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ABSTRACT. The carboxyl terminus of the type-1 angi

otensin Il receptor(#Ts a focal point for receptor

activation and deactivation. Synthetic peptides corresponding to the membrane-proximal, first 20 amino
acids of the carboxyl terminus adopt aerhelical conformation in organic solvents, suggesting that the
secondary structure of this region may be sensitive to hydrophobic environrsitig surface plasmon
resonance, immobilized lipid chromatography, and circular dichroism, we examined whether this positively
charged, amphipathie-helical region of the ATa receptor can interact with lipid components in the cell
membrane and thereby modulate local receptor attachment and structure. A synthetic peptide corresponding

to the proximal region of the Ajh receptor carboxyl

terminus (L& to Lys®?® was shown by surface

plasmon resonance to bind with high affinity to the negatively charged lipid, dimyristeyphosphatidyl-

pL-glycerol (DMPG), but poorly to the zwitterionic |

ipid, dimyristoyto-phosphatidylcholine (DMPC).

In contrast, a peptide analogue possessing substitutions at four lysine residues (corresponding to

Lys807.308,310.31 displayed poor association with eit
the interaction. Circular dichroism analysis revea
possessed-helical propensity in methanol and triflu

her lipid, indicating a crucial anionic component to
led that both the wild-type and substituted peptides
oroethanol, while the wild-type peptide also adopted

partially inserted helical structure in DMPG and DMPC liposomes. In contrast, the substituted peptide
exhibited spectra that suggested the presencg-sifieet ando-helical structure in both liposomes.
Immobilized lipid chromatography was used to characterize the hydrophobic component of the membrane
interaction, and the results demonstrated that hydrophobic and electrostatic interactions mediated the binding

of the wild-type peptide but that the substituted

peptide bound to the model membranes mainly via

hydrophobic forces. We propose that, in intactiATeceptors, the proximal carboxyl terminus associates
with the cytoplasmic face of the cell membrane via a high-affinity, anionic phospholipid-specific tethering
that serves to increase the amphipathic helicity of this region. Such associations may be important for

receptor function and common for G protein-coup

Receptors that activate heterotrimeric guanyl nucleotide
binding proteins (G proteidsare a large superfamily with
a structure comprising an extracellular amino terminus, seven
transmembrane-spanninghelices (TM1-TM7) connected
by alternating extracellular and intracellular loops, and a
cytoplasmic carboxyl terminal regiod)( The arrangement
of the seven transmembrane-spanning helices and the ex
tracellular domains provides a specific binding site for
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led receptors.

ligands, which induces a conformational change in the
receptor that exposes intracellular regions, which recruit and
activate G proteins. The activated receptor is then phospho-
rylated and internalized to terminate signaling.

The type-1 angiotensin receptor (&) is a 359 amino
acid G protein-coupled receptor (GPCR) that mediates the
important cardiovascular and homeostatic actions of the
peptide hormone, angiotensin Il (Angli2)( The 54 amino
acid intracellular carboxyl terminus (L&Gto GIu®) of the
AT 14 receptor interacts with and activates G prote®is4
and other signaling molecule§-9), indicating a contribu-
tion to receptor activation, while the discovery of phospho-
rylation sites 10, 11) and internalization motifs1—15)
suggest an involvement in receptor regulation. In particular,
the proximal region (Let¥® to Pr&?), comprising the first
third of the AT carboxyl-terminus, is a site of complex
interactions important for receptor function. For example,
synthetic peptides corresponding to this region are able to
bind and activate purified G proteing,(16) and to bind
with high affinity to the calcium-regulated effector protein,
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Table 1: Amino Acid Sequence and Physical Properties of Synthetic Peptides Used in This Study

peptide sequence molecular mass average hydrophobicity hydrophobic moment
KWL KWL 445.6 1.39 -

AT LGKKFKKYFLQLLKYIPPKAK 2551.5 0.93 1.04

LGJ LGJIFJIYFLQLLKYIPPKAK 2491.1 1.95 0.51

aNorleucine (J) substitutions to L§f%:30831031 positions 3, 4, 6, and 7 of the AT peptide) are underlined.

calmodulin @). Integrity of this region is also important for  lipid interactions to regulate local receptor structure and
receptor internalization14) and coupling to G protein  function.

activation and signalingd( 17). Moreover, fusion proteins

of the ATy carboxyl-terminus and immunoprecipitated AT ~ EXPERIMENTAL PROCEDURES

receptors interact with Jak2, STAT proteins, the tyrosine
phosphatase SHP-2, and phospholipagei@ a TyrRle32-
Pro*?'Pro*?! motif located within the proximal carboxyl
terminus 6, 7). What remains poorly defined are the

e s ki o e Moo 1-propanesulonaie (CHAS). imysiot:
" phosphatidylcholine (DMPC), and dimyristoyta-phos-

For some GPCRs, acylation (e.g., palmitoylation) of phatidyl-oL-glycerol (DMPG) were purchased from Sigma
cysteine residues within the carboxyl terminus, and the (St Louis, MO). A peptide corresponding to amino acids
subsequent insertion of the acyl group into the lipid bilayer, 305-325 of the ATia receptor (referred to as AT) and an
is a dynamic, agonist-regulated process that serves to tethegnalogue where lysine residues at 307, 308, 310, and 311
the cytoplasmic tail to the inner face of the cell membrane were substituted with norleucine (referred to as LGJ) were
(18, 19). Often such acylated cysteines are locateer2G purchased from Chiron (Clayton, Australia). The control
amino acids from the end of TM7, yielding a short fourth tripeptide (KWL), was synthesized by solid-phase peptide
cytoplasmic loop, shown recently in the crystal structure of synthesis, purified by reversed-phase high-performance liquid
rhodopsin to be an-helix (helix VIII) that lies parallel to chromatography (RP-HPLC) and characterized by electro-
the membrane face2Q, 21). Mutation of such cysteines  spray mass spectrometry. The sequence and molecular mass
prevents acylation and can disrupt receptor signaling, of AT receptor carboxyl-terminal peptides, analogues, and
internalization, and desensitizatidt8(19). In contrast, many  control peptides are listed in Table 1. Also listed in Table 1
GPCRs, including the Afl receptor, do not contain ap- are the helical hydrophobic moments for each peptide,
propriately placed cysteines and/or are not acylated, eithercalculated according to Eisenberg et @7)(as described
basally or following stimulation. Interestingly, computer- previously using amino acid hydrophobicity coefficients
based structural predictionsl4) and nuclear magnetic  derived with C18 RP-HPLC sorbent2gj. The hydrophobic-
resonance (NMR) of synthetic peptides in the organic solvent, ity value of norleucine was assumed to be equivalent to that
trifluoroethanol (TFE) 22), suggest that the membrane- of isoleucine.
proximal region of the ATa receptor can adopt an amphi-  Liposome PreparatiorSmall (50 nm) unilamellar vesicles
pathica-helical conformation, consistent with the rhodopsin (SUV) of DMPC or DMPG were prepared in 0.02 M
structure. Moreover, the corresponding region from the phosphate buffer by sonication and extrusion. Dry DMPC
turkey fi-adrenergic receptor isx-helical in TFE and  was dissolved in ethanol-free chloroform, or, in the case of
phospholipid micelles and liposome23|. It is well estab-  DMPG, the dry lipid was dissolved in CH{ZIMeOH mixture
lished that some peripheral membrane proteins (e.g., myris-(2:1, v/v). In both cases, the solvents were evaporated under
toylated alanine-rich C-kinase substrate (MARCKS) protein; a stream of nitrogen, and the lipids were held under vacuum
24, 25) can reversibly associate with the cell membrane via overnight. The lipids were resuspended in 0.02 M phosphate
so-called amphitropic interactions between charged patchespuffer, via vortex mixing. The resultant lipid dispersion (a
on the protein and the membrane lipid%). Hence, we  concentration of 0.5 mM with respect to phospholipid) was
hypothesized that the carboxyl termini of some GPCRs may sonicated and extruded 17 times through polycarbonate filters
be tethered, in the absence of acylation, through interactionsto obtain SUV at 50 nm size (LiposoFast, pore diameter 50
between amino acid side chains in thishelical sequence  nm) and used to prepare the lipid bilayer system.
of the receptor and charged and hydrophobic groups on the ' Bjosensor AnalysisBiosensor experiments were carried
membrane lipids. out with a BIACORE X analytical system using the Pioneer

We have used synthetic peptides and model membraned-1 sensor chip (Biacore AB, Uppsala, Sweden) at an
to show that the proximal amphipathichelical region of operating temperature of 2&. The Pioneer L1 sensor chip
the AT;a receptor carboxyl terminus binds with high affinity is composed of alkyl chains covalently linked to a dextran-
to phospholipid bilayers via both electrostatic and hydro- coated gold surface. The running buffer was phosphate buffer
phobic interactions. Thus, thishelical region is more likely ~ (0.02 M NaHPQOy/N&HPO;, pH 6.8), the washing solution
tethered to the plasma membrane rather than extending intovas 40 mM CHAPS, and the regeneration solution was 10
the cytoplasm. Many GPCRs possess similar, putative helicalmM sodium hydroxide. All solutions were freshly prepared,
extensions from TM7, indicating that, in the absence of degassed, and filtered through a 02 filter.
acylation on cysteine residues, some receptor tails may The BIACORE X instrument was cleaned extensively and
dynamically attach to the membrane through side-chain left running overnight using Milli-Q water to remove trace

Chemicals and Reagent$iPLC-grade methanol was
obtained from Mallinckrodt Baker Inc. (Paris, KY), and water
was quartz-distilled and deionized in a Milli-Q system
(Millipore, Bedford, MA). 3-[(3-Cholamidopropyl)-dimethy-
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amounts of detergent. The surface of the L1 Sensor Chipfonic acid. The DMPC and DMPG liposomes were prepared,
was cleaned by an injection of the nonionic detergent 40 and the concentration of the lipid solutions was 2 mM. The
mM CHAPS (2%L) at a flow rate of S5uL/min. SUV (80 CD spectra of each peptide were measured in 0.02 M
uL, 0.5 mM) was applied to the sensor chip surface at a phosphate buffer (pH 6.8) and, in the presence of DMPC or
flow rate of 2«L/min, and the liposomes were captured on DMPG vesicles, at a peptide concentration of&0. Peptide
the surface of the sensor chip by the lipophilic compounds concentrations were determined using a Hewlett-Packard
and provided a supported lipid bilayer. To remove any 845x UV—visible ChemStations spectrophotometer at 280
multilamellar structures from the lipid surface, we injected nm in phosphate buffer. The peptide concentration was
sodium hydroxide (3Q«L, 10mM) at flow rate of 50uL/ determined spectrophotometrically from the tyrosine absor-
min, which resulted in a stable baseline corresponding to bance usingzso = 2920 M icm™! (based on two tyrosines
the immobilized liposome bilayer membrane. in each peptide). The peptide-to-lipid ratio was 1:100. In all
Peptide solutions were prepared by dissolving each peptidemeasurements, CD spectra of the same buffer and/or lipo-
in 0.02 M phosphate buffer (pH 6.8) from 5 to 4M. The some solutions without peptides were applied as baseline.
solutions (8QuL, 980 s) were injected over the lipid surface To obtain final CD spectra, we accumulated the average of
at a flow rate of 5uL/min. The peptide solution was replaced five CD scans for each sample and evaluated the results using
by 0.02 M phosphate buffer (pH 6.8) and the peptide Jasco Spectra Manager. The helicity of the peptides was
liposome complex allowed to dissociate for 1200 s. The determined from the mean residues ellipticity at 222 nm
immobilized liposomes were then removed with an injection ([6]222deg cn? dmol™) according to the relatiorn] = 100*-
of 40 mM CHAPS, and each peptide-membrane association[0]..46; and 0; = —39500%*(1 — 2.57h), where p] is the
was performed on a freshly prepared liposome surface. All amount of helixn is the number of residues in the peptides,
binding experiments were carried out at Z5. The affinity and 6; is the mean residues ellipticity of a helix of infinite
of the peptide-lipid binding event was estimated from residues §1).
analysis of a series of response curves. In each case, the For oriented CD spectra, 0.3 mg of lipid and an amount
resultant sensorgrams were collected at eight different peptideof peptide ¢0.01 mg) to give the desired peptide-to-lipid
concentrations injected over each lipid surface for each molar ratio (P/L) of 1:100 were hydrated in 200 of milli-Q

peptide. The peptide concentrations ranged from 5 toMO
for binding experiments on DMPC- and DMPG-immobilized
liposome surfaces.

The sensorgrams for each peptidipid interaction were

water, vortexed, and sonicated until visibly clear. The
peptide-lipid solution was then deposited onto the inner face
of a clean, dry quartz cuvette and kept undisturbed during
evaporation of excess water under a nitrogen flow. Measure-

analyzed by curve fitting using numerical integration analy- ments were carried out at 2& on the Jasco J-810 Circular
sis. The data were fitted globally by simultaneously fitting Dichroism Spectropolarimeter (Jasco Corp., Tokyo, Japan).
the peptide sensorgrams obtained in duplicate at eight HPLC Apparatus.All chromatographic measurements
different concentrations ranging from 5 to 4M. The two- were performed on a Hewlett-Packard 1100 chromatographic
state reaction model was applied to the resultant peptidesystem (Agilent Technologies, CA) equipped with a column
binding curves to estimate the association and dissociationcompartment allowing temperature control. All chromato-
rate constants. This model was chosen on the basis ofgraphic profiles were monitored at 214 nm. Bulk solvents
previous studies of peptidanembrane interaction29, 30) and mobile phases were filtered through a Qu22 nylon
and describes two reaction steps, which in terms of peptide membrane filter (Alltech Associates, Pty. Ltd. Australia)
lipid interaction may correspond to using a Millipore solvent filtration apparatus (Millipore,
Bedford, MA).

P+LePL=PL Chromatographic Binding Studiesmmobilized phos-
phatidylglycerol and phosphatidylcholine model membrane
surfaces were prepared as previously repor32d33). The
lipid density was determined from elemental analysis to be
1.08umol/m?, which is similar to the estimated lipid density
in biological membranes3@). The modified silica was
packed into a stainless steel cartridge with dimensions of 4
cm x 4.6 mm ID. The interaction of peptides with the
immobilized model membrane was monitored using isocratic
elution conditions from 0% to 50% (v/v) methanol in milli-Q
water as the mobile phase. A flow rate of 1 mL/min was
used throughout, and experiments were carried out at column
dR,/dt = kR, — kyR, (3) temperatures of 5, 15, 25, _35, 4_5, and %5. Peptide

solutions were prepared by dissolving the solute at concen-

Circular Dichroism MeasurementsCD measurements trations of 0.1 mg/mL in milli-Q. A 5Q:L injection volume

were carried out on a Jasco J-810 Circular Dichroism was used for all measurements.
Spectropolarimeter (Jasco Corp., Tokyo, Japan) between 190 The binding of solutes to the immobilized phosphatidyl-
and 250 nm using quartz cells of 0.1 cm path length at 25 choline or phosphatidylglycerol monolayers under isocratic
°C. The cell temperature was stabilized using a thermostaticelution conditions can be evaluated by the capacity factor,
water bath. The scan speed was 20 nm/min, the bandwidthk', according to the following expression:
was 1.0 nm, and the resolution was 0.1 nmhwits response.
The CD instrument was calibrated with10-camphorsul- K=(t—tlty

(1)

where
(1) the peptide (P) binds to lipids (L) to give PL, and
(2) the complex PL changes to PL*, which cannot dissociate
directly to P+ L and which may correspond to the insertion
of the peptide into the lipid bilayer.

The corresponding differential rate equations for this
reaction model are represented by

dR,/dt =
Kar'Ca'(Riax — Ri = R) — Kyr'Ry — Ky Ry + k'R, (2)

(4)
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wheret; is the retention time of the test compound apd
corresponds to the column dead time or void volume. Under
conditions where hydrophobic interactions are the dominant
interactive force, a linear relationship is generally observed &,
between log and ¢, the mole fraction of organic solvent
required to elute the solute from the hydrophobic surface
according to

logk = logk, — Sp (5)

25 L
Wr:ere loQk&éS. thi Caﬁ)aCIty l;acltor n fthle absence of _(I)_Lganlc Ficure 1: Helical wheel representation for the AT and LGJ
solvent andS Is t, e slope of plots of log' versusp. The peptides. Shown are helical wheel plots for the AT and LGJ
capacity factork’, can then be related to the equilibrium peptides. Positions-121 correspond to residues 36325 of the
coefficient, K, of a solute that distributes between the AT:a receptor. Hydrophobic residues are represented by the solid

immobilized lipid monolayer and the solvent by the follow- letters, while polar residues are indicated by circled lettérs;
. norleucine. The radial line that points between residues 5 and 16

Ing: indicates the direction of the amphipathic moment for both peptides.

K = ®K (6) and is located in a hydrophobic environmeg6)( In the
L , present study, we hypothesized that such an amphipathic
where the phase rati®, is the ratio of the volume of the ¢ _peical structure in close proximity to the cytoplasmic face
immobilized phosphollplqls on the silica surface t_o the total ¢ the cell membrane may interact directly with the lipid
volume of the solvent within the chromatographic column  components of the membrane. To investigate this possibility,
(32, 34),- o ] o we synthesized a peptide corresponding to the proximal
Peptides and proteins interact with phospholipid surfaces region of the AT carboxyl terminus (AT, residues 365
in an orientation-specific manner via a speciﬁc contact area. 325) and investigated whether this peptide would interact
However, when changes in this hydrophobic contact area,ith model lipid monolayers and bilayers. The potential role
occur as a result of conformational or orientational effects, of the cationic face of this amphipathic helix was investigated
changes in the binding affinity, and hence lkg of the using a peptide analogue of AT where lysine residues at 307,
peptide are observed. As a consequence, th&'leglue is 308 310, and 311 were substituted with norleucine (referred
a physical parameter that is highly sensitive to the confor- 5 a5 LGJ). These residues have been previously shown
mational status of the peptide or protein upon interaction through mutation studies to be important for receptor
with hydrophobic surfaces36—40). In addition, variation expression45) and form part of a conserved BBXB motif
of the temperature allows further information to be gained (where B is a basic amino acid and X is any amino acid),
on the effect of peptide conformation and lipid mobility on  yhich may be important for G protein binding. Substitution
membrane interactions. The lgvalue therefore represents  of |ysine with norleucine maintains side-chain surface area
an important probe of changes in peptide orientation during 5ng hydrophobicity while abrogating the positive charge at
their interaction with the immobilized lipid monolayer as a ihese residue positions.
function of peptide or lipid conformatior82, 34). Biosensor StudiesSurface plasmon resonance was used
All data points were derived from duplicate measurements 1, examine the membrane-binding behavior of the AT and
with retention times between replicates varying by less than | g peptides with immobilized liposomes composed of
5%. The column dead volumg)was taken as the retention  gjther DMPG or DMPC. Comparative experimental sensor-
volume of the initial breakthrough peak and was found to grams of the binding of each peptide to DMPG and DMPC
be 0.46 min. The phase ratio for the phosphatidylcholine and 516 shown in Figure 2, together with the sensorgrams
phosphatidylglycerol monolayers were determined, as previ- gptained at each concentration for both peptides with DMPG
ously describedd2, 33), to be 0.036 and 0.037, respectively. anq pMPC. There was a proportional increase in the response
Allinteractive parameters were calculated using Excel ity increases in peptide concentration, indicating that the
version 7.0. _ system has not reached saturation. Kinetic analysis of the
Sequence Alignment and Molecular ModeliBgquences  pinsensor interactions was subsequently carried out using a
corresponding to the proxmal carbo_xyl termini of a number ,o-state model as previously describéd, (46), and the
of GPCRs were aligned using the tinyGRAP databdde ( ate constants and association constants are listed in Table
42). Secondary structure predictions were deterr_nmed usingy This model was selected on the basis of the multistep
the automated server PHDsec (www.embl-heidelberg.de/ nodel of peptide-lipid interactions, which may involve
predictprotein;43, 44). initial electrostatic interaction followed by reorientation and/
RESULTS or insertion of the peptide into the hydrophobic interior. As
previously observed for the binding of antimicrobial peptides
A helical wheel representation of residues 3@25 of with DMPC and DMPG, the Langmuir model, which
the AT,a receptor reveals a significant helical propensity describes a simple one-step 1:1 bimolecular interaction,
(hydrophobic moment of 1.04, see Table 1) that segregatesresults in a poor fit for both the association and dissociation
into a hydrophobic face and a positively charged face phases when used to analyze the binding of peptides to model
constituting multiple lysine residues (Figure 1B). The recent membranes. In contrast, the two-state model resulted in a
X-ray crystal structure of rhodopsin revealed that the significantly improved fit and generated affinity constants
analogous region in rhodopsin forms an amphipathic helix that were similar to published data derived using different
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Ficure 2: Sensorgrams for AT and LGJ peptides binding to DMPG and DMPC liposomes immobilized on the L1 sensor chip surface.
Plots of RU (response units) vs time for (A) AT on DMPC, (B) LGJ on DMPC, (C) AT on DMPG, (D) LGJ on DMPG (for pandls A
peptide concentratiosr 5—40uM), (E) AT on DMPC and DMPG at 46M, and (F) LGJ on DMPC and DMPG at 4M. Injections were

made at time= 0 min, and phosphate buffer was added to initiate dissociation at 980 s.

Table 2: Binding Data Determined from Surface Plasmon Reson&neddf, kaz ka2 Kas9 and Immobilized Lipid Chromatography)®
rate constants

lipid/peptide Ka1(1/ms) ka1 (1/s) Kaz(1/ms) ka2 (1/s) Kass(1/M) tr? (mMin) 40° (min)
DMPG
AT 33571.4 0.8x 1072 1.7x 1073 19x 10 403 x 10° 2.84 1.0
LGJ — - - - - 5.60 4.5
DMPC
AT 4858.8 4.6x 1072 1.1x 1073 5.6x 104 2.1x 10 0.71 0.18
LGJ 99.4 0.4x 1072 0.8x 1073 1.3x 10 1.8x 1¢° 0.67 0.34

a Surface plasmon resonance parameters were derived from global fitting of duplicate experimental curves obtained at seven different concentration
b Data obtained at 25C and 0% methanol.

techniques 34, 46). Similarly, the 1:1 Langmuir model DMPG (Kass = 403 x 10°PM™1) than for the zwitterionic
resulted in a poor fit when used to analyze the binding of DMPC (Kass= 2.1 x 10°M™%). For both lipids, the sensor-
AT and LGJ with these lipid surfaces (results not shown), grams did not return to the baseline following dissociation
and the two state model was used to analyze the sensorgram@-igure 2), which indicates that a proportion of the peptide
shown in Figure 2A-D. remains bound to the lipid membrane, presumably through
Analysis of the biosensor curves reveals different binding strong hydrophobic interactions.

kinetics with significant disparity in respect to the association  The results for LGJ contrasted significantly with the results
and dissociation rates for both peptides (see Table 2). Thefor the AT peptide. While AT and LGJ had simild€,ss
curves indicate that the AT peptide binds very rapidly to values for binding to DMPC, the binding of LJG was
both lipids, but with a 200-fold higher affinity for the anionic  associated with a much slower on-rate for the first putative



Membrane Tethering of the AT Carboxyl Terminus

Biochemistry, Vol. 41, No. 24, 2007835

A 20000 B 20000
TFE
15000 15000
g 10000 - g 10000 -
w5000 A4 meoH W 5000
° )
= 0 / = 0
-5000 - -5000 -
-10000 -10000
190 210 230 250 180 210 230 250
Wavelength (nm) Wavelength (nm)
C D
35000 25000
TFE i DMPG
25000 20000 /
/ . 15000 -
£ 15000 | A 2
I q = 10000
[17]
2 5000 Mook g 5000 pwpe
= =
0
-5000
-5000
-15000 -10000 ‘
190 210 230 250 190 210 230 250
Wavelength (nm) Wavelength (nm)
E
15000 30 20000 120
10000 \ b 20 15000 80
. . 10000
o Q.
£ 5000 \ 10 = 40
frr} w5000 o
3 \ ° 3 ©
= 0 N —° = on — 0
-5000 =/ 10 -5000 / -40
-10000 20 -10000
200 220 240 260 200 220 240 260

Wavelength (nm) Wavelength (nm)

Ficure 3: CD spectra for AT and LGJ. Panels A and C show spectra for AT and LGJ, respectively, in phosphate buffer, 50% methanol
(MeOH), or 50% TFE. Panels B and D, AT and LGJ respectively, were determined in 2mM DMPG or 2mM DMPC liposomes, as indicated.
Panels E and F show the oriented spectra obtained for AT (dashed line) superimposed on the conformational spectra (solid line) obtained
in DMPC and DMPG, respectively.

binding step (AT kai= 4858.8/ms; LGJka= 99.4/ms). In Circular Dichroism & AmphipathicityTo determine if the
addition, the sensorgrams for LJG binding to DMPG structure of the AT and LGJ peptides is affected by
continued to rise during the dissociation phase, indicating a association with lipid, we next used circular dichroism to
significant difference in the mode of binding of this peptide determine the conformation of AT and LGJ under various
with the anionic lipids. This lack of dissociation of LGJ with  solvent conditions. The CD spectra were obtained in
DMPG is indicative of a very slow irreversible bindirg phosphate buffer, 50% methanol, 50% TFE, DMPC lipo-
presumably through hydrophobic interactions. As a conse- somes, and DMPG liposomes and are shown in Figure 3A
quence, kinetic analysis could not be performed to yield D. While AT did not adopt any structure in phosphate buffer,
association constants. This result also indicates that substituthere was some evidence @fsheet structure for LGJ,
tion of the four lysine residues resulted in loss of the suggesting some aggregation in phosphate buffer. Both
specificity of binding to the anionic lipid. peptides adopted helical structure in 50% methanol (AT, 6%;
Taken together, these results indicate that the AT peptideLGJ, 9%) and 50% TFE (AT, 12%; LGJ, 24%). It has been
initially binds with the anionic phospholipids through a rapid previously shown Z2) that a peptide corresponding to
electrostatic interaction via the lysine residues, which is residues 308320 of the ATa receptor adopted a concentra-
followed by reorientation and/or insertion of the peptide into tion dependento-helical structure in water at peptide
the hydrophobic interior of the lipid bilayer. The reduced concentrations of 2012Q«M and displayed~50% helicity
overall binding of LGJ to both phospholipids clearly at30% TFE. The lower helical content observed for the AT
highlights the prominent role that electrostatic interactions peptide in the present study most likely reflects the region
play. of receptor sequence chosen (residues—3&Zb), which
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Ficure 4: Displacement profiles for the peptides KWL, AT, and LGJ using immobilized phosphatidylglycerol chromatography. Plot of log
k' vs % methanol (6:50%) at 5°C (closed circles), 18C (closed squares), 2& (closed triangles), 35C (closed diamonds), 48C (open
circles), and 55C (open squares) for (A) KWL, (B) AT, and (C) LGJ, following elution from the immobilized PG monolayer at 1 mL/min.
Log k' was calculated according to eq 4 in Experimental Procedures.

includes two helix-disrupting proline residues (PtoPro??9 corresponding data for the AT peptide indicated that its
at the C terminus. The AT peptide also displayed helical retention was largely independent of the methanol percentage
structure in DMPG (19%) and DMPC (10%). In contrast, and sometimes increased at higher methanol concentrations
LGJ exhibited spectra which suggested the presence of a(Figure 4B). In addition, AT exhibited much higher binding
mixture of helix andp-sheet in both DMPG and DMPC. affinities (—0.11< log k' > 0.69) compared to those of KWL
These results therefore indicate that the AT peptide binds to(—1.21 < log k' > —0.20) in all conditions. Since increasing
lipids in a helical conformation while LGJ adopts a signifi- the methanol percentage did not cause a decrease in the
cantly different structure in the presence of lipids. Oriented retention of AT, the results suggest that dipolar and
CD was used to determine the orientation of the AT peptide electrostatic interactions also contribute significantly to the
at the surface of the liposomes, and the oriented spectra ardinding of the AT peptide to the immobilized PG monolayer.
shown together with the unoriented spectra in Figure 3E,F. By comparison, at lower percentages of methanol, the LGJ
The results indicate the partial loss of the first minimum at peptide exhibited a stronger interaction with the immobilized
208 nm in the oriented spectrum for both DMPC and DMPG PG ligands, as evident from the higher ldgralues (Figure
which, based on previous analyses of oriented CD spectra4C). This reflects the increased hydrophobicity due to the
by others 47), corresponds to the partial insertion of the norleucine substitutions. However, the kigyalues generally
peptide into the phospholipid bilayer. Oriented spectra were decreased with increasing methanol concentrations, demon-
not obtained for LGJ due to the complex unoriented spectrastrating that this peptide interacts predominantly through
observed for this peptide. hydrophobic interactions with minimal contributions from
Immobilized Lipid Chromatography. Binding Affinifjhe electrostatic forces. The absence of the four N-terminal lysine
binding of the AT and LGJ peptides to lipid was also studied residues in LGJ increases the overall hydrophobicity but
by immobilized lipid chromatography. In this system, modi- decreases the amphipathicity of the peptide (Table 1), which
fied phosphatidylglycerol (PG) or phosphatidylcholine (PC) resulted in stronger hydrophobic binding of this analogue to
was Cova|ent|y attached to an activated sili83 (33) Bound the immobilized |IpIdS Retention-time data is listed in Table
peptide is displaced by varying the methanol concentration, 2 for comparison with the biosensor binding data. For
which specifically allows the contribution of hydrophobic €xample, at 0% methanol and 26, the retention time for
interactions to the peptidemembrane interaction to be LGJ (5.60 min) was twice that observed for AT (2.84 min).
studied. This technique thus complements the surface plas-This retention behavior is consistent with the biosensor
mon resonance experiments by a||owing Comp|e’[e dissocia-results, which demonstrated a very slow and irreversible
tion of the bound peptide and quantification of the hydro- binding of LGJ to the DMPG liposomes.
phobic interactions34). The binding of KWL, AT, and LGJ to the immobilized
The binding affinities of each peptide for phospholipid PC monolayer was also analyzed and the corresponding plots
(log K) were derived according to eq 4 (Experimental Of log k' versus methanol percentage at 25 and’@5are
Procedures) from the isocratic retention times obtained with Shown in Figure 5. In general, the retention time of KWL
methanol concentrations between 0% and 50% at a flow ratewas higher on PC than on PG, indicating a stronger
of 1 mL/min and at temperatures between 5 andG5The hydrophobic interaction of this small peptide with the PC
tripeptide KWL was used as a low-molecular-weight control ligands. However, AT and LGJ exhibited lower retention
molecule that does not undergo any significant conforma- on the PC than on the PG monolayer, confirming that the
tional change either in solution or upon adsorption to a AT and LJG peptides bind more strongly to the anionic lipids
hydrophobic surface. Any variation observed in logalues and agreeing with the results obtained using surface plasmon
for this peptide is not related to changes in structure or resonance. However, LJG generally exhibited a higher
orientation and location within the lipid monolayer. Figure retention than AT, indicating a stronger hydrophobic inter-

4 shows plots of logk' versus methanol percentage action with the PC monolayer than AT.
100) for the elution of KWL, AT, and LGJ from the PG The comparative behavior of each peptide on the PG
monolayer at temperatures ranging from 5 to°&5 KWL surface was further analyzed through the influence of

exhibited a linear decrease in solute retention with increasingtemperature on the range of retention values as shown in
methanol concentration (Figure 4A), indicating that hydro- Figure 6. KWL demonstrated a small increase in retention
phobic interactions were the dominant force in the interaction with increasing temperature. While AT also showed a gradual
of this peptide with the PG monolayer. In contrast, the increase in retention with increasing temperature, this peptide
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Ficure 5: Displacement profiles for the peptides KWL, AT, and LGJ using immobilized phosphtidylcholine chromatography. Plot of log
k' vs % methanol (6:50%) at 25°C (closed circles) and 48C (closed squares) for (A) KWL, (B) AT, and (C) LGJ following elution from
the immobilized PC monolayer at 1 mL/min.
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Ficure 6: Displacement profiles for the peptides KWL, AT, and LGJ using immobilized phosphatidylglycerol chromatography. Plot of log

k' vs temperature for (A) KWL, (B) AT, and (C) LGJ following elution from the immobilized PG monolayer at (closed diamonds) 0%,
(closed squares) 10%, (closed triangles) 20%, (closed circles) 30%, (open squares) 40%, and (open circles) 50% methanol at 1 mL/min.
Log k' was calculated according to eq 4 in Experimental Procedures.

also showed a significant transition in retention at°Zh small control molecule that does not undergo changes in
which again corresponds to the monolayer phase transition.secondary structure or the degree of insertion into the lipid
Most importantly, further evidence of the difference in monolayer. In contrast, significant variation io ¥alues were
binding behavior between AT and LJG is seen by the larger obtained for AT and LGJ, with values ranging from 0.2 to
variation in retention over the whole temperature range for 1.8 min and from 0.4 to 4.5 min, respectively. These results
LGJ. As the control molecule, KWL, did not exhibit the indicate that these peptides undergo conformational and
biphasic retention behavior and CD results indicated that bothorientational changes on a time scale that are comparable to
peptides adopted some helical structure in 50% methanolthe residence time on the immobilized PG monolayer, i.e.,
and in DMPG liposomes, the results suggest that AT and during the course of the experiment (typicaly 15 min).
LGJ undergo conformational changes during the interaction In particular, LGJ exhibited a very distinct transition in the
with the PG monolayer, which is reflected in changes in lipid bandwidth at 25C, which correlated with the temperature
affinity and/or insertion into the lipid monolayer. The larger at which a change in the lokj plots was observed. Since
variation in retention values for LGJ demonstrates that the the 4 value is dependent on the number of conformational
degree of reorientation and insertion is significantly different and insertional intermediates present at the lipid surface, these
between these peptides. The corresponding data for theresults provide further evidence of the important role of the
binding of the peptides to the PC monolayer showed very lysine residues in the binding of the AT peptide with
little difference in the behavior of each peptide (data not phospholipid surfaces. Specifically, the higher dalues
shown). These results further demonstrate the loss ofobserved for LGJ (comparative values are listed in Table 2)
selectivity of binding of the control and the test peptides to indicate that the rate of structure induction and surface
the PC surface. reorientation is significantly slower for LGJ than for AT,
Bandwidth ChangesThe interactive behavior of solutes which is consistent with the slower association and dissocia-
with the immobilized lipid monolayer was also assessed tion evident in the biosensor experiments.

through analysis of elution peak widths. The experimentally  gjmilar bandbroadening results were observed with the PC
observed bandwidth for small, rigid organic molecules that monolayer, with LGJ exhibiting larger bandbroadening than

interact through a single binding site and a unique orientation AT, again reflecting a slower rate of interconversion at the

in the lipid monolayer appear as a symmetrical peak. In |inig surface. However, thesdvalues for both peptides were

contrast, atypical bandbroadening can be associated Withmych lower on the PC monolayer compared to those on the
solute conformational interconversions during the interaction pg monolayer, reflecting the limited interaction of the

with the immobilized phospholipdSg, 33, 40). The degree  peptides with the PC surface.
of bandbroadening also provides information on the rate of

conformational and insertional equilibria upon binding of pjSCUSSION

each peptide to the lipid surface.

The overall dependence of experimental bandwidth (mea- On the basis of computer modeling, we proposed that the
sured at 4) on methanol percentage and temperature for proximal carboxyl terminus of the AR receptor (residues
KWL, AT, and LGJ was analyzed for both the PG and PC 305-320) is an amphipathia-helix and that this structure
monolayers. Very little variation was observed for KWL for may be relevant to receptor activation and internalization
both lipid phases, withdvalues varying typically between  (14). Subsequently, using CD and NMR, Franzoni et22) (
0.06 and 0.16 min. This result reflects the behavior of the confirmed that peptides derived from this region formed
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it has been showr@) that approximately 85% of the anionic
phosphatidylserine is located on the cytosolic side of the
human plasma membrane. Indeed, the cytoplasmic face of
the plasma membrane is rich in acidic lipids30%) 26),

and this transverse membrane asymmetry results in a net
negative charge at the cytosolic face at physiological pH.
This charged surface provides a binding site for cationic
regions of amphitropic proteins and possibly the carboxyl-
terminal regions of receptors such as;A®nd rhodopsin.

; 325 AT Peplide (residues 305 - 325) : _ S A L .
L® (LGKKFKKYFLQLLKYIPPKAK) While we have identified a strong association of the proximal

FIGURE 7: Model of the binding of AT peptide to anionic ~ carboxyl terminus with phosphatidylglycerol, further studies
phospholipids in the membrane. The peptide is unstructured in with mixtures of anionic and zwitterionic lipids are required
agueous environments (A) but, upon approach to the membraneto determine the capacity of this region to associate with

adopts aru-helical conformation, allowing it to bind electrostati- idin i ; ; _
cally via the lysine residues (B). The peptide then reorientates andOther acidic lipids, including those generated (e.g., poly

partially inserts in the membrane to allow hydrophobic residues to PPOSphoinositides and phosphatidic acid) during signal
be located in the membrane interior and the lysine residues to residegeneration.
at the membrane surface (C). Our data can be most directly compared to the study of
Jung et al. 23). This group used CD and NMR-based
a-helices in the helix-promoting solvent, TFE. The results approaches to show that a peptide (T3859), derived from
of the present study using surface plasmon resonance, CDthe avianj-adrenergic receptor and capable of inhibiting
and immobilized lipid chromatography provide the first adenylate cyclase activity, can adopt a strongtelical
evidence that the carboxyl-terminal region of the ;AT  conformation in TFE as well as in phospholipid micelles and
receptor binds to anionic phospholipids that are present invesicles. This region of the8-adrenergic receptor was
the cell membrane and provide some information on the predicted to orientate itself parallel to the membrane in a
possible mechanism of interaction. We therefore propose amanner analogous to that of mastoparan, a peptide derived
model for the ATa receptor in which the proximal carboxyl  from wasp venom that also inhibits receptor-G protein
terminus binds to anionic regions of the cell membrane. This coupling. Like rhodopsin, theg3-adrenergic receptor is
occurs first through electrostatic interactions, followed by reversibly palmitoylated, and this may strengthen and/or
reorientation and partial insertion of the peptide to allow modify membrane attachment. Taken together with the
hydrophobic interactions to anchor the peptide at the present study, these data suggest that the tethering and
interfacial region of the membrane (shown schematically in structure of helix VIIl may be common for GPCRs. In Table
Figure 7). Removal of four lysine residues (B§/s308.310.31} 3, a comparison of sequences corresponding to the proximal
significantly affected the binding behavior of the AT peptide, carboxyl terminus for a selection of GPCRs is shown. With
resulting in the loss of DMPG-specific binding through reference to the highly conserved NPXXY motif at the end
elimination of the initial rapid phase of binding associated of transmembrane helix 7, there are often basic or charged
with electrostatic interactions. Thus, the cytoplasmic region residues surrounding a highly conserved phenylalanine
of the AT, receptor may not extend into the cytoplasm but, (Phé® in AT;,) as well as other conserved hydrophobic
rather, is tethered to the cell membrane lipids. This orienta- residues in sequences that clearly display helical propensity.
tion of the helix relative to the membrane is well supported The identification of phenylalanine as a preferred interfacial
by the recent X-ray structures of bovine and squid rhodopsin anchoring amino acid50) may explain its conservation
(20, 21). At 2.8 A resolution, the proximal carboxyl terminus  within the proximal carboxyl termini of GPCRSs.
(residues 31%321 of bovine rhodopsin), turns sharply,  Amphitropism by the proximal carboxyl terminus of the
immediately after exiting the membrane after TM7, and AT, receptor and other GPCRs may contribute to receptor
forms another helix (helix VIII), which orientates itself function in a number of ways. Our CD data indicate an
parallel to the membrane surface. Sequence alignment revealfhcreased helical content of the AT peptide in the presence
that residues 307317 in the ATia receptor correspond to  of DMPG, which suggests that lipid binding by the proximal
the C-terminal helix VIII in rhodopsin. It is not clear from  carboxyl terminus may promote local structures necessary
the bovine rhodopsin structure whether the side chains onfor interaction with disparate signaling and regulatory
helix VIII contact or engage the membrane lipids, although molecules. This may involve correct positioning of the
it was suggested by the authors that they are located in aproximal carboxyl terminus relative to other cytoplasmic
hydrophobic environment, presumably involving peptide  |oops of the receptor or by orientation of the carboxyl-
peptide as well as peptiddipid interactions. The position  terminus helix within the membrane that exposes key charged
of the acylated cysteines in rhodopsin (residues 322 and 323)residues to the cytoplasm and interacting molecules. Alter-
may be tethering helix VIII to the membrane. In contrast, natively, helix VIIl of GPCRs may be acting as sensors or
we predict that for nonacylated receptors, amphitropic modifiers of local lipid composition. Indeed, a recent study
interactions may provide an important alternative mechanism has shown that membrane composition influences the kinetics
for dynamic tethering. of the binding of transducin to rhodopsin and is thus a critical
One of our major findings is that the proximal AT factor in determining the temporal response of G-protein-
carboxyl terminus binds with high selectivity to anionic coupled signaling system8&1). Given that different mem-
membrane lipids. A range of techniques has demonstratedbrane lipids are concentrated in discrete compartments of
that there is an asymmetric distribution of anionic phospho- the plasma membrane, specific lipid binding domains in
lipids in mammalian and viral membranes8). For example, GPCR carboxyl termini may localize receptors to particular
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Table 3: Alignment of Amino Acid Sequences Corresponding to the Proximal C-Terminal Regions of Selected Family & GPCRs

GPCR Swiss Prot. No. Sequence Hydrophobic
Moment
Consensus Sequence NPOOY Fh + F++ & Od
I
ATia P25095 NPLFYGFLGKKFKKYFLQLLKYIPPKAK 0.76
hhhhhhhhhhhhh
LHCG P22888 NPFLYAIFTKTFQRDFFLLLSKFG 0.57
hhhhhhhhhhhhh
TSH P16473 NPFLYAIFTKAFQRDVFILLSKFGI 0.35
hhhhhhhhhhhhh
FSH P23945 NPFLYAIFTKNFRRDFFILLSK 0.41
hhhhhhhhhh
1L.8a P25024 NPIIYAFIGQONFRHGFLKILAMHG 0.26
hhhhhhhhhhhh
SRIF2A P30872 NPILYGFLSDNFKRSFQRILCLSWM 0.46
hhhhhhhhhhhh
Y INPY P25929 NPIFYGFLNKNFQRDLQFFFNFCD 0.68
hhhhhhhhhhhhhh
AlAA P35348 NPIIYPCSSQEFKKAFQNVLRIQ 0.52
hhhhhhhhhhhh
AlAB P35368 NPIIYPCSSKEFKRAFVILGC 0.45

hhhhhhhhhh

a Alignments begin with the highly conserved NPXXY motif at the end of transmembrape=rHydrophobic,+ = basic]. Also listed are the
consensus sequence, hydrophobic moments and regions of helical propensity (h).

regions, allowing interaction with similarly located signaling/
regulatory molecules. Finally, given that amphitropism is
known to be regulated by protein modification such as
phosphorylation and by protetrprotein interactions, the
interaction between the AX receptor carboxyl terminus and
membrane lipids may be similarly regulated. For example,
MARCKS and the signaling kinase Src are amphitropic
proteins that use both myristoylation and polybasic motifs
to reversibly associate with the plasma membr&&. (The

carboxyl terminus to anionic lipids, which promotes the
amphipathiax-helical structure of this peptide. Our data are
consistent with a two-step process: an initial electrostatic
interaction, followed by reorientation and intercalation of the
hydrophobic groups into the phospholipid interior. In this
regard, the binding process is reminiscent of the reversible
association of amphipathic helices from other amphitropic
proteins with membrane2§). Given that many GCPRs
possess analogous putative amphipathic helical sequences

electrostatic association afforded by the polybasic motif can within the carboxyl-terminus region, this structure and its

be disrupted by competitors, such as calmodulin, which bind
and mask the polybasic membrane-binding site or by
phosphorylation, both within and adjacent to this motif.

modulation by lipid binding may represent a common
mechanism for modifying GPCR signaling and regulation.

Phosphorylation presumably competes with the acidic lipids ACKNOWLEDGMENT

for binding to the positively charged amphipathic helix and

We thank Dr Maurits dePlanque for helpful discussions

dramatically lowers the affinity of Src for lipid vesicles and with the oriented CD data.

increases its cytoplasmic distributio®2j. Recently, we
reported the high-affinity interaction of calmodulin with the
proximal carboxyl terminus of the AR receptor 9),
highlighting the possibility of an analogous mechanism of
regulation. Moreover, it is well established for the AT
receptor (and many other GPCRs) that the carboxyl terminus
adjacent to the proximal helical region is robustly phospho-
rylated following receptor activatioriL(, 11). Hence, com-
petition may well exist between acidic lipids in the membrane
and phosphorylated residues in the distal carboxyl terminus
for binding to the proximal carboxyl terminus. Such pos-
sibilities merit further investigation.

In summary, we report the selective binding of a peptide
derived from the proximal region of the AA receptor
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