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ABSTRACT:. The behavior of model-membrane-inserted polyLeu-rich peptides containing Asp residues
located at various positions in their hydrophobic core was investigated. The topography of the bilayer-
inserteda helices formed by these peptides was evaluated by measuring the emijssiand quenching

the fluorescence of a Trp at the center of the peptide sequence. When Asp residues were protonated (at
low pH), peptides that were incorporated into vesicles composed of dioleoylphosphatidylcholine (DOPC)
adopted a topography in which the polyLeu sequence predominantly formed a normal transmembrane
(TM) helix. When Asp residues were ionized (at neutral or high pH), topography was altered in a manner
that would allow the charged Asp residues to reside near the bilayer surface. In DOPC vesicles, most
peptides repositioned so that the longest segment of consecutive hydrophobic residues (12 residue minimum)
formed a truncated/shifted TM structure. However, peptides with one or two charged Asp residues close
to the center of the hydrophobic sequence and thus lacking even a 12-residue continuous hydrophobic
segment, formed a helical non-TM state locating near the bilayer surface. At low pH, incorporation of the
peptides into thicker bilayers composed of dierucoylphosphatidylcholine (DEuPC) resulted in the formation
of a mixture of the normal TM state and the non-TM helical state located near the bilayer surface. In
DEuUPC vesicles at high pH, the non-TM state tended to predominate. How Asp-ionization-dependent
shifts in helix topography may regulate the function of membrane proteins exposed to environments with
differing pH in vivo (e.g., endosomes) is discussed.

The transmembrane (TM) segments of natural membranepromote helix-helix interactions Z, 11), significantly sta-
proteins are commonly composed of hydrophabiaelices, bilized the trimerization of hydrophobic peptides in micelles
15—25 amino acids in length. The amino acid sequence of when placed deeply in the hydrophobic core of the peptide,
hydrophobic helices determines whether they will be TM, while an Asn near the edge of the hydrophobic sequence
how they will be positioned within the lipid bilayer, and how had little effect on oligomerizationlg).

they will interact with other membrane-inserted helices ( Hydrophilic residues can also alter the topography of
6). , . , ) membrane-inserted hydrophobic sequences by determining
Although hydrophobic residues are predominant in TM \yhether a TM or non-TM state forms. The introduction of
helices, polar and ionizable (“charged”) residues in such o5 many charged or excessively hydrophilic residues can
sequences are particularly important in determining helix regyt in the formation of “semi-hydrophobic helices”. Such

behavior. In many cases, such hydrophilic residues arepglices can equilibrate between TM and non-TM states that
involved in TM helix—helix interactionsT, 8). Presumably, lie close to the bilayer surfacd, (5, 13—16).

the ability of hydrophilic residues to form hydrogen bonds
(2, 9) or salt bridges 10) with other membrane-inserted
hydrophilic residues drives these interactions, while at the
same time, alleviating some of the unfavorable energetics
of inserting polar and ionizable residues within the bilayer.
The position of a hydrophilic amino acid in the primary
sequence of a TM segment is an important parameter
affecting helix-helix interactions. For example, it was
recently shown that an Asn residue, which can strongly

Even when a TM state is maintained in the presence of
hydrophilic residues, they can alter the location of the TM
sequence in the bilayed (4, 10, 17). In such cases, the
position of hydrophilic residues in the primary sequence is
again an important variable. von Heijne and colleagues
showed that the residue forming the boundary of the inserted
segment of a TMa helix derived from a leader peptidase
could be altered by the introduction of single ionizable
residues (i.e., Asp, Glu, Lys, and Argd,(17). lonizable
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incorporated into model membraneis §, 13, 18, 19). The dylcholine; diC16:1\9cPC; diC18:A9cPC, dioleoylphospha-
fluorescence of a Trp residue at the center of the polyLeu tidylcholine, DOPC; diC20:A11cPC; diC22:A13cPC, di-
sequence was used to monitor helix behavior. It was found erucoylphosphatidylcholine, DEUPC; and diC2415cPC)
that in bilayers with near-physiological thickness the presence were purchased from Avanti Polar Lipids (Alabaster, AL).
of a single uncharged hydrophilic residue near the center of Lipids were stored in chloroform at20 °C. The lipids used
the hydrophobic sequence was unable to disrupt TM were shown to be pure by TLC. Synthetic peptides were
topography 1). However, in thick bilayers, the cumulative further purified via reversed-phase HPLC using a C18
effects of the presence of hydrophilic residues and negativecolumn with an 2-propanol/water gradient in which the
mismatch (i.e., conditions in which the width of the solvents contained 0.5% (v/v) trifluoroacetic acid, starting
hydrophobic core of the bilayer exceeds the length of the at between 30 and 40% (v/v) 2-propan@B). (In one case
hydrophobic helix) resulted in the formation of a non-TM (pL(D11D15)) in which the peptide was sufficiently pure, a
surface topography by a large fraction of the peptides. This further purification step was omitted.) Peptide purity was
state existed in equilibrium with the TM state. The extent checked using MALD+TOF (Proteomics Center, Stony
of non-TM topography formation depended upon the type Brook University) and was estimated to b&0% in each
and number of substituting residue.( case. (Tests of MALDH+TOF sensitivity to peptides with

It was also found that a single charged Asp residue neartypical amino acid deletions found in impurities suggested
the center of the hydrophobic sequence induced formationthat this value is a lower limit to the actual purity (data not
of the non-TM state§, 19). In contrast, two consecutive  shown).) Concentrations of purified peptides were measured
(and presumably charged) Lys residues near the center oy absorbance spectroscopy using a Beckman DU-650
the hydrophobic sequence tended to induce a shift in TM spectrophotometer, using arfor Trp of 5560 Mt cm™ at
helix position rather than a non-TM stat8.(This behavior 280 nm. The peptides were stored at’@ in 1:1 (v/v)
was attributed to snorkeling, the ability of the membrane- 2-propanol/water. Acrylamide was purchased from Sigma
inserted four-carbon Lys side chain to orient such that its Chemical Co. (St. Louis, MO). A stock solution of 4 M
amino group can be positioned near the bilayer surfa@e ( acrylamide in water was used. 10-doxylnonadecane (10-DN)
22) and thus allow burial of enough of the polyLeu sequence was custom-synthesized (contact authors for availability) by
to form a stable truncated TM helix. Snorkeling effects have Molecular Probes (Eugene, OR). It was stored as a 4.2 mM
also been invoked to explain differences between the effectsstock solution [on the basis of@= 12 Mt cm™! at 422
of Asp and Lys residues on the positioning of TM helices nm (24)] in ethanol at—20 °C.
4. Model Membrane Vesicle Preparatiddodel membranes

These findings were extended in this paper by examining were prepared using the ethanol-dilution meth&d 1(3).
the effect of the Asp position upon hydrophobic helix Peptides dissolved in 1:1 (v/v) 2-propanol/water and lipids
behavior. In vesicles with physiologically relevant bilayer dissolved in chloroform were mixed and then dried under a
widths, it was found that the fully TM state in which Asp stream of N. Samples were then dried under high vacuum
residues were buried in the bilayer core predominated at lowfor 1 h. To make ethanol dilution vesicles, 40 (for 800-
pH (where the Asp residues were uncharged), but that atul samples) or 3QiL (for 2-mL samples) of 100% ethanol
high pH (where the Asp residues were charged) Asp residueswas added to dissolve the dried peptide/lipid film. Then, 790
could not be buried in the bilayer core and either a truncated or 1970uL of PBS (10 mM sodium phosphate and 150 mM
TM helix formed or a shallowly located non-TM state NaCl, adjusted to pH 3.& 0.1 with glacial acetic acid),
formed, depending on the position of the Asp in the sequence.respectively, was added to the samples while vortexing to

disperse the lipigtpeptide mixtures. Unless otherwise speci-

EXPERIMENTAL PROCEDURES fied, final concentrations were 2V peptide and 20Q:M
Materials. Peptides KGL;DLWL ¢K,A [pL(D11)],* K- lipid.

GLeDL2WLKA [pL(D10)], K2GLsDLsWLgKA [pL(D9)], Fluorescence Measurementgluorescence data were

K2GLDL7WLK-A [pL(D5)], and KxGLDDLWL oKA [pL- obtained on a SPEX2 Fluorolog spectrofluorometer operat-

(D10D11)] were purchased from the Research Geneticsing in the steady-state mode at room temperature. Measure-

Division of Invitrogen (Huntsville, AL). KGL;DLWLDL KA ments were taken on samples in semimicro quartz cuvettes

[pL(D11D15)] was purchased from Anaspec Inc. (San Jose, (1-cm excitation path length and 4-mm emission path length)
CA). KoGL3DLsWLgKA [pL(D7)] was purchased from  for most experiments. A 1-cm excitation and emission path-
Peptide Express, a division of BioExpress (Dublin, OH). The |ength cuvette was used for pH titration experiments. A 2.5-

N termini of all of these peptides were acetylated, and the C mm excitation slit width and 5-mm emission slit width (band
termini were all amide-blocked. Phosphatidylcholines (1,2- pass of 4.5 and 9 nm, respectively) were used for all
diacyl-sn-glycero-3-phosphocholines) with even carbon num- experiments. Fluorescence emission spectra were measured
ber acyl chains (diC14A9cPC, dimyristoleoylphosphati-  over the range of 300375 nm. Fluorescence from back-
ground samples containing the lipid but lacking the peptide

! Abbreviations: 10-DN, 10-doxylnonadecane; PC, phosphatidyl- was subtracted from the reported values. All measurements
choline; DOPC, diC18:A9cPC, dioleoylphosphatidylcholine; DEUPC,  were taken at room temperature.

diC22:1A13cPC, dierucoylphosphatidylcholine; DQA, dual-quencher . . e .
analysis; MALDHTOF, matrix-assisted laser desorption ionization _ Measurement ofmaxin Bilayers of Differing Thickness.

time-of-flight mass spectrometry; pL(D5), acetydBLDLWLoK,A- Samples with a peptide/lipid ratio of 1:100 were prepared
éTI%?_; %EDZ)Aacet)él-KGEBE%\;VLQK@I-%IE% 8%29& 2cety!als- as described above at pH 3.8 in a final volume of 00

3 3 oKoA-amide; p , acetyl- 6 2 oK2A-amide,; H
pL(D11), acety-KGL;DL WL oK ,A-amide. pL(D10D11), acetyHGLe- Samples were incubatedrft h' atroom temperature bgfore
DDLWL ¢K,A-amide; pL(D11D15), acetyl-BGL,DLWLDL 7K,A- spectra were recorded. To adjust these samples to higher pH,

amide. 40—45 uL of 2.5 M Tris-base in water or 2gL of 2 M



8796 Biochemistry, Vol. 43, No. 27, 2004 Caputo and London

NaOH, was added (to obtain a final pH 8.5 (8.2-8.5) was remeasured. Fluorescence intensity was measured using
or 9.9, respectively. pH 9.9 was used for the pL(D11) peptide an excitation wavelength of 280 nm and an emission
and pH~8.5, for all of the other peptides). Spectra were wavelength of 330 nm. Emission spectra were recorded using
remeasured after a further incubation at room temperaturean excitation wavelength of 280 nm.

for about 1 h. Calculation of the Acrylamide/10-DN Quenching Ratio (Q
pH Titration Experiments.The 2-mL samples were Ratio). The ratio of quenching by acrylamide/10-DN was
prepared as described above. After the fluorescence emissioysed to calculate Trp depth in the bilayer. This ratio was

intensity was measured at 330 and 350 nm (or emisksigi, calculated from the formula Q ratie= [(Fo/Facrylamiad —
sample pH was increased by adding8ul aliquots of  1J/[(Fy/Fio-on) — 1], whereF, is the fluorescence of the
either 0.5 @ 2 M NaOH while mixing. After addition of sample with no quencher present éfgyiamide@nd F1o-pn
each aliquot of NaOH, samples were allowed to equilibrate are the fluorescence intensities in the presence of acrylamide
for approximately 2 min before fluorescence was remeasured.or 10-DN, respectively4).
Con_t_rol e_xperiments showed this to be a sufficient time for  cjrcular Dichroism (CD) Measurement€ircular dichro-
equilibration of pH across the bilayet§ 19) (data not gy spectra were recorded on a Jasco J-715 CD spectropho-
shown). The total volume of NaOH added by the end of the {ymeter at room temperature using a 1-mm path-length quartz
titration experiment (at which pH was 1+41.6) was about . ,yette. Samples were prepared at low pH as noted above
70uL. Intensities were corrected for background fluorescence ity the exception that low pH-adjusted PBS diluted 10-
using controls lacking the peptide but were not corrected g with water (dilution had little effect on pH) was used
for the negligible level of dilution. The pH dependence of {, requce solvent interference at low wavelengths. Control
the ratio of fluorescence intensity at 350 nm and 330 NM gyneriments using undiluted PBS showed similar spectral
(Faso/Fa30) Or Amax Was used to calculatekp values for the  shanes but, in some cases, slightly stronger ellipticity (up to
ionizable residues. _ a 20% increase; G. A. Caputo and E. London, unpublished
Acrylamide-Quenching Measurementks.quantify acryl-  gpservations). After spectra were recorded at low pH, sample
amide quenching, fluorescence intensity and emission Spectigy as raised using appropriate amounts of either Tris-base
were first measured in 8@k samples containing model-  or NaOH to achieve pH values close to those used in the
membrane-incorporated peptides or background samples thajorescence experiments. Both low and high pH values were
were prepared at just low pH or at low pH and then adjusted yithin 0.2-0.3 of those used in the fluorescence experiments.
either to pH~8.5 or ~9.9 as described above. After  fter incubation for abotil h atroom temperature, spectra
incubation for roughly 1 h, a 5@t aliquot of acrylamide yere rerecorded. Reported spectra are the average of between
from a 4 M stock solution dissolved in water was added. 125 and 150 scans. Backgrounds from samples lacking
After a brief further incubation (about 5 min), fluorescence peptide were subtracted. Overall, thehelix content was
was remeasured. Fluorescence intensity was measured at 8gstimated using three deconvolution programs: SELCON3
excitation wavelength of 295 nm and an emission wavelength (25 26) CONTINLL (27), and CDSSTRZS). In most cases,
of 340 nm. This excitation wavelength was chosen to reduce e nelix content computed by the three independent
acrylamide absorbance (and the resulting inner-filter effect), yrograms was consistent withinl0%. The averages of the
and the emission wavelength was chosen to eliminate a|yes from the three programs are reported.
interference from the Raman band of water. Corrections to
intensity were made both for dilution by the addition of RESULTS
acrylamide and for inner-filter effect24). Fluorescence
emission spectra were measured using an excitation wave- The behavior of model membrane-inserted Lys-flanked
length of 280 nm. This excitation wavelength was chosen polyLeu peptides (pL peptides) containing one or two Asp
because the overall intensity was greater than when ansubstitutions at different positions in their primary sequence
excitation wavelength of 295 nm was used, despite the was studied. Including the Asp residue(s) and a Trp residue
stronger inner-filter effect when 280 nm was used. Controls at the center of the hydrophobic sequence, the polyLeu-rich
showed that emission spectra had very similar wavelengthhydrophobic core of the peptides was 19 amino acids in
maxima using either excitation wavelength. length (20 amino acids if a flanking Gly residue is considered
10-DN-Quenching Measurement§o measure the ef- hydrophobic). This is sufficient to span the hydrophobic core
ficiency of 10-DN quenching, the fluorescence of samples of bilayers composed of DOPC. DOPC has 18 monounsat-
(prepared as described above) in the absence of 10-DN wag/rated carbon fatty acyl chains and forms bilayers with a
compared to that of samples containing 10-DN. To prepare honpolar core of approximately 30 A in thickness, close to
the latter, samples containing model-membrane-incorporatedthat expected for natural membran@s)(
peptides or background samples without the peptide were lonization Behaior of Asp Residues in the Core of
prepared as noted above, except that either 10 mol % (forMembrane-Inserted PolyLeu Peptid&se aim of this study
DOPC) or 12 mol % (for DEUPC) of the lipid was replaced was to characterize the topographical characteristics of model
by an equivalent mole fraction of 10-DN. A larger fraction membrane-inserted Asp-containing peptides both when Asp
of the quencher was used in the DEUPC samples to maintainresidues were charged and uncharged. For this reason, pH
a constant ratio of doxyl groups to hydrophobic voluré) ( titrations were performed to determine Asi§jvalues. The
Samples with and without 10-DN were prepared at pH 3.8, pH-dependent changes in ionization were detected by their
and then fluorescence intensity and emission spectra wereeffect on Trp emission (which is sensitive to ionization-
measured. Sample pH was then raised to~g5 or~9.9, induced changes in peptide topography, see below). Changes
as described above. After the samples were allowed toin the wavelength dependence of fluorescence emission were
equilibrate at room temperature for about 1 h, fluorescence generally measured by the ratio of Trp emission intensity at
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1.30 Table 1: K, Values for Asp-Containing Peptides in DOPC or
190 | DEuUPC Bilayers
h DOPC vesicles DEuPC vesicles
1.10 &
. peptide e PKe, PKay PKe,
2 pL(D5) 5.6+£0.04 924024 49+0.2 11.2+0.17
o pL(D7) 6.7+£0.05 11.1+0.06 7.1+0.23 11.2+0.07
> pL(D9) 6.2+ 0.06 9.8+£0.01 7.0+£0.33 10.5+0.71
a pL(D10) 6.1+ <0.01 9.4+0.11 56+0.05 8.6+ 0.45
pL(D11) 8.7+ 0.05 c 8.6+ 0.01 c
pL(D10D11) 5.3+ <0.01 9.7+0.08 4.2+ 0.16; 10.3+0.80
6.2+ 0.10
pL(D11D15) 6.8+ 0.04 9.2+ 0.18 6.5+0.06 8.9+0.18
apK, values are the averages from titrations of duplicate samples.

The range of averages is also shown. To estimKtg points were fit

to the equation for sigmoid or dual-sigmoid curves [using SlideWrite
Plus for Windows version 6.00 (Advanced Graphics Software, Encini-
o tas, CA)].P Because of a red-shifted impurityKpvalues for pL(D5)
Ficure 1: Effect of pH upon Trp fluorescence for Asp-containing  in DEUPC were calculated using changesgigy rather tharFasgFazo
polyLeu peptides incorporated in lipid vesicles. Samples were ¢No second . was detected! Data were fit to a triple-sigmoid

prepared at low pH and titrated with NaOH, while measuring the equation. The two lowlg, values may arise from the separate ionization
fluorescence after the addition of each aliquot. Peptide concentrationof the two Asp residues in pL(D10D11).

was 2uM, and lipid concentration was 2QfM. Curves are shown

for (®) pL(D11) in DOPC vesicles,d) pL(D11) in DEuPC
vesicles, @) pL(D9) in DOPC vesicles,) pL(D9) in DEuPC
vesicles, andK) pL(D10D11) in DOPC vesicles. Single titrations
are shown, but similar results were obtained with duplicate samples.

rH

charged at both of these pH values. To study the pL(D11)
peptide under conditions in which the Asp residue was
ionized, pH 9.9 was used.

350 nm and 330 nmMssg/Fasg). This method is somewhat ~ Principles of Distinguishing Topography of Bilayer-
easier to use for titration experiments than the measurementnserted Hydrophobic Peptides through Fluoresceagg
of changes in the wavelength of maximum Trp emission and Its Dependence Upon Bilayer Widtkext, Trp fluo-
(Ama) (18, 19). A low Fssd/Fazovalue is equivalent to a blue- ~ rescence was used to dgflne the topogra_phy of the model-
shifted Trp emission, and a highdgFsz ratio indicates a membrane-inserted peptides. It was previously shown that
red-shifted emission. Trp emissioMmax could be used to estimate Trp depth and
Some representative pH titration curves are shown in thatwhen the Trp was placed in the center of the hydrophobic
Figure 1. In most cases, two distinct ionization events were S€quencémaxcould readily distinguish between TM and non-
observed as pH was increased. The first ionization event TM topographies, 5, 19). When in a fully TM orientation,
reflected Asp deprotonation and the second, deprotonationthe Trp locates at or near the bilayer center, which results in
of the Lys residues that flank the hydrophobic sequence. In & Very blue-shifted Trp emissiohna in the range of 315
all cases, Asp ionization was accompanied by a red shift in 318 nm (, 5). If the peptide adopts a non-TM topography
Trp emission. Lys deprotonation was Sometimes accompaJn Wh|Ch It |Ocates f:|Ose to the Surface Of the b||a.yer, the
nied by a red shift but in other cases was accompanied by atmax Of Trp red-shifts strongly (e.g., to 33840 nm).
blue shift. Controls were performed in a few cases to confirm Intermediate values olnax are characteristic of either a
that the fluorescence changes induced by increasing pH wereeombination of TM and non-TM topographies, (L3, 24),
reversible when pH was decreased (i&f and data not ~ ©Or @ shifted TM state in which only part of the polyLeu
shown). Table 1 summarizes th& values obtained from  Sequence forms a membrane-spanning segment and thus the
pH titrations for Asp-containing peptides incorporated in T'P moves to an intermediate depth.(
either DOPC vesicles or DEUPC vesicles. (DEUPC has 22 Additional studies demonstrated that the dependence of
monounsaturated carbon fatty acyl chains.) In most casesAmax upon bilayer width/thickness could help distinguish
Asp pKafell in the pH range of 57 and Lys K, fell in the between different topographical statd3.(The most com-
pH range of 9-11, both in DOPC and DEuUPC bilayers monly observed case for polyLeu peptides with a very
(Table 1). The only striking exception was pL(D11). In hydrophobic 19-residue core involves formation of a fully
agreement with previous results, the pL(D11) peptide only TM helix in normal-width DOPC bilayers (solid line of
showed one ionization event near pH 8.5. This was previ- Figure 2). This gives highly blue-shifted fluorescence because
ously identified as involving Asp deprotonation but may also the Trp is at the bilayer center. A red shift is observed for
involve simultaneous or nearly simultaneous Lys deproto- such peptides when they are incorporated into thicker
nation (9). bilayers. This red shift is due to the formation of an
It should be noted that similar AsgKgpvalues were found  appreciable fraction of the non-TM surface state, in which

for peptides in bilayers composed of dimyristoleoylphos-
phatidylcholine, a lipid with 14 carbon-atom monounsat-
urated acyl chains (data not shown). This confirms th&t p

values were not strongly dependent on the bilayer width.

the Trp is closer to the bilayer surface. This non-TM state
forms because of negative mismatch; i.e., a situation in which
the width of the hydrophobic core of the bilayer exceeds
the length of the hydrophobic segment of a TM helix. In the

Therefore, for most subsequent experiments, pH 3.8 and 8.5TM state, this situation results in an energetically unfavorable
were used to study peptides in a state in which the Asp would burial of the hydrophilic residues flanking the hydrophobic
be predominantly uncharged or charged, respectively. Thesequencel( 5). There is also a red shift observed in very
flanking Lys residues should have remained at least largely thin bilayers (i.e., under conditions of positive mismatch).
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FicurRe 2: Schematic dependence of Thpax Upon lipid acyl chain 340F 340F
length for polyLeu peptides adopting various membrane-associated g % high pH
topographies. The behaviors shown were previously identified for & 335} =_high pH g335f2 @ 5 e
polyLeu peptides containing hydrophilic substitutiods ). (—) < 330 T < E 8
Typical Amax behavior for a peptide with a central Trp residue and Fr 330F i
a hydrophobic length matching the acyl chain width for medium- 3250 35F
width bilayers (18-20 carbon acyl chains). Fluorescence is highly s
blue-shifted in medium-width bilayers. In wider-width bilayers, a 320 low DH S 320f .
mixture of a TM and non-TM surface-located state forms and 3155 pPR®— L _ lowpH
fluorescence red shifts. Red shift in thin membranes is due to " 4, 16 15 20 20 24 3157716 18 20 22 24
oligomerization plus intrinsic bilayer-width effects, (13). (- - -) Acyl Chain Thickness (no. C) Acyl Chain Thickness (no. C)

Amax behavior for a peptide that can form a truncated TM segment. o ) o
Fluorescence in moderate-width bilayers is red-shifted relative to FIGURE 3: Effect of lipid acyl chain length on Trp emissidiax
that for full-length TM helices because of the movement of Trp ©f Asp-containing polyLeu peptides incorporated into phosphati-
from the bilayer center in the shifted state. Formation of a non- dylcholine vesicles. Peptides studied were (A) pL(D5), (B) pL-
TM surface-located state and additional red shifting occurs even (P7), (C) pL(D11), and (D) pL(D11D15). Filled symbols indicate
in slightly wider bilayers. (=+-) Trp Amax behavior for a peptide  4max vValues at conditions in which Asp was protonated (pH 3.8),
that adopts the non-TM surface-located state. Highly red-shifted @nd open symbols indicafg. values from the same samples under
fluorescence is observed in bilayers of any thickness. In all cases,conditions in which Asp was charged, i.e., after raising pH te-8.3
typical Amax values are shown; however, depending on the exact 8-5 [for pL(D7), pL(D5), and pL(D11D15)] or pH te-9.9 [for

Trp depths and any interactions between Trp and polar residues,PL(D11)]. Samples contained 2M peptide and 20Q«M lipid

Amaxvalues in a specific topography can be different than the values dispersed in pH-adjusted PBS. The lipids that were used all had
shown (see the text for details). monounsaturated acyl chains. Reported values are the average from

three to six samples.
This appears to be due to a combination of the formation of
TM oligomers (3) and the fact that even a Trp at the bilayer unaffected by bilayer width. Thus, they show red-shifted Trp
center is closer to the bilayer surface in thin bilayers than in fluorescence that is insensitive to bilayer width (dashed-
thicker bilayers ). Overall, a “U” shaped curve fokmax dotted line of Figure 2)1).
versus the bilayer thickness curve is observed. Topography of Asp-Containing PolyLeu Peptides at Low
A second case previously observed is that of peptides thatand High pH.The analysis described above was used to
when incorporated in DOPC bilayers form a shifted TM state, evaluate the effect of bilayer width upon Thgax of Asp-
in which only a truncated segment of the polyLeu sequence containing peptides both under low pH conditions, in which
forms a TM helix Q). This shifted state forms so that a the Asp would be protonated, and under higher pH condi-
hydrophilic residue within the hydrophobic sequence can tions, in which it would be deprotonated (i.e., charged).
reside near the bilayer surface. The shifted state exhibits notFigure 3 shows the effect of bilayer thickness i for
only more red-shifted fluorescence in DOPC (because of its four Asp-containing peptides: pL(D5), pL(D7), pL(D11),
Trp being shifted from the center of the bilayer), but also and pL(D11D15). At low pH, all four peptides exhibited
more sensitivity to negative mismatch (dashed line of Figure typical U-shaped curves with highly blue-shifted fluorescence
2). This increased sensitivity is expected because the shortein bilayers of intermediate width (filled symbols of Figure
the TM segment the greater the degree of negative mismatch3). As noted above, this is characteristic of peptides for which
at any specific bilayer width. The resulting patternigfx the entire hydrophobic polyLeu sequence participates in a
versus bilayer thickness will be referred to as a “J” curve. TM helix at intermediate bilayer widths and for which a
The final case previously observed is that of peptides mixture of TM helix and a non-TM surface topography forms
forming a non-TM helix near the bilayer surface in DOPC in thicker bilayers.
(1. This has been observed for polyLeu sequences that are When the pH in these samples was increased to a value
not hydrophobic enough to form a TM helix because of the where the Asp is ionized, peptidgax red-shifted in all cases
presence of too many hydrophilic substitutions within the (open symbols of Figure 3). This implies that the Trp moved
polyLeu core. Because in this state the peptides only interactto a shallower depth because the charged Asp residue moved
with one leaflet of the bilayer, their topography is largely toward the bilayer surface. The exact behavior observed
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Ficure 4: Effect of lipid acyl chain length on Trp emissidp,.x 0f Asp-containing polyLeu peptides incorporated into phosphatidylcholine
vesicles. (A) pL(D9), (B) pL(D10), and (C) pL(D10D11). Filled symbols indichtgx values obtained under conditions in which Asp was
protonated (pH 3.8), and open symbols indicaig values for the same samples under conditions in which Asp was charged (after raising

pH to 8.2-8.5). The dashed line for pL(D10) is an approximation. In this casg.,values when fluorescence was red-shifted were affected

by the presence of a red-shifted impurity. Reported values are the average obtained from three to six samples. Experimental conditions are
the same as in Figure 3.

depended upon the Asp residue position. The pL(D11) andTaple 2: Quenching of Membrane-Inserted Peptide Trp Residues by
pL(D11D15) peptides both exhibited strongly red-shifted Trp Acrylamide and 10-DN at Low and High pH

Amax Values in all bilayer widths. This indicates that when

L . low pH high pH
the Asp was ionized these tv_vo peptu_jes adopted the shallow peptide acrylamide 10N acrylamide 10N
non-TM topography at all bilayer widths. In contrast, pL- FJ/F* Values for Peptide Quenching in DOPC

i ibi -shi i @ Values for Peptide Quenching in
(D_5) and pL(D7) at high pH exhlblted_ a red ghlft pro_flle pL(D5) L1t 001 3135 007 1165001 213+ 0.08
with a_J—t)_/pe. dependence df.ax upon bilayer width. Th|§ pL(D7) 1134003 260L004 113L002 202005
behavior indicates that the pL(D5) and pL(D7) peptides pL(D9) 1.18+0.01 3.67+0.28 1.45+0.03 1.414+0.09
formed truncated/shifted helices in DOPC bilayers and either ptggi% igi 8-8? gggi 8.3 i;gsi 8.82 %g% 8.82
- i p . . . . . : . .

thed non-TM topograpr;]y ora _rglxtg_rle of the truncated TM pL(D10D11) 1.35+0.04 2.31+0.18 1.45+0.01 1.40+0.07
and non-TM tapography in wider bilayers. pL(D11D15) 1.14+002 3.56+008 1.36+002 3.20+0.17

Figure 4 shows the effect of bilayer thickness on three

2 o . Fo/F Values for Peptid hing in DEUPC
additional Asp-containing peptides, pL(D9), pL(D10), and JF Values for Peptide Quenching in DEu

. PL- pL(D5) 1.35+0.02 251+ 0.26 1.43+0.08 1.84+0.02
pL(D10D11). At low pH, these peptides exhibited U-type pL(D7) 1.214+0.02 1.62+0.03 1.24+0.01 1.50+0.06
width-dependence profiles similar to the peptides shown in PL(D9) 1.74+0.04 1.63+0.01 1.71£0.05 1.45+0.07
Figure 3. However, Trp emissiohax values at low pH were pL(D10) 167+ 001 1.53-022 1.60-0.03 1.46+0.10

: . . . ! pL(D11) 1.34+0.01 2.06+0.03 1.49+0.14 2.45+0.10
considerably red-shifted at all bilayer widths relative to those pL(D10D11) 1.56+0.07 1.65+0.04 1.51+0.05 1.38+ 0.06
for the peptides studied in Figure 3. This red shift was likely pL(D11D15) 1.20+0.01 2.96+0.14 1.38+0.02 2.82+0.09

to be due to 'direct'TrpAs'p interactions. These pept.ides aFo/F is the ratio of fluorescence in the absence of the quencher to
have Asp residues in positions (9 and 10) that can directly that in the presence of the quencher. The average of values obtained
interact with the Trp one helical turn away (at position 13). from three to six samples and the standard deviation of the average

Using bilayer-inserted peptides, it was previously observed areé shown. Low pH= 3.8; high pH~ 8.5 or 9.9 for pL(D11).
by Jones and Gierasch that when Trp and Asp are in close
proximity Trp fluorescence is strongly red-shifteth). At Trp fluorescence, acrylamide and 10-DN, to assess Trp depth.
high pH, Figure 4 shows that all of these peptides exhibited Acrylamide significantly quenches Trp residues that are at
fluorescence that is even more strongly red-shifted than ator near the membrane surface, while 10-DN strongly
low pH. This behavior again indicates that ionized Asp quenches Trp residues that are buried in the nonpolar core
residues locate closer to the bilayer surface than unchargedf the bilayer. The ratio of acrylamide quenching to 10-DN
Asp. The pL(D9) and pL(D10) peptides showed a J-type quenching (Q ratio) has been shown to respond nearly
dependence ofmax Upon bilayer width, while pL(D10D11) linearly to Trp depth in the bilayer, such that a low quenching
exhibited highly red-shifted Trp emission that was relatively ratio indicates a deeply located Trp, while a high Q ratio is
insensitive to bilayer width. The most likely explanation of indicative of a Trp located at or near the bilayer surfak;e (
these results is that in DOPC vesicles at low pH pL(D9), 24). Similar to the situation for intermediaten.x values,
pL(D10), and pL(D10D11) adopted the normal TM state, intermediate Q ratios can arise either from peptides that adopt
while in DOPC vesicles at high pH, pL(D9) and pL(D10) multiple bilayer-associated conformations with different Trp
formed truncated/shifted helices and pL(D10D11) formed depths or from peptides that adopt a shifted TM conformation
the non-TM state. In thicker bilayers, all of the peptides with an intermediate Trp depth (see below).
appeared to form predominantly the non-TM state. Quenching data for individual quenchers is shown in Table
Dependence of Trp Depth Upon Bilayer Thickness at Low 2. Quenching was affected by both Trp position and Asp
and High pH.Becauselmax can be sensitive to factors other charge and generally shows the expected inverse correlation
than Trp depth, dual-quencher analysis (DQA) was used to between acrylamide quenching and 10-DN quenching. Figure
confirm topographical assignments by measuring Trp depth 5 shows the Q ratios calculated from these data. Figure 5A
more directly. The DQA method utilizes two quenchers of shows Q ratios for the series of Asp-containing peptides at
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Ficure 5: Q ratios for Asp-containing polyLeu peptides incorporated into lipid vesicles. (A) Q ratio for peptides in DOPC vesicles at pH
3.8. (B) Q ratios for peptides in DOPC vesicles at pi8.5 or [for pL(D11)] at pH~9.9. (C) Q ratios for peptides in DEuPC vesicles at

pH 3.8. (D) Q ratios for peptides in DEUPC vesicles at pB.5 or [for pL(D11)] at pH~9.9. Average values and standard deviations
obtained from three to six samples are shown. Arrows adjacent tg alxes show the Q ratio for a case in which previous studies show

Trp locates at the bilayer center, a polyLeu-peptide-lacking A%pP. (The x axis identifies the peptide by Asp position in the peptide
sequence. Sample conditions are the same as in Figures 3 and 4, except that samples containing 10-DN had a lipid composition of 90 mol
% DOPC plus 10 mol % 10-DN or 88 mol % DEuPC and 12 mol % 10-DN.

low pH when incorporated in DOPC vesicles. Consistent with thickness, also surprisingly exhibited relatively low Q ratios
the Amax data, under these conditions, all of the peptides (see explanation below).
exhibited very low Q ratios, indicative of deeply located Trp.  In Figure 5C, Q ratios are shown for the peptides in
In Figure 5B, the Q ratios are shown for the peptides in DEuPC vesicles at low pH. Overall, the Q ratios again
DOPC vesicles at high pH. Overall, the Q ratios increased showed an increase relative to the corresponding values in
when compared to the corresponding low pH values. This DOPC at low pH, in agreement with the red shifts observed
is consistent with the red shifts observed/ip.x and the in Amax @nd the conclusion that peptide topography changed
conclusion that peptide topography at high pH changed eitherto a mixture of the normal TM and non-TM surface states
to a non-TM surface state or truncated/shifted TM helix. under these conditions. Again, however, the increase in Q
However, the increase in Q ratios varied quite widely, with ratios varied quite widely, with the highest Q ratios observed
the highest Q ratios observed for the pL(D9), pL(D10), and for the pL(D9), pL(D10), and pL(D10D11) peptides.
pL(D10D11) peptides. In the cases of pL(D5) and pL(D7), In Figure 5D, the Q ratios are shown for the peptides in
the relatively small change in the Q ratio can be explained DEUPC vesicles at high pH. Overall, the Q ratios were
by the fact that the Asp was close to the end of the increased when compared to any of the other conditions. This
hydrophobic sequence, and even upon formation of theis in agreement with observation that red shiftd,in. were
truncated/shifted state the Trp should remain relatively deeply the largest in this condition and the conclusion that the
buried. On the other hand, pL(D11) and pL(D11D15), two peptides were predominantly in a non-TM surface topogra-
of the peptides assigned to shallow surface conformationsphy. Nevertheless, once again, a wide variation in Q values
based on theikmax values and the response/fax to bilayer for different peptides was observed.
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2.40 were at the surface of the bilayer, they were oriented so that
the Trp was facing directly into the core of the bilayer,
200 F % %% resulting in a deep Trp location. In contrast, peptides with

the smalles® were those that exhibited the largest Q ratios
in the non-TM state. These results indicate that when non-

160 TM states are present Q ratio measuremégtthemseles
+ can be deceptive and that topographies defined byl thé
Z% 120 | bilayer-width experiments are less likely to be misleading
& 0 (see the Discussion).
Detection of Multiple Peptide Populations by Quencher-
0.80 Induced Shifts in Trplmax Given the above-outlined com-
plications arising from the position of Trp relative to that of
040 | - Y Asp, an additional method to distinguish a shifted/truncated

N TM state from a mixture of deep and shallowly located states

*
6 was needed to confirm our topographical assignments. These

0.00 — cases are the most difficult to distinguish from each other
0 30 60 : : : ;
0 120 150 180 because, as noted above, an intermediatgand intermedi-
[6](degrees) ate Q ratio can arise from either of these situatidh<24).

FiIGURE 6: Correlation between quenching and the angle between  To distinguish between these possibilities, the heterogene-
Asp and Trp: dependence of Q ratios upon the estimated angleity of Trp depth was analyzed using fluorescence quenching.

(®) between Trp and Asp side-chaincarbons under conditions . . . .
in which peptides predominantly form non-TM structures at high hen & bilayer-inserted peptide adopts multiple conforma-

pH as judged bylmax behavior. Points are shown for peptides in  tions with different Trp depths, its Trp emission will be a
DOPC vesicles for4) pL(D11), ©) pL(D10D11), and [{J) pL- composite of the emission spectra of the different popula-

(D11D15). Points are shown for peptides in DEUPC vesicles for tions. In such cases, it was shown previously that acrylamide

EZ% Btggi)déﬂ%r?d%%ﬂ(%Ll(ngi’s(f)Tﬁé(ﬂtoghmnpfe(griﬁms will preferentially quench the shallow population, from which
a least-squares linear fit (correlation coefficient0.76) Inset:  the more red-shifted emission would normally arige24).

Schematic representation of an end-on view of a surface-oriented This results in an overall blue shift of the Trp emission
peptide showing the definition &. For peptides containing two  spectrum. Conversely, 10-DN preferentially quenches the
Asp residuesp was defined as the angle between the Trp and the deeper population and thus induces a red shift in the Trp
average direction of the individual Asp residues. emission spectrumil( 24). If instead, only one population
with an intermediate Trp depth is present, then the quenchers

Correlation of Q Ratios to the Position of the Trp Residue induce very little or no shift iMmax (1).
Relatve to the Asp Residudt was initially puzzling that Table 3 showsidmax values for the model-membrane-
peptides that seemed to locate shallowly in the bilayer asinserted Asp-containing poly-Leu peptides and how they
judged byAmax Criteria showed relatively deep Trp depths were affected by the presence of acrylamide or 10-DN. When
as judged by the Q ratio. One possible explanation was thatincorporated in DOPC bilayers at low pH, the combination
the Q ratio in the shallowly located non-TM state was of blue-shifted emission and small quencher-indu¢ggk
strongly dependent on whether the Trp was on the side of shifts confirms that all of the peptides predominantly adopt
the helix facing the aqueous solution or on the side facing one conformation with the Trp near the bilayer center. When
the interior of the bilayer. This factor has a large effect on incorporated in the thicker DEUPC bilayers at low pH, the
the depth of a residue in a non-TM staw#7). It should peptides show not only the above-described red shift in the
depend on the position of the Trp relative to the Asp residue. absence of the quencher, but also the large quencher-induced
A reasonable assumption is that in the non-TM state peptidesshifts in Amax Of the type predicted for a heterogeneous
tend to orient so that the Asp will be as far from the bilayer mixture of TM and non-TM surface-located topographies.
core as possible, that is, with the Asp facing the aqueousIn contrast, although at high pH, in DOPC vesicles, Trp
environment. Combined with the fact that the peptides were emission is also red-shifted relative to that in DOPC vesicles
largely a helical (see below), this allows an estimation of at low pH, the quencher-induced shifts are much smaller.
the Trp side-chain location in the non-TM state. The angle This is consistent with a single population of peptides with
between the Asp side chain and the Trp side ch@hnwas an intermediate Trp depth, i.e., a shifted TM topography.
calculated using the values for an ideahelix (in which a Because these conclusions agree with those obtained from
one-residue difference in position is equivalent t®aof the values ofinax as a function of bilayer width in the
100°). absence of the quencher (Figures4), they confirm the

A graph of Q ratio versu® is shown in Figure 6 for  assignments of the topography of the Asp-containing pep-
peptides under conditions in which they appeared predomi-tides. (It should be noted that the quencher-induced shifts in
nately to adopt the non-TM shallow surface conformation DEuUPC vesicles at high pH were generally less than those
(as judged by thé.n.x experiments). A fairly strong linear at low pH (data not shown). In combination with the
correlation betwee® and Q ratio can be seen from these observation that Trp depths were the shallowest in DEuPC
data. It is noteworthy that the peptides that exhibited vesicles at high pH, this supports the conclusion that, when
anomalously low Q ratios, pL(D11) and pL(D11D15), also Asp was ionized and negative mismatch was strong, the
had® values close to the maximum of 180.e., with the surface form tended to predominate.)
Asp on the exact opposite side of the helix relative to the  Asp-Containing PolyLeu Peptides AseHelical at Low
Trp. This strongly suggests that, even when such peptidesand High pH.Previous studies showed that bilayer-inserted
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Table 3: Quencher-Induced Shifts in Trp Emissian for %0
Membrane-Inserted Peptides in DOPC or DEUPC Vesicles
Amax Amax(NM)  Amax(nm)  [total shift %
peptide lipid pH (nmy acrylamide 10-DN (nmy —g 30
pL(D5) DOPC 3.8 3183 319 318 1.0 S
DEuPC 3.8 324 319.7 332.7 13.0 °
DOPC 8.5 323 323 325.3 2.3 T
pL(D7) DOPC 3.8 320 319.7 320 0.3 S 10-
DEuPC 3.8 326.3 326.7 331 4.3 2
DOPC 85 324 [« 325.3 c 3
pL(D9) DOPC 3.8 327.3 327 330.7 3.7 2
DEuPC 3.8 341 335 3457  10.7 = _q0-
DOPC 8.5 336 334 336 2.0 .%
pL(D10) DOPC 3.8 3268  327.1 3263 08 =
DEuPC 3.8 348.7 342 349.7 7.7
DOPC 85 337.6 3382 340.3 2.1 30 , , ‘ ,
pL(D11) DOPC 38 3187 318 3173 07 195 205 215 225 235 245 255
DEuPC 3.8 317.7 318 319.3 1.3
DOPC 9.9 3323  330.7 332.3 1.6 Wavelength (nm)
pL(D10D11) DOPC 3.8 331 329.7 3307 10 FiIGURE 7: CD spectra of pL(D11D15) peptide incorporated in lipid
DEUPC 38 337 = 3343 340 >7 vesicles. pL(D11D15) in{) DOPC vesicles at pH 3.8, (- - -) DOPC
DOPC 85 335.7 336.3 337 0.7 vesicles at pH 8.2,:{-) DEUPC vesicles at pH 3.8, and--Q
pL(D11D15) DDSU';% ?‘:’g 3321377 3311983 33215 é'g DEuUPC vesicles at pH 8.2. Samples were prepared at pH 3.8, CD
DOPC 85 3317 3337 337 33 spectra were recorded, sample pH was raised to pH 8.2, and after

an incubation of approximatell h spectra were re-recorded. Helix

2 Reportedimax values are averages from three to six samples. In content for pL(D11D15) (calculated as described in the Experi-
general Amax values were reproducible to withitl nm.® Total shift mental Procedures) and standard deviations for values from three
is absolute value of the difference between thg:in the presence of different helix calculation programs were 72 7% in DOPC at
10-DN and/max in the presence of acrylamideSamples contained low pH, 68+ 7% in DOPC at high pH, 73 3% in DEUPC vesicles
varied amounts of a red-shifted impurity that malgg. determination at low pH, and 62+ 6% in DEUPC vesicles at high pH. Peptide
and shift calculation impossible. concentration was 2M, and lipid concentration was 2QM. The
other peptides used in this study exhibited CD spectra with similar
polyLeu peptides with various hydrophilic substitutions Shapes and intensities.
maintaina-helical secondary structure. To determine whether
the peptides used in this study maintained a predominantly
o-helical structure, CD spectra of bilayer-inserted Asp-
containing peptides were measured. For each peptide, CD D <1% eesidues
spectra were recorded for peptides incorporated in both > I;.z,.si..m
DOPC and DEUPC bilayers and at both pH values both above %
and below the Asp I, values. All peptides gave spectra
with the characteristic shape and intensitiescdielix-rich Low pH - DEUPC High pH - DEUPC
polypeptides (Figure 7). Analysis of helical content (see the 5 -
Experimental Procedures) confirmed that the peptides formed %—W%
highly helical structures under all conditions studied. Aver- D

gnly ‘//' >

aging over all peptides, there was no significant overall

Low pH - DOPC High pH - DOPC

difference between helix content in DOPC vesicles §77 % % % %

4%) and DEuUPC vesicles (78 1%) or between samples at

low pH (76 & 3%) and the same samples after adjustment Fcure 8: Schematic illustration of Asp-containing poly-Leu

to high pH (74+ 2%). peptide behavior in lipid bilayers under different conditions. In
DOPC vesicles at low pH, all of the peptides studied form a fully

DISCUSSION TM sequence with the protonated Asp buried in the bilayer and a
Trp at the bilayer center. At low pH in DEuPC vesicles, the peptides

Uncharged and Charged Asp Residuesveld/ery Dif- exhibit an equilibrium between the fully TM topography and a non-

ferent Effects on the Behir of Hydrophobic Helices. ~ TM surface topography with a displaced Trp depth because of the
Figure 8 summarizes the behavior observed for Asp- negative mismatch. At high pH in DOPC vesicles, Asp residues

- . . are charged and the peptides form either the truncated TM helices
containing polyLeu peptides. At low pH in the absence of o the non-TM surface topography to move the charged Asp out

hydrophobic mismatch, these peptides form TM helices such of the bilayer core. Both of these states shift the Trp position away
that the uncharged Asp residue remains buried within the from the bilayer center. The truncated TM topography predominates

bilayer regardless of its position in the helix (upper left panel ‘(':Vr:‘aer” é';ep'\‘:”%tsh :tf fg:sioi‘gizg:aeuue'gﬁgnsegﬂehr}t ﬁ”i”HteiLrUgtEel?P%’
Of. Figure 8).' At low pH in the presence of nggatlve vesigles, thepnon—TM surface topographygpredorgineftes because of
mismatch, mixtures of TM and non-TM topographies tend the combination of the presence of charged Asp residues and strong
to form, with the degree of non-TM topography formation negative mismatch.

somewhat exceeding that for polyLeu peptides lacking an

Asp (1) (lower left panel of Figure 8). From comparison to on the same side of a helix affects bdthx and Q ratio, it
earlier studies it appears that a protonated Asp destabilizesvas difficult to detect an effect of varying Asp position on
TM topography to a degree similar to that of other polar, the stability of the TM state when Asp residues are
uncharged residued)( Because whether Asp and Trp are uncharged. Nevertheless, it can be stated that the exact
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position of protonated Asp residues in the sequence did notpolar environment might be charged, even if located close
seem to have a critical effect on the stability of the TM state. to the bilayer center in depth. It is also possible that a lipid-
This is shown by the observation that for almost all sequencesexposed Asp may be charged when in a shallowly inserted
at low pH bilayer a strong red shift, indicative of increased location in the bilayer.
formation of the non-TM state, was only observed in samples It should also be noted that when a hydrophobic helix is
in which lipid acyl chains were 22 or more carbon atoms longer than necessary to span the lipid bilayer the movement
long. However, for pL(D10D11), there are hints of a of an Asp residue within the hydrophobic sequence to the
decreased stability of the TM state at low pH relative to proximal bilayer surface because of ionization could result
peptides with one Asp or one with two nonconsecutive Asp in a loss of helix tilt such that the distal boundary of the
(pL(D11D15)) as judged by a mismatch-related increase in inserted segment is unaltered rather than a shift in the position
red shift in bilayers with 20 carbon fatty acyl chains and by of the entire helix relative to the bilaye8(@). Polypeptides
a slightly elevated Q ratio in DOPC (see the Results). that have relatively short-length TM segments, like those
Experiments at higher pH showed that the effect of charged studied in this paper, could not reposition in this fashion.
Asp residues on helix topography is more dramatic than the  Analyzing Topography from Fluorescence Parameters.
effect of uncharged Asp. It was previously concluded that a this paper, a&ombinationof fluorescence-based techniques
charged Asp residue close to the center of the sequence ofvas employed to assay hydrophobic helix topography in
a hydrophobic polyLeu helix would locate at the bilayer bilayers. This was critical to circumvent ambiguities in
surface and abolish the ability of a polyLeu helix to form a interpretation of individual fluorescence parameters. Because
TM state (9). From the results in this study, it appears that Amax of Trp emission is sensitive to polarity, it is sensitive
an analogous inability to bury deep within the bilayer is true to Trp depth in bilayers1, 5, 13, 19). Using a Trp at the
for charged Asp residues positioned anywhere in a hydro- center of a hydrophobic sequence, it was previously shown
phobic sequence. If the Asp position is close enough to onethat a TM orientation results in an extremely blue-shifted
end of the sequence such that there is a residual segment of ., While in the shallow non-TM topographymax is red-
12 or longer consecutive hydrophobic residues, then in shifted. However, it was also found that oligomerization
DOPC bilayers (which are about as wide as natural mem- could red-shiftimax (13, 18). In the present study, the red
brane bilayers) this residual hydrophobic segment will form shift caused by Asp “interaction” with Trp was an additional
a truncated TM helix allowing the Asp residue to be complicating factor. This was not unexpected because, as
positioned close to the bilayer surface (upper right panel of noted above, Trp red shifts were previously found for Asp
Figure 8). Because the TM sequence is truncated, its stabilityand Trp in neighboring positions in a membrane-inserted
in the TM state is less than that of a full-length TM helix. hydrophobic peptidel).
This results in a greater tendency to form the non-TM  For these reasons, the recently introduced DQA was
topography when bilayer width is increased relative to that chosen to more directly measure the Trp deg#).(In most
when Asp is protonated (bottom panels of Figure 8). cases, this was sufficient to confirm topographic assignments
If a charged Asp residue is close to the peptide center, sofrom Amax. However, we identified a novel ambiguity that
that the largest consecutive hydrophobic sequence in thecan arise in depth measurements when a helix adopts a non-
peptide is less than 12 residues, then the non-TM form TM surface location. The troublesome case was when a
predominates even in DOPC bilayers (top right panel of peptide sequence is such that in the non-TM state the Trp
Figure 8). This too can be thought of as being a consequenceaces the bilayer core. In this situation, a relatively deep Trp
of negative mismatch between the truncated hydrophobic depth (low Q ratio) is observed even though the peptide itself
sequences and bilayer width. For a short hydrophobic is close to the bilayer surface. In the extreme examples in
sequence, even insertion in DOPC bilayers can be a case ofvhich the Trp in a non-TM peptide was probably facing
negative mismatch. toward the bilayer center (i.e., pL(D11) and pL(D11D15)
An expected consequence of forming a truncated TM helix peptides), Q ratios were indicative of deep Trp depth even
would be a significant shift in the helix position in terms of thoughimax was somewhat red-shifted. We speculate that
which residues are at the center of the bilayer and which this difference reflects an anomalously low Q ratio arising
are at the bilayer surface. The observation of decreased Trpfrom two factors. First, the peptide may sterically shield the
depth upon Asp ionization is consistent with this behavior Trp from the aqueous quencher acrylamide. Second, in the
(see the Results). A local thinning of the bilayer such that non-TM state, the peptides should sterically push lipids away,
the Asp residue is closer to the bilayer surface may also creating a space directly underneath the peptide that is
occur. The short hydrophobic segment, which is separatedrelatively difficult to fill with lipid acyl chains. The
from the truncated TM segment by the charged Asp, may hydrophobic 10-DN molecule may tend to fill in this space
either protrude into an aqueous solution (as shown in the such that there is an excess of 10-DN directly under the
top right panel of Figure 8) or might bend over and associate peptide and thus close to the Trp. [A similar phenomenon
with the bilayer surface. A bend would likely involve a break may explain the unusually deep Trp depth that we previously
in the helix structure, but a decrease in helix content was measured for pL(D11) at high pH using parallax analysis
not detected in the CD spectra reported here under conditiong19)]. In future studies, changing the position of the Trp in
in which the TM segment appeared to be truncated, perhapshe sequence by one or two residues may avoid these
because CD is insufficiently sensitive to the small change complications.
in secondary structure that would be involved. Whatever the explanation, it was desirable to use additional
The tendency of bilayer-inserted Asp residues to remain criteria to assign helix topography. One method chosen was
uncharged should not be over-generalized. An Asp residuethe analysis of the effect of quenchers on T This
within the core of a multi-helix protein but exposed to alocal approach can distinguish intermediate Trp depths arising
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from the presence of a mixture of deep and shallow Trp containing peptides into the lipid bilayers. This is also
populations from cases in which Trp locates at a relatively consistent with previous studies, in which it was established
uniform intermediate depthl( 24). A second method was that polyLeu peptides efficiently inserted into lipid bilayers
to evaluate the effect of bilayer width upon Tipax and even when they contained one or two charged residues in
depth as assayed by DQA. their hydrophobic corel]. However, we found during the
When these methods were combined, they were able topresent study that preparation at low pH was necessary to
distinguish normal TM topography from truncated TM and obtain reproduciblén.x values in several cases. Presumably,
non-TM topographies. However, there is one remaining the charged Asp that might be present if samples were
ambiguity. Both the truncated/shifted TM and non-TM prepared at neutral pH could sometimes interfere with proper
topographies tend to give red-shifted fluorescence andinsertion of some peptides during vesicle formation.
shallow Trp depth. If they happened to possess a Trp with Relationship of Changes in Helix Topography Because of
the samelmax and sensitivity to quenching, then these Asp Residues to Oligomerizatiofin interesting question is
properties would be insensitive to bilayer width and might whether any helix topography in the presence of Asp residues
be mistaken for a case in which the helix was in the non- is affected by Asp-dependent or Asp-ionization-dependent
TM state at all bilayer widths. The only cases with a oligomerization. Several lines of evidence suggest that, when
relatively bilayer-width-independent,ax were pL(D11), pL- Asp residues are protonated, there is no Asp-dependent
(D10D11), and pL(D11D15) at high pH. The non-TM oligomerization for the peptides studied in this paper. First,
topographies of pL(D11) and pL(D11D15) at high pH are it should be noted that the peptides studied in this paper are
not ambiguous because the deep Trp depth observed in thélanked by four cationic residues, and previous studies have
non-TM state (because of Trp facing the bilayer core) is not shown that repulsions between these charges minimize
consistent with a truncated TM state, which would place the oligomerization of polyLeu sequences and do so even when
Trp close to the bilayer surface. (If these peptides formed the total flanking charge is reduced te2 (18). Second, it
the truncated/shifted TM state their Trp should have had awas shown in two studies that oligomerization is ac-
depth that was very shallow and given Q values higher for companied by a red shift in Trp fluorescence that is not
pL(D10) at high pH. Instead, they show low Q values.) associated with shallow Trp depth3 18). This conclusion
Furthermore, both Asp residues of pL(D11D15) should be was confirmed by bromo-Tyr and self-quenching oligomer-
charged at high pH. The longest uninterrupted hydrophobic ization assays1@3, 18). In the cases in which TrpAsp
stretches under these conditions (7 residues) would clearlyinteractions were not a factor, the highly blue-shifted Trp
be too short to form even a truncated TM helly.(The fluorescence that we observed in this paper is not consistent
only other case to consider is that of the pL(D10D11) peptide. with oligomerization. (Of course, this criterion cannot be
This peptide is unlikely to form the truncated TM state at applied to the peptides in which there is a direct TAsp
high pH because it could only form a truncated hydrophobic interaction because they show a red shift.) A third and more
helix as long as that of pL(D11), and pL(D11) cannot form widely applicable criterion arises from the previous observa-
a stable truncated TM state. tion that oligomerization, which would reduce the exposure
lonization Behaior of Membrane-Inserted Asp Residues. of Trp to its surrounding environment, is accompanied by
The dependence of the charge of ionizable amino acid reduced accessibility to both lipid-bound and aqueous
residues upon their depth in the bilayer is of interest becausequenchersi3, 18). There is no reduction in accessibility to
of its implications for electrostatic interactions in membranes. quenching for the peptides containing protonated Asp
Generally, the K. values observed for Asp residues in residues relative to that previously observed for analogous
hydrophobic helices (58.5) were somewhat elevated relative peptides without Aspl@). (It should be noted that the affect
to those for Asp residues in solution (roughly 5). However, of oligomerization upon quenching does not greatly affect
providing a detailed explanation of the dependence of Asp depthmeasurements because they depend@matio, which
pKa upon Asp position in the peptide sequence is difficult. tends to cancel out the effects of oligomerization.) We also
One reason is thatky values are linked to the appropriate believe that it is unlikely that there is a strong degree of
conformational equilibria. In other words, th&pvalues are  oligomerization in states in which the Asp residue has ionized
dependent upon the relative stabilities of the charged andand shifted to a shallow location in the bilayer. The study
uncharged Asp states in both the normal TM topography of Lear et al. {2) shows that even those residues that strongly
(which predominates when the Asp is protonated) and promote helix oligomerization when located deep within the
whatever topography predominates when the Asp residue ishilayer (Asn and GIn) lose that ability when they are located
ionized. This in turn is dependent upon the depth of the Asp at the polar/apolar boundary.
residue in each topographical state. In the normal TM  Other Studies of the Effects of Asp Residues Upon the
topography, Asp depth should be linearly dependent on theBoundary of the Membrane-Inserted Segment of a Hydro-
Asp position, but Asp depth may be a more complicated phobic Sequenc€ones and Gierasch previously examined
function of position in the truncated TM and non-TM states. the effect of introducing ionizable residues into hydrophobic
In addition, whether an Asp is in a position in which it can LamB signal sequence peptides using Trp fluorescence as a
hydrogen bond to Trp [as in pL(D9) and pL(D10)] might probe, analogous to the strategy used in this papé). (
affect the Asp K Signal sequence peptides are often not as long or hydrophobic
It should be noted that for the experiments in this study as most TM helices but may show behavior that is analogous
samples were always prepared at low pH and then adjustedo that of TM helices. They interpreted their results in terms
to higher pH if and when desired. The blue-shiftaghs, of a model in which the main population of peptides inserted
strong quenching by 10-DN, and deep Trp depths observedinto only one leaflet of the bilayer. LamB peptide variants
at low pH are all indicative of efficient insertion of the Asp- remained at least partially inserted in the presence of
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ionizable residues, although not as deep as in their absencewas different from that in the wild-type sequendd)( When

In the case of Asp residues in the hydrophobic core of the the Glu side chain was charged, the TM portion of the helix
peptide, they proposed a structure in which the presumablyrepositioned to allow the negatively charged Glu to be located
protonated Asp residue was located near the bilayer surfaceat the bilayer surface44). Whether this repositioning

In a series of studies, von Heijne and colleagues haveinvolves a change in helix tilt or a shift in the position of
examined the effect of sequence upon the positioning of the entire helix is not certain.
membrane-inserted helices in endoplasmic reticulum (ER) In the case of integrins, a change in the positioning of the
membranes using a glycosylation-mapping technidu,( end of a TM segment has been examined using glycosylation
17, 31, 32). This method specifies the position of hydro- mapping by Armulik et al.0). They found that a Lys near
phobic sequences based on the identification of the residuethe end of a TM sequence is actually buried in the lipid
at the lumenal boundary of the ER membrane. This method bilayer. It was suggested that this Lys might aid an activating
may be probing behavior when helices are fully or partly conformational change in which helix tilt is decreased such
translocon bound, but controls suggest that the behaviorthat the Lys would be repositioned at the membrane surface.
observed is similar to that for helices fully inserted in lipid Implications of Asp-Protonation-Induced Helix Shifts and/
bilayers @1). or Reorientation for Membrane Protein Behiar in Vivo:

In a glycosylation-mapping study, Monne et al. showed Endosomal pH May Affect Topographl.is likely that
that the introduction of Asp residues into hydrophobic changes in the TM helix topography resulting from changes
sequences tended to shift the position of the boundary ofin Asp protonation exert important effects in vivo. Eukaryotic
the membrane-inserted segment so that the Asp residue wamembrane proteins that cycle between cytoplasmic and
positioned near the bilayer surfaci.(Because glycosylation  endosomal membranes are exposed on their exoplasmic
mapping is performed near physiological pH, it is very likely (extracellular or lumen-facing) surface to a pH that probably
that the Asp residues being probed were at least partly shifts from about 7.5 when exposed to the extracellular
ionized, and thus these results are in agreement with theenvironment to near 5.5 when exposed to the lumen of
observation in this report that charged Asp tends to locate endosomes4@). Our results show that the ionization state
near the bilayer surface. On the other hand, the absolute Aspof Asp (and presumably Glu) residues within TM segments
induced shift observed by glycosylation was relatively would generally change from mainly ionized to mainly
modest. Introduction of an Asp five residues from the end protonated upon this pH change. For proteins with Asp and
of a hydrophobic sequence induced a shift in the positioning Glu residues within their hydrophobic core, alternating
of the end of the hydrophobic sequence by only about one exposure to neutral and low pH could induce reversible TM
to two residues. As proposed by Monne et al., this may be helix shifts and/or conversion between TM and non-TM
because glycosylation mapping may have been measuringstates. pH effects may even be important for proteins with
the average position for helices equilibrating between a hydrophobic helices that have acidic residues at or just
deeper state with a protonated Asp and a shallower state withoutside of the putative edge of their hydrophobic core.

a charged Asp4).

Examples of Functionally Important Changes in TM
o-Helix Positioning in Membrane£hanges in membrane-
inserted hydrophobic helices that maintain a TM state but

Protonation/deprotonation of such residues could affect what
residue forms the end of the hydrophobic sequence and thus
also induce shifts in the TM helix position.
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