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ABSTRACT. We examined the effect of ionizable residues at positions flanking the hydrophobic core of
helix-forming polyLeu peptides upon hethelix interactions within model membrane vesicles composed

of dioleoylphosphatidylcholine. The peptides studied were flanked on both the N and C termini either by
two Lys (Ko-flanked peptide), one Lys plus one Asp (DK-flanked peptide), or one Lys plus three Asp
(KDs-flanked peptide). The fluorescence of a Trp residue positioned at the center of the hydrophobic
sequence was used to evaluate peptide behavior. As judged by the concentration dependence of the
maximum wavelength of Trp emission, there was significant oligomerization of the &2l DK-flanked
peptides, but not the Kflanked peptide, at neutral pH. At neutral pH mixtures of End KDs-flanked
peptides associated with each other, but mixtures of the d0d DK-flanked peptides did not.
Oligomerization by the DK- and Kpflanked peptides decreased under low pH conditions in which the
Asp residues were protonated. Additional experiments showed that at neutral pH $Hakkzd peptide
showed an increased tendency to oligomerize when as little ad3.0nol % of an anionic lipid,
phosphatidylglycerol, was present. The behavior of the other peptides was not strongly influenced by
phosphatidylglycerol. These results can largely be explained by modulation of-helix interactions

via electrostatic interactions involving the helix-flanking ionizable residues. Such interactions may influence
membrane protein folding. The self-association of anionigH#Bnked peptides suggests that additional
interactions involving charged residues also can modulate-hélx association.

Integral membrane proteins perform a variety of important state, with their deep location destabilized by their polarity
biological functions, and it is estimated that 30% of a genome and the energetic cost of maintaining an uncharged state (
can encode these protein).( The majority of integral In any case, relative to location in the bilayer core, it is
membrane proteins are composed of transmembrane(TM) energetically less costly to place ionizable residues at the
o-helical bundles. Therefore, it is important to understand polar/interfacial region of a bilayer and least costly to place
how the amino acid sequence of Tavhelices controls their ~ them in the aqueous solution beyond the bilayeB( 5, 6).

folding and structure. Some important information about  Relatively little is known about how ionizable residues at
membrane protein amino acid composition is already un- the edge of TM helices affect helix behavior. It has been
derstood. Hydrophobic residues predominate in those partssyggested that flanking ionizable residues act as anchors, i.e.,
of a TM helix that are buried in the membrane and exposed fix the position of the edge of the hydrophobic segment of
to lipid hydrocarbon chains, whereas polar residues are lessy helix relative to the bilayer7j. An anchoring residue can
abundant in these segmeng).( be defined as one that has a favorable interaction with the
lonizable (“charged”) residues are relatively rare in the interfacial region of the bilayer relative to its interaction with
core of TM helices Z). Clearly, an energetic cost must be aqueous solution or the core of the bilayer (e.g., Trp).
paid for burying ionizable residues in the nonpolar environ- However, even a residue that prefers to locate in solution
ment of a bilayer, but this is not necessarily due to burial of relative to the bilayer interface will still be able to assist in
a charged group. When close to the bilayer, surface ionizableanchoring if it has a lower energy at the bilayer surface than
residues may carry a charg®),(but it appears that deeply it has when in the hydrophobic core of the bilayer. Asp and
buried ionizable residues remain in their uncharged ionization Lys seem to fall into this class of residues ), and at
least Lys seems to have significant anchoring abilit®s (

t This work was supported by NIH Grant GM 48596. However, strong anchoring may not be characteristic of all
* Corresponding author. Phone: 631-632-8564. Fax: 631 632-8575. charged residues, because Arg does not show strong anchor-
E-mail: Erwin.London@stonybrook.edu. ing effects B).

1 Abbreviations: DK-flanked peptide, acetyl-DK@WLKDA- . . . . .
amide; DOPC, dioleoyl-sn-glycero-3-phosphocholine, dioleoylphos- A different function of positively charged amino acids
Fhatlidrxlflchor:int?& P?PG' IdiTgogklsnigbécer0|-3-pthph09|)f/|C&erl?l,d dio- |ocated in or near regions flanking hydrophobic helices is
eo osphatl cerol; - , -aoxylnonadecane;tlianke H ) H H
pegtir()ie, gcetyl-)é(gliWLngA-amide; KDg,-f?/anked peptide, acetyl- the.lr pr(_)pose_d aCtlon.as tOpOl_OgICE_iI det.ermmants ?f the.TM
KDslLoWLoDsK-amide; TM, transmembrane; MALDI-TOF, matrix-  helix orientation. Their behavior gives rise to the “positive
assisted laser desorption ionization time-of-flight mass spectrometry. inside” rule, which states that positively charged residues
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are frequently found on the cytoplasmic side of the mem- were used. The excitation wavelength was 280 nm unless

brane 0). stated otherwise. Emission spectra were recorded from 300
One other function of helix-flanking ionizable residues t0 360 or 380 nm. Estimatedn. values obtained from

may be in controlling TM helix-helix interaction {0, 11). duplicate samples were generally reproduciblettb nm.

This has been little studied in contrast to the control of helix pH Titration ExperimentsTrp fluorescence was studied

helix interaction by van der Waals and polar interactions @s a function of pH in bilayer vesicles made by dilution from

between residues in the core of TM helicd®{15). We ethanol. This procedure results in formation of unilamellar

have approached this question with polyLeu peptides, which Vesicles §). The appropriate aliquots of peptides and lipids
are extremely hydrophobic peptides that come from TM dissolved in organic solvent were mixed, dried under
helices @, 16—18). We found previously that the ionization ~ hitrogen, and then redissolved in 40 of ethanol. Next,
state of Lys residues flanking a polyleucine helix modulate the samples were diluted with 196 of 10 mM sodium

the ability of such helices to oligomerize within bilayedy.( ~ Phosphate,150 mM NaCl, pH 7.6. The final peptide con-
In the present study, combinations of Asp and Lys residues centration was M, and the final lipid concentration was
are placed in the positions flanking polyLeu peptides. The 200 uM. Duplicate samples were prepared. Background
results show that the nature of the flanking residues, samples lacking peptide were also prepared. The pH in each
electrostatic interactions between peptides, and electrostatic¢ample was lowered to the desired starting value for the
interactions between peptide and lipid can significantly titration (about pH 4) by adding a4 uL aliquot of glacial
influence the degree to which TM helices within membranes acetic acid. Emission spectra were then recorded, generally

interact with each other. from 300 to 360 nm. To increase pH, successive aliquots of
0.5-2.0 M NaOH were added. After each addition the

EXPERIMENTAL PROCEDURES samples were incubated for approximately 90 s, and the

emission spectra then remeasured. It should be noted that

Materials. The polyLeu peptides $GLoWL KA, KDl g- the reported data is that after intensity of background samples

WLgDsK, KoGLoYL KA, and DKGLsWLKDA were pur-  was subtracted, and corrected for dilution of peptide-
chased from Research Genetics division of Invitrogen containing samples during the titration.

(Huntsville, AL). All the peptides had acetylated N-termini Acrylamide Quenching Measuremerifs quantify acryl-

and amide blocked C-termini. Peptides were purified by amide quenching, fluorescence of samples containing model
reverse-phase HPLC using a C18 column as describedmembrane-incorporated peptides, or background samples
previously (L6, 19). A binary mobile phase composed of |acking peptide, was measured both before and after the
mixtures of 0.5% trifluoroacetic acid/2-propanol and 0.5% addition of a 5QuL aliquot of acrylamide from a 4M stock
trifluoroacetic acid/HO (v/v) was used for purification.  selution dissolved in water. Samples were prepared as
Elution was achieved by using an increasing gradient of described above, except that all volumes were decreased
2-propanol. MALDI-TOF mass spectrometry was used to 2-fold. Fluorescence was measured at an excitation wave-
confirm the purity of the peptides. Final purity was roughly |ength of 295 nm and an emission wavelength of 340 nm.
estimated to be 8595%. Peptide concentration was deter- Corrections were made for both dilution by the addition of
mined from the UV absorbance at 280 nm by using acrylamide and for inner filter effect. Inner filter corrections
5500 Mt cm*. Peptides were stored in ethanol at@. were done by multiplying measured fluorescence intensity
Dioleoyl-sn-glycero-3-phosphocholine (dioleoylphosphati- by the formula 16°%° where ¢ is the molar extinction
dylcholine, DOPC) and dioleoyl-sn-glycero-3-phosphoglyc- coefficient of acrylamide at 295 nm in units Mcm™2, b is

erol (dioleoylphosphatidylglycerol, DOPG) were purchased the cuvette excitation path length in cm, a@lis the
from Avanti Polar Lipids, Inc. (Alabaster, AL). Lipids were acrylamide concentration in the sample in M.

stored in chloroform at-20 °C. As judged by thin—layer 10_Doxy|nonadecane Quenching Measuremeéertsmea-
chromatography on silica gel plates run in 65:25:4 (v/V) sure the efficiency of 10-DN quenching, the fluorescence
Chloroform:methanol:water, some preparations of DOPG of Samp|es in the absence of 10-DN was Compared to that
contained a few percent of a breakdown product. Acrylamide jn its presence. Samples containing model membrane-
was purchased from Sigma Chemical (St. Louis, MO). 10- incorporated peptides or background samples without peptide
Doxylnonadecane (10-DN) was purchased from Aldrich were prepared as noted above except that some samples
Chemical (Milwaukee, WI). (Discontinued; contact authors contained 10 mol % 10-DN under conditions in which the
for avallablllty) Its concentration was determined by dry' ||p|d + 10DN concentration was ZW Fluorescence was
weight analysis. It was stored as a stock solution in ethanol measured with an excitation wavelength of 280 nm and
at —20 °C. All other chemicals were reagent-grade. emission wavelength of 330 nm.

Fluorescence Measuremenisp fluorescence was mea- Calculation of the Acrylamide to 10-DN Quenching Ratio
sured on a SPEX2 fluorolog spectrofluorometer operating (Q-Ratio).The ratio of quenching by acrylamide to that by
in steady-state mode. Generally, fluorescence measurement$0-DN (Q ratio) was used to estimate Trp depth in the
were made in a semimicro quartz cuvette hgvan1l cm membrane. Q-ratio was calculated from the formula: Q ratio
excitation path length and 4 mm emission path length. For = [(Fo/Facryiamiad — 1//[(Fo/Fio-on) — 1], whereF, is sample
samples in which pH was titrated, measurements were maddluorescence with no quencher aRglyiamiceanNdF10-pn are
in a cuvette wih a 1 cmpath length for both excitation and the fluorescence intensities in the presence of acrylamide
emission. For most experiments, a 2.5 mm (nominal band- and 10-DN, respectively2Q).
width 4.5 nm) excitation slit and a 5.0 mm emission slit  Effect of Varying Peptide to Lipid Ratio by Increasing
(bandwidth 9 nm) were used. For the pH titration experi- Lipid Concentration on Emissiobnax TO examine whether
ments, a 5.0 mm excitation slit and a 5.0 mm emission slit peptide oligomers are formed within vesicles, Rrx was
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measured as a function of the lipid:peptide ratio. A peptide nm/min. The program SELCON3 was employed to estimate
Amax dependent on lipid:peptide ratio is indicative of oligo- thea-helical content of the peptide2(). Background spectra
merization (7). Samples containing peptide and DOPC were of buffer and lipid alone (i.e., without peptide) were
made by ethanol dilution similar to that described for the subtracted before analysis of secondary structure.

pH titration experiments. For these experiments, the peptide

concentration (2«M) was kept constant while the lipid RESULTS

concentration was varied between 100 and 1500.

. . : . : The pH-Dependent Fluorescence of Various polyLeu
Samples were made by dissolving dried mixtures of peptides . . X i
and lipids in 20uL of ethanol and then diluting to 1 mL Peptides in DOPC Vesicle$Ve wished to understand the

with 10 mM sodium phosphate, 150 mM NaCl, pH 7.6. effect of the charge on residues flanking the hydrophobic

: - core of TM helices upon the behavior of helices in
E;fgllfl)?:;egfk?:‘gesem?drg S’Vr:r%a;gb;r:ezddmon, background membranes. To do this we studied three different hydro-

Bromination of Tyrosine-Containing Peptid&.0.1-0.3 pho.bic polyLeu peptides incorporated into modgl membrane
umol sample of KGLeYL oK4A peptide (Tyr-containing & vesicles. One peptlde; was flanked by 2 Lys residues at each
flanked peptide) dissolved in 5Q4_ methanol was dibro- eno_l (K-flanked pept|de),_ a second by 1Llys and 1 Asp
minated on tyrosine by adding a total of 5.25 mol of Ber residue _(DK-fIanked peptide), gnd the third by 1 Lys and 3
mol of peptide. The bromine, from a 1:1000 v/\»nethanol Asp residues (Kflanked peptide). Al three peptides had

solution, was mixed with the peptide in three equal aliquots a Trp at the center of their hydrophobic sequence and blocked

added 10 min apart. The sample mixture was then dried undert€rmini. Our first aim was to identify the pH values at which

N., dissolved in 4:6 v/v 2-propanol:water, and purified by d|ffere3t |on|zedestatf?s would exist. To (:0 thlli tlhet pl-é

HPLC, as described above. This separated unbrominated an&lepe_n_ ence ot Irp fluorescence parameters likely to be
monobrominated peptides from the dibrominated peptide. sensitive to the lonization state of vesicle-incorporated
Purity was confirmed by MALDI-TOF. Concentration of peptides was studied. The pH dependence ofZhig, the

. . - . - ratio of fluorescence emission at 350 nm to that at 330 nm
dibrominated peptide was determined spectroscopically, S )
USing anezss an(;f 2616 entt M-! obtained ezperiment[()allly y (F350/330) and emission intensity at 330 nm were measured.

; ; ; . When a Trp is in a polar environment, it gives red-shifted
I:rglr)n the absorbance of pure dibromotyrosine (Sigma Chemi fluorescence in which it Shows a higie and high F350/

Dibromotyrosine Quenching ExperimentSamples of ﬁgg;gvsr;iﬁ:a:wian;?gﬂar egr\:golgweg’ég%\é? ?g::ri]tzted
peptides incorporated into lipid vesicles were prepared by the similarity of these IattgiIX arameters, bath, aﬁd FSS%/
ethanol dilution, similar to the procedure described above, y P ’ X

' : 330 were monitored becaudg.ax is widely reported, but
o8 ulume of 0L using 10mu a phospte 150 315 Sy s e to v e
dibromoT,yr-IabeIed Kflanked peptide contained 2QmM emission, and is less ambiguous when emission maxima are
lipid and 2 uM of either K, -or KDs -flanked peptide broad Ql)..) Intensity at asmgl_e wavelength was measured
combined with LM of the dibromoTyr-labeled Kflanked becguse it also can be sensitive to local environment.
peptide (F samples) or without dibromoTyr-labeled peptide ~ Figure 1 shows the pH dependence of the fluorescence
(Fo samples). When desired, the pH of these samples wagProperties of these peptides whgn then are mcorporateq into
adjusted with glacial acetic acid or a NaOH solution. lIPid vesicles composed of dioleoylphosphatidylcholine
Fluorescence emission spectra were recorded over the rang€?OPC). The K-flanked peptide showed a pH dependence
300375 nm, with excitation at 280 nm. Background spectra Of fluorescence behavior very similar to that we reported
from samples lacking peptides were subtracted from Fo for this peptide in a previous studg)( As shown in Figure
samples, and backgrounds containing both lipid and di- 1, from pH 4 to 9 this peptide exhibited a pH-independent,
bromoTyr-labeled peptide were subtracted from the F Plue-shiftedima, low F350/330 ratio, and pH-independent
samples. Spectra were also corrected for dilution by either INtensity. Above pH 9, there was a gradual red shift in Trp
acetic acid or NaOH. The ratio of intensities in the samples fluorescence and decrease in fluorescence intensity. As
with quencher to that without quench&/k,) was calculated ~ described in our previous study, this red-shiftresults from
from the intensity values at 330 nm. deprotonation of the flanking Lys residue$).(

Circular Dichroism Measurement of Peptide Secondary ~ The fluorescence of the KFflanked peptide shows a
Structure. Secondary structure of the peptides in bilayer different pH dependence. As shown in Figure 1, at low pH
vesicles was studied with circular dichroism (CD). The (pH 4) the KD:-flanked peptide shows a relatively blue-
ethanol dilution method described above was employed to shifted Amax, low F350/330 ratio, and relatively high fluo-
prepare | mL samples containing: peptide and 20@M rescence intensity similar to the-4fanked peptide. However,
DOPC. A buffer composed of 1 mM sodium phosphate, 15 as the pH is raised from 4 to 5.5, Thpax red-shifts, F350/
mM NacCl, pH 7.6, was used. This contained only 10% of 330 increases, and fluorescence intensity decreasedmkhe
the NaCl concentration used for fluorescent measurements’€mains constant over the pH range of-515.5. However,
because higher salt concentrations interfere with CD mea-F350/330 shows a hint of a maximum, and fluorescence
surements. Other studies show the use of diluted buffer doegntensity at 330 nm showing a distinct minimum, near pH
not strongly influence secondary structure (G. A. Caputo and 6. Above pH 16-10.5, Trpimax blue shifts, and F350/330
E. London, unpublished observations). CD was measured atdecreases.
room temperature using a JASCO J-715 CD spectrometer These pH-dependent changes can also be assigned to
and 1 mm path length quartz cuvettes. Generally, the final changes in amino acid ionization. At the lowest pH values,
spectra were the average of at least 40 scans taken at 5@ll of the flanking residues should be protonated, so that Lys
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Ficure 1: Trp emission properties of the;flanked, DK-flanked, and the Kfflanked peptides in DOPC vesicles vs pH. (A) Trp fluorescence
emissioNmax B. Ratio of Trp emission intensity at 350 nm to that at 330 nm (F350/330). (C) Trp emission intensity at 330 nm normalized
to 100% at the point of maximum intensity) K.-flanked, ¢+) DK-flanked, and A) KDs-flanked peptides. Samples contained:a

peptide and 20@M lipid. The results of single titrations are shown. In each case duplicate titrations giving similar results were obtained.

residues are charged while Asp residues are uncharged. Théehavior. To do this, dioleoylphosphatidylglycerol (DOPG),
changes between pH 4 and 7 are likely to be associated withwhich has a negative charge throughout the pH range studied,
the ionization of the Asp groups because th& for Asp was incorporated into the DOPC-containing vesicles at a
near the bilayer surface should fall in this range (see concentration of 20mol %. This fraction of anionic lipid is
Discussion). However, the Asp residues at different positions comparable to that found in cell membran2g)( Again our
are likely to slightly different i, values because each should first study was simply aimed at identifying pH values at
reside at different depths relative to the bilayer surface and which different ionization states occur.
because the charge on Asp residues that deprotonate first Figure 2 shows the pH dependence of fluorescence
should electrostatically inhibit the deprotonation of neighbor- properties for the Kflanked, KDs-flanked, and DK-flanked
ing Asp residues. Thus, the apparent maximum in local peptides when incorporated into vesicles composed of 20mol
polarity around the Trp at pH 6 may correspond to a state in % DOPG/80mol % DOPC. The behavior for all of the
which there has been deprotonation of some, but not all Asppeptides is, in general, very similar to that in vesicles
residues, so that the peptide has close to neutral net chargeomposed of DOPC. However, there are some differences.
(see Discussion). Between pH 7 and 10, it is likely that all One is a shift in apparenta values. There is a roughly 1
the Asp residues have deprotonated and the changes aboveH unit upward shift in the pH at which the Asp and Lys
pH 10 are undoubtedly associated with deprotonation of the residues deprotonate for each peptide. This shiftdpgan
flanking Lys residues. be explained by the fact that DOPG imparts a hegative charge
The pH dependence of Trp fluorescence was also measuredo the vesicles and attracts a high proton concentration near
for the DK-flanked peptide. Like the Kilanked and K- the surface of anionic vesicles. These factors tend to stabilize
flanked peptides, the DK-flanked peptide shows a blue- the positive charge on Lys residues and destabilize negative
shifted Amax, low F350/330 ratio, and high fluorescence charge on Asp residues.
intensity at 330 nm at pH 4 (Figure 1). As pH is increased A second difference is that near neutral pH values thg-KD
from 5 to 7,Amax red-shifts, F350/330 increases, and intensity flanked peptide exhibits more red-shifted fluorescence as
at 330 nm decreases. This is also similar to the behavior ofjudged byimaxand higher F350/330 in 20% DOPG vesicles
the KDs-flanked peptide, although the red shiftipax and than those in 100% DOPC vesicles (compare Figures 1 and
corresponding increase in F350/330 is less for the DK- 2). Lipid composition has smaller effects on the Trp
flanked peptide. At higher pH, there is little changelifx fluorescence emission maxima for the DK-flanked and K
and only a small decrease in F350/330. However, the flanked peptides.
intensity at 330 nm shows a distinct sigmoidal decrease as It should be noted that the effects of 20mol % DOPA,
the pH is increased from 8 to 10.5. These changes can als@another anionic lipid, on the behavior of the kbanked
be assigned to the pH-dependent ionization events. Depro-peptide were similar to those with DOPG (data not shown).
tonation of the Asp residues is associated with the changeThis is consistent with an electrostatic origin of the effects
in fluorescence properties between pH 5 and 7, while the arising from the presence of DOPG.
changes between pH 9 and 10.5 are associated with the The Effect of Fraction of DOPG in Bilayers on Tiax
deprotonation of the Lys residues. of the KDs-Flanked PeptideThe results described above
The pH Dependent Behiar of the KDs-Flanked Peptide show that the presence of DOPG in vesicles influences the
in Vesicles Containing 20% DOP@ecause peptide be- behavior of the K- flanked peptide. To see whether this
havior was strongly affected by amino acid charge, it was behavior could be observed at lower levels of an anionic
of interest to examine how negatively charged phospholipids, lipid, this peptide was incorporated into vesicles containing
which are present in natural membranes, affected peptidevarying amounts of DOPG at neutral pH. The results are
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Ficure 2: Trp emission properties of the,lanked, DK-flanked, and KBflanked peptides in 20 mol %DOPG/80 mol %DOPC vesicles
vs pH. (A) Trp fluorescence emissidmayx. (B) Ratio of Trp emission intensity at 350 nm to that at 330 nm (F350/330). (C) Trp emission
intensity at 330 nm normalized to 100% at the point of maximum intensjtK £flanked, (+) DK-flanked, and &) KD s-flanked peptides.
Samples contained 2V peptide and 20M lipid. The results of single titrations are shown, but duplicate titrations gave similar results.

332 [ The Amax values were an important clue on this regard.

330 All three peptides have a Trp at the center of the hydrophobic
r sequence. We previously demonstrated thata of 315—

320 nm is indicative of lipid-exposed Trp located at the

bilayer center. This conclusion was based upon direct

fluorescence quenching measurements of Trp depth described

in Ren et al. 16). We also previously identified two different

Emission Max (nm)
[
N
-
T

322 | cases in which a Trp at the center of the hydrophobic core
320 of a polyLeu peptide gave rise to more red-shifted spectra.
i One was when the Trp moved to the bilayer surface, and
318 AT\A\‘\“\A,—_ the other was when the Trp remained deeply located in the
316 bilayer but the peptides oligomerized. In the former case,
314 the red shift is due to the more polar environment near the
membrane surface and, in the latter case, presumably reflects

312 the increase in local polarity around Trp upon its shift from

310, . 15 0 = 3 s an _en\_/ir_onm_ent composed of Ii_pid hydrocar_bon to one_in

which it is adjacent to other peptides, and their polar peptide

Mol% DOPG bonds (7).

FIGURE 3: The effect of varying the amount of DOPG within Because of the highly hydrophobic sequences studied,
vesicles on Trp emission maximum of#lanked and KQ-flanked oligomerization seemed to be the most likely explanation
peptides. Samples contained® of (a) Ko-flanked or @) KDz- for the red-shifts observed for peptides studied in this report.

flanked peptides incorporated into various 2@8 mixtures of ; ; . TR
DOPG and DOPC dispersed in 10 mM sodium phosphate, 150 mM -LO test th:js hypothesis, we first rulgd ﬁUt éhle pOSSIbe|Ity thgt
NaCl, pH 7.6. Average values from duplicate experiments are (€ Peptides were moving toward the bilayer surface Dy

shown.Amax values were reproducible to withial nm. measuring the depth of the Trp depth residue for each
peptide. To do this, our recently introduced dual quencher
presented in Figure 3, which shows that the Zxp exhibits assay was used®).? In this assay the quenching by an
a sigmoidal increase as the amount of DOPG in the vesicle agueous quencher molecule (acrylamide) is compared to that
is increased from 0 to 20mol % DOPG and stabilizes above induced by a quencher that locates deeply within the lipid
20 mol %. In contrast, DOPG does not have a significant bilayer (10-doxyl nonadecane, 10-DN). A Trp close to the
effect on Trpimax Of the Ko-flanked peptide at neutral pH  bilayer surface is quenched strongly by acrylamide, whereas
over the entire concentration range studied. one close to the bilayer center is quenched strongly by 10-
Interpretation of the pH Dependence 4faxin Terms of DN. The ratio of quenching by acrylamide to that by 10-
Peptide Behaior. Location of the K-Flanked, DK-Flanked, DN (Q-ratio, see Experimental Procedures) is related to Trp
and KDs-Flanked Peptides in the Lipid BilayeFhe experi- depth @3). The validity of this assay was confirmed in our
ments above identified the pH at which different ionization previous report using a series of peptides with Trp at different
states exist for each peptide and revealed the existence of
Trp fluorescence-detected structural/conformational differ- 2 In previous studies we used parallax analysis of Trp quenching in
ences dependent upon sequence, pH and anionic lipid. Ow?rder to measure Trp depth, (16, 17). Parallax analysis was not used
. . . or the peptides in this study because of complications that can occur
further studies were aimed at revealing the nature of thesehen lipid headgroup composition is varied and because of the relative
differences. ease of the dual quencher methd@)(
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Table 1: Trp Fluorescence Quenching of theManked, DK-Clanked, and the KHB-lanked Peptides by Acrylamide and 10-Doxyl
Nonadecane

FolFP

peptide(s) lipida pH acrylamide Fo/F°10-DN Q-rati®

K> DOPC 7.6 1.23: 0.1 2.74+ 0.03 0.133£ 0.05
KD3 DOPC 4 1.03£ 0.01 2.824+0.47 0.014+ 0.01
KD3 DOPC 7.6 1.05t 0.06 1.694+ 0.24 0.067+ 0.09
KD3 20% DOPG 4 1.03:0.03 2.5440.33 0.0174 0.01
KD3 20% DOPG 7.6 1.0 0.02 1.32+0.17 0.052t 0.098
Ks 20% DOPG 7.6 1.14-0.02 2.95+ 0.07 0.074+ 0.01
KD3 + K> DOPC 7.6 1.03t 0.03 1.47+ 0.06 0.056+ 0.068
DK DOPC 7.6 1.09t 0.02 1.95+ 0.07 0.089+ 0.03

a2 Samples contained 2M peptide in 200uM lipid vesicles.? See experimental procedures for definitionFefF and Q-ratio. Average values
and standard deviations for triplicates are shown. Acrylamide was used at 190 mM, not 235 mM a23in ref

depths 23). It was shown that the Q-ratio for a Trp at the 307
bilayer center is 80.2, whereas the ratio for a Trp at the 328
polar/nonpolar boundary is close to 1.4. The dependence of I
Q-ratio on Trp depth was found to be nearly linearly g 326 |
dependent on Trp depth between these extre2®s ( £ 34
Table 1 shows the results of quenching studies on the § 322
KDs-, DK-, and K-flanked peptides. In 100% DOPC vesicles g I
at both neutral and low pH, the quenching of the Trp at the g 320
center of the hydrophobic sequence gave very low Q-ratios E Jigf e o
(<0.2) for all three peptides. The ,Kand KDs-flanked [
peptides were also examined in 20% DOPG-containing 316
vesicles and were found to exhibit similarly low Q-ratios. 314
This shows that the Trp residues locate at the bilayer center a2 b
in all cases and rules out the possibility that the red-shifted
Amax IS due to movement toward the bilayer surface. 310, 260 200 660 300 1060 1200 1400 1600

Interpretation of the pH Dependence 4faxin Terms of
Peptide Behaior. Effect of Varying the Concentration of
Peptide Within the Lipid Bilayers Upon Emissi@ince Trp KD Al : ;

. ' s-flanked peptides vs DOPC concentratiof).K-flanked, ()
depth does not explain the red shifts of the&K@nd DK-  pk-flanked, (») KDsflanked, and ©) Ko-flanked plus KO-
flanked peptides at neutral pH, peptide oligomerization within flanked. Samples contained.M total peptide incorporated into
the bilayer seemed to be the most likely explanation for the DOPC vesicles dispersed in 10 mM sodium phosphate, 150 mM
red shifts in fluorescence. It has been demonstrated previ-NaCl. pH 7.6. Average values from duplicate experiments are

. - o . shown.Anax values were reproducible to withirl nm.
ously that red shifts can reflect oligomerization by experi-

ments in which red shifts were abolished by diluting the Tphese results strongly suggest that both the;¥dhd DK-
concentration of peptides in vesiclds) and by experiments  fanked peptides oligomerize in DOPC vesicles at neutral

showing red shifts can be induced by locally increasing the iy and that their level of oligomerization is reduced by their
concentration of a peptide within a bilayer in situ. This was gijytion within lipid bilayers. Because the fraction of buried
done by incorporating a peptide that is excluded from gel 1y, resjdue buried within an oligomer should increase with
phase domains into a fluid lipid bilayer and then inducing increasing oligomer size, it appears likely that the KD
partial gel phase formation by decreasing temperature t05nked peptides oligomerize more than the DK-flanked
below the phase transition temperature (G. A. Caputo and peptide and that the Xflanked peptide may have, at most,
E. London, unpublished observations). only a very low degree of oligomerization under these
To confirm that oligomers are present in the samples of conditions.
KDs- and DK-flanked peptides and that oligomerization A similar experiment was performed for the Kflanked
induced a red shift, TrpmaxWas studied as the lipid:peptide peptide in vesicles containing 20% DOPG vesicles at neutral
ratio was varied. Weakly associated oligomers should pH. TrpAnadecreased from 331 nm at 20M lipid to 324
dissociate and result in a Trp blue-shift upon dilution of nm at 150Q:M at lipid, again consistent with oligomerization
peptide in the bilayer (i.e., an increased lipid:peptide ratio). that decreases upon peptide dilution in the lipid bilayer (data

Lipid Concentration (nM)
FicurRe 4: Trp emission maximum of Kflanked, DK-flanked, and

As shown in Figure 4, at neutral pH Thp,ax for the KDs-
flanked peptide exhibited a significant concentration depen-
dence in DOPC vesicles, decreasing 6 nm as lipid concen-
tration was increased from 200 to 15@M/ at constant
peptide concentration, while thi,.x for the DK-flanked

not shown).

It should be noted that oligomerization of the kand
DK-flanked peptides is also consistent with the reduced level
of quenching of their Trp residues by 10-DN. In oligomers,
Trp would tend to become buried within the oligomer

peptide decreased by 4 nm over the same range. In contrastinterior, and thus be less exposed to lipid. As a result, Trp
Trp Amax fOr the Ko-flanked peptide showed only a very weak accessibility to, and quenching by, 10-DN should be sterically
concentration dependence, decreasing by only 1 nm whendecreased. Consistent with this prediction, inspection of Table
lipid concentration was increased from 200 to 1504. 1 shows that quenching by 10-DN was significantly de-
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Table 2: Trp Emissiofimax for Ko-Flanked, DK-Flanked, and suggests th‘?‘t there is an imer?Ction betwe@ngﬁd KDs- .
KDs-Flanked Peptides Incorporated into DOPC Vesicles flanked peptides when they are in the same vesicle. Assuming
Individually and in Various Combinations at pH 7.6 that the degree of red shift is related to the degree of peptide-
peptides flanked by [lipid]:[total peptide] Tthhax peptide interaction, it is noteworthy that thgax with both
K, 200:1 318 peptides in the same vesicle at a total lipid:peptide ratio of
KDs 200:1 323 200:2 (326 nm) was more slightly more red-shifted than that
Ega T( K2 588% 258-5 for the KDs-flanked peptide by itself at a lipid:peptide ratio
K, I Kz 200:2 318 of 200:2 (324.7) and significantly more red-shifted than for
KDs 200:2 324.7 Ko-flanked peptide by itself at a lipid:peptide ratio of 200:2
KDs + K; 200:2 326 (318 nm). This indicates that the,Kand KDs-flanked
E?Sj Ka gggfi gig peptides interact with each other to a greater extent than they
DK 2001 322 interact with themselves. This conclusion is reinforced by
DK+ K, 200:2 320 comparison of Trplmax (325.5 nm) in a mixture of k and
DK/ K2 200:1 320 KDs-flanked peptides in the same population of vesicles to

2 Combinations denoted with a+* indicate peptides mixed within  that they have by themselves at a total lipid:peptide ratio
a single population of vesicles. Combinations denoted with a */” indicate qecreased to 200:1 (Table 2).
mixtures of two vesicle populations, each of which contains a different
type of peptide. Average values for duplicates are shown. fthe One alternate, although unlikely, explanation for the red
values were generally found to be consistent withih nm. shift is that the mixture of KB and K-flanked peptides
move toward the membrane surface, so that the Trp located

creased for the DK- and K&Xlanked peptides under condi- in a more shallow polar location. To eliminate this possibility,

tions (neutral pH) in which they exhibit red shiftég(i.e., Trp depth in samples containing mixtures of the K@and
oligomerize), whereas the -Klanked peptide remained K-flanked peptides was measured using the dual quencher
strongly quenched by 10-DN. analysis. As shown in Table 1, the Q-ratio remains low,

Interaction Between theXFlanked and the KBFlanked showing Trp residues do not move toward the surface.
Peptides in DOPC Vesicle$o determine whether electro-
static attractions between residues at helix-flanking position
could influence helix-helix interactions, mixtures of K
flanked and KDR-flanked peptides were incorporated into
DOPC vesicles. At neutral pH, these peptides might attract
each other because the kbanked peptide should have a
net negative charge whereas thgflanked peptide should
have a net positive charge.

To assess helixhelix interaction, Trp emissiofimax was
compared in samples in whichyKand KDs-flanked peptides As might be expected the interaction between these two
were in separate vesicle populations to that in samples inpeptides was dependent upon pH. At pH 2, each peptide by
which they were incorporated into a single population (Table itself and mixed in a single population of DOPC vesicles
2). At neutral pH, the K and the KDB-flanked peptides at  gave an emission maximum of 319 nm (data not shown).
a 200:1 lipid:peptide ratio in separate vesicles gaye: This suggests the K and KDs-flanked peptides do not
values of 318 and 323 nm, respectively. When equal volumesinteract at pH 2. This is as expected because Asp and Lys
of these samples were mixed, an averagg value of 319 residues on the Kpflanked peptide should be protonated
nm was obtained. (This value is not exactly midway between at pH 2, so that both the KPand K-flanked peptides would
the individual values because the fluorescence of the K have a positive charge, and repel each other. Combined with

flanked peptide is stronger than that of the Kilanked  the results above, these experiments indicate that interaction
peptide in these samples.) Obviously, there was no interactiony; peytral pH is due to electrostatic attractions.

possible between the two peptides in this mixture because . .
they were not incorporated in the same vesicle. These values [N @nother set of samples either kBanked peptide or a
were compared to those obtained at neutral pH when bothMixture of KDs-flanked and K-flanked peptides were
peptides were incorporated into a single population of incorporated into vesicles prepared at pH 2.8, and then the
vesicles at a 1:1 ratio, such that total lipid:peptide ratio was PH was increased to 7.1. In both cases, these samples gave
200:2. Thelma for the combination of peptides in the same blue shifted fluorescence with/a.ax at 321 nm at low pH,
vesicles was 326 nm. Since if there had been no interactionwhich increased to 325 and 32328 nm at neutral pH for
Trp Amax Should have been 319 nm, this result strongly the KDs-flanked peptide and mixture, respectively (data not
shown). This shows that the interaction between the-KD

3 Any steric reduction of acrylamide quenching upon oligomerization flar)ked and K-flanked peptides is not affected by the pH at

would be difficult to detect because acrylamide quenching of the deep Which the samples are prepared or by the charge on the

Trp residues in these peptides is weak. In addition, it is not clear that peptides at the time of their incorporation into bilayers.
the lateral occlusion of Trp that would occur upon oligomerization

should affect acrylamide quenching, which may only respond to the  Lack of Interaction Between,K-lanked Peptide and the
distance of Trp from the bilayer surface. If this is the case, then Q-ratio pK-Flanked Peptides in DOPC SUXs a control to confirm

should be influenced by oligomer formation as well as depth. However, . . . .
an effect of oligomerization on Q-ratio would be weak for a deeply the influence of electrostatic attractions upon hefelix

located Trp. interaction, mixtures of the DK- and Jlanked peptides

To confirm the presence of oligomerization in vesicles
containing a mixture of ik and KDs-flanked peptides, the
effect of varying the concentration of peptides within the
bilayer uponimax was determined. As shown in Figure 4,
Trp Amax decreased by 6 nm as the lipid concentration was
increased from 100 to 1500M. This is consistent with
oligomerization that decreases upon dilution of peptides
within the bilayer.
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were studied. As shown in Table 2, the Tipax of the 1.00
mixture of the K- and DK-flanked peptides in a single

vesicle population was equal to the average of thgifwhen

in separate vesicles, indicating a lack of interaction between

the DK- and K-flanked peptides at neutral pH. Since the 0.80
DK-flanked peptide has no net charge at pH 7 it is
presumably unable to electrostatically attractflanked
peptide.

Reversibility of Red Shifts Induced by Increasing pH. o 0.60
When samples of the DK-peptide, Kipeptide, or mixture L
of KDz and Kx-flanked peptides were prepared in DOPC "u'_‘
vesicles at pH 7 and pH was then deceased to pH 4, the red 0.40 -

shifts observed at pH 7 were abolished. This was also seen
for KDs-flanked peptide incorporated into vesicles containing

20mol % DOPG (not shown). These results indicate that the
red shifts and oligomerization observed when pH is increased 0.20 -
are reversible when pH is decreased.

Confirming Oligomerization by DibromoTyr Quenching
of Trp FluorescenceMeasurement of red shifts (when not
associated with a change Trp depths) and their concentration 0.00 —
dependence is a particularly simple method to detect oligo- 7-->4  7-->4-->7
merization. However, it is indirect. Therefore, we performed H
control experiments using a very recently introduced tech- P
nique in which oligomerization is detected by the quenching FIGURE 5: Assay of peptide-peptide interactions using quenching
of Trp fluorescence in hydrophobic peptides upon their by dibromoTyr-labeled peptide. The quenching of Trp fluorescence

. . . . - . by dibromoTyr is illustrated for samples containing mixtures of
interaction with dibromoTyr-labeled peptide@4]. This (black bars) K-flanked and dibromoTyr Kflanked peptides, or

method showed that quenching and aggregation were cor-mixtures of (gray bars) Kpflanked and dibromoTyr Kflanked
related by incorporating a peptide that is excluded from gel peptides. The/-axis shows the ratio of Trp fluorescence intensity
phase domains into a fluid lipid bilayer and then inducing N Samples containing 2M Trp-containing K- or KDs-flanked

. . peptides mixed with kM dibromoTyr peptide to that in samples
gel phase formation by decreasing temperature to below thecontaining just 2uM of the Trp-containing K- or KDs-flanked

phase transition temperature. Below the phase transitionpeptides. Peptides were incorporated in lipid vesicles containing
temperature quenching increased grea2¥).( DOPC at a concentration of 2QeM lipid dispersed in 10 mM

. . . o - sodium phosphate, 150 mM NaCl, pH 6.9. After fluorescence was
In quenching experiments, oligomerization results in a Joc req. pH was decreased to 3.8, and fluorescence was remea-

decrease in Trp fluorescence in the presence of the di-syred. Finally, pH was reversed to close to pH 7 with a NaOH
bromoTyr-labeled peptide (F) relative to that in the absence solution and fluorescence remeasured again.
of the dibromoTyr-labeled peptide (Fo). Figure 5 shows that

at neutral pH a Kflanked dibromoTyr-labeled peptide DISCUSSION

interacts much more strongly with the Kiflanked peptide
g & pep Dependence of the Betiar of Transmembrane Helices

than with the Trp-containing Kflanked peptide (i.e.F/Fo \ ) .
values are much lower in the former case). In addition, Figure upon Flanking Residue Chargdhis study shows that

5 shows that the interaction between the dibromoTyr labeled L?ndlzab:]e br_eS|dues flocat;]adl_ at the p.osﬂgns ;‘Ia.nl;llng the
Kol pepiceand h Kl pepdes s suonger 0% A0 £ O T felees o spieanty nberee
at neutral pH than it is at low pH. The observation that the i ic stat f th. pt'd pt dies in thi PP e
decrease in quenching at low pH was reversed when pH jn O'lgomeric states of the peplides studies n this report 1S

. . summarized schematically in Figure 6. The lowest degree
the sample was increased to pH 7 confirms that the pH- : -
. . X o of oligomerization was detected at low pH, where all the
induced changes in quenching represent an equilibrium. . .
These results all agree with the above-described conclusion eptides should have protqnated Asp and Lys reS|du<_a§. At
based upon red shifts in Trp fluorescence ow pH the K-flanked peptide should have a net positive

' charge of+4, and the DK- and KBflanked peptides a
Circular Dichroism of the DK-Flanked and KfFlanked charge of+2. Thus, it appears that a charge 62 is

Peptides in DOPC SU\Previous circular dichroism (CD)  sufficient to prevent extensive helix oligomerization. As pH
experiments indicated that the-lanked peptide is highly  approaches neutral values and Asp residues deprotonate, the
a-helical over a wide range of pHi). To determine the DK and KDs-flanked peptides show increased oligomeriza-
secondary structure of the Kband DK-flanked peptides, tion. For the DK-flanked peptide, the Asp ionization results
their CD spectra were measured. For this experiment, in a zwitterionic species, and a loss of electrostatic repulsion
peptides were incorporated into DOPC vesicles at pH 7. As between peptides could explain the increased oligomeriza-
expected, the spectra of both the KDand DK-flanked tion. The same should be true for the ilanked peptide
peptides displayed the characteristic minima ofcahelix at a pH at which there is only partial Asp ionization, i.e.,
at 208 and 222 nm (not shown), with estimated helix near pH 6-7, where maximum red shift is observed.
contents, 71% and 80%, respectively, very similar to that of However, there is clearly an additional factor influencing
the Ky-flanked peptide (76%)16). the oligomerization of the KPpeptide because (1) it shows
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Low Neutral fluorescence intensity at 330 nm for these peptides in DOPC
vesicles that yield apparenKpvalues for flanking Asp and
pH pH Lys of 5.5-6 and 9.5-10, respectively. These values are
shifted about 0.51.5 pH unit from what would be expected
2 +2 for these residues in aqueous solution (4.5 and 10.4,
respectively) 25). Such shifts are about what would be
K2 — estimated given the energetic difference (about 1 kcal/mol)
between locating a charged Asp or Lys group in the polar/
—|— interfacial part of the bilayer relative to that for a similar
2 +2 group in the uncharged stat8)( (In the case of the DK
peptide, there may be an additional effect ¢t due to the

a it Cl-bn effect of neighboring charged Asp and Lys residues on each
other.)
DK — > Effect of Anionic Lipid on HelixHelix Interaction.As
noted in the Results, DOPG-induced Asp and Lifg ghifts
a -1 (1-Dn are readily explained by the surface charge on vesicles

containing DOPG. In addition toKy shifts, it was found
that near neutral pH the KEflanked peptide gave more red-
shifted fluorescence in vesicles containing 20% DOPG than
in 100% DOPC vesicles. Assuming this increased red shift
reflects increased oligomerization, electrostatic repulsion
- between negatively charged DOPG and negatively charged
+1 413 (+1-3)m KDs-flanked peptide can explain this behavior. This repulsion
would raise the free energy of a monomeric state in which
2 41 +2 +1-3 2x & (+1-3)y anionic KDs-flanked helices are surrounded by anionic lipid,
T\ relative to a more highly oligomeric state in which there
would be less anionic lipid in the immediate vicinity of each
helix. In other words, lipie-peptide repulsion would be a
driving force for helix-helix interaction.
In contrast to its affects on the KHlanked peptide, 20
Ficure 6: Schematic illustration of bilayer-inserted peptide mol % DOPG had little, if any affect on the degree of red
behavior under different conditions. The identity of the flanking gyt for the DK- and k-flanked peptides at neutral pH. The

residues is shown on the left. Peptides are illustrated by rectangle S Lo .
with the charge at low and near neutral pH shown at each end.SDK'ﬂ‘"jlnked peptide is zwitterionic near neutral pH, and its

The coefficientsn, m, x, andy represent the unknown stoichiom- ~ Self-association should not be affected significantly by lipid
etries of the oligomers. Although changes in oligomerization state charge. In the case of the,flanked peptide, it would be

are shown as if they involve both changes in oligomer size and expected that attractions between the Lys and anionic lipid

shifts in the monomer/oligomer equilibrium, changes may be 5 eytral pH would antagonize oligomerization. However,
occurring in only one of these parameters. In addition, it is uncertain

whether monomers or a small oligomer are present under conditionsSince the K peptide is already monomeric in vesicles
(e.g., low pH) giving the least oligomerization. containing 100% DOPC (or in the form of a very small

oligomer in which its Trp are exposed to lipid) no detectable

a larger red shift than the DK-peptide and (2) its fluorescence change in oligomerization would be expected in the presence
remains red-shifted above pH-@, pH values at which it ~ of DOPG.
should have a net negative charge. These results suggest that Interactions Between Helices kHiag Different Flanking
there is some interaction involving ionized Asp residues that lonizable ResidueJhis report also shows charge can affect
more than compensates for any electrostatic repulsions.the interactions between helices with differing flanking
Interactions between the charged Lys residues on ong KD residues. Mixtures of lkflanked and K- flanked peptides
flanked peptide and the Asp residues on a second-KD in DOPC vesicles tended to associate at pH 7.6. Under these
flanked peptides may be involved, but the fact that the red conditions, the K-flanked peptide should have a net positive
shifts for both the K- and DK-flanked peptides persist charge, and the Kpflanked peptide should have a net
somewhat at very high pH values, where flanking Lys negative charge. In contrast, no interaction was observed for
residues should be partly or fully deprotonated, suggests otheithe cationic K-flanked peptide and zwitterionic DK-flanked
factors that we do not understand are involved. Interactions peptide or for the K-flanked and KR-flanked peptides at
with trace amounts of metal ions are a possibility, but low pH, where they would both be cationic. Therefore, it
addition of 5 mM EDTA had no effect upon the emission appears electrostatic attractions between oppositely charged
of the KDs-flanked peptide at pH 7. groups at helix-flanking positions can be sufficient to

pK, Values for Flanking Asp and Lys Residues Close to promote helix-helix interactions in bilayers.
the Bilayer SurfaceAs noted in the Results, the apparent ~ Comparison to Other Studies and the Effect of the Depth
pKa values observed for the flanking Asp and Lys residues of an lonizable Residue Within the Bilayer Upon Its
can be estimated from fluorescence. Relatively unambiguous — -
values can be estimated for the DK- angftanked peptides, *It should be noted thatma and F350/330 ratio give weighted

. . . averages, whereas fluorescence intensity at a single wavelength is linear
which have the fewest Asp and Lys residues. Inspection of j; the amount of species present in a mixture. As a consequence, the
the pH titration data shows there are inflection points in latter parameter allows more accurate estimationkaf alues.

KD3 -

K2 + KD3

+2  +1
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Behavior. Cosson and Bonifacino found interactions between REFERENCES

an interfacial Glu residue on tleesubunit and an interfacial
Lys residue on thg subunits of the transmembrane domains
of the Class Il major histocompatibility complex protein

contribute to transmembrane hetikelix interactions 10). 3.
.Lew, S., Ren, J., and London, E. (20@pchemistry 399632~

In a study using the glycosylation mapping technique, Chin
and von Heijne3) found evidence for an interaction between
an Asp residue placed close to the edge of a hydrophobic

segment of a helix with a Lys residue on the same side of 6.

the helix but one turn more distant from the bilayer surface.
The interpretation of such studies is complicated by a lack
of information on the ionization state of the residues g
involved. This ambiguity partly arises from the unknown
dependence of thelg, and thus charge, of ionizable residues
upon their depth in a bilayer. Previous studies indicate that
deeply buried residues are not likely to be charged6).

but exposed to a local polar environment such as an aqueous
pore or polar region of a protein, could exist in a charged
form. Salt bridges in the in the LH€EIl protein of the light-
harvesting complex from plants may fall into this category
(27). The influence of electrostatic interactions between
acidic and basic residues is less ambiguous in our experi-
ments because of the ability to identify ionization states by
varying pH, which reveals when the flanking Asp and Lys
groups are charged or uncharged.

Implications for Regulation of HelixHelix Interactions
in Biological MembranesThe interactions observed in this
report suggest that electrostatic interactions between helix-
flanking residues may be large enough to play an important
role in modulating helix-helix interaction and membrane
protein folding in natural membranes. Lipid charge could
also regulate helixhelix interaction in vivo. If a protein is
exposed to environments with different amounts of anionic
lipid as it moves from one compartment of a eukaryotic
membrane to another (e.g., from endoplasmic reticulum to

plasma membrane), it could undergo changes in how tightly 3

its transmembrane helices associate with the helices of other 24.

membrane proteins, or how tightly its own helices are packed.
It should also be noted that pH may be an important factor
in regulating helix-helix interaction in vivo via its affect
on ionizable residue charge. The low pH in the lumen of
endocytic vacuoles of eukaryotic cells should be sufficient
to at least partially protonate helix-flanking Asp and Glu
residues, as well as fully protonate His residues.

10.
On the other hand, ionizable residues deep within a bilayer, 11.
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