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Transmembrane (TM) segments of integral membrane proteins are pulatively a-helical in conformation once inseried into the membrane, yel consist
of primary sequences rich in residues known in soluble proteins as helix-breakers (Gly) and §-sheet promoters (Ile, Val, Thr). To examine the specific
2° siructure propensities of such residues in membrane environments, we have designed and synthesized a series of 20-residue peptides with *guest’
hydrophobic segments — expected to provide three turns of incipient a-helix content —~ embedded in *host® hydrophilic (Lys-Ser) matrices. Circular
dichroism (CD) spectra of the model peptides in water showed that significant helical content was observed only for peptides with high Ala content;
others behaved as *random coils'. However, in the membrane-mimetic environment of sodium dodecylsulfate (SDS) micelles, it was found that Gly
can be accommodated as readily as Ala, and Ile or Val as readily as Leu, in hydrophobic a-helices. Further subtieties of structural preferences
could be observed in electrically-neutral lyso-phosphatidylcholine (LPC) micelles, where helical propensity decreased in the order Ala-Leu-rich >
Gly-Leu-rich > Gly-lle(Val)-rich hydrophobic segments. The results conjure a role of environment-dependent helix-modulation for Gly, lle, and
Val residues — and suggest that these residues may provide, in part, the structural basis for conformational transitions within or adjacent to
membrane domains, such as those accompanying membrane insertion and/or required for transport or signalling functions.
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1. INTRODUCTION

The finding that short (<20-residue) peptides are able
to form stable a-helices in aqueous media [I] has
prompted re-examination of the helical preferences of
commonly occurring amino acids in soluble proteins
[2-5]. Although precise ranking orders differ in detail,
Leu and Ala have been shown to rank among the best
‘helix-promoters’, while the conformationally flexible
Gly residue is one of the strongest ‘helix-breakers’ [2-5].
B-branched residues such as Ile, Val and Thr are also
widely accepted as potentially destabilizing to helical
structures due to the steric effect of their bulky side
chains [3,5]. While these findings have enriched our un-
derstanding of globular protein structure, their signifi-
cance for integral membrane proteins remains obscure.
Transmembrane (TM) segments within membrane pro-
teins are generally assumed to be in an a-helical confor-
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mation [6,7], an assumption strongly influenced by the
helical membrane-interactive structures determined
crystaltographically for the photosynthetic reaction
center of Rps. viridis [8], and by eryo-microscopy for the
proton pumping protein of purple membrane, bacteri-
orhodopsin (bR) [9]. Nevertheless, multiple Gly resi-
dues occur in several of the seven bR TM helices [10],
while, for example, the 14 proposed membrane-span-
ning segments of the bovine mitochondrial transhydro-
genase contain ca. 20% Gly content [11]. Single-span-
ning membrane proteins display similarly characteristic
residue contents; thus, the coat protein of bacteriophage
M13 contains three Gly and nine §-branched (lle, Val,
Thr) residues in its 19-residue effective TM segment
[12], yet this segment has been demonstrated to be a-
helical by extensive spectroscopic studies [13]. This
‘GIVT’ bias is not limited to the examples above, bui
rather appears as a general motif in essentially all cate-
gories of integral membrane proteins [14,15]. Confor-
mational transitions in integral membrane proteins dur-
ing membrane insertion [16,17] and/or function (i.e.
transport, signailing) [18-20], are likely to require re-
gions of protein structurally responsive to the immedi-
ate membranous or aqueous environment. In the pres-
ent work, we use designed hydrophobic peptides [15] to
inquire as to why these proteins recruit so many helix~
destabilizing residues while maintaining helicity of their
TM segments, and to what structural/functional role(s)
may be implied for these residues.
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2. MATERIALS AND METHODS

Peptides were synthesized by solid-phase techniques on a Biolynx
4170 automatic peptide synthesizer (LK B) using Fmoe c¢hemistry [21].
Amino acids were coupled as their pentafluorophenyl esters with an
equivalent amount of HOBt added, except for the case of serine in
which Fmoc-Ser(O-s-butyl)}ODhbt was used. Cleavage of peptides
from the resin was accomplished by treating peptide-resins for 3-5 h
in TFA/mercaptoethanol/anisol (95:2.5:2.5) at ambient temperature,
Crude-peptide was dissolved to saturation into 10% HOA¢ or 0.5 N
HCl and the resulting cloudy mixture was extracted with 1/3 volume
of ethyl ether for three times to remove low molecular weight organic
contaminants. Purification of peptides was carried out on a Delta-Pak
C4 RCM column (25 mm % 100 mm, Waters), using a linear elution
gradient of 10-25% of acetonitrile (containing 0.1% TFA) in the first
10 min, followed by 25-35% of acetonitrile in the second 10 min, and
then 35-50% of acetonitrile in the final 10 min. Main peak fractions
were collected and further chromatographed on a Vydac C4 analytical
HPLC column (4.6 mm x 250 mm), from which a single peak was
obtained for each peptide. Characterization of peptides was per-
formed by amino acid analysis, analytical purity by liquid chromaitog-
raphy, and mass spectrometry.

CD measurements were made on a Jasco-720 speciropolarimeter
equipped with a Neslab variable temperature control unil, using cuv-
eties of 1 mun pach length. Peptide concentrations were typically 25-50
4M, as determined by quantitative amino acid analysis. CD spectra
were generally independent of peptide concentration from 20 4M to
500 uM (data not shown), and it was thus assumed that peptides exist
in a monomeric state through this range. The aqueous bulfer used for
CD experiments consisted of 10 mM sodium chloride and 10 mM
sodium phosphate, pH 7.0. SDS and LPC micellar solutions were
prepared by dissolving the desired amount of lipids into that buffer,
and the resulting buffers were directly used for sample preparations.
Micellar solutions were routinely checked for background absorb-
ance, from which it was noted that light scattering was insignificant
at concentrations up to 50 mM SDS or LPC. Any noise that did arise
was averaged out by running several CD seans (usually six scans) for
cach peptide. Where constant concentration was required of a peptide
in a series of measurements, the peptide was dissolved in double-
distilled water at 500 M, and the peptide slock solution thus obtained
was then divided into equal parts using a micro-pipette and lyophil-
ized. Aliquots of peptide powder could then be either stored a1 4°C
or dissolved in suitable buffers immediately before CD measurements.

3. RESULTS AND DISCUSSION

Although oligomerization and/or assembly of TM he-
lices has crucial importance to membrane protein func-
tioning, studies with bR [22], the f,-adrenergic receptor
[23], and channel-forming synthetic peptides [24),
strongly suggest that individual TM helices can fold
independently of each other, and subsequently assemble
into the final membrane protein structure without
major rearrangements [7,25). We have designed ard
synthesized molecules which represent individual TM
segments inserted between short ‘soluble domains’ [15].
The designed peptides contain prototypical sequence
NH~(Ser-Lys).-Ala’-Leu®-x"-Ala®-Leu’-y'®-Trp''-Ala'?-
Leu'?-z'%-(Lys-Ser),-OH, where x, y, and z have been
varied from Ala to Gly in a stepwise manner (Table I).
To examine the impact of 8-branched residues on heli-
cal propensity, two additional peptides (3G3I and
3G3V) were produced by further replacement of LeuS,
Levw” and Leu'? in 3G by three Ile (3G3I) or three Val
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(3G3V) residues. Trial syntheses dictated the length of
the hydrophobic stretch (10 residues vs. >18 residues in
most natural TM segments) for optimal balance be-
tween membrane affinity and aqueous solubility in a
monomeric state (up to 10 mg/ml in H,0, data not
shown). In peptide design, Trp was inserted to provide
a measure of aromatic character typical of TM seg-
ments [14], as well as a spectroscopic probe. Positively
charged Lys (and Arg) residues occur commonly at
both N- and C-termini of natural TM segments, where
they act as determinants of transmembrane topology
[26]. As well, Lys residues at either terminus can interact
electrostatically with the head groups of the lipids used
as membrane-mimetics in conformational studies (vide
infra).

Taking ellipticity at 222 nm as a direct measure of
peptide helicity [27], peptide 3A (Table I) exhibits signif-
icant helicity (ca. 30%) in water, but this structure is
rapidly lost through this series of peptides as Gly is
introduced into the hydrophobic core, with a resultant
fully ‘random coil’ structure for peptide 3G in aqueous
solution (CD spectra shown for 3A and 3G in Fig. 1).
These results parallel the findings of Baldwin and his
associates [28], which indicate that Gly is a strong helix-
breaker in H,O. Pepiide conformations were then exam-
ined in the membrane-mimetic environments of SDS
and LPC. Although SDS stabilizes helical conforma-
tions in a wide variety of peptides and proteins, SDS can
nevertheless discriminate among conformations pro-
moted by individual sequences {23). In contrast to our
observations in aqueous media, all peptides in Table [
adopt essentially full helical structures in 10 mM SDS

Table 1

Sequences and q-helical propensities of peptides NH,-S-K-S8-K-A-L-
%"-A-L-y'%-W-A-L-z!%-K-$-K-8-K-S-OH"

Peptide Hydrophobic ~[8l222 (cm*deg-dimol™)®
(xyz) segment (5-14)

Aq. buffer 10 mM SD3
AAA (3A) ~-ALAALAWALA-~ 10,200° 31,400°
GAA -ALGALAWALA- 5,810 31,000
AGA ~ALAALGWALA- 4,720 30,800
AAG ~ALAALAWALG- 4,660 31,200
GGA -ALGALGWALA~ 3,000 30,800
GAG -ALGALAWALG~ 2,300 30,000
AGG ~ALAALGWALG- 1,580 30,500
GGG (3G) -ALGALGWALG- 740 28,900
3G3r ~AIGAIGWAIG- 770 29,400
3G3ve -AVGAVGWAVG- 760 29,100

“* Each peptide is 20 residues in length; the hydrophobic segment 5-14
only is given in the table, Peplide termini are unblocked. Abbrevia-
tions: A, Ala; 8, Ser; K, Lys; L, Leu; G, Gly; W, Trp; I, Lle; 'V, Val.

& Values of —[8).,,, the mean residue ellipticity at 222 nm, are averaged
over 6 scans, with background subtracted (25°C). Independent runs
typically gave ellipticity values within 29 of values shown.

* Peptide 3G3I contains x =y=z=Gly, with Leu**" changed to Ile,
Peptide 3G3V contains x=y=z=Gly, with Leu®'* changed to Val,
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Fig. 1. Circular dichroism spectra for peptides 3A, 3G, and 3G3I (see

Table 1) in aqueous buffer, and in 10 mM SDS at 25°C. Curves were

obtained by averaging over 6 scans with background subtracted. Spec-

tra are as indicated in the diagram. CD spectra of peptide 3G3V were

observed to be largely superimposable upon those of 3G3I, and have
been omitted for clarity,

regardless of the differences in their primary sequences
(spectra shown for 3A, 3G and 3G31 in Fig. 1). The net
difference in helicity in SDS micelles between the eight
peptides 3A through 3G (Table I) is only about 8%. This
result is obtained despite the 100-fold helix-stabilizing
propensity of Ala vs. Gly in water [28]. Gly, which
dictates random coil structure in water [28], cannot do
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so in a non-polar environment where the energy cost of
exposing non-hydrogen-bonded polar NH and C=0
groups, as in a random structure, is apparently too high
[7.

In further experiments, replacement of helix-promot-
ing Leu residues [3,4) in peptide 3G by three helix-
destabilizing Ile (or Val) residues [5] maintains the over-
all hydrophobicity of the peptide but as discussed
above, might have been expected to decrease the helical
propensity of peptides 3G3I and 3G3V. Nevertheless,
both of these peptides, which now contain 60% of ‘helix-
destabilizing’ residues [30] within the hydrophobic core,
retain helicity >90% of that for peptide 3A in SDS
micelles (Table I; shown for 3G3I in Fig. 1). It should
be noted, though, that lle and Val do not necessarily
have identical structural propensities under all condi-
tions, and the fine distinctions between them are cur-
rently under further investigation.

Given the propensity for anionic lipids to promote
helical conformations [31], the negative charge of SDS
micelles may, in part, mask the inherent structural di-
versity in this series of peptides. The subtleties in their
structural preferences became more conspicuous in the
medium of electrically-neutral LPC micelles, where the
peptides may be in equilibrium between water and the
miceliar phase [32]. As well, LPC more closely resem-
bles natural membranes structurally, and thus may pro-
vide a better mimicry of native lipid bilayers. As seen
in Fig. 2, peptides 3A, 3G and 3G3I are found to be
capable of forming helical structures in LPC micelles,
but respond differentially to LPC concentration. Thus,
peptide 3G3I displays the lowest helical propensity
among the three peptides (ca. 50% of 3A in 10 mM
LPC), requiring 50 mM LPC to attain its maximum
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Fig. 2. Circular dichroism spectra of peptides 3A, 3G and 3G3I (see Table I) upon titration with lysophosphatidylcholine (LPC) micelles at 25°C.
Pepiide 3G3V displayed similar behavior to 3G3I in parallel experiments.
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helicity (Fig. 2¢). Singe peptides 3G and 3G3I are ¢ssen-
tially equivalent in net *hydrophobicity’, this conforma-
tional sensitivity to LPC concentration must therefore
be explained by the combined eifects of peptide intrinsic
hydrophobicity and structural proclivity: the hydropho-
bicity of segment 5-14 provides the sufficient condition
for the peptide to form a helix once in the lipid micelle,
but in the mixed water/membrane medium, residue
composition ultimately directs this transition.

As modulators of environment-dependent helicity.
Gly, lle and Val residues within hydrophobic segments
represent suitable targets for mutagenesis in explora-
tions of detailed structure/function relationships; for ex-
ample, mutations of Gly residues in the TM domain of
the Ca®*-ATPase of sarcoplasmic reticulum directly af-
fect Ca*" ion affinity and translocation [18]. The confor-
mational plasticity imparted by these residues may sim-
ilarly govern structural transitions required in mem-
brane proteins during their biosynthesis and membrane
insertion, and/or subsequently in the performance of
their specitied functions.

Acknowledgements: This work was supported, in part, by grants to
C.M.D. from the Natural Sciences and Engineering Council ol Can-
ada (NSERC) and the Medical Research Council of Canada (MRC).
8.-C.L. is the recipient of a University of Toronto Open Schotarship.

REFERENCES

[1] Marqusee, S., Robbins, V.H. and Baldwin, R.L. (1939) Proc.
Natl. Acad. Bci. USA 86, 5286-5290.

(2] Merutka, G., Lipton, W, Shalongo, W., Park, 8.-H. and Stell-
wagen, E. (1990) Biochemistry 29, 7511-7315.

[3] O'Neil, K. T. and DeGrado, W.F. (1920} Sclence 250, 646-651.

(4] Lyu, P.C,, Liff, M.1,, Marky, L.A, and Kallenbach, N.R. (1590}
Science 250, 0669-673.

(5] Padmanabhan, S., Marqusee, S., Ridgeway, T., Laue, T.M. and
Baldwin, R L. (1920) Nature 344, 263-270.

[6] Wistow, G.J, Pisano, M.M. aud Chepelinsky, A.B. (1991)
Trends Biochem, Sci. 16, 170-171.

[7] Popot, J.-L. and Engelman, D.M. (199C) Biochemistry 29, 4031
4037,

[8] Deisenhofer, J., Epp, O., Miki, K., Huber, R. and Michel, H.
(1955) Nature 318, 618-624.

220

FEBS LETTERS

Oclober 1992

[9] Hendzrson, R., Baldwin, .M., Ceska, T.A., Zemlin, F., Beck-

man, E. und Downing, K.H. (1990) J, Mol. Biol, 213, 809.929,

[10] Engelman, D.M., Henderson, R., McLachlan, A.D2, and Wallace,
B.A. (1980) Broc. MNaul. Acud. Sci. USA 77, 2023-2027.

[i1] Yamaguchi, M. and Haefi, Y. (1991) J. Biol. Chem. 266, 5725~
5733,

[12] Deber, CM.,, Li, Z,, Joensson, C., Glibowicka, M. and Xu. G.-Y.
(1992) J, Biol, Chem, 267, 5296-5300.

[13] Henty, G.D. and Sykes, B.D. (1990) Biochem. Cell Biol. 68,
318-329.

[i4] Deber, CM., Brandl, C.J., Deber, R.B., Hsu, L.C. and Young,
K.K. (1986) Arch. Biochem, Biophys, 251, 68-76.

[15] Li, 8.-C. and Deber, C.M. (1992) Int. J. Peptide Protein Res., in
pross.

[16] Wickner, W. (1989) Trends Biochem. Sci. 14, 280-283,

[17] Neupert, W., Hartl, F.-U., Craig, E.A. and Planner, N. (1990)
Cell 63, 447-450,

[18] Andersen, J.P., ¥ilsen, B. and MaeLennan, D.H. (1992) J. Biol.
Chem. 267, 27672774,

[19] Milligan, D.L. and Koshland Ir., D.E. (1991} Science 254, 1651-
1654.

[20] Wan, C., Qian, J. and Johuson, C.K. (1991) Biochemistry 30,
194400,

[21] Atherton, E, and Sheppard, R.C, (1990) in: Sclid Phase Peplide
Synthesis, A Practical Approach, IRC Publishers.

[22] Popot, J-L., Gerchinan, S.-E, and Engelman, D.M. (1987 .
Mol. Biol. 198, 655-676.

[23] Koblilka, B.K., Kobilka, T.5., Daniel, K., Regan, J.W., Caron,
M.G. and Lefkowitz, R.J, (1988) Science 240, 1310-1316.

[24] Oiki, S, Danho, W. and Montal, M. (1988) Proc, Natl. Acad. Sai.
UsA Bs, 2393-2397,

{25] Von Heijne, G. and Maneil, C, (1988) Protein Eng, 4, 104-112
(1990).

[26) Von Heijne, G. (1989) Nature 341, 456-458.

[27] Engel, M., Williams, R.W. and Erickson, B.W. (1991) Biochem-
istry 30, 3161-3169,

[28] Chakrabarity, A., Schellman, 3.4, and Baldwin, R.L. (1991) Na-
ture 35§, 586-588.

[29] Wu, C.-S.C. und Yang, J.T. (1978) Biochem. Biaphys. Res. Com-
mun, 82, 83-91.

[30] Chou, P.Y. and Fasman, G.D. (1978) Annu. Rev. Biochem. 47,
251276,

[31] Keller, R C.A,, Killian, J.A. and de Kruij(T, B. (1992) Biochemis-
try 31, 1672-1677.

[32] Deber, CM. and Behnam, B.A. (1984) Proc. Natl. Acad. Sei.
Usa 81, 61-53.



