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ABSTRACT. Protein—protein interactions in the membrane are pivotal for the cellular response to receptor-
sensed stimuli. Recently, it has been demonstrated that anaatiino acids analogue of the TGR
transmembrane peptide (CP) is recruited to the TCR complex and inhibits T-cell actiwatitro and

in vivo, similarly to the wild-type CP peptide. Here we investigated the relative contributions of the
secondary structure of CP compared to its side chains in the association of CP with the TCR. We disrupted
the secondary structure of CP by replacing two positive residues, needed for the interaction of CP with
the TCR complex, by theip-enantiomers (2D-CP). Structure disruption was demonstrated by CD and
FTIR spectroscopy, and molecular dynamics simulation in a bilayer environrtrenitro, 2D-CP
colocalized with the TCR (visualized with confocal microscopy), immunoprecipitated with TCR but not
MHC |, and inhibited T-cell activation. The peptide was effective dlsaivo: it inhibited adjuvant
arthritis in rats and delayed type hypersensitivity in BALB/c mice. Moreover, 2D-CP manifested greater
immunosuppressive activity than wild-type CP, bathvivo andin vitro, which can be attributed to the
greater solubility and resistance to degradation of 2D-CP. In molecular terms, these findings suggest that,
under certain conditions, protetprotein interactions within the membrane might be more dependent on
side chain interactions than on a specific secondary structure. The new altered secondary structure probably
determines how the Lys and the Arg are positioned with respect to each other, so they can interact with
the TM domain of the receptor. In clinical terms, the increased solubility and resistance to degradation of
D-stereoisomers might be exploited in the targeted inactivation of pathogenic signaling pathways such as
those arising from TCR-triggered activation of T-cells in immune-mediated disorders.

Protein—protein interactions within the cell membrane are in the TCR that triggers CD3 phosphorylation. Importantly,
key events for the control of many biological responses. They A 9 all-L-amino acids (aa) peptide derived from the trans
are thought to be governed by the secondary structure ofmembrane domain (TMD) of the TG@Rchain, termed core
the transmembrane domains (TM) of the interacting proteins, peptide (CP) (Figure 1), inhibits T-cell antigen specific
predominantlyo-helices, through the formation of different  activationin vitro andin vivo (16). CP has been shown to
bonds between their side chairis3). Many studies were  colocalize with the TCR molecules, inhibiting the proper
reported on helixhelix interaction within the membrane assembly of the TCR-CD3 complet—20).
milieu via various motifs. These include: the GxxxG motif  The interaction between CP and the CD3 complex is based
found in various TM domains4(-7); a heptad motif of  on the interaction between the secondary structures and the
leucines 8); a polar motif via the formation of hydrogen side chains of the different components of these pretein
bonds 8—13), as well as tryptophan side chaib4j. protein complexes. However, the contribution of each one

The CD3/T-cell receptor (TCR) complex of the majority of these two factors has not been studied in degi) 22).
of the mature T-cells is a TG heterodimer associated We have recently demonstrated that arhelical mirror
with they, 6, €, and¢ chains of CD3 {5). This complex is image peptide (alb-CP) can associate with the native TMD
stabilized by interactions between the transmembrane domairof TCR to the same extent as the wild-type @B)( probably
of the TCR chains and CD3 subunits. The interaction of the via a structural rearrangement (a change in the interhelical
TCR with a peptide presented by the major histocompatibility angle) that occurs within the membrane to accommodate for
complex molecule (MHC) induces a conformational change the change in helix chirality. Such a structural adaptation
raises questions with regard to the role of the secondary
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A

Designation

Sequence

All-L CP (wild type) ~ GLRILLLKV
2D CP? (diastereomer) GLRILLLKV

2G CP® (control) GLGILLLGV

#D-amino acids are underlined.
®The Gly mutations are in bold
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Ficure 1: (A) Designation of peptides and their amino acid
sequences. (B) CD spectra of alcP in HO (black diamonds),
2D-CP in 1% LPC micelles (empty diamonds), andiall-P in 1%
LPC micelles (empty squares). 2D-CP in water did not yield a
significant signal and therefore not shown. (C) FTIR spectra
deconvolution of the fully deuterated amide | band (1600 to 1700
cm 1) of 2D-CP in PC multibilayers. The thick line represents the
experimental FTIR spectra after Savitzk§olay smoothing; the
thin lines represent the fitted components. A 200:1 lipid/diastere-
omer molar ratio was used.
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subjected to amino acid analysis and mass spectrometry to
confirm their composition. Unless stated otherwise, stock
solutions of concentrated peptides in DMSO were used to
avoid aggregation of the peptides before use. Resin-bound
peptides were treated with 5-carboxytetramethylrhodamine,
succinimidyl ester (Rhodamine-SE). The reaction with
Rhodamine was in DMF containing 2% diisopropylethyl-
amine. The fluorescent probe was used in an excess of 2
equiv, leading to the formation of resin bound N-terminal
Rhodamine-labeled peptide®6( 27). After 1 h, the resins
were washed thoroughly with DMF and then with methylene
chloride. All purified peptides were shown to be homoge-
neous ¢98%) by analytical RP-HPLC2).

Fourier-Transform Infrared Spectroscopy (FTIRpectra
were obtained with a Bruker equinox 55 FTIR spectrometer
equipped with a deuterated triglyceride sulfate (DTGS)
detector and coupled with an ATR device, as previously
described 28). Lipid—peptide mixtures, PC (0.5 mg) alone
or with peptide ¢20ug), were prepared by dissolving them
together in a 1:2 MeOH/C}€I, mixture and drying under a
stream of dry nitrogen. The mixtures were deposited on a
ZnSe horizontal ATR prism (86« 7 mm). Spectra were
recorded, and the respective pure phospholipid spectrum was
subtracted to yield the difference spectrum. Hydration of the
sample was achieved by the introduction of excess deuterium
oxide PH,O) and incubation fo2 h prior to measurement

required for the peptide to be active and that the amino acidsOf the spectra. H/D exchange was considered complete after
were important in addition to charge. Charge alone was not & total shift of the amide Il band. The spectra were processed

fully responsible for these interactions, since shifting, switch-
ing, or replacing the positive charges within CP did not

using PEAKFIT (Jandel Scientific, San Rafael, CA) software
as previously described in detall8—31). Second-derivative

abolish activity completely. However, such changes by nature SPectra accompanied by 13-data-point Savitskplay

are likely to modify the topography of the structure. Thus,

smoothing were calculated to identify the positions of the

differences in activity may be also the result of the secondary COmponent bands in the spectra. These wavenumbers were

structure and not the specific modification. Additional

used as initial parameters for curve fitting with Gaussian

investigations are needed to better understand the role of thee0mponent peaks.

secondary structure in the function of CP.

To study the relative contributions of a secondary structure
and side chains for the interaction between CP and the TCR

CD3, we introduced tw@-amino acids in the positions of

the two positive residues (2D-CP). Thus, we could severely

perturb the secondary structure, while maintaining the
original amino acid sequence. Note that these two side chain
are important for the function and association of CP with

the TCR (5—18). Recent studies have shown that these side
chains are essential but not crucial, since some function
persists despite displacement upward or downward in the

sequence3). Our data reveal that association of CP with
the TCR complex is independent of secondary structure an

is controlled mostly by side chain interactions. This observa-

tion has important clinical implications with regard to
modulation of TCR and other receptor complexes, since
amino acid containing peptides have better solubility and
higher resistance to protease degradation.

MATERIALS AND METHODS

Peptide Synthesis and Fluorescent LabelPgptides were

Circular Dichroism Spectroscopy (CDThe CD spectra
of the peptides were measured in an Aviv 202 spectropola-

Jimeter (Aviv, Lakewood, NJ). The spectra were scanned

with a thermostated quartz optical cell with a path length of
1 mm. Each spectrum was recorded in 1 nm intervals with
an averaging time of 20 s, at a wavelength range of 260 to

S190 nm. The peptides were tested at a/B0concentration

In either HO or 1% LPC micelles.

Molecular Dynamics SimulatiorThe simulation system
consists of 107 DMPC molecules, 3655 water molecules,
and the investigated peptides (Figure 1). In order to keep
the simulation box neutral, two water molecules were

dreplaced with two counter Cl anions. The starting conforma-

tion of the DMPC membrane was downloaded from the
group site of D. P. Tieleman at the University of Calgary
(http://moose.bio.ucalgary.ca/index.php?paDewnloads).
Simulation and data analysis were carried out using Gromacs
3.2.1 suite 82, 33). The system was kept under constant
pressure and temperature (NPT) weak coupli3g).(Con-
stant pressure of 1 bar was coupled independently, with
coupling constant ofp = 1.0 ps, to the three directions of
the simulation box in order to allow the optimal molecular

synthesized by solid phase on PAM-amino acid resin (0.15 density. A temperature bath was coupled separately to the

mequiv), as previously describe@4 25). The synthetic
peptides were purified{98% homogeneity) by RP-HPLC
on a G column using a linear gradient of 2®0%
acetonitrile in 0.05% TFA for 60 min. The peptides were

ions, water, lipid, and protein molecules at 310k and a
coupling constant ofr = 0.1 ps. A cutoff distance for the
electrostatic and Lennard-Jones interactions was set to 15 A
and 12 A, respectively. Atom neighbors list was updated
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every 20 femtosecond (fs). The long-range electrostatic U.K.). After an overnight incubation at4C, the beads were
interactions were calculated using the Particle Mesh Ewald washed with lysis buffer and boiled for 10 min and the
(PME) summation35). Bond lengths were constrained using protein supernatant was run in &20% SDS-PAGE. The
the LINCS algorithm 86). A modified version of the united-  presence of co-immunoprecipitated peptide was detected by
atoms GROMOS-96 force field was used87) that was the Typhoon 9400 variable mode imager.
refined for better lipid parameters. All polar hydrogen atoms ~ T-Cell Proliferation. T-cell proliferation assays were
were treated explicitly, while aliphatic hydrogen atoms were performed using LNC from rats immunized wiliycobac-
implicitly described in the force field. The flexible simple terium tuberculosig¢Mt). Popliteal and inguinal LNC were
point charge (SPC) water potential descriptid8) (vas used. removed 26 days after the injection of Mt in incomplete
The total simulation time was 10 ns, apart from the first 100 Freund’s adjuvant (IFA), when strong T-cell responses to
ps of restrained run. During the simulatia 2 fstime step tuberculin-purified protein derivative (PPD) and the Mt176-
was used. The CPU time was approximately 36 h per 90 peptide of the 65 kDa heat shock protein (HSP&3) (
nanosecond on an Intel 2.7 GHz Xeon processor. are detectable. LNC were cultured at a concentration:of 2
Animals. Two month old female Lewis rats were used. 1 cells per well; 5x 10* A2b T-cells were stimulated in
The rats were raised and maintained under pathogen-freghe presence of irradiated>s 10° thymic antigen presenting
conditions in the Animal Breeding Center of the Weizmann cells per well, prepared as previously describéd).(The
Institute of Science. Eight week old female BALB/c mice cells were plated in quadruplicates in 2@0 round-bottom
were maintained under similar pathogen-free conditions. The microtiter wells, with or without antigen, in the presence of
experiments were performed under the supervision andvarious concentrations of the peptides under study and PPD
guidelines of the Institutional Animal Care and Use Com- or Mt176-90. Cultures were incubated for 72 h at°&in
mittee of The Weizmann Institute of Science. a humidified atmosphere of 7.5% GO -cell responses were
Fluorescence Microscopyctivated A2b T-cells 89) (1¢° detected by the incorporation of [methi#i-thymidine
cells/sample) were incubated in 100 of PBS containing (Amersham, Buckinghamshire, U.K.; ACi/well), added
paraformaldehyde 4% for 15 min on ice. The samples were during the last 18 h of incubation. The results of T-cell
then washed with cold PBS and centrifuged for 7 min at proliferation experiments are shown as the % of inhibition
1100 rpm. PBS containing BSA 1% was then added at roomrelative to the T-cell proliferation triggered with antigen
temperature to prevent nonspecific binding. After 30 min stimulation in the absence of peptides.
FITC-labeled antibody against TCR was added at a dilution  Induction and Assessment of Adfunt Arthritis (AA). To
of 1:100 and incubated for 2.5 h. For colocalization of TCR test the effect of CP on T-cell activation vivo, we used
with the peptide, Rhodamine 2D-CP was added at a final the experimental T-cell mediated autoimmune disease AA.
concentration of uM (stock in DMSO) and incubated for ~ AA was induced by injecting 5L of Mt suspended in IFA
5 min. Samples were then washed once with PBS and loaded10 mg/mL) at the base of the tail. At the time of AA
on a microscope slide. We used Rhodamine-labeled CP andnduction, each rat also received 10§ of all-.-CP, 2D-
2G-CP as positive and negative controls, respectively. CP, or 2G-CP control peptide (or PBS) dissolved ini&0
The cells were then observed under a fluorescent confocalof IFA and mixed with the Mt/IFA used to induce AA. The
microscope. FITC excitation was set at 488 nm, with the day of AA induction was designated as day 0. Disease
laser set at 20% power to minimize bleaching of the severity was assessed by direct observation of all 4 limbs in
fluorophore. Fluorescence data was collected from 505 to each animal. A relative score between 0 and 4 was assigned
525 nm. Rhodamine excitation was set at 543 nm, with the to each limb, based on the degree of joint inflammation,
laser set at 5% power. Fluorescence data was collected frontedness, and deformity; thus the maximum possible score
560 nm and up. for an individual animal was 164(). The mean AA score
Fluorescence energy transfer between the FITC (donor) (£ SEM) is shown for each experimental group (6 rats per
and Rhodamine (acceptor) was detected as an increase iigroup). Arthritis was also quantified by measuring hind limb
FITC fluorescence in an area where the Rhodamine probediameter with a caliper. Measurements were taken on the
was bleached. Bleaching was achieved by point excitation day of the induction of AA and 26 days later (at the peak of
at 543 nm for 6 s with the laser set to 100%. To verify that AA); the results are presented as the mean diamet®EM
the increase in FITC fluorescence is not due to autofluores- of the difference between day 26 and day O for all the animals
cence, we bleached using the 488 nm laser first and onlyin each group. The person who scored the disease was
then at 543 nm. No signal was observed in either-5885 blinded to the identity of the groups.
nm or>560, eliminating the possibility of autofluorescence. Delayed Type Hypersensitly to PPD.Twenty microliters
Co-Immunoprecipitation of Fluorescently-Labeled Pep- of PPD (0.5 mg/mL in PBS) were injected intradermally into
tides with TCR Moleculeg\ctivated A2b T-cells (2x 10°) the pinna of the right ear on day 16 after AA induction; 20
were cultured fol h at 37°C in the presence of CP or 2D- uL of sterile PBS was injected into the left ear as control.
CP (25ug/mL), or 2G-CP, and lysed for 15 min on ice in The thickness of the ear was measured 48 h later using a
0.1 mL of lysis buffer 40). Insoluble material was removed vernier caliper and expressed as the difference between the
by centrifugation at 100@dfor 10 min at 4°C. The lysate right and the left ear4?3).
was then incubated overnight with Protein A-plus Agarose Delayed Type Hypersensiily to OxazaloneGroups of
beads (Santa Cruz Biotechnology Inc., Santa Cruz, CA) 5 female inbred BALB/c mice (The Jackson Laboratory)
bound to antibodies to the rat TCR or MHC class I. The were sensitized on the shaved abdominal skin with 4100
antibodies reactive against the rat TCR (clone R73) were of 2% oxazalone dissolved in acetone/olive oil [4:1 (vol/
purified from the respective hybridomas at our lab. Antibod- vol)] applied topically. DTH sensitivity was elicited 5 days
ies to rat MHC class | were purchased from Serotec (Oxford, later by challenging the mice with 20 of 0.5% oxazalone
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Ficure 2: (A) Structures generated for alCP and 2D-CP by molecular dynamics simulation showing that disturb thex-helical
structure of CP in a bilayer model. (B) All atom rmsd profile across the first 5 ns of the simulationie€C&llin the lipid bilayer. (C) The
rmsd profile of 2D-CP.

in acetone/olive oil, 1Q:L administered topically to each  glycines (6, 20). Figure 1A lists the designations and aa

side of the ear. A constant area of the ear was measuredsequences of the peptides used in this study.

immediately before challenge and 24 h after challenge with  The 2D-CP Lacks a Stable-Helical Structure as Re-

a Mitutoyo engineer’s micrometer. The individual measuring ,ealed by Circular Dichroism (CD) Spectroscopy, Fourier-

ear swelling was unaware of the identity of the groups of Transform Infrared Spectroscopy (FTIR), and Molecular

mice. The DTH reaction is presented as the increment of Dynamics SimulationCD experiments were carried out

ear swelling after challenge expressed as the re&tM under two experimental conditions: in,® and in 1%

in units of 102 mm. One hom_Jr after the challenge the mice’s lysophosphatidyl-choline (LPC) micelles which mimic mem-

ears were treated with either aliCP or 2D-CP, both  prane environment. Figure 1B shows the CD spectra of CP

dissolved in 4QuL of DMSO. The activity of the peptide  j, water (filled diamonds), 2D-CP in micelles (empty

treatments was compared to treatment with DMSO alone for diamonds), and all-CP in micelles. The spectra of 2D-CP

‘untreated mice” and dexamethasone (1@0mL in saline) iy water yielded only the background signal and therefore

as a positive control. are not shown. The data reveal that the altP hasx-helical
Statistical SignificanceThe InStat 2.01 program (Graph secondary structure in micelles, similar to previous reports

Pad Software, San Diego, CA) was used for statistical (20, 44), whereas no significant secondary structure was

analysis. Student’stest and the ManaWhitneyU test (two observed for the 2D-CP peptide, as expected.

tailed) were used to determine significance of the differences  tha structure of 2D-CP was determined also by FTIR

between groups. (Figure 1C). The data reveal a significantly altered structure
RESULTS for 2D-CP. Deconvolution of the signal resulted in 6 different
peaks for this 9 aa peptide. Therefore, we can conclude that

We replaced the two positive residues of CP (Arg and 2D-CP does not have a significant helical structure. These
Lys) with theirp-enantiomers (2D-CP) in order to destabilize data confirm the CD spectroscopy results.
the secondary structure while keeping the aa sequence. In The stability of the secondary structures of alGP and
addition, to test for sequence specificity we synthesized a 2D-CP was further compared by running a molecular
mutant in which the two positive residues were mutated to dynamics simulation in a lipid bilayer model for 10 ns
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Ficure 4: Both all+-CP and 2D-CP co-immunoprecipitate together
with the TCR. We incubated either alCP, 2D-CP, or 2G-CP
together with activated A2B cells and immunoprecipitated either
the (a) TCR or (b) MHC | molecules. alF-CP and 2D-CP co-
immunoprecipitated together with the TCR significantly more than
the 2G-CP mutant. The peptides did not co-immunoprecipitate
together with the MHC | molecule to any significant extent. We
used the mouse 1gG1 antibody anti-cg¢ TCR (TCRap), clone
R73 provided by eBioscience (San Diego, CA) (catalog No. 16-
5960). The MW range is in the peptide size 110 Kd. The band is
observed at around 1 Kd, which is the correct range for the size of
the allL-CP peptides.

inserts into the T-cell membrane and colocalizes with the
TCR, as was seen with wild-type CR7 20).
Ficure 3: The 2D-CP peptide colocalizes with the TCR receptor. ~ To confirm these colocalization results, fluorescence
(A) The TCR is visualized us_ing_ a TCR-FITC antibody. Excitation energy transfer experiments were performed between
was at 488 nm, and the emission was coI_Iected betwee_n 505 anq?hodamine 2D-CP andTCR-FITC. For that purpose, a 543
525 nm. (B) The 2D-CP was visualized using a Rhodamine probe . - . !
attached to the N-terminus. Excitation was at 543 nm, and emission "M laser was used to irradiate a point on the T-cell membrane
was collected from 560 nm and up. (C) Merging of the two channels that exhibited high intensity of both Rhodamine 2D-CP and
before bleach demonstrates that the 2D-CP colocalizes with thea TCR-FITC, bleaching the signal produced by the Rhodamine
TCR. (D) The yellow circle surrounds the area which underwent 2p-CP, but leaving intact the emission produced by the
bleaching. Bleaching was achieved with the laser (543 nm) set at oTCR-FITC. This procedure led to a significant increase in
100% power for 6 s. Thus, the FITC donor molecule was not . .
affected. The increase in green demonstrates that there wadh€ fluorescence of thaTCR-FITC shown in Figure 3D.
fluorescence energy transfer between the Rhodamine-labeled 2D-T0 rule out autofluorescence as a source of increased signal
CP peptide and the TCR-FITC. in the 505-525 nm range, we used two controls. First, we
bleached the same position with the 488 nm laser. This
(Figure 2A). The comparison of the secondary structures resulted in complete bleaching of the signal, suggesting that
resulting from the molecular dynamics simulation indicates the fluorescence increase seen above was generated by the
that all+-CP maintains itsx-helical structure, which is lost  FITC probe and did not result from autofluorescence in the
in the 2D-CP mutant (Figure 2A). The root-mean-square sample. Second, we chose a point on the surface of cells
deviation (rmsd) increases as a molecular structure departstained with Rhodamine 2D-CP andTCR-FITC that
from its initial structure, and it reaches a plateau once a new showed no fluorescent signal and bleached it with the 543
stable conformation has been acquired. When the rmsd fornm laser. No increase in the FITC fluorescence was observed,
the two peptides was compared, the data revealed that botltuling out autofluorescence as a source of fluorescence in
the wild-type allt-CP and 2D-CP equilibrated after about 4 the range of FITC. Overall, these results confirm that wild-
ns in the lipid bilayer (Figure 2B, 2C). Moreover, the rmsd type CP and its 2D-CP stereoisomer show the same localiza-
calculated over the equilibrated phase is 0.25 nm (Figure tion in the T-cell membrane regardless of their differences
2B) and 0.4 nm (Figure 2C) for al-CP and 2D-CP, in secondary structure.
respeCtiVely. The rde Of 2D-CP iS 62.5% hlghel’ than that The 2D-CP C0_|mmun0precipitates Together with the
of all-L-CP, again indicating that 2D-CP displays a secondary TCR. The interactions within the pairs TCR/CP, TCR/2D-
structure that is less stable than that of.altP. There was  cp, and TCR/2G-CP were investigated by performing a
no significant difference in the effect of the two peptides on series of coprecipitation experiments using different con-
the membrane density after insertion into the bilayer. In centrations of Rho-labeled CP, 2D-CP, and 2G-CP peptides.
summary, the results of the CD spectroscopy and computa-Figyre 4 shows that both CP and 2D-CP can be coprecipi-
tional analysis indicate that the twpaa disrupt the right-  tated with the TCR, although the TCR/CP interaction seems
handeda-helical structure adopted by the alcP peptide {0 e stronger. The difference in the intensities of CP and
as expected. 2D-CP could result from their different oligomeric states,
Theo-Helical Structure of CP Is Not Required for T-Cell as suggested by FRET (data not shown). This would lead to

Binding and LocalizationThe CP peptide has been described
to insert itself into the CD3/TCR complex and interfere with

the activation of T-cells triggered by their cognate antigen
(16—18). Here we investigated the localization of Rhodamine-
labeled 2D-CP and TCR-specific FITC-labeled antibodies
(aTCR-FITC) on the T-cell membrane. Figure 3C depicts
the colocalization 0l TCR-FITC (Figure 3A) and Rhodamine

a different equilibrium with the TCR complex. Nevertheless,
both CP and 2D-CP interact with the TCR significantly more
than the 2G-CP mutant. On the other hand, none of the
peptides significantly coprecipitated together with the MHC
I molecule that was used as a control surface protein. These
results further support specific interaction of 2D-CP with
the TCR molecule. The A2b T-cell line used in our studies

2D-CP (Figure 3B), suggesting that the 2D-CP analogue (and rat T-cells in general) expresses high levels of MHC
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Ficure 5: 2D-CP peptide interferes with T-cell activation. LNC
from Mt primed rats were activated vitro with PPD (A) or with

the meant SEM. p < 0.05 when the results of 2D-CP or alcP
treated animals are compared with those of the control groups
Mt176-90 (B), in the presence of wild-type aH€P (black), 2D-
CP (gray), or 2G-CP (white).

Proliferation
(% Inhibition)

treated with PBS or 2G-CP. (B) Paw swelling measured at day 26
after AA induction. The results are presented as the me&EM

of the difference between the values for hind limb diameter taken
at days 0 and 26 < 0.05 between the control groups treated with
L . PBS or 2G-CP and all-or 2D-CP treated rats. (C) Dose dependency
class I molecules4t, 46); indeed a comparison of the MHC of the effect of the 2D-CP on AA, as measured by paw swelling at

class I and TCR expression has shown that TCR and MHC day 26. (D) DTH was measured as described in Materials and
I molecules are expressed at similar levels by rat T-cells using Methods to quantify the effect of the peptides on the immune
the same antibodies as in the co-immunoprecipitation experi-fﬁﬁﬁ%?te dt?) _P/';-rThe nfeSL:“SM?f? hexffgssﬁdn aSb per\r/c%nt n01; ihe
ment 47, Moreover, the procedure for the immunoprecipi- 110124 DT feSpense 18 L. The ecucton opserved on as
tation of MHC class | molecules with the Ox18 antibody compared to the effect of 2G-CP.
has been used in our laboratory to determine the binding
motifs of MHC class | rat molecules. Thus, the differences detergent revealed that the CD3 acidic residues are not
shown in Figure 4 between co-immunoprecipitation with charged and actually form a strong polar bond with each
antibodies to TCR or MHC cannot be due to differences in other’'s backbone4@). We do not know exactly how the R
the amounts of cellular receptors. and K behave in the membrane. Therefore, we refer to a
2D-CP Interferes with T-Cell Actation in Vitro. The side chain without making a distinction between polarity and
colocalization studies (Figure 3) suggested that the secondarygeometry of the aa residue. None of the peptides.talP,
structure of CP was not essential for its ability to insert into 2D-CP, or 2G- CP) had a cytotoxic effect when incubated
the T-cell membrane and interact with the CD3/TCR with the target cells, ruling out that the effects on antigen-
complex. To test whether the secondary structure of CP triggered proliferation were due to cell death (data not
contributed to its interference with the activation of T-cells shown).
by antigen, we isolated lymph node cells (LNC) from Mt- 2D-CP Inhibits T-Cell Immunity in b. To analyze the
immunized rats and activated the T-cefisvitro with PPD effect of structure alteration on the inhibitory effects of CP
or with the Mt176-90 peptide. Both PPD and Mt176-90 have on T-cell activationin zivo, we used the experimental
been reported to induce a strong T-cell proliferative responseautoimmune disease AA. Immunization of Lewis rats with
in the LNC of Mt-immunized rats41, 48). The data reveal Mt triggers AA, an autoimmune disease driven by Mt-
that both wild-type al-CP and 2D-CP inhibited T-cell  specific T-cells that cross-react with self-antigé&®,(51).
proliferation to PPD and to Mt176-90 in a dose-dependent PPD and Mt176-90 are targeted by the arthritogenic T-cell
manner (Figure 5). Note, however, that at lower concentra- response 32); indeed immunomodulatory therapies that
tions, the inhibition of 2D-CP was greatgr € 0.02) than inhibit the progression of arthritis have been associated with
that produced by all-CP (Figure 5B). Conversely, the 2G- a decreased T-cell response to PPD and Mt176-90 and with
CP mutant did not have any inhibitory effect on T-cell a diminished delayed type hypersensitivity (DTH) response
proliferation, suggesting that inhibition was sequence specific to PPD @2).
and that critical molecular interactions were perturbed by  The administration of all-CP or 2D-CP with Mt at the
the substitution of two positive aa for Gly residues (see time of AA induction led to a significantly milder arthritis,
Figure 1). Thus, the precise secondary structure of CP doesn terms of both clinical score (Figure 6A) and paw swelling
not seem to be required for its inhibitory effects on T-cell (Figure 6B); the 2G-CP peptide did not have an effect on
activation, which remained dependent on various side chainAA. The mean maximum score was #2 0.3 in the 2G-
interactions. Recently, an NMR structure of CD3 zeta in a CP-treated rats, compared with 646 0.7 in the 2D-CP-
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40% that mediate the immunosuppressive activity of CP, using
3 structural analogues in which its two positive residues were
g 30% replaced byp aa. These analogues have the same aa
§ § sequence, but display severe perturbations of their secondary
£5 20% 1 structure. We found, indeed, that the introduction of two
g'f aa destabilized the helical secondary structure within the
g 10% - membrane milieu, as shown by the CD spectra (Figure 1B),
3 by the FTIR spectra (Figure 1C), and by the molecular
0% - dynamics simulation (Figure 2). The 2D-CP also has an
AlLCP 2DCP increased water solubility and shorter RP-HPLC retention

FiGURE 7: 2D-CP inhibits DTH response to oxazalone in mice. time compared with CP (data not shown). Nevertheless, 2D-
DTH response measutd. h after challenge with oxazalone of mice  cp colocalized with the TCR complex in the T-cell

treated with DMSO alone used as a control,.atP, 2D-CP, or . ¥ s .
dexamethasone. The results are expressed as the decrease in e embrane (Figure 3), co-immunoprecipitated together with

thickness obtained after treatment with the peptides, relative to the 1€ TCR, and interfered with T-cell activation (Figures 4, 5,
decrease observed in dexamethasone-treated mice (which wa®, and 7). This suggests that the immunosuppressive activity

considered 100%)+ SEM. of CP is determined by side chain interactions and that the
) o-helical structure is not crucial for this interaction.
treated rats and 7.2 0.7 in the alle-CP group p < 0.05 Despite the observation that the twoaa introduced in

for the allL-CP and the 2D-CP groups when compared to cp perturb its secondary structure (Figure 1), upon binding
the 2G-CP group). The effect of 2D-CP on AA was dose o the membrane the 2D-CP peptide displays wild-type
dependent, since an increase of the dose of 2D-CP to 90Qynctionality. One possibility is that 2D-CP adopts an
#g per rat led to a further 25% decrease in the AA score gjternative stable structure within the membrane, different
(data not shown) and a 50% improvement in paw swelling from that of all+-CP. Previous reports have shown that the
(Figure 6C). The study of the DTH response to PPD 16 days hydrophobic environment of the membrane stabilizes the
after AA induction revealed that the administration of wild- _nelical structure of other TMD and antimicrobial amphi-
type all+-CP or 2D-CP led to a 39% and 51% reduction in  pathic diastereomeric peptides, probably as a result of the
the DTH response to PPD, respectively. In comparison, massive energy released with the adoption of a secondary
treatment with 2G-CP led only to an 8.5% inhibition of the gtrycture within the membran&3-55). Our data suggest
DTH response. Taken together, these results indicate thalihat 2D-CP does not preserve the same structure as that of
both the 2D-CP and wild-type al-CP can interferén vivo CP within the membrane (Figures 1B, 2). Nevertheless, the
with T-cell activation in a sequence specific manner that was, 4ctivity of the mutant CP 2D peptide still relies on molecular
nevertheless, independent of the secondary structure of thgnteractions established by its two positiveLaarginine and

peptide. _ ~ L-lysine, because their replacement by glycines abolishes the
2D-CP Decreases the DTH Response in a Therapeuticimmunosuppressive activity (Figures 4 and 5).

Setting.To test whether TCR trans-membrane peptides could  Remarkably, the diastereomeric peptide 2D-CP showed a

inhibit the elicitation of existing DTH reactivity, groups of  gyronger immunosuppressive activity than did wild-type all-
naive BALB/c mice were sensitized to 2% oxazalone. Five | _cp.|n vitro, 2D-CP was more active at lower concentra-

days later, the mice were challenged with 0.5% oxazalone jons than all-CP (Figure 5)In vivo, the administration of
administered to the ear. An hour after the challenge, the micep.cp |ed to a greater reduction in the clinical signs of AA
were treated with dimethyl sulfoxide (DMSO), al€P 150 \yhen compared to the alkCP (Figure 6). Moreover, 2D-
#g (6 mg/kg) in DMSO, 2D-CP 159 (6 mg/kg) in DMSO,  cp was twice more effective than al€P when used to
or dexamethasone. On the following day, ear thickness wasinhibit a DTH response in a therapeutic setting. Note that
measured and the swelling of DMSO treated mice (@833 >p.cp, similarly to what we have previously shown for CP
0.01 mm) was compared to that of mice treated withLall- - (44), is not cytotoxidn vitro (data not shown). Two features
CP (0.30£ 0.01 mm), 2D-CP (0.27 0.01 mm), and  of 2p-CP common to other diastereomeric peptides might
dexamethasone (0.15 0.02 mm). A significant reduction  contripute to its relatively enhanced immunosuppressive
in ear swelling was observed in the mice that had been treatedyctjyity. These are higher solubility in wateB6) and
with 2D-CP p = 0.01 when compared to the DMSO group); jncreased resistance to degradatisf.(Both characteristics
indeed, 2D-CP caused twice the reduction produced by yould contributein vivo to better transport of the peptide
treatment with al-CP (p < 0.05 when compared to the  through the tissue to their target T-cells. CP is hydrophobic
DMSO group) (Figure 7). Thus, 2D-CP can inhibit a T-cell ang has been already shown to bind both zwitterionic and
medlated immune reaction in subjects already sensitized tonegatively charged model phospholipid membrad®k The
the antigen. incorporation ofo-amino acids makes it more soluble, but
should preserve strong binding to the membrane as has been
DISCUSSION shown with other membrane active peptides. CP then inserts
Wild-type all1-CP interferes with antigen-specific T-cell and interacts with a TM domain within the TCR complex.
activation by interacting with the TCR comple1§—18). The association of glycophorin A TMD with its diaster-
This interaction was thought to depend both on the secondaryeomeric mutanin vitro to form a heterodimer is another
structure of CP and on the side chains of its two positive example of a membrane complex whose formation is dictated
residues (Figure 1), since their substitution by glycines or a by side chain interactions and not solely by secondary
negatively charged aa abolishes the peptide’s actidiy (  structure 27). Yet, there are significant differences in the
19). In this report we investigated the molecular interactions nature of the two systems. The glycophorin A receptor is a
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homodimer while the TCR is a large hetero-oligomer. The
glycophorin A diastereomer retained its helical structure
while the 2D-CP did not. The latter could be explained by
the different length of the peptides, glycophorin A (17 aa)
versus CP (9 aa), by the large number of Gly, which makes
the structure more flexible, and by the presence of two
charged aa in CP. Such positive charges are very rare in
TMD motifs. Nevertheless, the similarity of complex forma-
tion with the diastereomeric peptide in the membrane,
regardless of the different nature of the complexes, is
intriguing. It raises the question of whether TMOMD
association is, as a general rule, governed by side chain
interactions (of all types) while secondary structure and
geometrical packing of the helices (knob-into-hole interac-
tions) play a role in stabilizing the complex. Additional
studies are required to address these questions.

In summary, to our knowledge the present study is the
first report of ap,.-amino acid TM peptide inhibitor
interacting bottin vitro andin vivo, with a large transmem-
brane complex independent of its secondary structure. This
observation has implications for our understanding of protein
association within the membrane milieu. Moreover, this
finding might make it possible to design more effective
therapeutic diastereomeric peptides that, by a peptide dis-
placement strategy, could interfere with the association and
signal transduction of protein complexes, thereby deactivating
pathologic processes.
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