger @ = 0.13 with thet test) for jth the nitroxide group further down the chain (12-Doxyl
EPC/POPG/7-Doxyl PC than for EPC/POPG/12-Doxyl PC pC) had no appreciable effect on binding (Figures 1A and
bilayers. 2). Circular dichroism (Figure 1B) and blue shift (Figure
Comparisons of the binding (Figures 2 and 4A,B and Table 1C) results were consistent with these binding studies.
2) and quenching data (Table 3) show the following Previously, we 81) had found that there was very little
correlations. Where the binding of the peptide was not binding of LamB-18W to bilayers composed entirely of
appreciably affected by the presence of the quencher, such7-Doxyl PC (panels A C of Figure 1). Our new data show
as the cases of LamB-18W to 6,7-Br PC and 9,10-Br PC that the presence of the small amount (10 mol %) of this
(Figure 2) or LamB-18W to EPC/POPG in the presence and probe typically used in fluorescent quenching experiments
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reduced the extent of binding of the LamB-18W peptide by near the interfacial region of the bilayer, consistent with a
about one-half. Comparisons of the free energies of binding hammock model for the peptide in the bilayer where both
of LamB-18W to EPC and 9:1 EPC/7-Doxyl PC (Table 2) polar termini are exposed to the aqueous phase with the core

indicate that relatively small changes &G (0.6 kcal/mol of the nonpolara-helix located in the hydrocarbon region
~ KgT) can lead to these relatively large differences in the of the bilayer near the hydrocarbewater interface 1).
amount of bound peptide. In the cases where the lipid Doxyl probe altered binding

In the case of negatively charged EPC/POPG bilayers, the(LamB-18W with EPC and LamB-EE with EPC/POPG), the
presence of 7-Doxyl PC had no effect on the binding of quenching data were quite different. That is, for these cases
LamB-18W (Figure 4A), but significantly decreased the the values forly/I were larger for bilayers containing 12-
extent of binding of negatively charged LamB-EE (Figure Doxyl PC than for bilayers containing 7-Doxyl PC. Taken
4B). We also note that LamB-EE bound to negatively by themselves, these particular quenching data could be
charged EPC/POPG vesicles to a similar extent as LamB-interpreted to indicate that the tryptophan at position 18 was
18W bound to neutral EPC bilayers (Table 2) even though located closer to the 12-Doxyl in the bilayer than to the
it might be expected that electrostatic repulsion would 7-Doxyl. However, that conclusion would only be valid if
decrease the extent of binding of LamB-EE. As noted the binding data were similar for bilayers containing 7-Doxyl
previously 81), a possible explanation is that the presence PC and 12-Doxyl PC1(@g), which was not the case for these
of PG would lower the pH near the bilayer surfaé€)(and LamB peptides in the range of lipid concentrations that we
the glutamic acids of LamB-EE might be closer to thédg'p were using (Figures 2 and 4B). That is, for these lipid
and therefore not fully charged. To show that this may occur, systems, the larger tryptophan fluorescence quenching by
we calculate the pH at the surface @df a PC/PG (65:35) the 12-Doxyl than by the 7-Doxyl probe was probably due
bilayer in 2 mM Hepes buffer (sodium salt) at pH 7.4. Under to the fact that there was more LamB-18W in the bilayer
these conditions, the buffer has an ionic strength of aboutfor EPC containing 12-Doxyl PC than for EPC containing
0.002 M and the initial charge density;{;) of the bilayer 7-Doxyl PC (Figure 2) and there was more LamB-EE in the
(assuming an area per molecule of 78far both PC and EPC/POPG bilayers containing 12-Doxyl PC than for those
PG) is 35 €/7000 A. The surface charge density, correcting containing 7-Doxyl PC (Figure 4B). A higher degree of
for sodium binding to PGK ~ 1 M%), together with the  fluorescent quenching will occur when a higher percentage
linearized Gouy-Chapman equation5() can be used to  of peptide is located within the bilayer.
calculate the surface potentidl}. Thus,CY? x sin h(zF¥/ Thus, the parallax method, when applied to quenching data
2RT) = 1360ini/[1 + KC x exp(—zF¥/RT)], where W is with brominated lipids (Table 3), clearly shows that the entire
the surface potential in millivoltg = 1, C = 0.002 M, and LamB peptide is located close to the hydrocarbomater
RTF = 25.7 mV at 298 K. Solving the equation f&f, we interface. However, with the nitroxide lipid probes our
find thatW equals—147 mV. Since counterions must screen fluorescence quenching data cannot be readily interpreted
the surface charge to preserve charge neutrality, the hydrogemwith the parallax method because of the difference in binding

ion concentration at the surface can be written as]{k= for bilayers containing 7-Doxyl PC and 12-Doxyl PC (Figure
[Hbuk exp(=W/25.7 mV) so that the pH at the bilayer 2). We raise the possibility that for LamB peptide the parallax
surface is pl= pHoux — W/(2.3 x 25.7)= 74— 25= results with nitroxide probes may be misleading because of

4.9. Since the K. of the side chain carboxyl group in the effects of the Doxyl lipid probes on peptide binding or
glutamic acid is 4.25, under these low-ionic strength condi- lipid clustering in mixed phospholipid bilayers (see below).
tions LamB-EE should be significantly less charged at the All of the other data, including the quenching results with
bilayer surface, and hence, the effect of electrostatic repulsionbrominated lipids (Table 3), blue shift resultg7), and
should be reduced. microelectrophoresis data3l), are consistent with the
Conformation of the LamB Signal Sequence in Bilayers. hammock model for the peptide topography in the bilayer.
In the cases where the binding data showed that the presence The proposed hammock model of LamB binding can help
of the lipid probe dichot modify peptide binding (Table 2),  explain, at least qualitatively, why 7-Doxyl PC modified the
the fluorescence quenching data (Table 3) showed that thepeptide binding to the bilayer. We3]) argued that the
peptide tryptophans in both positions 18 and 24 were presence of the dipolar Doxyl group at position 7 on the
quenched more by probes located near the lipid headgroupacyl chain increases the effective width of the hydrophilic
than by probes located further down the acyl chain. That is, interfacial region of the bilayer, which in PC bilayers is
in the case of the brominated lipids for both LamB-18W approximately equal to the diameter of a peptidielix (52).
and LamB-24W|],/l was greater in 6,7-Br PC bilayers than With a hammock configuration, the hydropholiehelix
in 9,10-Br PC bilayers (Table 3). Parallax analysis of these would penetrate a limited distance into the bilayer hydro-
data indicates that the tryptophan at position 18 of the peptidecarbon region. Therefore, if the 7-Doxyl PC increased the
(Table 1) was located 3.8 A from the hydrocarbamater effective width of the hydrophilic region of the bilayer, it
interface. Although the parallax method could not be used would prevent some of the hydrophobic amino acids in the
for LamB-24W (because no significant quenching was seen peptide helix from reaching the low-dielectric region of the
for 9,10-Br PC), the data indicate that the tryptophan at bilayer, thereby diminishing the hydrophobic free energy
position 24 was in a region with a low dielectric constant (Table 2). The hydrophobic effect is the major factor in
very near the lipid headgroup region. Similarly, for EPC/ driving LamB binding to electrically neutral bilayer81).
POPG bilayers for both LamB-18W and LamB-24W| At present, it is not quantitatively understood why only 10
was greater in bilayers containing 7-Doxyl PC than in mol % 7-Doxyl PC reduced the extent of binding by as much
bilayers containing 12-Doxyl PC (Table 3). These data imply as 50%. In the case of the brominated lipid probes, peptide
that both the 18 and 24 positions of the peptide are locatedbinding was not affected by the probe, undoubtedly due to
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the relatively small size and small dipole moment of the
substituted bromines on the acyl chains.

Effect of Charge on the LamB Signal PeptidEhe
fluorescence quenching data were markedly different for
LamB-18W and LamB-EE, indicating that the net charge
on the peptide can affect peptidprobe interactions. One
likely possibility for explaining these data is the sequestration
of negatively charged lipids, and thus the depletion of Doxyl
PC, in the region where the positively charged LamB-18W
bound to the bilayer. Under such a circumstance, the
concentration of probe molecules near the peptide could be
different than that in the bulk of the bilayer which could
effect quenching44). Similar partial lipid phase separation
in the plane of the bilayer has also been observed with other
positively charged peptided1, 42). Domain formation arises
when the free energy gain of neutralizing the electric double
layer is greater than the free energy loss arising from the
reduction in entropy that accompanies phase separdt8n (
The preferential binding of the LamB-18W to negatively
charged domains can help explain why the Doxyl PC probes
did not modify the binding of LamB-18W to the bilayer.
This can be rationalized by the Doxyl PC being partially
excluded from the predominantly negatively charged lipid
domains where the peptide preferentially bound.

In the case of the negatively charged LamB-EE, there
would be no sequestration of negatively charged lipids so
that the nitroxide probes would be located in the region of
peptide binding. Therefore, we argue that in EPC/POPG
bilayers the binding of LamB-EE was modified by the
presence of 7-Doxyl PC (Figure 4B) by a mechanism similar
to that by which the binding of LamB-W was modified by
7-Doxyl PC in EPC bilayers (see above).

SummaryWe have presented evidence for LamB signal
peptide which shows that (1) the peptide assumes a hammock
configuration in lipid bilayers, (2) nitroxide lipid probes, but
not brominated lipids, affect the peptide binding to bilayers,
and (3) the net charge on the peptide affects fluorescence
quenching due to the formation of lipid microdomains. It
remains to be determined whether these nitroxide probes
modify the binding of other classes of peptides to lipid
bilayers.
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