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ABSTRACT: To explore the influence of amino acid composition on the behavior of membrane-inserted
o-helices, we examined the behavior of Lys-flanked polyleucyl (pLeu) helices containing a single polar/
ionizable residue within their hydrophobic core. To evaluate the location of the helices within the membrane
by fluorescence, each contained a Trp residue at the center of the sequence. When incorporated into
dioleoylphosphatidylcholine (DOPC) model membrane vesicles, pLeu helices with or without a single
Ser, Asn, Lys, or Asp residue in the hydrophobic core maintained a transmembrane state (named the N
state) at neutral and acidic pH. In this state, the central Trp exhibited highly blue-shifted fluorescence,
and fluorescence quenching by nitroxide-labeled lipids showed it located at the bilayer center. A state in
which Trp fluorescence red-shifted by several nanometers (named the B state) was observed above pH
10—11. B state formation appears to result from deprotonation of the flanking Lys residues. Despite the
red shift in Trp emission, fluorescence quenching showed that in the B state the Trp at most is only
slightly shallower than in the N state, suggesting the B state also is a transmembrane or near-transmembrane
structure. The B state is characterized by increased helix oligomerization, as shown by the dependence of
Trp Amax ON the concentration of the peptide within the bilayer at high pH. The pLeu peptide with a Asp
residue in the core underwent a pH-dependent transition at a lower pH than the other peptide®)pH 8

At high pH, it exhibited both a more highly red-shifted fluorescence and shallower Trp location than the
other peptides. This state (named the S state) did not exhibit a concentration-dependant. TWe

attribute S state behavior to the formation of a charged Asp residue at high pH, and a consequent movement
of the Asp toward the membrane surface, resulting in the formation of a nontransmembrane state. We
conclude that a polar or ionizable residue can readily be tolerated in a single transmembrane helix, but
that the charges on ionizable residues in the core and regions flanking the helix significantly modulate
the stability of transmembrane insertion and/or hehelix association.

Hydrophobica-helices are the most common structural helix—helix oligomerization %, 6). We have previously
elements of membrane proteins. High-resolution structuresshown that a single Asp residue can even be accommodated
of transmembrane proteins and statistical analysis of sequencén a single transmembrane heli¥)( A recent study of von
data show transmembrane helices frequently contain severaHeijne and co-workers shows that ionizable residues can also
polar residues](, 2). In transmembrane proteins with multiple be placed in the core of the tramsmembrane segment in a
transmembrane helices, the polar residues often face awayimple model of two and three helix proteir).(On the
from lipid, and are believed to stabilize interhelical interac- other hand, ionizable residues are rare in transmembrane
tions. However, such interhelical interactions can be driven sequences of proteins with single transmembrane spanning
by van der Waals interactions between nonpolar side chainssegments3).

instead of polar interactions3( 4). Furthermore, polar In this study, polar and ionizable residues were introduced
residues are also found in membrane proteins with a singlejn gerivatives of poly Leu polypeptides in order to examine
transmembrane heli®). Whether such residues contactlipid - eir effects on the behavior of hydrophobic helices inserted
or instead are involved in noncovalent interactions with ;1 membranes. Lys-flanked poly Leu (pLeu) polypeptides
helices on other membrane proteins is generally unknown. ;.o 4 yseful system for such studies as they form simple
Thus, the exact roles that polar residues play in maintaining hydrophobic helices which have a fully transmembranous
the structure of transmembrane segments of membran&nformation when the length of the helix-forming poly Leu
proteins is unclear. stretch matches the width of the bilay&r(12). The location

T_here i.s also Iittle_inforr_nation on the effects .Of ionizable ¢ o0y hydrophobic helices within the lipid bilayer can be
residues introduced into single hydrophobic helices. In some ssessed by inclusion of a Trp residue within the core of the

cases, it appears they can strongly influence structure an equenceT, 9, 11, 12. We find that the presence of polar
* This work was supported by NIH Grant GM 48596, and ionizable residues can be tolerated in the transmembrane
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sequences flanking the hydrophobic region have significant Procedure for pH Titration Experimentslo measure

effects on helix behavior. peptide fluorescence as a function of pH, vesicles were made
by dilution from ethanol as previously describéd {2). The
EXPERIMENTAL PROCEDURES appropriate aliquots of the desired lipids and peptides

Materials. The pLed peptides KGLoWL KA [pLeu(L11)], dissolve_d in etha.nol were mixed, dried under nitrogen, and
K,GL:DLWL KA [pLeu(D11)], KsGLKLWL oK A [pLeu- then redlssolved in 40L of ethanol. The sar_nples were then
(K11)], KoGL7SLWLoK A [pLeu(S11)], KGLNLWL oK-A diluted with 196QuL of pH 7.6, 10 mM sodium phosphate,
[pLeu(N11)], and RGLoWLGR-A [pLeu(R1,2,23,24,L11)] 1'5.0 mM NacCl. I_:lnal peptide concen'Fratlon wagldl, and
were purchased from Research Genetics, Inc. (Huntsville, liPid concentration was 20@M. Duplicate samples were
AL). All the peptides had acetylated N-termini and amide- Prepared. Background samples were prepared using the same
blocked C-termini. The phosphatidylcholines (PCs, 1,2- Protocol except peptide was omitted. After the dilution with
diacyl-snglycero-3-phosphocholines) di 1&ac PC (dioleoyl- ~ Phosphate buffer as described above, a small aliquot of
PC, DOPC), di 22:A13c PC (dierucoyl-PC, DEUPC), 5 or  concentrated acetic acid {4 uL) was used to lower the
12 SLPC [1-palmitoyl-2-(5- or 12-doxyl)stearoyl-PC], and PH to the desired value. For each sample, an emission
TempoPC [1,2-dioleoysnglycero-3-[4-(,N-dimethylN-(2- spectrum was scanned from 300 to 360 nm. For increasing

hydroxyethyl)Jammonium]-2,2,6,6-tetramethylpiperidine-1- PH by titration, successive aliquots of 6.2 M NaOH were
oxyl] were purchased from Avanti Polar Lipids, Inc. used. After each addition of NaOH, the emission spectrum

(Alabaster, AL). was remeasured. At the end of the titration, the pH was

Peptides were purified with a reversed-phase C18 column11.5-12 and about 14Q.L of NaOH had been added.
(14). Mobile phase mixtures of 0.5% trifluoroacetic acid/2- Samples lacking peptide were used as background, and
propanol (v/v) and 0.5% trifluoroacetic acid/Bl were used ~ subtracted to yield the final spectra.
to elute peptides using 2-propanol gradients at a flow rate  Procedure for Measurements on Inidiual Samples Ha
of 0.4 mL/min. Elution of the purified peptides generally ing Different pH.To prepare individual samples at different
occurred between 50% and 70% 2-propanol. The desiredpH values, vesicles with DOPC and peptide were made by
fractions were then dried and redissolved in ethanol. It should ethanol dilution as described above, except that all volumes
be noted that in a previous studg2j, in which it was  were decreased by a factor of 2 and each sample was made
necessary to label peptides in some experiments, the pH valuevith a different buffer. The following buffers were used:
of the peptide solution was adjusted to near neutral with 61 mM citric acid, 77 mM NgHPQ;, pH 4; 37 mM citric
NaOH prior to storage at-20 °C. For our study, pH  acid, 126 mM NaHPQ,, pH 6; 10 mM sodium phosphate,
neutralization was omitted. The purity of the peptides was pH 7.6; 50 mM glycine, 8.8 mM NaOH, pH 9; 50 mM
confirmed with MALDI-TOF mass spectrometry (Center for glycine, 32 mM NaOH, pH 10; 25 mM NBIPQy, 4.1 mM
the Analysis and Sequence of Macromolecules, SUNY, Stony NaOH, pH 11; and 25 mM N&PQ,, 23 mM NaOH, pH
Brook) usinga-cyanohydroxycinnamic acid as the matrix 11.9. All buffers had 150 mM NaCl. The final lipid
and bovine insulin as a molecular Welght standard. Any concentration was ZQQ]\/L and the final pept|de concentra-
impurities remaining were minor, and generally peptides with tjon was 2:M. The final volume for all samples was 1 mL.

a one or two amino acid deletion. Peptide concentration was As usual, background samples without peptide were also
determined from the UV absorbance at 280 nm by using prepared.

= 5500 Mt cm™.

Spectroscopic Measuremenédsorbance was measured
in 1 cm quartz cuvettes on a Beckman 650 spectrophotom-
eter. Tryptophan fluorescence (excitation wavelength 280

Procedure for Measurement of Trp Depffio measure
Trp depth, vesicles were made by dilution from ethanol
essentially as described for the titration experiments, except
nm) was measured on a SPEX fluorolog spectrofluorom- that samples contained either DOPC ora m.ixture of DOPC

and enough of the quencher-labeled lipid (either TempoPC,

eter operating in the steady-state mode. Unless otherwise5 SLPC, or 12 SLPC) to give 15 mol % of active nitroxide
noted, f luorescence and fluorescence quenching measure; '

ments to determine Trp depth were made in a semimicro (19), and the volumes were all decreased by a factor of 2.

quartz cuvette (1 cm excitation path length and 4 mm The appropriate aliquots of the desired lipids dissolved in

emission path length) using a 2.5 mm excitation slit and 5 gthanol were mixed, dried under nitrogen, and then dissolved

mm emission slit. However, in samples in which the pH was in 20 uL of ethanol. The samples were then diluted with

. 980 uL of pH 4, 7.6, or 11.5-12 buffer (10 mM sodium
titrated, fluorescence measurements were made 1 cm . .
path length cuvette. For these experiments, slits of 5 mm phosphate, 150 mM NaCl titrated to pH 4 with concentrated

were used for both excitation and emission. Circular dichro- acet|_c acid or pH 1.1'512 with NaOH if d_e;wed). The fmal
peptide concentration wasiM, and the lipid concentration

ism (CD) spectra were recorded as previously described usin ;
a JASCO J-715 CD spectrometer lvéd 1 mmquartz cuvette %vas 20QuM. Duplicate Samp"?s were prepared. Background
samples were prepared using the same protocol except

at room temperature/( 12). ! . B .
P (13 peptide was omitted. Emission intensity was measured at

 Abbreviations: DOPC, dioleogalycero-3-phosphocholing: DE room temperature at the wavelength of maximum intensity

. ’ o7 1 - 1 1 1 0,

uPC, dierucoyknglycero-3-phosphocholine; pLeu(L11), &Ly in the sampl_e IaCk_'ng quencher (i.e. 100% DOPC). The
WLKA; pLeu(D11), KGLDLWL oKA; pLeu(K11), KeGLKLWL o fluorescence intensity of background samples was subtracted,
KA, pLeu(S11), KGL;SLWLGKA; pLeu(N11), KGLNLWL KA, and then the ratio of fluorescence in the vesicles containing

E’s'-_e(‘)‘r(%lég)g;sg{é;rlgyﬁ'é’ﬂ'éﬁég&orlﬁ dsi'(;lzgﬂé'lgggpo't_%{’{f_' quencher lipid £) to that in the vesicles in which the only
(N,N-dimethylN-(2-hydroxyethyl)Jammonium]-2,2,6,6-tetramethylpip- lipid was DOPC ko) was calculated. The distance of the

eridine-1-oxyl. Trp from the center of the bilayerzf) was calculated as
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Ficure 1: Effect of pH on the wavelength of maximum Trp emission for pLeu peptides incorporated in DOPC vesicles as determined by
titrating pH. Peptide concentration wag:®1, and lipid concentration was 2Q0M. Samples were prepared at low pH, and then each was
titrated to high pH with aliquots of NaOH, measuring the fluorescence after each aliquot. The data shown are the average for two sets of
samples fit to a sigmoidal curve. Samglg.x generally differed from the average Byl—2 nm. (A) (+) pLeu(L11), ©) pLeu(S11), 4)
pLeu(N11); (B) &) pLeu(D11), &) pLeu(K11).

described previously, using the equation appropriate for Trp in the 316-319 nm range is indicative of a transmembrane
residues close to the bilayer cent&y. ( helix with the Trp located at the center of the bilayer. There
Procedure for Measuringmax vs ConcentrationSamples is a progressive red shift in the Trp fluorescence emission
with peptide and DOPC were made by ethanol dilution as Amaxas the Trp group is moved toward the membrane surface
described above. The peptide concentration was!2Lipid (7, 12. Figure 1 shows that in the pH range-8 all of the
concentration was either 200 or 100M. After the dried pLeu peptides studied exhibitdgax in the range 317319
lipid/peptide mixtures were dissolved in 20 of ethanol, nm when incorporated in DOPC vesicles. This indicates that
they were then diluted to 1 mL with either 10 mM sodium these peptides all form a transmembrane structure around
phosphate, 150 mM NaCl, pH 7.6, or 10 mM sodium neutral pH. However, upon titration to very high pH, the
phosphate, 150 mM NacCl, pH 11.7. Duplicate samples were peptides underwent a change which resulted in a red shift
prepared, and the values reported were determined afterof Trp emission (Figure 1). We named the conformation
subtraction of intensity in background samples lacking predominating at low pH the N state (for neutral pH state),
peptide. and that at high pH the B state (for basic pH state). The
Procedure for Measuring Circular Dichroisrfor circular value oflmaxin the B state appears to be in the range-324
dichroism measurements, 1 mL samples were prepared by328 nm for the pLeu(N11), pLeu(L11), pLeu(K11), and
ethanol dilution as described above in the following buffers pLeu(S11) peptide%For these peptides, the change from
(1:10 dilutions of buffers mentioned above with water): 6.1 the N to the B state appears to begin at pH 9, perhaps being
mM citric acid, 7.7 mM NaHPQO,, 15 mM NacCl, pH 4; 1 half-complete at about pH *0l1 in most cases. The
mM sodium phosphate, 15 mM NaCl, pH 7.6; and 2.5 mM behavior of pLeu(D11) was different than that of the other
NaHPQ,, 2.3 mM NaOH, 15 mM NaCl, pH 11.3. Peptide peptides (Figure 1B). It converted into a high-pH state above
concentration was 2,6M, and lipid concentration was 200 pH 8, with a midpoint of about pH 8:59, and at high pH
UM. it exhibited significantly more red-shifted fluorescence at

RESULTS
) ) ) 2 In addition to a red shift of fluorescence, a shoulder arising from
Analysis of Transmembrane Insertion in DOPC Model an even more red-shifted species was observed at high pH. This species

Membrane VesiclesThe behavior of a series of model Wwas mostabundantinthe pLeu(N11), in which case we could estimate

_ _ ; its Amax Of emission was close to that of Trp in water (360 nm on our
membrane-bound, Lys-flanked, polyleucyl (pLeu) peptides instrument). This species does not arise from peptide that has dissolved

was compared. The peptides studied (general sequence K in water, as its fluorescence was as strongly quenched by nitroxide-
GLXLWL ¢K,A) had a guest residue, Leu, Ser, Asn, Lys, labeled lipid as the main Trp peak. It does not appear to be the product

or Asp, in the core of the hydrophobic sequence at position of an irreversible chemical reaction, as its formation was found to be
' reversible when the pH in a sample was returned to near-neutral. The

X (residue 11) and are named pLeu(L11), pLeu(S11), pLeu- ;yoint of the species was also dependent on peptide concentration,
(N11), pLeu(K11), and pLeu(D11), respectively. being more abundant at high concentration (data not shown). We
First, the Amax Of fluorescence for the various bilayer- speculate that this highly red-shifted species represents some oligomeric

; ; ; state in which the Trp is hydrogen bonded to some polar species, such
incorporated pLeu peptides as a function of pH was as a trapped water molecules, or a polar residue. Some nonpeptide

examined. Previous studies have shown that for a Trp in thempurity may also be involved as the amount of the highly red-shifted
center of the hydrophobic sequence of a pLeu peptitlg.a species seemed to vary in amount in different preparations of peptide.
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Ficure 2: Effect of pH on Trp emission. (A) Effect of pH on fluorescence intensity at 330 nm. Sample prepared as above. Intensities
shown are after correction for dilution+f pLeu(L11), ©) pLeu(S11), @) pLeu(N11), &) pLeu(D11), @) pLeu(K11). (B) Effect of pH

on the wavelength of maximum Trp emission for pLeu peptides incorporated in DOPC vesicles on samples prepared at different pH values.
Peptide concentration wasuM, and lipid concentration was 2QM. Samples were prepared at the final desired pH. Other conditions as

in Figure 1. &) pLeu(L11), ©O) pLeu(S11), @) pLeu(N11), &) pLeu(D11), @) pLeu(K11).

high pH than the other peptides (333 nm). We named this 834r
high-pH state the S state.

These transitions can also be detected by the change in :
fluorescence intensity because the species present at high 330

pH fluoresce more weakly than the N state at 330 nm (Figure
2A). The transitions occur at about the same pH as that
detected bylmax (In principle, intensity changes are more
linear in the concentration of the species involved thag,
which is weighted toward the most fluorescent species
present. However, intensity changes can be a little more
variable thammax in some cases, and we tended to rely on
the latter.) Because of the decrease in intensity at high pH,
either there was no isoemissive wavelength, or it was difficult
to detect. There are no conclusions we can draw about the
number of species that exist at low and high pH in this case.
Results similar to those obtained in the titration experi-
ments were also obtained when individual samples of each &
peptide were prepared at different pH values (Figure 2B). 3144 6 8
This indicates that the rate of equilibration of pH across the
bilayer is not a factor affecting the pH at which the N to B PH
change occurs. In addition, when samples were prepared af'GURE 3: Effect of pH on the wavelength of maximum Trp
high pH and then the pH was reversed to neutral, the red emission for ©) Arg-flanked pLeu peptide [pLeu(R1,R2,R23,R24,-

! L L11)] incorporated in DOPC vesicles, and)(pLeu(L11) incor-
shift was reversed (data not shown). This indicates that theporeﬂed intg DEUPC bilayers. The dashed I)|$1Ff)3 sh(()ws ghe behavior
structural change at high pH is reversible, and rules out of pLeu(L11) in DOPC from the data in Figure 1. Conditions as in
artifacts from irreversible reactions such as high pH-catalyzed Figure 1.
lipid degradation.

Together, the experiments above indicate that the changehydrophobic sequence probably protrude into the aqueous
in peptide structure is due to some ionization event at high €nvironment beyond the ends of the hydrophobic core of
pH. The only ionizable residues common to all of the the bilayer 85).
peptides are the Lys residues that flank the hydrophobic To help confirm the role of flanking residue deprotonation,
sequence, two on each side. Therefore, the change at highthe pH dependence of thg.x of fluorescence of a peptide
pH must involve Lys deprotonation. This conclusion is in which the flanking Lys residues are replaced by Arg-(R
supported by the fact that thé&pof Lys in solution occurs ~ GLWLoR,A) was measured. Only a very weak pH depen-
at about the same range (pH-101) as the change from the  dence of fluorescence was observed up to pH 12 (Figure 3)

326

322

Trp Emission Maximum (nm)

318

,_

12

N to B states. That the ionization values are similar for Lys
residues in solution and flanking a hydrophobic helix are
similar is not surprising as the Lys residues flanking the

as would be predicted if deprotonation of the flanking
residues is the cause of the red shift at high pH (because the
pKa of Arg is several units higher than that of Lys). At this
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Table 1: Distance of the Central Trp Residue from the Bilayer 80 7= ]

Center &) As Determined from the Level of Fluorescence
Quenching by Nitroxide-Labeled Lipids

FIFe

shallow medium depth  deep
peptide pH quencher quencher quencher zy (A)

pLeu(L1l) 4 0.70:£0.06 0.55+0.02 0.09£0.02 1.0
7.4 0.67£0.02 0.59+0.02 0.09£0.01 0.5
11.7 0.92£0.03 0.81+:0.04 0.22£0.01 1.3

pLeu(S11) 4 0.730.03 0.56+0.06 0.08+£0.01 0.5
11.7 0.82£0.08 0.70+£0.06 0.16+£0.02 1.2

pLeu(N11) 4.1 0.62£0.06 0.47+0.09 0.09+0.04 1.9
11.7 0.85£0.08 0.68+:0.03 0.22£0.03 24

pLeu(D1l) 4 0.75:0.03 0.52:£0.02 0.10+0.04 16
11.9 0.65:0.06 0.54-0.06 0.23-0.02 3.9

pLeu(K11) 4 0.76£0.07 0.52+0.02 0.10+£0.02 1.6
12 0.89+0.07 0.74:£0.04 0.26:£0.03 2.3

o
{

[6] x 10 (deg'cm*decimole)
N
S
i

=20 =

aF/F, is the ratio of the Trp fluorescence intensity of pLeu peptides 200 210 220 230 240 250
incorporated into vesicles containing DOPC and 15 mol % nitroxide-
labeled lipid to the fluorescence intensity of pLeu peptides incorporated Wavelength (nm)

in DOPC vesicles; i.e., it is the fraction of unquenched fluorescence. fgure 4@ CD spectra of pLeu(L11) in DOPC vesicles. Peptide
zy is the distance of the central Trp residue from the bilayer center, ~oncentration was 2,5M and lipid concentration 200M. Spectra
calculated from quenching as described {The shallow quencher were measured at(—) pH 4, () pH 7, and (- +) pH 11.

was TempoPC, medium depth quencher 5 SLPC, and deep quencher

12 SLPC. Samples containedu® peptide and 20Q:M total lipid. most only a small movement toward a shallower degth [
Four experiments were performed for each set of conditions. Standardaverage 1.8 0.6 A. not counting pLeu(D11); see below].
deviations are shown. - ! . ’ .
This suggests that even in the B state most of the peptides
remain deeply buried in the bilayer, and in fact are likely to
time, we cannot determine which of the flanking Lys remain in a transmembrane state (see Discussion). [A Trp
deprotonate when the red shift occurs. However, it is unlikely depth withh 1 A from the bilayer center was also measured,
that different flanking Lys have very differenKgvalues.  poth at low pH and at pH 11.9, for the peptide with flanking
The difference between the effect of pH on pLeu(D11) Arg residues (data not shown).]
and that of the other Lys-flanked peptides indicates that The one exception to this behavior at high pH was pLeu-
pLeu(D11) has very different ionization properties. As (D11), in which the Trp shifts to 3.9 A from the bilayer center
described below, this difference probably reflects ionization at high pH. Qualitiatively, the decrease in depth of pLeu-
of the Asp residue of pLeu(D11) at high pH. (D11) at high pH is illustrated by the fact that quenching by
Analysis of Insertion Depth by Parallax Analysis of the shallow quencher TempoPC increases at high pH,
Fluorescence Quenchin@ne possibility for the origin of  whereas that by the deep quencher 12 SLPC decreases. This
the red shift of Trp fluorescence at high pH is that it could pattern is not observed for any of the other peptides. Also,
result from their movement to a more polar environment. as noted above, pLeu(D11) shows the most red-shifted
This could happen if the peptides were moving toward the fluorescence at high pH. Therefore, it appears that the
membrane surface at high pH. However, a red shift in membrane-inserted D11 peptide takes on a shallower location
fluorescence emission wavelengths is sensitive to more thanat high pH. We named this form the S state (for shallow or
just Trp depth in the bilayellmax is subject to polarization  surface state). The simplest explanation for the behavior of
artifacts and can be affected by local interactions and solventpLeu(D11) at high pH is that it is due to the deprotonation
relaxation effects 16). Furthermore, it can respond to of its Asp to form a charged state. An inability to bury a
oligomerization [(2) and see below]. charged Asp residue in the membrane would result in the
Therefore, to see if Trp depth was affected by high pH, movement of the pLeu(D11) helix toward the membrane
fluorescence quenching by nitroxide-labeled phospholipids surface, resulting in a shallower Trp depth and large red shift
was used to measure Trp depth. In this method, the depth ofin 1.« (see Discussion).
a fluorophore is calculated from the ratio of its quenching  Secondary Structure of pLeu Peptid@he experiments
by lipids carrying a nitroxide (spin) label at different depths above show that for the pLeu peptides [other than pLeu-
(15, 179. We have previously shown that this method (D11)] the change at high pH does not involve a major
(parallax analysis) can give accurate depths in a wide variety change in Trp depth. However, it is possible that the change
of cases 15, 17-22), including transmembrane peptid&s. ( at high pH could involve a large change in secondary
Table 1 shows the amount of quenching induced by structure. To examine the secondary structure, and its pH
nitroxide-labeled lipids, and estimated distances of the Trp dependence, circular dichroism (CD) spectra of the peptides
residue from the bilayer center. for the pLeu peptides incorporated into DOPC vesicles were measured. Figure 4
incorporated into DOPC-containing bilayers. For all of the shows CD spectra for pLeu(L11). The spectral shapes and
peptides, the Trp, which is at the center of the hydrophobic intensities found are characteristic of highly helical peptides
sequence, locates close to the bilayer center in the N statg7). There may be a slight increasedrhelix at high pH as
(z+ average 1.3t 0.7 A), as expected for a transmembrane shown the stronger negative intensity in the 2020 nm
structure ). At high pH, there was in almost all cases at region. Similar spectra at both high and low pH were
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Table 2: Effect of pLeu Peptide Concentration within the Lipid oligomerization at high pH comes from queching data. At
Bilayer onAmax of Trp Fluorescence Emissidn high pH, there tends to be less quenching dlly of the

guenchers. This type of change is expected for oligomer-

peptide pH lipid concny(M) Amax (NM) ization, which would tend to prevent Trp contact with lipid,
pLeu(L11) 7.6 10%%0 331188 although a decrease in the excited-state lifetime for Trp at
1.7 200 324 high pH could also contribute to the decreased quenching.
1000 321 One possible explanation for increased oligomerization at
pLeu(S11) 7.6 200 318 high pH is that the electrostatic repulsions between flanking
1000 318 Lys residues on different helices, which would inhibit
117 1588 g’zzf oligomerization, are lost upon Lys deprotonation. Other
contributions to increased oligomerization at high pH are
pLeu(N11) 6 1020%0 3311;9 considered under Discussion.
11.7 200 328 Effect of Mismatch between Bilayer Width and Peptide
1000 324 Length on the Sensiity of pLeu Peptides to pHn previous
pLeu(D11) 7.6 200 319 studies, we found that when there is hydrophobic mismatch
1000 318 such that the width of the hydrophobic core of the bilayer
17 1388 ggf exqeeds hydrqphobic helix Iength_ pLeq pe_ptideg .remain
oLeu(k1) 76 200 318 hellcal,. put their t_ransmembrgne orientation |s'S|gn|f|cantIy
: 1000 318 destabilized relative to a location close to the bilayer surface
11.7 200 325 (7). To see if the N to B conformational change would be
1000 322 sensitive to bilayer width, the pH dependence of pLeu(L11)
a Samples contained2V peptide. The values shown are the average P€havior was examined in vesicles prepared from dieru-
of duplicate experiments. They were reproducible #4—2 nm. coylphosphatidylcholine (DEuPC). In contrast to DOPC,

® pLeu(N11) value at pH 7.6 is for peptide in citrate buffer. A value of \yhich has 18 carbon acyl chains, DEuUPC has 22 carbon acyl

324 nm was found in 10 mM sodium phosphate, 150 mM NaCl, pH _paing and forms bilayers altoi A wider than those of

7.6. This red shift appears to be due to a metal ion contaminant removed ! -

by chelation with citrate. A value of 319 nm was also obtained in 10 DOPC. Both I!pIdS have one do!JbIe bond near the center of

mM sodium phosphate, 150 mM NaCl, pH 7.6, containing EDTA. (Red the acyl chains and form fluid state bilayers at room

shifts seen at pH 11.7 were not abolished by the addition of citrate.) temperature 43).

We do not know if this contaminant is specific to pLeu(N11) or simply : P

affects this peptide more than the others studied. . Figure 3 .ShOWS the ﬂuore.scence emission of pL_eu(Lll)
in DEUPC bilayers as a function of pH. As in DOPC bilayers,

fluorescence is blue-shifted at low pH and red-shifts at high

pH (Figure 3). The red shift at high pH is reduced by peptide

S . ; dilution in the bilayer (not shown). However, in DEUPC the
Dependence of Emissidhaxupon Peptide Concentration apparent [, of the N to B state transition appears to be

within the Bilayer.For peptides other than pLeu(D11), the lower (by up to 1 pH unit), and the amount of the red shift
experiments above suggest that in most cases neither reater, than they are in DbPC Thiéqchange in DEUPC

change in Trp depth nor a change in sgcondarystructure ca;bS cons,istent with the fact that high pH is promoting
explain why Trp fluorescence red-shifts at high pH. An deprotonation of flanking Lys residues. In DEuPC vesicles,

alternate explanation for this red shift is that it is due to helix bilayer width is greater than the length of the hydrophobic
oligomerization. We found previously that pleu peptides sequence?). This mismatch should result in the flanking

with a Trp in center of the hydrophobic sequence exhibit a L . L . :
. ; . ys becoming more buried in the hydrophobic regions of
red-shiftedimax when they form oligomers, and a blue-shifted the bilayer relative to their degree of burial in DOPC. In

Amax When in @ monomeric or very small oligomeric state this more hydrophobic environment, they should form the

(12 : o uncharged deprotonated state more readily than in DOPC.
To test for ollg_omerlzat|0n, Trp_fluorescend&qx Was  Another contribution to the change in flanking LyKgmay

compared at a high and low peptide concentration within come from the fact that oligomerization, which appears to

the .blilayer_:[hTh_itshwas 2dooone ti)éincolgpct))gacﬂng the ;ie;ifcide n be more extensive in the B state, can decrease the energetic
vesicies with either a 0L or oo concentration, .t of ynfavorable mismatch between bilayer width and
respectively. As shown in Table 2, the red shift of fluores- length (see Discussion)

cence at high pH was significantly reduced when the
concentration of the helices in the bilayer was diluted (i.e., piscusSsION

the red shift was less in 10QiM DOPC relative to that in

200 uM DOPC). The decrease in red shift indicates a  Properties of pLeu Helices in the N and B Stategure
decrease in oligomeric size upon dilutioh2). The one 5 summarizes a model for the location of hydrophobic pLeu
exception to this behavior was pLeu(D11), for which the helices within the bilayer in the N and B states. Previous
fluorescence remained highly red-shifted at both concentra-studies have shown the N state, which predominates at
tions at high pH. A lack of a concentration dependence of neutral pH, to be in the form of a transmembrane hefix (
the fluorescenceénmax was also observed for all the peptides 12). The high-pH-induced B state results from the loss of
at pH 7.6, where pLeu peptides appear to be in a monomericcharge on helix-flanking residues. It is a helical structure
or low-oligomeric statel2). These results indicate that pLeu based on circular dichroism. It is also likely to be a
helices show a stronger tendency to oligomerize at high pH transmembrane or near-transmembrane (if the ends of the
relative to neutral pH. Another hint that there is more peptide do not quite reach the surface) structure based on

obtained for all of the other peptides, indicating they have
about the same helix content as pLeu(L11) (data not shown).
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FiIGURe 5: Schematic figure showing the proposed helix properties
inthe N, B, and S states. Note that the exact ionization state of the

Lew et al.

consequence of the loss of charge on flanking Lys resides is
that the ends of the helix would become more hydrophobic,
resulting in a helix with an effectively longer hydrophobic
length. This might allow the helices to bury their ends slightly
more deeply in the bilayer. The slight increase in helical
content at high pH is consistent with such a change. This
increase in effective hydrophobic length would thus allow
helix tilting and thereby promote oligomer formation.

Helix behavior in DEUPC vesicles is consistent with a role
of electrostatic repulsions in regulating oligomerization.
There is easier deprotonation of the Lys residues in DEuPC
relative to DOPC, and at the same time an increased red
shift, strongly suggestive of a higher level of oligomerization.
This is consistent with oligomerization being promoted by
the loss of electrostatic repulsions. On the other hand, there
are other effects due to the mismatch between helix length

flanking Lys at high pH may depend on pH, and that we cannot and bilayer width. For example, it would be expected in
distinguish between cases in which the flanking Lys residues DEUPC that helix tilting is reduced because the helix must

deprotonate on just one or both sides of the helix. For the Asp span a longer hydrophobic length. This should reduce

peptide, either the N terminal or the C terminal may be membrane-
inserted at high pH. Two less likely transmembrane models for

the Asp peptide in the S state are described in the text.

oligomerization. However, if helix length is too short to
easily span the bilayer, previous studies have suggested that
oligomerization would be promoted by its tendency to

the observation that, like the N state, the Trp in the center minimize the amount of the high-energy lipid/helix surface
of the hydrophobic sequence locates very close to the bilayerboundary, along which there is mismatch strain (Figure 5)
center. The highly blue-shifted fluorescence seen at high pH(25). Although we cannot evaluate the contribution of this
when the peptide concentration is diluted also indicates afactor, we note that the mismatch strain cannot by itself

Trp location within a couple of angstroms from the bilayer

explain oligomerization at high pH, because the expected

center. In addition, even in the uncharged state the terminalincrease in hydrophobic length resulting from flanking Lys

amines of the flanking Lys should be relatively polar, and

deprotonation at high pH would be expected to reduce such

might be expected to locate close to the bilayer surface, asstrain.

do other polar groupslg).

Single Polar/lonizable Residues Can Be Accommodated

Thus, a nontransmembrane model for the B state in whichin the Transmembrane Stat@he pLeu helices studied
the ends were deeply buried in hydrophobic region of the maintained the N orientation at neutral pH when a polar
bilayer, such that anchoring at the membrane surface is lost,residue was introduced into the hydrophobic core. This
would be surprising. Furthermore, this model would have indicates a single polar residue destabilizes the N state too

the helix floating randomly within the core of the bilayer,

weakly to detect a significant change in the fraction of N

and would predict a Trp depth closer to the average value state molecules for the strongly hydrophobic polyleucyl

for a group randomly distributed at all depths within the
hydrophobic core, perhaps-5 A from the bilayer center
rather than +2 A. This shallower location would also predict
a significant red shift of Trp fluorescence that would not be
abolished by dilution of peptide within the bilayer. These

sequence. Presumably in a less hydrophobic background, or
if the number of polar residues was increased, the effects of
such polar residues would be much more pronounced. This
is supported by studies indicating the formation of a

transmembrane structure is decreased when three polar

behaviors are not detected, arguing against such a modelresidues are inserted in the less nonpolar poly Ala h&x (

Charge on Helix-Flanking Residues Modulates Helix
Oligomerization.The most important difference between the

It would be interesting to examine the effect of multiple polar
substitutions in a polyLeu sequence, or of a single polar

N and B state appears to be the tendency of the B state toresidue in a peptide with an intermediate hydrophobicity,
oligomerize more strongly or to a greater degree than the N such as an Ala/Leu mixture6, 27).

state. In fact, the B state shows very similagx and depth

Behavior of Helices with lonizable Residues within the

behavior to another condition previously shown to promote Hydrophobic CoreOne of the most striking observations
oligomerization at neutral pH, namely, that of peptides longer in this report is that a single hydrophobic pLeu helix with a
than necessary to span the bilayer. In that case, it appearscharged” residue (i.e., Lys or Asp) in its hydrophobic core
that increased helix tilting, needed to prevent exposure of can maintain a transmembrane state and thus bury such
hydrophobic groups to solution, permits strong van der Waals residues deeply within the bilayer. The most likely explana-
interactions between helices, and thus promotes oligomer-tion for this behavior is that ionizable residues in the

ization (12).

hydrophobic core of the bilayer exist in their uncharged state.

There are several possibilities for how the high-pH-induced This means their I, values have significantly shifted from

deprotonation of the flanking Lys could also favor oligo-

merization. The most obvious is that electrostatic repulsions

the values which they have in aqueous solution.
In the case of the Asp peptide, the midpoint of the Nto S

between Lys on different helices would be abolished by transition (pH 8.5-9 in DOPC) undoubtedly represents the
deprotonation. This factor has recently been proposed topK, of the Asp carboxyl group.This value, 45 pH units

explain the different levels of oligomerization of artificial
transmembrane helices in natural membra28s A second

higher than in aqueous solution, is very unusual, but not
really surprising for a membrane-inserted Asp, view of
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the fact that several studies have shown that even when athe end(s) of the peptides become(s) somewhat buried in the
the membrane surface a carboxyl group ha¥a shifted bilayer when an ionizable residue in the core becomes
up to 7 @8). charged and the peptide as a whole moves to the surface

Figure 5 shows a model for the structure of the Asp- (Figure 5, bottom). If the ends become buried in the
containing pLeu(D11) in the S state. This model for the S membrane, then in order to protonate a core Lys it might be
state is consistent with studies indicating charged groupsnecessary to simultaneouslyeprotonate one or more
reside at least 16 A from the bilayer cent@l( 29. In flanking Lys residues. This combination of protonation and
addition, since the Trp is on the side of the helix more or deprotonation could be energetically unfavorable because low
less opposite that of the Asp, it should be facing the interior pH would be stabilizing the protonation of the flanking Lys
of the bilayer, and given helix and side chain dimensions residues (so that they resist burial within the bilayer) at the
should be about 10 A more deeply located than the Asp same time it increases the tendency of the core Lys residue
(calculation not shown). This predicts a Trp depth close to to protonate. In contrast, high pH favors both of the changes
that determined by fluorescence quencHiffhe depth of  that may be needed to form the S state, deprotonation of
the Trp would be shallower as judged by the standard curveboth the core Asp (driving movement toward the surface)
of Trp depth vsima We previously derived. However, that and flanking Lys (so that they do not resist deeper insertion).
curve does not include effects of oligomerizatiai.} This hypothesis may be testable by examining the behavior

It should be noted that since a helical structure is Of pLeu helices in which the flanking residues are changed
maintained, and since the core pLeu sequence is so hydrofrom Lys to polar residues.
phobic, most of the sequence is likely to remain significantly It is important not to overgeneralize the (apparent) inability
buried within the bilayer in the S state. As a result, one or Of buried ionizable residues to exist in a charged state. In
both of the helix ends may also become buried (Figure 5), Proteins with multiple membrane-spanning segments, ioniz-
and it is likely that deprotonation of the Asp residue at high able residues could potentially exist in a charged state if they
pH is accompanied by deprotonation of at least some of the face away from the lipid and toward other protein segments
flanking Lys residues. Or an aqueous pore. _ . _

It should be noted that there are two other models for the Comparison to the Behéor of Hydrophobic Helices
conformation of pLeu(D11) at high pH which we cannot fully Biosynthetically Incorporated into Natural Membranes
eliminate but seem quite unlikely. One is a model in which Several methods to evaluate the behavior of hydrophobic
pLeu(D11) is transmembranous and the red shift in Trp helices by natural b|osynthe5|s have recently been deveIc_)ped
emission is due to interhelical TrpAsp interactions 16). (24, 30, 3). The behavior of pLeu-type helices (mostly in
This model is unlikely because it would predict Trp depth the context of a two-helix protein) in natural membranes has
remains at the bilayer center. The second is one in which Peen investigated in a recent series of elegant studies by von
the Asp group alters the lipid conformation such that one or Heijne and colleagues [e.g.8,(3D]. The glycosylation
more lipids have their polar headgroups buried well within Mapping system they established involves identification of
the lipid bilayer, and in contact with the Asp group. In this the residue at the me_mbrane insertion boundary on one side
case, the Trp would seem shallower (it would be close to Of @ hydrophobic helix based on its distance to the nearest
the polar headgroups of some lipid molecules) and red- residue accessible to glycosylation during biosynthesis. Using
shifted. It seems unlikely that such a change could occur, this system, they also found that interrupting a hydrophobic
but this possibility should be investigated in the future. ~ Séquence by placing an ionizable residue (which they

Helices with core Lys residues maintained a transmem- described as “charged” residues) near the center of the
brane state down to pH 4, and thus do not seem to form thehydrophobic core did not prevent transmembrane insertion

charged state even at-8 pH units below their l§, values : ) . )
in solution. This raises the question of why the core Lys do _ 1he glycosylation mapping system may have certain

not protonate at low pH. This can be explained by assuming !imitgtions reIat.ive to the artificial m(_ambrane system qsed
in this report. First, it only probes helix structure at the time

3 Itis unlikely that the highly red-shifted fluorescence of pLeu(D11) of glycosylation, when the sequence is likely to be interacting
and the lack of concentration dependence at high pH reﬂectastrongerwIth the trans_locon proteins instead O_f' or in addition to,
tendency to oligomerize relative to the other peptides rather than an membrane ||p|d5_- Although some experiments show that the
Asp ionization event which changes peptide depth. The former structure at the time of glycosylation often accurately reflects
explanation would not account for the change in Trp depth observed fing| topography 81), others suggest topography is flexible

at high pH. . . . .
41t should be remembered that for a linked ionization equilibrium, at this stage of protein folding and can be influenced by

in which both a membrane buried and a surface species exist, theglycosylation 82). In addition, this method cannot be used
apparent 4, is determined by a combination of equilibria for the buried  to investigate the effect of certain key experimental param-

and surface specie84). e
5 There are two reasons that quenching may report a slightly deepereters’ such as the pH or the effect of lipid structure, upon

Trp depth than predicted from this model. One is that the depth helix topography. _ .
measured by fluorescence quenching may give only a lower estimate On the other hand, the glycosylation mapping system has

to the actual Trp depth. The reason for this is that the quenching analysismany advantages. For example, it allows a rapid scan of
assumes that the lateral approach of a quenching molecule is not a ) . ’ .
function of quencher depth. This is not the case when a peptide orientsMany Séguences. Also, it can be used to look at hydrophobic

parallel to the bilayer surface. A peptide so oriented, and located close Sequences that are too long to efficiently synthesize by
to the bilayer surface, would tend to block the approach of a shallow chemical methods. Furthermore, precisely because it involves

guenching group to a greater degree than a deep quenching group ; PR ; ;
exaggerating quenching by the deep quencher and thus exaggeratin fopography during synthesis it yields information about the

apparent depth3@). The second explanation is that even at high pH g:>tabilit_y and nature of the transmembrane state during its
there could some fraction of a transmembrane orientation present.  formation.
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There are also differences between the glycosylation 14.

mapping and artificial membrane approach in terms of the
information they yield. The former method identifies the

residue at one membrane boundary, whereas the method in

this report examines the position of the center of the

hydrophobic sequence. In addition, effects due to helix 17

oligomerization are more likely to be encountered in the

artificial membrane system. Oligomerization can be a serious 18.

complication in some experiments, but it is also a parameter

of interest. It should be noted other new natural membrane 19-

methods promise to yield much information about helix
oligomerization 24, 30. Overall, the artificial membrane

and natural membrane biosynthesis approaches should beyq
seen as complementary, and together promise to provide a

much more detailed picture of the interactions important for
establishing membrane protein folding and orientation than
has been available up to the present.
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