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Abstract: Core peptide (CP; GLRILLLKV) is a 9-amino acid peptide derived from the transmembrane sequence of the T-cell antigen
receptor (TCR) α-subunit. CP inhibits T-cell activation both in vitro and in vivo by disruption of the TCR at the membrane level.
To elucidate CP interactions with lipids, surface plasmon resonance (SPR) and circular dichroism (CD) were used to examine CP
binding and secondary structure in the presence of either the anionic dimyristoyl-L-α-phosphatidyl-DL-glycerol (DMPG), or the
zwitterionic dimyristoyl-L-α-phoshatidyl choline (DMPC).

Using lipid monolayers and bilayers, SPR experiments demonstrated that irreversible peptide–lipid binding required the
hydrophobic interior provided by a membrane bilayer. The importance of electrostatic interactions between CP and phospholipids
was highlighted on lipid monolayers as CP bound reversibly to anionic DMPG monolayers, with no detectable binding observed
on neutral DMPC monolayers.

CD revealed a dose-dependent conformational change of CP from a dominantly random coil structure to that of β-structure as
the concentration of lipid increased relative to CP. This occurred only in the presence of the anionic DMPG at a lipid : peptide
molar ratio of 1.6 : 1 as no conformational change was observed when the zwitterionic DMPC was tested up to a lipid : peptide
ratio of 8.4 : 1. Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The T-cell antigen receptor (TCR) is a critical component
of the immune system able to recognize foreign antigens
and to initiate the immune response. The TCR itself
is a multi-subunit structure composed of at least
seven transmembrane proteins. The TCR α and β

chains are responsible for antigen recognition, and the
associated CD3 chains, γ , δ, ε, and ζ , are responsible
for the ensuing signal transduction required to initiate
cellular activation and subsequent immune response.
An analysis of TCR structure reveals the presence of
at least one charged amino acid within each subunit’s
transmembrane region. While the TCR α and β chains
contain two and one positive residues respectively,
the CD3 chains possess one negative amino acid,
each of which are essential for TCR assembly and
function [1–5]. Previous work regarding the importance
of the transmembrane region in assembly has led to
the discovery of a 9-amino acid peptide, termed core
peptide (CP), capable of inhibiting T-cell activation
both in vitro and in vivo [6–12]. The sequence of CP,
GLRILLLKV, is a copy of the 9-amino acid sequence

* Correspondence to: Nicholas Manolios, Rheumatology Department,
Westmead Hospital, Westmead, NSW, 2145, Australia;
e-mail: nickm@westgate.wh.usyd.edu.au

within the TCR α-transmembrane domain containing
two positively charged residues, arginine and lysine.
These two positively charged residues have been shown
to be essential for assembly of the TCR α with the CD3
δε and CD3 ζζ signaling oligomers [1,4,5,13].

Previous investigations on CP have focused on deter-
mining CP’s cellular specificity [14], peptide–protein
interactions [6–8], and the effect of CP on different
models of T-cell mediated disease [8–12]. To date, few
results have been published concerning CP’s biophysi-
cal properties [15–17]. Ali et al. first reported CP inter-
actions with membranes by EM, 31P and 2H solid-state
NMR spectroscopy, and CD [16]. This paper reported
that CP did not form pores within the cell’s mem-
brane, but was capable of disrupting model membrane
vesicles, at high peptide concentrations [16]. Using
NMR experiments and the zwitterionic dimyristoyl-L-
α-phoshatidyl choline (DMPC), or a 1 : 3 molar mixture
of the anionic dimyristoyl-L-α-phosphatidyl-DL-glycerol
DMPG and DMPC liposomes, Ali et al. demonstrated
that CP was capable of disrupting membrane vesicles
at high peptide concentrations, and that this pertur-
bation was related to lipid charge [16]. At high peptide
concentration, CP did little to disrupt the DMPC bilayer,
whereas in bilayers composed of DMPG : DMPC (1 : 3),
CP formed an amorphous aggregate structure [16]. CD,

Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.



TRANSMEMBRANE PEPTIDE CONFORMATIONAL STUDIES 715

which has been used extensively to determine the sec-
ondary conformation of various peptides in different
environments [16,18–21], was then used to examine
CP secondary-structure elements. In the presence of
water, CP presented as essentially random coil with
some alpha helix, and remained as such in the pres-
ence of DMPC, even at high peptide : lipid ratios [16]. In
TFE, a solvent commonly used to observe peptides and
proteins in a hydrophobic milieu and known to stabilize
helix formation [22,23], the amount of α-helix increased
significantly. By contrast, in the presence of DMPG lipo-
somes, CP was found essentially in β-structure [16].

To further examine CP’s relationship to lipid mem-
branes, Bender et al. used surface plasmon resonance
(SPR) and demonstrated a strong correlation between
CP’s ability to bind to model membranes and CP’s ability
to inhibit T-cell activation in vitro [17]. While a kinetic
analysis of peptide binding was beyond the scope of
this initial study, Bender et al. proposed that CP’s abil-
ity to bind to membranes was probably dependent upon
the charged amino acids arginine and lysine, since any
alteration or removal of the basic residues significantly
reduced CP’s ability to bind to lipid bilayers [17]. It was
also noted that there was a quantitative difference in
CP binding depending on the type of lipid used [17].
Upon dissociation, CP was observed to be retained to
a greater degree in the anionic DMPG bilayer than to
the zwitterionic DMPC, suggesting an important role for
lipid charge in CP–lipid interactions [17].

The present study aims at extending these previous
studies and further define the interactions occurring
between CP and the anionic DMPG or zwitterionic
DMPC lipids. CP–lipid interactions are initially inves-
tigated by SPR to examine CP binding to anionic and
zwitterionic membrane monolayers and bilayers. CD is
then employed to examine the conformational changes
undergone by CP as a direct result of lipid vesicle addi-
tion, which may facilitate insertion or retention within
membranes.

MATERIALS AND METHODS

Materials

DMPC, DMPG, and N-octyl- β-D-glucopyranoside were pur-
chased from Sigma (St.Louis, MO, USA). Pioneer L1 and HPA
chips were purchased from Biacore (Uppsala, Sweden).

CP was synthesized by manual Fmoc solid-phase chemistry
and purified using a Vydac C18 reverse-phase column
on an Agilant 1100 series HPLC and characterized by
electrospray spectrometry. CP was dissolved in milliQ water
as 1 mM stock solutions and serially diluted with N-
2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)
buffered saline (HBS-N; 0.88% NaCl) as supplied by BIAcore
prior to analysis by SPR, and to 250 µM and 100 µM in milliQ
water for analysis by CD. CP was also dissolved in phosphate
buffered saline (PBS, pH 7.2) to a concentration of 100 µM for
CD analysis.

Preparation of Small Unilamellar Vesicles (SUVs)

For SPR analysis, DMPC and DMPG lipids were dissolved in
dry chloroform and chloroform/methanol (2 : 1), respectively,
to give 10 mg/ml solutions. These were evaporated under
reduced pressure and the resulting lipid films dried overnight
in vacuo. Lipids were hydrated by resuspending in HEPES
for 60 min at 34 °C to give 0.5 mM concentration in respect
of phospholipids. The solutions were subsequently sonicated
in an ultrasonic bath for 20 min. Small unilamellar vesicles
(SUVs) were created with eight freeze/thaw cycles followed
by extrusion with a Liposofast apparatus (Avestin, Ottawa,
Canada) through polycarbonate filters of firstly 100 nm pore
diameter with 21 passages, and secondly of 50 nm pore
diameter with 21 passages [17]. Liposomes were immediately
applied to sensor chips for SPR analysis. For CD analysis,
DMPG (and DMPC) lipid films were prepared as above and
subsequently hydrated to 2 mM in milliQ water or PBS by
sonication with a Branson tip sonicator until clear.

Binding Analysis by Surface Plasmon Resonance

SPR was carried out on a BIAcore 2000 instrument using
a Pioneer Sensor Chip L1 to analyze peptide binding to
membrane bilayers [24,25], and with an HPA chip to analyze
peptide binding to supported lipid monolayers [24,25]. The
L1 sensor chip is composed of a modified dextran matrix
on a gold surface capable of maintaining a lipid bilayer
environment [24,25]. The HPA sensor chip is composed of
long-chain alkanethiol molecules covalently linked to a gold
surface designed to allow the production of a hybrid bilayer
membrane, or supported lipid monolayer [24,25]. Running
buffer was a 10% mixture of milliQ water in HBS-N.

SPR sensorgrams for kinetic analysis were acquired
using previously-established protocols described by Aguilar
[21,26–29] and Shai [24]. Briefly, the chip surfaces were
cleaned with 40 mM octyl glycoside (40 µl, 10 µl/min) followed
by running buffer (5 µl/min) until a stable baseline was
achieved. Membrane bilayers were formed on the L1 chip by
injecting 100 µl of liposomes (SUVs) at a flow rate of 5 µl/min,
followed by a 10 mM NaOH wash (30 µl, 10 µl/min) to remove
any multilamellar vesicles from the surface of the sensor
chip. The flow was then set to 5 µl/min. Upon achieving a
stable baseline, 150 µl of peptide was injected at a flow rate of
5 µl/min and allowed to dissociate from the membrane for not
less than 2000 s. Peptides tested ranged in concentration from
5 to 50 µM in 10% milliQ water in HBS-N buffer. Regeneration
of the sensor chip was achieved with 40 mM β-octylglycoside
(30 µl, 10 µl/min). For experiments performed on the HPA
chip, monolayers were formed by injecting 250 µl of extruded
liposomes at a flow rate of 2 µl/min, followed by a 10 mM NaOH
wash consisting of 30 µl at a flow rate of 10 µl/min. The flow
rate was then set to 5 µl/min for analysis of peptide binding
(conditions as per L1 chip). All SPR experiments were run at
25 °C.

One of the difficulties encountered with CP binding to
membrane bilayers was the irreversible binding mentioned
in the introduction [17]. This phenomenon, which has been
observed for other peptides [29], was again observed herein
such that a dissociation phase extending over 18 h failed to
approach baseline levels (data not shown). This resulted in an
inability to reuse the same lipid bilayer for different peptide
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concentrations during the kinetic analysis. Consequently,
each flow-cell was stripped and a new lipid layer formed
before a different peptide concentration could be tested. To
be included in this analysis, the immobilized lipid content
measured in response unit (RU) was as close as possible
for each peptide concentration tested, resulting in average
lipid contents of 6529 RU ±4% for DMPC bilayers, and
4801 RU ±20% for DMPG bilayers (error is in standard
deviation). Kamimori et al. have reported that a minimum
level of approximately 4500 RUs allows reproducible results in
peptide–lipid binding sensorgrams [30]. A similar finding was
observed here as identical peptide concentrations resulted in
identical sensorgrams when examined on lipid bilayers of 5636
and 6413 RU (data not shown).

The sensorgrams obtained from each peptide–lipid interac-
tion were analyzed using the BIAevaluation software version
4.1 software as supplied by BIAcore. Data was initially fit sepa-
rately using BIAevaluation 4.1 to produce apparent association
(kaapp) and dissociation (kdapp) rate constants for each data
set (DMPG on L1 and HPA sensor chips, and DMPC on the
L1 sensor chip). The apparent dissociation rate (kdapp) was
calculated by fitting the dissociation data for each data set
globally. The resulting kdapp was then used to solve for kaapp
by globally fitting the association data. Data points used for the
analysis were chosen based on regions where the plot of dR/dt
versus time for all the data sets were constant, representing
regions with a constant rate of change of RU with respect
to time (500–1800 s for association, 2500–3500 s for disso-
ciation). KAapp and KDapp were calculated as kaapp/kdapp
and kdapp/kaapp, respectively. The observed rate constant
(kobs = kaapp∗[CP] + kdapp) versus [CP] was plotted to further
assess the quality of each fit. This plot is expected to be linear
with a slope equal to the kaapp, and the y-intercept equal to
kdapp [31].

Association and dissociation data were subsequently fit to
the supplied simultaneous binding models where association
and dissociation data sets are fit at the same time (parallel
reaction model, two-state reaction model, 1 : 1 Langmuir
model). Improved fits were only observed when sensorgrams
resulting from CP binding to DMPG on the L1 sensor chip
to the two-state reaction model were examined. The two-state
reaction model describes a peptide–lipid interaction based on
the model:

P + L

ka1−−−−→
←−−−−

kd1

PL

ka2−−−−→
←−−−−

kd2

PL∗

In this model, P represents the peptide (CP), L represents the
lipid (either DMPC or DMPG), and PL is a peptide–lipid complex
theoretically formed by the electrostatic interactions between
P(CP) and the lipid (L). PL∗ is a complex which is incapable
of dissociating directly to the individual P and L components.
PL∗ is proposed to correspond to the membrane-insertion step
whereby P(CP) is inserted into the membrane layer L [21].
The affinity constant for the initial electrostatic interaction
(K1) is calculated from the rate constants as ka1/kd1, and the
affinity constant for the predicted membrane-insertion step
(K2) is ka2/kd2. The overall affinity constant (K) is calculated
as (ka1/kd1) × (ka2/kd2).

Circular Dichroism

CD spectra were measured in a 0.1 cm quartz cuvette using a
Jasco J-810 spectropolarimeter (Jasco Corp., Tokyo, Japan).

Spectra were recorded from 250 to 190 nm at a sensitivity
of 100 mdeg, a resolution of 0.5 nm, a response of 1 s, a
bandwidth of 1.0 nm, and a scan speed of 100 nm/min,
with 30 accumulations. Peptide solutions were prepared by
dissolving CP at 250 µM in milliQ water, or 100 µM in PBS
(pH 7.2). Higher concentrations were not possible in PBS as
precipitation was visible. Concentrations were chosen so as to
provide as strong a signal as possible for spectra acquisition.

DMPG (or DMPC) at 2 mM was progressively added to
200 µl of CP (250 µM in milliQ water, or 100 µM in PBS)
and allowed to stand at room temperature for 10 min prior
to spectrum acquisition. Spectra background were corrected
prior to analysis. Data was analyzed using the ‘PEPFIT
Analysis’ software, which was developed based on the original
PEPFIT program of Reed et al. [32], now modified to work
within Microsoft Excel, and available through the authors.
PEPFIT Analysis estimates secondary structure by fitting
experimental data to reference secondary structure spectra
whereby the best fit is defined using the R2 value, where an
R2 value equal to one is defined as a perfect fit.

RESULTS

Membrane Binding Affinity of CP Analyzed by SPR

CP binding to membrane bilayers. Upon CP binding
to DMPG and DMPC bilayers (Figure 1), the most
notable difference was the RU levels reached during
the association phase (0–1800 s), as the resulting RUs
at 1800 s on DMPG were approximately twice that
obtained when CP was analyzed on DMPC. On both
lipid bilayers, CP presented with a rapid association
phase, and significant irreversible binding following the
dissociation phase (>1800 s).

Apparent kinetic constants were determined by fitting
each data set globally and calculating the association
and dissociation constants separately to produce
apparent rate (kaapp and kdapp) and affinity (KAapp
and KDapp) constants. Also produced were kobs values
which, when plotted against CP concentration, provide
an assessment of the quality of the fit (Figure 1(c)
and (d)). The plot of kobs versus CP concentration
should result in a straight line with a slope of
kaapp and a y-intercept of kdapp [31]. The resulting
kinetic constants, presented in Table 1, suggested
that CP bound to anionic DMPG bilayers at a faster
rate than to zwitterionic DMPC bilayers (kaapp =
32.8 vs 23.9 respectively). Upon dissociation however,
CP dissociates from DMPC at a rate approximately
five-fold slower than from its DMPG counterpart.
Examination of the sensorgrams between 2000 s and
3500 s suggest that the higher kdapp observed on
DMPG bilayers was the result of a well-defined negative
slope throughout this region in DMPG sensorgrams.
During CP dissociation from DMPC however, only a
slight negative slope from 2000 to 3500 s was observed,
indicating that very little peptide was dissociating from
the membrane. The affinity constants of each lipid
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Figure 1 Sensorgrams showing core peptide(CP) binding to lipid bilayers on the L1 sensor chip surface composed of either
(a) DMPG or (b) DMPC. Core peptide concentrations range from 5 µM (DMPG) or 10 µM (DMPC) to 50 µM. Data is presented in
response units (RU). Plot of observed rate constant (kobs) versus CP concentration used to asses the fit obtained by separately
determining kdapp and kaapp for bilayers composed of either DMPG (c) or DMPC (d) as described in the ‘Materials and Methods’
Section. Apparent association (kaapp) and dissociation rate (kdapp) constants can be determined from the slope and intercept,
respectively as kobs = (kaapp) × [CP] + kdapp [31]. This curve is expected to be linear across the range of concentrations tested.

bilayer further suggested an approximately three-fold

higher affinity for DMPC than for DMPG (KAapp =
21.6 × 104 vs 6.58 × 104 M−1, respectively), likely driven

by the lower kdapp for CP binding to DMPC bilayers.

Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2008; 14: 714–724
DOI: 10.1002/psc



718 AMON ET AL.

The kinetic estimations presented in Table 2 were
evaluated based on the two-state reaction model. This
model predicts that the first step in peptide binding is
based on electrostatic interactions between the peptide
and phospholipid head groups, where the rate of
association is given by ka1, and the rate of dissociation is
given by kd1. The affinity constant, K1, for the proposed
electrostatic interaction is calculated as ka1/kd1. The
second step is predicted to be the membrane-insertion
step, as mediated by the hydrophobic interactions
between peptide and the membrane interior (ka2, kd2),
with an affinity constant of K2 calculated by ka2/kd2.
The affinity constant for the entire binding process, K,
is determined as (ka1/kd1) × (ka2/kd2).

The two-state reaction model is currently the
proposed model for amphipathic membrane-active
peptides [24,25,28,33]. However, as noted by others,
despite the acceptance of the two-state model and
its improved fits, it is possible that CP (and other
amphipathic peptides) may bind to lipids in a more
complex fashion than the few models currently available
in the BIAevaluation 4.1 software allow for [27,28].
Surprisingly, only data from CP interactions with
DMPG bilayers produced acceptable fits using the
two-state model, suggesting that CP may interact
with different lipids via more complex mechanisms.
The kinetic constants calculated using the two-state
model (presented in Table 2) predict that electrostatic
interactions between the peptide, and the lipid drove the
observed binding events. The ka1 for the electrostatic
interactions was 80.1 M−1s−1 whereas the dissociation

rate constant (kd1) was 0.00727 s−1, to produce an
affinity constant for the initial electrostatic interaction
step (K1) of 1.1 × 104 M−1 whereas the membrane-
insertion step resulted in an affinity constant (K2) of
0.92.

CP binding to membrane monolayers. To examine
the importance of the membrane bilayer in CP–lipid
interactions, CP binding to supported DMPG or DMPC
lipid monolayers was analyzed. The technique of
analyzing peptide–lipid binding to lipid monolayers
supported with the HPA chip versus bilayers formed
on the L1 chip has recently been used by others
to examine peptide interactions with different lipid
membrane systems [24,34]. Papo and Shai recently
used this approach to differentiate between the
carpet-forming magainin and the transmembrane pore-
forming melittin [24]. It was proposed that by using
both monolayers and bilayers, differentiation between
membrane-surface binding and membrane insertion
can be accomplished by allowing a direct examination
of the effect of the membrane bilayer during peptide
binding. By comparing the affinity constants derived
from magainin and melittin binding to monolayers
and bilayers, it was demonstrated that magainin was
not significantly influenced by the membrane’s inner
layer. Furthermore, it was observed that the KAbilayer :
KAmonolayer ratio for melittin on lipid layers composed
of phosphatidyl choline : cholesterol (10 : 1 w/w) was
25, suggesting that melittin was heavily reliant upon
the hydrophobic interior provided by the membrane

Table 1 Apparent kinetic constants of CP binding to DMPG or DMPC bilayers (L1 chip) or monolayers (HPA chip) derived from
a pseudo first-order reaction mechanisma

Lipid Layer kaapp
(M−1s−1)

SE
kaapp

kdapp
(s−1 × 10−4)

SE
kdapp (×10−6)

KAapp
(M−1 × 104)

KDapp
(M × 10−5)

KAapp bilayer/KAapp monolayer

DMPG Bi 32.8 0.194 4.99 1.23 6.58 1.52 1.92
DMPG Mono 27.3 0.147 7.99 3.16 3.42 2.93
DMPC Bi 23.9 0.105 1.11 0.535 21.6 0.464 NA
DMPC Mono — — — — — —

a KAapp represents the apparent affinity constant for the complete binding reaction and was derived as (kaapp/kdapp). KDapp
represents the apparent dissociation constant for the complete binding reaction and was derived as (kdapp/kaapp).

Table 2 Kinetic constants of CP binding to DMPG bilayers on the L1 chip derived from the two-state reaction modela

Lipid ka1

(M−1s−1)

SE
ka1

kd1

(s−1 × 10−3)

SE
kd1 (×10−5)

K1

(M−1 × 104)

ka2

(s−1 × 10−4)

SE
ka2 (×10−6)

kd2

(×10−4)

SE
kd2 (×10−6)

K2 K
(M−1 × 104)

DMPG 80.1 1.03 7.27 8.97 1.11 5.75 7.29 6.24 7.03 0.92 2.12

a The affinity constants K1 and K2 were determined for the first and second peptide–lipid binding steps respectively and were
determined as K1 = ka1/kd1 and K2 = ka2/kd2. K is determined as (ka1/kd1) × (ka2/kd2) and represents the affinity constant for
the entire binding process.
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bilayer as opposed to the pseudobilayer provided by the
HPA chip [24].

Presently, a similar analysis and method was
employed to examine CP binding to different monolayers
prepared on the HPA sensor chip. Figure 2 shows
the results obtained when CP was examined in the
presence of monolayers composed of either DMPG or
DMPC. Using this system, it was hypothesized that CP’s
ability to insert into the hydrophobic interior would
be significantly hindered as the HPA chip provides
a supported lipid monolayer which offers restricted
membrane insertion of peptides and proteins [25].

CP binding to DMPG monolayers demonstrated less
pronounced binding than that observed through the
use of bilayers as indicated by the RU values. At 1800 s,
CP binding to DMPG monolayers resulted in 3000
RU, whereas CP binding to DMPG bilayers resulted
in 9500 RU, an approximately three-fold difference.
Furthermore, CP binding to DMPG monolayers was
reversible, such that each sensorgram obtained at
each peptide concentration returned to baseline after
approximately 3 h, meaning that the same liposome
surface could be reused for each peptide concentration.

During the kinetic analysis, it was noted that
none of the supplied models for simultaneously
fitting association and dissociation phases within the
BIAevaluation 4.1 software were able to result in
a satisfactory fit. Using the same analysis method
described for the bilayer systems, apparent kinetic
constants were then calculated and are presented in
Table 1. Interestingly, the apparent association rate
constant (kaapp) for CP on DMPG monolayers is
approximately the same as that observed on DMPG
bilayers (27.3 and 32.8 M−1s−1, respectively), suggesting
that the association rate of CP was not dependent
upon the presence of a lipid bilayer. The apparent
dissociation rate constant observed for CP on DMPG
monolayers was approximately 60% higher than that
observed for CP binding to DMPG bilayers (7.99 × 10−4

and 4.99 × 10−4 s−1, respectively). While this is not a
large difference, it may account for the lower RUs
observed on DMPG monolayers when compared to
bilayers.

Shai and colleagues have shown that a comparison
of the affinity constants obtained for peptide binding to
monolayers and bilayers can provide an indication of
the contribution of the inner leaflet in the peptide–lipid
binding process [24]. This value, given by the ratio
KAbilayer/KAmonolayer in Table 1, for DMPG was 1.92,
indicating that CP was only marginally influenced by
the hydrophobic interior provided by the DMPG bilayer
formed on the L1 sensor chip.

Upon binding to zwitterionic DMPC monolayers,
while weak association may be present, dissociation
was too fast to permit a kinetic analysis (Figure 2).
While no kinetic information could be obtained from
this result, it was nonetheless an important observation

Figure 2 Sensorgram showing Core Peptide(CP) binding to
lipid monolayers on the HPA sensor chip composed of either
(a) DMPG, or (b) DMPC. CP concentrations range from 10
to 50 µM. Data is presented in response units (RU). Plot
of observed rate constant (kobs) versus CP concentration
used to assess the fit obtained by separately determining
kdapp and kaapp for monolayers composed of DMPG (c) as
described in the ‘Materials and Methods’ Section. Apparent
association (kaapp) and dissociation rate (kdapp) constants
can be determined from the slope and intercept, respectively
as kobs = (kaapp) × [CP] + kdapp [31]. This curve is expected
to be linear across the range of concentrations tested.

as it suggests that the weak initial association between
CP and DMPC is driven forward by the subsequent
interactions between CP and the hydrophobic interior
of the inner leaflet of the membrane bilayer.

CP secondary structure assessed by CD. Secondary
structure analysis of CP at various lipid : peptide
molar ratios was examined using CD in the presence
of DMPG or DMPC in either PBS or milliQ water
and subsequently analyzed using the PEPFIT Analysis
program. The PEPFIT Analysis program, which runs
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within Microsoft Excel, is entirely based on the MS-DOS
based operator-intervention fitting program entitled
PEPFIT as created by Reed et al. [32]. Using R2 values
to produce best fits between experimental data and
published reference spectra, PEPFIT Analysis greatly
reduces the potential bias resulting from the operator-
intervention format of the original PEPFIT program
[32]. Standard CD deconvoluting software, such as
CDPro and Dichroweb [35], were not employed as they
generally use globular proteins as reference sets, and

were therefore deemed inappropriate in the analysis of
CP, which is a small molecular weight, hydrophobic
transmembrane peptide.

CP secondary structure in milliQ water. The effects of
lipid vesicles on CP secondary structure was inves-
tigated by incubating 250 µM CP with increasing
amounts of either DMPG or DMPC lipids in milliQ
water (Figure 3(a) and (b), respectively). In the absence
of lipid, CP appears as predominantly random coil in
milliQ water, and upon DMPG addition, undergoes

Figure 3 CD spectra of CP at 250 µM in milliQ water in (a) DMPG at lipid : peptide ratios of 0, 0.04, 0.08, 0.16, 0.32, 0.6, 0.8,
1.0, 1.2, and 1.6 : 1; and (b) in DMPC at lipid : peptide ratios of 0, 0.04, 0.08, 0.16, 0.32, 0.6, 0.8, 1.0, 1.2, 1.6, 2.0, 2.8, 4.4, and
8.4 :1. Insets show secondary structure content (%) as a function of lipid : peptide ratio calculated using the PEPFIT [32] derived
PEPFIT Analysis software.

Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2008; 14: 714–724
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a conformational change to an almost exclusively β-
conformation (Figure 3(a), inset). In the presence of
DMPC, CP does not appear to change conformation
appreciably, with coil structure dropping from approxi-
mately 60% (250 µM CP alone) to 40% at a lipid : peptide
molar ratio of 8.4 : 1 (Figure 3(b), insert).

CP secondary structure in PBS. To examine the effect
of PBS on CP’s lipid induced secondary structure,
increasing amounts of either DMPG or DMPC in PBS
were added to 100 µM CP also in PBS (Figure 4).
In the absence of lipid, CP in PBS presents with
approximately 60% β-structure and 40% coil. Upon
addition of DMPG in PBS, CP’s conformation changed
to approximately 80% β-structure and 20% coil
(Figure 4(a)). Addition of DMPC had no effect on
CP secondary structure (Figure 4(b)). The spectral

intensities of CP were considerably lower for DMPC than
for DMPG, suggesting that most of the peptide may be in
the form of insoluble aggregates when in the presence of
DMPC vesicles. By contrast, the higher intensities and
well-defined spectra observed in the presence of DMPG
vesicles suggested that this anionic lipid is capable of
interacting and inducing conformation changes with CP
aggregates.

DISCUSSION

CP, a nonapeptide derived from the transmembrane
region of the TCR α-chain, has previously been
shown to inhibit T-cell activation in vitro as well as
in vivo, with recent studies suggesting that CP disrupts
signal transduction within the surface expressed

Figure 4 CD spectra of CP at 100 µM in PBS alone and at lipid : peptide ratios of 0, 0.2, 0.4, 0.8, 2.0, and 4.0 : 1 in (a) DMPG
and (b) DMPC. Inset shows secondary structure content (%) as a function of lipid : peptide ratio calculated using the PEPFIT [32]
derived PEPFIT Analysis software.
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TCR–CD3 complex [6–8,12,36,37]. Consequently, how
CP interacts with lipid membranes is an essential facet
of CP activity. In this study, CP–lipid interactions
were initially assessed by kinetically examining CP’s
ability to bind to various artificial lipid membranes by
SPR. CD was then used to examine the lipid–induced
secondary structure of CP in the presence of increasing
concentrations of DMPG or DMPC in either milliQ water
or PBS.

SPR experiments were performed to kinetically
examine the importance of both lipid charge and the
presence of the lipid bilayer on CP–lipid binding. In
the presence of DMPG, CP displayed only a marginal
dependence on the inner leaflet of the membrane bilayer
(KA bilayer/KA monolayer = 1.92), but instead, relied
more heavily on electrostatic interactions, presumably
between CP’s positively charged arginine and lysine
residues and the anionic phospholipid head group of
DMPG. Concerning CP interactions with zwitterionic
DMPC bilayer membranes, besides presenting an
approximately three-fold higher apparent KA than
that observed using DMPG bilayers, CP demonstrated
a strong requirement for the hydrophobic interior
provided by the lipid bilayer formed on the L1 sensor
chip. This was observed by the lack of any observable
peptide binding to DMPC monolayers (Figure 2(b)). As
the bulky, positively charged choline head group of
DMPC may have provided steric hindrance impeding
CP interactions with the anionic phosphate groups
of the phospholipids, the apparent driving force for
this binding event was the presence of the lipid
bilayer. The SPR results therefore suggest that while
electrostatic interactions between CP and lipids are
important for CP–lipid membrane binding, the presence
of a membrane bilayer allows CP to bind with minimal
peptide–lipid charge interactions.

To further characterize CP–lipid interactions, more
specific models of peptide–lipid binding interactions,
such as 1 : 1 Langmuir binding, parallel, and two-
state reaction models were employed. In agreement
with the currently accepted model for amphipathic
peptide–lipid interactions [24,25,28,33], the two-state
reaction model resulted in improved kinetic fits when
compared to the alternate supplied models, but only
for CP binding to DMPG bilayers. In this model, the
membrane-insertion step defined by K2 was found to
approximate 1, at 0.92. This suggested that very little
CP is permanently inserted into the membrane bilayer.
However, this is in stark contrast to previous studies
where it was shown that CP bound irreversibly to DMPC
and DMPG lipid bilayers, likely within the hydrophobic
interior of the lipid bilayer [17]. This discrepancy, in
addition to the inability to obtain an acceptable fit using
the two-state reaction model for CP interactions with
DMPC bilayers, suggested that CP–lipid interactions
are probably more complex than current models allow
for. It may be that in this instance, the K2 value

may not represent the membrane-insertion step and
that PL∗ (irreversibly bound peptide–lipid complex)
represents a different binding intermediate. K2 may
therefore represent several steps occurring after the
initial electrostatic interaction between CP and DMPG,
such as possible peptide–peptide interactions occurring
once bound to the lipid surface of the membrane
but prior to membrane insertion. This may suggest
a conformational change between lipid-associated CP
molecules prior to membrane insertion as previously
suggested [17].

Examination of CP secondary conformation resulting
from the addition of increasing concentrations of lipid
by CD suggested that lipids induce a conformational
change dependent upon lipid charge (DMPG vs DMPC;
anionic vs zwitterionic). The anionic DMPG altered CP
conformation from a predominantly coil structure, to
an almost exclusively β-structure in both milliQ water
and PBS. The zwitterionic DMPC had little effect on
CP conformation in either milliQ water or in PBS-
based systems, further demonstrating the importance
of charge in CP–lipid interactions [16,17,15,38].

It was interesting to note that while CP was derived
from the presumed α-helical TM region of the TCR α-
chain, CP was not shown to be helical in the presence
of the lipids tested herein. One reason for this may be
due to the difficulty in observing an α-helical spectra
for a 9-amino acid peptide which may be present as
a mixture of predominantly random, β-conformations
or aggregates [37]. Another reason for the observed
lack of α-helix may be due to the nature of the lipids
tested. Presently, CP was tested in the presence of two
different lipids, of which, one induced a predominantly
β-conformation, while the other failed to induce any
visible conformational change. It would be interesting
to observe CP conformation in the presence of other
lipids such as sphingomyelin, cholesterol, DMP-serine,
or DMP-ethanolamine for examples.

Another interesting finding was the observation that
in PBS, CP appeared to be aggregated. Currently,
experiments are in progress to determine if this is
in fact the case. These results may suggest that in
ionic solutions such as PBS or cell culture media,
CP (aggregates) may preferentially interact with anionic
phospholipids (DMPG), as opposed to the zwitterionic
DMPC phospholipids, on the cellular membrane.

Combining both SPR and CD results, data suggests
that the initial binding of CP to lipid membranes
is mediated by electrostatic interactions between the
peptide and anionic lipids. Through hydrophobic
interactions, CP may then insert into the membrane
bilayer. In terms of a potential mode of action describing
CP binding to T-cell membranes and the subsequent
inhibition of T-cell activation at the level of the
membrane bound TCR [12], in vitro experiments require
that CP be prepared in media, which CD experiments
in PBS suggest leads to CP aggregation. To overcome
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this, CP may preferentially interact with anionic lipids
such as DMPG on the surface of the T-cells. While
SPR suggests that this initial interaction is rapid, CD
further suggests that this interaction may induce a
conformational change in CP secondary structure. This
structural change may then allow CP to insert into the
membrane bilayer where some may remain irreversibly
bound aided by the presence of zwitterionic lipids such
as DMPC. Once within the membrane, CP may then
be free to associate with membrane resident TCRs as
suggested previously.
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