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’ INTRODUCTION

Protein�protein interactions (PPI) play a crucial role in many
biological processes, including transmembrane signal transduction,
cell regulation, and the immune response.1�3 Analysis of 3D
structures of protein complexes has suggested that the PPI surfaces
are large, covering 700�1500 Å2, and the binding surfaces are
relatively flat.4 Some amino acid residues in the interface contribute
substantially to the binding energy, while others contribute only
marginally to stabilize the protein complexes. Analyses of the PPI
surfaces and the amino acid residues by several researchers have
indicated that there are “hot spots” on the protein�protein interface
area where major contributions to binding free energy are provided.5

Protein�protein interactions can be modulated by small molecules
and have implications in the treatment of diseases.6 Cell adhesion
molecule CD2 and its ligand CD58 provide good examples of
protein�protein interactions in cells that participate in the immune
response. CD2 is a 50 kDa protein that is involved in the early stages
of immune response. It is expressed on the surface of T cells and
natural killer (NK) cells in all mammalian species and binds toCD58
via the first portion of the extracellular domain. CD58 is also called
leukocyte function-associated antigen-3 (LFA-3) in humans and
CD48 in rodents.7�9 It is known that in the presenceofCD2�CD58
interaction, T-cell receptors (TCR) on T cells recognize the correct
peptide�major histocompatibility complex (pMHC) on antigen-
presenting cells (APC) with 50- to 100-fold greater efficiency than in
the absence of CD2�CD58 interaction.7 CD2�CD58 interaction

affects expression of cell surface molecules, production of inflamma-
tory cytokines, and T-cell antigen recognition. The CD2�CD58
pathway initiates strong antigen-independent cell adhesion, substan-
tial expansion of naive T helper cells, and induction of large amounts
of IFN-γ inmemory cells.10,11 The overall contribution of this pair of
molecules is to enhance the T cell antigen recognition. Monoclonal
antibodies (mAbs) that block the CD2�CD58 interaction are being
developed to treat autoimmune diseases. These mAbs inhibit T-cell
adhesion or activation.12�15 Alefacept is a recombinant human
CD58-Ig fusion protein that effectively binds to CD2 and prevents
CD2 interaction with CD58 expressed on APC. Alefacept is a
biologic that is approved for the treatment of chronic plaque psoriasis
in adults.12,16 However, therapeutic antibodies/fusion proteins often
elicit significant side effects attributed to their immunogenicity and
are susceptible to enzymatic degradation. To circumvent these
problems, one approach is todesign short peptidesor smallmolecular
mimics ofCD2protein thatwill bind to critical areas in target proteins
and, like antibodies, interfere with their activity. Peptides, although
susceptible to enzymatic degradation, can be modified to protect the
N- and C-termini from enzymatic degradation.17,18 Our aim is to
develop peptides that inhibit protein�protein interactions between
CD2 and CD58 and utilize them as possible therapeutic agents for
autoimmune diseases.
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ABSTRACT: Cell adhesion molecule CD2 and its ligand CD58 provide good
examples of protein�protein interactions in cells that participate in the immune
response. Tomodulate the cell adhesion interaction, peptides were designed from
the discontinuous epitopes of the β-strand region of CD2 protein. The two
strands were linked by a peptide bond. β-Strands in the peptides were nucleated
by inserting a β-sheet-inducing (D)-Pro-Pro sequence or a dibenzofuran (DBF)
turn mimetic with key amino acid sequences from CD2 protein that binds to
CD58. The solution structures of the peptides (5�10) were studied by NMR and
molecular dynamics simulations. The ability of these peptides to inhibit cell
adhesion interaction was studied by E-rosetting and lymphocyte epithelial assays.
Peptides 6 and 7 inhibit the cell adhesion activity with an IC50 of 7 and 11 nM,
respectively, in lymphocyte epithelial adhesion assay. NMR and molecular
modeling results indicated that peptides 6 and 7 exhibited β-hairpin structure
in solution.
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In our previous studies, we have shown that peptides designed
from the β-strand region of CD2 protein block cell adhesion
interactions between T cells and epithelial cells.19�22 Conforma-
tional constraints were introduced in the peptide by a Pro-Gly
sequence and cyclization to generate β-hairpin structures from the
strand sequences.20 In the present study, we wanted to introduce
more rigid structures to nucleate β-hairpin structures in the peptide.
A (D)-Pro-Pro sequence or a dibenzofuran moiety23 was inserted to
connect the F andC strands of CD2 protein betweenD31 andD87.
The other end of the strand (K34-S84) was cyclized by main chain
cyclization to acquire a stable peptide structure (Figure 1, Table 1).
The use of (D)-Pro at the i + 1 position of a β-turn facilitates the
formation of type II00 or I0 turns. (D)-Pro-Pro sequences have been
shown to be strong β-hairpin nucleators.24 The DBF moiety was
also used to stabilize the β-hairpin structures.23 Thus, peptides with
(D)-Pro-Pro and DBF moiety were used to stabilize the sequences
designed from F and C strands of CD2 protein. The designed
peptides are shown in Table 1. The ability of the designed peptides
to modulate the CD2�CD58 interaction was evaluated by using
two cell adhesion assays. The structures of the peptides were studied
by NMR and molecular dynamics simulations. Peptides 6 and 7
acquire a stable β-hairpin structure in solution. In the present study
we describe the design of peptides that are novel in the sense that
(D)-Pro-Pro sequence and DBF were used to stabilize the structure
and nucleate β-hairpin structures. Among the peptides designed in

this series, peptides 6 and 7 inhibit cell adhesion activity in the
nanomolar range. Furthermore, these peptides at nanomolar con-
centration can suppress antigen-specific immune response in vitro in
cells isolated from humanized mice susceptible to inflammatory
polyarthritis.

’RESULTS

The design of the peptides was based on the structure of the
CD2�CD58 complex25,26 as well as on our previous studies.19�22

The CD58 binding domain of CD2 consists of β-strands with
charged residues. Fromour earlier report it is very clear that peptides
designed fromβ-strands exhibit cell adhesion inhibition activity.20,21

In the present study, conformational constraints were introduced to
stabilize the β-hairpin structure and to improve the cell adhesion
inhibition activity of peptides. Designed peptides with conforma-
tional constraints are shown in Table 1. Linear control peptide was
synthesized in the laboratory, and cyclic peptides were custom
synthesized from commercial sources. HPLC chromatograms of the
peptides indicated that the peptides were g95% pure. HPLC
chromatograms and high-resolution mass spectra of the peptides
are available in Supporting Information.
Cell Adhesion Inhibition Activity. The ability of peptides to

inhibit cell adhesion was evaluated using two cell adhesion assays:
lypmphocyte epithelial adhesion and E-rosetteing. Caco-2 cells are

Table 1. Sequence of Peptides Used in the Study

code sequence comments purity (%)

5 Cyclo (1,8) I1Y2D3(D)P4P5D6D7K8 (D)-Pro-Pro for β-hairpin, truncated form of 6 >95
6 Cyclo (1,10) S1I2Y3D4(D)P5P6D7D8I9K10 (D)-Pro-Pro for β-turn, S1-D4 to D7-K10 residues from CD2 protein sequence 95
7 Cyclo(1,6)K1D2D3-DBF-D4Y5I6 DBF for β-hairpin, sequence from protein CD2 used in anticlockwise direction, truncated form of 8 >95
8 Cyclo(1,8) K1I2D3D4-DBF-D5Y6I7S8 DBF for β-hairpin, sequence from protein CD2 used in anticlockwise direction >95
9 Cyclo(1,6) I1Y2D3-DBF-D4D5K6 DBF for β-hairpin, sequence from protein CD2 used as it appears in protein, truncated form of 10 >95
10 Cyclo(1,8) S1I2Y3D4-DBF-D5D6I7K8 DBF for β-hairpin, sequence from protein used as it appears in protein >95
C KGKTDAISVKAI-NH2 control peptide, sequence from hot-spot region was reversed, Tyr replaced by Ala >95

Figure 1. Design of peptides fromCD2 protein. F and C strands of CD2 protein from the crystal structures are shownwith the sequences of amino acids
that are important in binding to CD58 (rectangular box). The amino acids from the two strands of CD2 protein were used to design conformationally
constrained peptides. One end of the strands was cyclized by introducing (D)-Pro-Pro in the peptide sequence. The other ends of the strands were joined
by backbone cyclization.
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adherent cells that express CD58 protein, and T cells are nonadher-
ent cells that express CD2 protein. Caco-2 cells and T cells adhere to
one another upon incubation.Thus, inhibitionof cell adhesion interac-
tion between T cells and Caco-2 cells (lypmphocyte epithelial) can
be used to evaluate the protein�protein interaction between CD2
and CD58. Similarly, interaction between sheep red blood cells
(SRBC) and T cells can be used to evaluate the inhibitory activity of
the peptides. SRBC express CD58, and Jurkat cells express CD2
protein. When these cells are incubated, they adhere to each other.
Each Jurkat cell adheres to many sheep red blood cells. Five or more
SRBC adhering to a Jurkat cell is counted as positive E-rosetting.27 A
representative dose�response curve for cell adhesion inhibition
activity for peptide 6 is shown in Figure 2. Peptides 6 and 7 showed
inhibition activity of nearly 80% at 0.1 μM or lower. IC50 values of
inhibition of cell adhesion were calculated using GraphPad Prism
(GraphPad Software, La Jolla, CA) in a dose�response curve. The
IC50 of peptide 6was 6.9( 0.4 nM, while for peptide 7 it was 11.1(
3.8 nM. Peptides 5, 8, 9, and 10 showed less than 20% cell adhesion
inhibition in the lymphocyte epithelial assay. A control peptide
exhibited nearly 18% inhibition activity. An antibody to CD58
adhesion domain inhibited cell adhesion nearly 100% at e1 μM.
Statistical analysis suggested that there is no difference in the activity
of peptides5,8,9, and10 compared to the control peptide (p>0.05)
in the concentration range 0.0005�150 μM. Since peptides 6 and 7
exhibited potential inhibitory activity of cell adhesion in lymphocyte
epithelial assay, the inhibition activities of peptides 6 and 7 and
control peptides were evaluated in E-rosetting assay. Inhibition
activity of the peptide 6 in E-rosetting assay in the concentration
range 0.0005�50 μM is shown in Figure 3. For comparison inhibi-
tion activity of the control peptide is also shown in the figure.
Peptides 6 and 7 showed inhibitory activity with IC50 values of 9.4(
0.3 and 25.7 ( 1.5 nM, respectively, in the E-rosetting assay.
The ability of peptide 6 to suppress T cell response in vitro in

response to a recall challenge with type collagen II (CII) was
evaluated using lymph node cells (LNC) from CII-primed HLA-
DQ8 transgenic mice. HLA-DQ8 mice develop cellular and
humoral responses to CII that lead to development of arthritis
following immunization with type II collagen. The arthritis-
susceptible mouse model is relevant to humans.28�30 The ratio-
nale for the experiment was that the peptides derived from CD2
should inhibit cell adhesion between T cells and antigen pre-
senting cell, thus suppressing T cell response. Lymph node cells
harvested fromCII-primedmice were cultured in the presence or
absence of CII and peptide 6. The T cell response monitored by
tritium thymidine incorporation assay indicated that there

was a dose-dependent suppression of T cell response to CII in vitro
by peptide 6 (Figure 4).
CellTiter-Glo Assay for Peptide Cytotoxicity. The effect of

the toxicity of peptides on Caco-2 cells and Jurkat cells was evaluated
by a cell viability assay, CellTiter-Glo.31 This experiment provided
confirmation that the observed biological activity (inhibition of
adhesion) is not due to the cytotoxicity of peptides. Peptides were
tested for their cytotoxicity for 2h,which is themaximumexposure of
peptides to cells during cell adhesion inhibition assays. Results
indicated that Caco-2 cells and Jurkat cells showed more than 95%
viability in the presence of peptides 6 and 7. Peptide 7 exhibited
nearly 90% viability even at 200 μM peptide. For comparison, cells
with 1% DMSO or <1% SDS and cells without peptide that were
incubated for 2 h were used. There was no statistical difference
between the cells with peptides 6 and 7 (concentration range used:
peptide 7, 200�0.025 μM; peptide 6, 200�0.01 μM) and cells
without the peptide. Viability was calculated based on cells without

Figure 2. Representative dose�response curve for peptide 6 for
inhibition of fluorescently labeled Jurkat cells and adherent Caco-2 cells.
IC50 value was calculated based on a four-parameter fit using GraphPad
Prism (see text for details). Figure 3. Inhibition of E-rosette formation by synthetic peptide 6

derived from CD2 protein. Peptides were added to AET-treated sheep
red blood cells (SRBC) (expressing CD58 protein) first, and Jurkat cells
(expressing CD2 protein) labeled with BCECF were added later. Cells
with five or more SRBC bound were counted as rosettes. Values are
percent inhibition of peptide-treated cells and are expressed as the mean
of three experimental values. Error bars represent standard error of the
mean (SEM).

Figure 4. Dose-dependent suppression of T-cell response to type II
collagen (CII) in vitro by peptide P6 in cells harvested from CII-primed
fromDQ8mice, humanized transgenic mousemodel of arthritis. In vitro
T-cell response to CII was measured in the presence or absence of
peptide 6 at four different concentrations. Change in counts per minute
(cpm) was plotted to represent the T-cell proliferation. Δ cpm was
calculated by subtracting medium control from the test samples. The
data show the mean ( SD (N = 4).
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peptides. The results clearly suggest that the peptides are not toxic to
the cells studied.
Circular Dichroism. Circular dichroism spectra of peptides

5�8 in water are shown in Figure 5. Peptides 5 and 6 exhibited a
negative CD band around 217 nm and a small positive band
around 190 nm, suggesting a β-strand or β-hairpin type of
structure of the peptide. Peptide 6 showed a very intense negative
band around 217 nm, indicating a stable β-hairpin type of
structure of the peptide in solution.32,33 Peptide 8 showed a
negative band around 205 nm and a negative shoulder around
217 nm, suggesting a possible β-hairpin type of structure of the
peptide in solution.34 Peptide 7 showed a negative band around
208 nm, indicating the possibility of a β-turn structure of the
peptide in solution. A control peptide (labeled C) exhibited a
negative band around 200 nm, which is suggestive of flexible or
open structure of the peptide in solution.34 The CD spectra of 9
and 10 exhibited a small negative band around 200 nm, indicative
of flexible structures of peptides in solution. The spectrum of
peptide 9 was noisy even after accumulation of 10 scans
(Supporting Information), suggesting scattering of light due to
possible aggregation of peptide in solution.
NMRand Structure Calculation.To understand the structure�

activity relationships of peptides 5�10, NMR and NMR-restained
molecular dynamics and energy-minimization studies were carried
out. Peptides 5 and 6were completely soluble in water at 2.5mg/mL
(concentration at which NMR studies were carried out) and hence
were studied in water. Peptides 7�10 with DBF moiety (Table 1)
were not completely soluble in water at 2 mg/mL. Thus, they were
studied in 100% DMSO-d6. To compare the results of NMR
experiments for all the peptides presented in this study, peptides
5 and 6 were studied in 90% H2O/10% D2O and in 100% DMSO-
d6. The NMR spectra of peptides in water and DMSO were not
significantly different for peptides 5 and 6. The amide region of the
1D NMR spectra of the peptides showed dispersion of amide
resonance chemical shifts for peptides 6 and 7 of >1.2 ppm.35 Two
dimensional NMR spectral data of peptides 5�10 are available as

Supporting Information. On the basis of the NMR data and NMR-
restrained molecular dynamics simulations, the most probable
structures of peptides 6�8 in solution are proposed. Three-letter
abbreviations are used for amino acids in peptides and single-letter
codes are used for for amino acid residues in protein in the text.
Peptide 6.TheNMR spectrum of peptide 6was well resolved,

and all the amino acids in the peptide could be identified with
corresponding peaks in TOCSY,36 NOESY,37 ROESY,38 and
DQF-COSY.39 The amide resonances of the peptide were spread
over a range of 1.3 ppm, suggesting the well-defined structure of
the peptide in solution.35 The NOESY and ROESY spectra of
peptide 6 showed sequential connectivities between CRH(i)-
NH(i+1) residues and long-range connectivities, which are
indicative of a β-strand type of structure of the peptide.40 NOE
connectivities in the NH-CRH and NH-NH regions and a
schematic diagram indicating the long-range NOE connectivities
between NH-CRH and NH-NH are shown in Figure 6. The
characteristic NOEs of two strands of β-sheet, Ile2 NH-Ile9 NH
and Tyr3 NH-Asp8 CRH, Ile2 CRH-Asp8 NH, clearly indicate a
β-sheet or β-hairpin structure of the peptide in solution. The
NOE connectivity between Lys10 NH-Ser1 NH and Ser1 NH-
Ile 2 NH is indicative of a possible β-turn around Lys10 and Ser1.
Chemical shift deviations (CSD)41,42 of CRH and NH reso-
nances in peptides are used to measure the propensity of β-
hairpin structure in solution. CSD of CRH of residues Ile2-Asp4,
Pro6, and Asp7 were positive (Supporting Information), sug-
gesting the β-hairpin structure of the peptide 6. The coupling
constant 3JHNR for Ile2-Asp4 and Asp7-Ile9 was 7.8�9.5 Hz.
Such large coupling constants are indicative of β-strand structure
of these residues in the peptide. Ser1 and Lys10 exhibit coupling
constants of 6.06 and 5.90, respectively, suggesting that these
residues have conformational averaging or do not acquire stable
β-stranded structure in solution. The temperature coefficients of
the chemical shift of amide resonances of Ser1, Ile2, Asp4, Asp7,
and Ile9 were greater than�4 ppb/K, suggesting that the amides
of these residues may be intramolecularly hydrogen-bonded or
solvent-shielded. Tyr3 showed a temperature coefficient of
chemical shift of �4.1 ppb/K, suggesting a weak intramolecular
hydrogen-bonded amide or solvent-shielded amide.
A total of 74 NOEs/ROEs were used to calculate the structure

of peptide 6 usingMD simulations and energyminimization. The
10 low-energy structures obtained from NMR-restained MD
simulations are shown in Figure 7a. The rmsd of the backbone
atoms of the structures compared to the average structure was
0.38 ( 0.1 Å. Analysis of Ramachandran plot suggested that
100% of the residues were in the allowed region of theΦ,ψ plot.
The structure exhibited a β-hairpin structure with a twist in the
backbone around Asp8. Structural parameters for the low energy
structures are shown in Table 2. (D)-Pro-Pro segment acquired a
type II0 β-turn structure with (D)-ProΦ = 88�, ψ = �109�, and
ProΦ =�65�,ψ =�19�. The heterochiral (D)-Pro-Pro segment
is known to exhibit type II0 structures.24,40 The β-hairpin
structure of the peptide was stabilized by two intramolecular
hydrogen bonds between CdO of Tyr3 and NH of Asp7 and
between CdO of Asp7 and NH of Tyr3. A β-turn was observed
around Ile9-Lys10-Ser1-Ile2. The Φ and ψ angles at Lys10
and Ser1 (Lys10 Φ = �69, ψ = 93; Ser1 Φ = 67, ψ = �19)
indicated that there is a type I β-turn around these residues.43

The β-turn was stabilized by an intramolecular hydrogen bond
between Ile9 CdO and Ile2 NH. Overall, the structure resembled
a β-hairpin structure with (D)-Pro-Pro stabilizing and nucleating
the hairpin structure.24

Figure 5. Circular dichroism spectra of peptides 5�8 and control peptide.
The legend for different peptides is shown in the figure. Peptide 6 exhibits
stable secondary structure with a negative band around 217 nm indicative
of β-strand structure, whereas the control peptide exhibits flexible structure
as indicated by a negative CD band around 200 nm. Peptide concentration
was 0.5 mM in water. Inset shows expanded regions of CD spectra of
peptides 7 and 8.
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Peptide 7.The amide region of the NMR spectrum of peptide
7 was well resolved with amide resonances spanning a region of
1.5 ppm. Ile6 resonances were upfield shifted with amide
resonance at 6.7 ppm. This may be due to the fact that the amide
of Ile6 appears in the diamagnetic region of the aromatic ring of
Tyr5 residue. There were few sequential connectivities in the
NOESY spectrum of the peptide. However, the characteristic
long-range connectivities indicated the β-hairpin structure of the
peptide 7 in solution. Region of NOESY spectra with connectiv-
ities and a schematic diagram showing NOE connectivities are
shown in Figures 8. Some notable NOE connectivities are
between Asp3 NH-Asp4 NH, Asp3 NH-Asp4 CRH, Asp2
CRH-Asp4 NH, Tyr5 CRH-Asp2 NH, and Tyr5 NH-Asp2
CRH, indicating the β-hairpin structure of the peptide. There
were NOEs between Ile6 NH-Lys1 NH and Lys1 NH-Asp2 NH
as well as Lys1 NH-Asp2 CRH, indicating a β-turn structure at
Tyr5-Ile6-Lys1-Asp2. The DBF aromatic protons showed NOE
connectivity with Asp4 NH and the DBF-aliphatic region,
indicating the stable turn or hairpin nucleating structure of the
DBF moiety. The coupling constant 3JHNR for Asp2, Asp4, Tyr5,
and Ile6 was in the range 7.2�8.3 Hz, indicating the β-strand
conformation of these residues. Asp3 had a coupling constant of
5.4 Hz, indicating folded structure of the peptide near the Asp3
residue. The temperature coefficient of chemical shift for Asp2,
Asp3, Asp4, Tyr5, Ile6 was greater than �4 ppb/K whereas for
Lys1 it was less than �4 ppb/K, clearly suggesting the solvent
shielding of Asp2, Asp3, Asp4, Tyr5, and Ile6. For peptide 7
NMR studies reported are in DMSO-d6 solvent. The data from
chemical shift deviation had a small positive value or near zero for
most of the amino acid residues in the peptide sequence. It is not
clear whether the DBF moiety in the peptide structure caused
perturbation of chemical shift of residues.
A total of 30 intraresidue and 20 interresidue NOEs were used

to calculate the structure of the peptide using NMR-restained
MD simulation and energy minimization (Table 2). Ten low
energy structures of peptide 7 are shown in Figure 7b. The rmsd
of the backbone of 10 structures was 0.63 ( 0.09 Å. Analysis of
Φ, ψ angles resulted in 100% of the amino acid residues in the
peptide in the allowed region of the Ramachandran map. The
structure of the peptide was stabilized by four intramolecular
hydrogen bonds, Asp3 CdO to Tyr5 NH, Tyr5 CdO to Asp3
and Asp2 NHs, and the side chain of Asp4 to Asp 3 CdO. A β-
turn was observed at Tyr5-Ile6-Lys1-Asp2, and the turn was
stabilized by intramolecular hydrogen bonding between Tyr5
CdO and Asp2 NH. The Φ and ψ values (Ile6 Φ = �60, ψ =
�40; Lys1Φ =�70, ψ = 15) indicate that the turn is a type I β-
turn. Overall, the structure exhibits a β-hairpin structure with a
kink around Asp4.
Peptide 8. The amide resonances NMR spectra of peptide 8

were spread over a region of less than 1 ppm, suggesting the
flexible conformation of the peptide. The NOESY/ROESY
NMR spectra of the peptide showed sequential and amide�
amide connectivity between adjacent residues. There were very
few long-range connectivity NOEs in the NOESY spectrum.
There was an NH-NHNOE between Ile2 and Tyr6, suggesting a
possible β-strand type of structure (Supporting Information).
There was an NOE between the β hydrogens of Ile2 and Ile 7.
Apart from these two, there were no other NOEs showing strong
evidence of a β-hairpin type of structure in the peptide. The
coupling constant 3JHNR for Lys1, Asp3, Asp5, Ile7 Tyr5 was in
the range 6�7 Hz, indicating the conformational averaging in
the peptide structure in solution. Only Ile2 and Asp4 showed

Figure 6. 500 MHz 2D NMR data for peptide 6. (a) NH aliphatic
region of NOESY spectrum of peptide in 90% H2O/10% D2O at
298 K showing NH-CRH connectivity. Sequential and long-range
connectivities are shown. (b) NH-NH region of NOESY spec-
trum of peptide 6. (c) Schematic diagram showing the NOESY
connectivity indicating the β-strand or β-hairpin structure of the
peptide in solution. Observed NOEs are shown by double-ended
arrows.
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coupling constant around 7.7 Hz, suggesting the extended
structure of the peptide around these residues. Tyr6 and Ser8
coupling constants could not be measured accurately because of
overlapping of resonances. Thus, results obtained from NMR

studies of the peptide suggested that the peptide has a small
population of β-hairpin type of structure in solution.
A total of 66 inter- and intraresidue NOEs were used to

calculate the structure of the peptide (Table 2). Although the

Figure 7. Stereoview of overlapped NMR-restrained energy-minimized structures of peptides 6, 7, and 8. Ten overlapped structures are shown.
Residues are labeled with three-letter amino acid codes: (a) peptide 6, (b) peptide 7, (c) peptide 8.
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total number of NOEs is relatively large, there were not many
long-range NOEs. The 10 low-energy structures of the peptide are
shown in Figure 7c. The peptide exhibited a possible β-turn at Ile7-
Ser8-Lys1-Ile2 (Ser8Φ =�120,ψ =�78; Lys1Φ =�69,ψ = 3).
However, the β-turn was not stabilized by an intramolecular hydro-
gen bond. The amino acid residues of the two strands (Lys1-Ile2-
Asp3-Asp4 and Asp5-Tyr6-Ile7-Ser8) Asp4-Asp5, Asp3-Tyr6 were
far apart in the structure, suggesting a flexible structure of the peptide.
However, because of the rigid DBF moiety in the structure, the
overall structure of the peptide appears to be a β-hairpin.
Peptides 5, 9, and 10. The 2D TOCSY NMR spectra of

peptides 9 and 10 consisted of major and minor peaks. At least two
sets of resonances could be identified for each amino acid in the
peptide in the TOCSY spectrum. The NH-CRH region of NOESY
and ROESY spectra consisted of several sets of cross-peaks, and
assignments were ambiguous because of minor peaks in the spectra
(Supporting Information).To confirm that the additional resonances
in the NMR spectra were not from impurities, high-resolution mass
spectrometry and HPLC were employed. All the peptides examined
in the studies wereg95% pure by HPLC, and high resolution mass
spectrometry confirmed high intensity peaks corresponding to the
molecular ion of the peptide for 9 and 10. Hence, it was concluded
that peptides 9 and 10 exhibit multiple conformations in solution.
Peptide 5 showed well-resolved TOCSY spectra in water and in
DMSO-d6. While there were some minor resonances, the TOCSY
spectrum could be assigned with major resonances. However,
NOESY/ROESY spectra did not indicate sequential or long-range
cross-peaks in the NH-NH region. The NH-CRH region showed
few sequential cross-peaks and no long-range cross-peaks. The total
number of ROEs observed was less than 20. Hence, the structure of
the peptide 5was not elucidated.Moreover, peptides 5, 9, and 10 did
not show any biological activity, suggesting that these peptides do not
have a significant percentage of stable, biologically active secondary
structure.

’DISCUSSION: DESIGN OF PEPTIDES

CD2�CD58 protein�protein interactions cover a surface
area of 1200 Å2. Mutagenesis studies indicated that the residues in
these F and C strands are important in binding of the CD2 to CD58
protein.25,26 Point mutation studies suggested that in human CD2
(hCD2), the Y86 to A86mutation (F strand) resulted in a significant
loss of binding of CD2 toCD58 (more than 1000-fold) while Y86 to
F86 mutation in the same region did not affect the binding. In the
crystal structure of the complex of CD2�CD58, there are 10 salt
bridges and 5 hydrogen-bonding interactions between CD2 and
CD58. Point mutation indicated that mutation of Y86 disrupted the
interaction between the proteins significantly. Thus, the F and C

strands of CD2 protein containing Y86 and aspartates are a good
epitope for the design of peptides (Figure 1). We proposed that in
our peptide design from CD2 protein sequence, if we retain the C
strand of CD2with D31, D32, and K34 residues that are close to the
hydrophobic region and the F strand with hot-spot Y86, the peptide
will mimic the native structure of the protein. On the basis of the
results mentioned above and our previous studies,19�22 we designed
a cyclized β-hairpin peptide assembling the two strands (residues
31�34 and 84�87) (Figure 1) for mimicking the CD2 interface
withCD58.Tomimic theβ-strand structure of theF andCstrands in
the designed peptide, β-hairpin structure with β-turn was used. It is
well-known that β-turns nucleate β-hairpin structures and determine
the structural stability of β-hairpin structures in model peptides.40 β-
Hairpins also form binding epitopes of protein�protein interac-
tions.44�49 In our previous studies we have designed β-hairpin struc-
tures with a Pro-Gly sequence in the peptide. In the present study we
wanted to introduce more rigid structures to nucleate the β-hairpin
structure in the peptide designed from the F and C strands of CD2
protein. A (D)-Pro-Pro sequence or a dibenzofuran moiety23 was
inserted to connect the two strands between D31 and D87. The
other end of the strand (K34-S84) was cyclized by main chain
cyclization to acquire a stable peptide structure (Figure 1, Table 1).
The use of (D)-Pro at the i + 1 position of a β-turn facilitates the
formation of type II0 or I0 turn. (D)-Pro-Pro sequences have been
shown to be strongβ-hairpin nucleators.24 TheDBFmoiety was also
used to stabilize theβ-hairpin structures.Thus, peptideswith (D)-Pro-
Pro and theDBFmoietywere used to stabilize the peptide sequences
designed from the F and C strands of CD2 protein. The designed
peptides are shown in Table 1. Different peptides were designed
based on the following criteria: (a) conformational constraints, (b)
orientation of F and C strand amino acids, (c) different lengths of F
and C strands. Peptides 5 and 6 have (D)-Pro-Pro sequence. Peptide
5 is a truncated form of peptide 6. Peptides 7�10 are analogues of 5
and 6 and contain the DBF moiety. To design peptides 7�10,
different orientations of the F and C strands were used. Peptides 7
and 8 contain anticlockwise orientation of F andC strands, whereas 9
and 10 contain clockwise orientation of sequence. To design the
control peptide, a 12-amino acid residue sequence was chosen from
the hot-spot region of CD2 (containing Y86),25,26 and the sequence
was reversed. Y86 and Y81 were replaced with Ala to generate the
control peptide (Table 1).

The peptides from the surface epitopes ofCD2protein (Tables 1)
canblock the adhesion interactionbetweenTcells and epithelial cells,
presumably by inhibiting CD2�CD58 mediated adhesion. We have
used cellular assays to evaluate the activity of these peptides to block
T-cell adhesion. Specifically, we have shown that these peptides could
inhibit (a) adhesion between Jurkat cells and Caco-2 cells and (b)

Table 2. Structural Parameters for the NMRRestrainedMD Simulated, EnergyMinimized Final Structures of Peptides 6, 7, and 8

parameter peptide 6 peptide 7 peptide 8

total no. of NOE/ROEs and cyclization constraints used for calculations 74 50 66

no. of intraresidue NOE/ROEs 43 30 40

no. of interresidue NOE/ROEs 31 20 26

no. of NOE violations >0.5 Å 0 0 0

Ramachandran Plot

no. of residues in favored region (%) 88 100 100

no. of residues in allowed region (%) 100 100 100

no. of outliers (%) 0 0 0

rmsd of backbone atoms (Å) of 10 structures compared to the average structure 0.38 ( 0.10 0.63 ( 0.09 0.52 ( 0.10
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E-rosette formation between Jurkat cells and sheep red blood cells50

and (c) suppress antigen-specific T cell response in LNC cells from
transgenic mice susceptible to develop arthritis.28�30 All the peptides

in the present studies are derived from the same region (F and C
strands) of CD2 protein. However, the cell adhesion activities of the
peptides varied over a wide range, depending on the number of
amino acids in the peptide and the arrangement of β-strands used in
the design. Peptides 6 and 7 showed inhibition of cell adhesion
activity with IC50 values in the nanomolar range, whereas 5, 8, 9, and
10 showed less than 20% inhibition activity even at 150 μMpeptide.
Furthermore, our observations with arthritis-susceptible humanized
mice and peptide 6 suggested that peptide 6 could suppress antigen-
specific T cell response in vitro in a recall response28,29 (Figure 4).
From these observations, one can speculate that peptide 6 derived
from CD2 not only inhibits adhesion of T cells to CD58 expressing
cells in amodel systembut also has the ability to suppressCII-specific
immune response. CD, NMR, and molecular dynamics simulations
along with the biological activity of the peptides clearly indicated that
stable secondary structure such as β-hairpin structure is necessary for
the biological activity of this peptide among the peptides studied. CD
studies clearly indicated a large negative band for peptide 6 with a
negativemaximum around 217 nm, which suggests a stable β-hairpin
secondary structure of the peptide in solution (Figure 5). Peptide 7
(Figure 5 insert) exhibited a negative band around 208 nm indicative
of β-hairpin/β-turn structure of the peptide in solution.34,51,52 NMR
studies suggested that peptides 6 and 7 exhibited several NOE/ROE
connectivities between the strands of the β-hairpin, indicating the
stable secondary structure of the peptide in solution. The chemical
shift index of CRHprotons clearly indicated a positive chemical shift
for more than 50% of residues in peptide 6 (Supporting In-
formation), suggesting the β-hairpin structure of peptide 6. It is
known that the heterochiral (D)-Pro-Pro unit is an extremely efficient
nucleator ofβ-hairpin structures andhas highpropensity to form type
II0 β-turns in peptides and proteins.24,40 In peptide 6, the (D)-Pro-Pro
segment of the peptide exhibited a type II0 β-turn. The peptides
reported in this study have similar sequences. However, subtle
changes in the sequence of amino acids in the peptide and clockwise
or anticlockwise direction of the conjugation of F and C strands or
introduction of DBF moiety seem to have significant impact on the
overall structure of the peptide and its biological activity. Peptides 5
and 9 have similar sequences except for (D)-Pro-Pro and DBF
moieties. Neither of these peptides showed stable major secondary
structure in solution nor did they exhibit inhibition of adhesion
activity. Peptides 6 and 10were similar in sequence with (D)-Pro-Pro
andDBFmoieties, respectively. Peptide 6 exhibited stable secondary
structure in solution as seen in CD and NMR results. Peptide 10
exhibited flexible structure with the existence of major and minor
conformers in solution. Peptides 5 and 7 had reversed sequences and
were constrained by different strategies. Peptide 7 exhibited stable
β-hairpin structure in solution and potent inhibition activity, whereas
peptide 5 exhibited flexible structure with no inhibition activity. The
CD spectrum of peptide 5 exhibited two negative bands around 220
and 208 nm, suggestive of a β-hairpin structure. However, NMR
studies indicated that the number of NOE constraints was less than
20, and theNH-NH region of theNOESY spectrumof peptide 5 did
not indicate any NOE cross-peaks. This suggests conformational
interconversion or a less stable β-hairpin structure. Peptide 5 also
showed resonances corresponding to the minor conformation in
NMR spectra. It is possible that peptide 5 undergoes conformational
interconversion via cis�trans isomerization of the X-Pro bond, since
the peptide contains two prolines. Peptides 8, 9, and 10 exhibited
negative CD bands around 200 nm, which was suggestive of flexible
structure. This was consistent with the biological activity of the
peptides, where peptides 8, 9, and 10 did not show potent cell
adhesion inhibition activity. On the basis of NMR and CD studies,

Figure 8. 500 MHz 2D NMR data for the peptide 7. (a) NH aliphatic
region of NOESY spectrum of peptide in DMSO-d6 at 298 K showing NH-
CRH connectivity. Sequential and long-range connectivities are shown. (b)
NH-NH region of NOESY spectrum of peptide 7. (c) Schematic diagram
showing the NOESY connectivity indicating the β-strand or β-hairpin struc-
ture of the peptide in solution. Observed NOEs are shown by dotted lines.
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molecular dynamics and energy minimization were carried out only
on peptides 6, 7, 8 and the possible three-dimensional structures of
these peptides were proposed. The proposed models were also
consistent with observed NMR data such as low temperature
coefficient of chemical shifts, relative large coupling constants
(>7.5Hz for peptides 6 and 7), and positive chemical shift deviations
for CRH protons which is indicative of β-hairpin structure of the
peptide. Peptides 6 and 7 exhibit β-hairpin structures stabilized by β-
turns. However, the β-hairpin was twisted in one of the strands. A
comparison of these β-hairpin structures of peptides 6 and 7with the
crystal structures of the F and C strands of CD2 protein is shown in
Figure 9a and Figure 9b. The overall structure of peptide 6 is similar
to the F and C β-strand structure of CD2 in the crystal structure of
the protein. Comparison of the backbone structure of the peptide
with crystal structure of the protein by overlapping of backbone
atoms indicated that therewas a kink at Asp7 in the peptide structure,
and hence, the backbone atoms of Asp6 and Asp7 did not overlap
with the protein structure. However, amino acids Ser1-Asp4 and
Asp8-Lys10 of peptide 6 overlapped with the F and C strands
(Figure 9a). The rmsdeviationof overlap ofCR atomsbetween theF
and C strands and peptide 6 was 0.5 Å for residues Ser1-Asp4 and
Asp8-Lys10. The hot-spot residue Y86 of the CD2 protein over-
lapped with Tyr3 in the peptide 6 structure. Overlapped structures of
peptides 6 and 7 with CD2 F and C strands are shown in Figure 9b.
Peptide 7 has the DBF moiety, and the sequence is anticlockwise
compared to peptide 6. Hence, an rmsd comparison of peptide 7
backbone atoms with F and C strands and peptide 6 was not
calculated. Figure 9b indicates that the overall structure of peptide7 is
similar to the crystal structure of the CD2 F and C strands, and the
important residue Tyr overlaps with Y86 of theCD2 crystal structure
and Tyr 3 in peptide 6. The stable β-hairpin structures of peptides 6
and 7, along with the fact that their three-dimensional structures are
comparable to the CD2 protein, suggest that these peptides mimic
the CD58 binding structure of CD2 and presumably bind to CD58
protein on Caco-2 cells and sheep red blood cells. Furthermore,
peptides 6 and 7 did not show any toxicity effects onCaco-2 cells and
T cells.

In our previous studies we have reported the cell adhesion
inhibition activity of peptides from CD2 F and C strands.21

However, peptides 2, 3, and 4 had Pro-Gly sequence to induce
the turn conformation instead of (D)-Pro-Pro as seen in peptide
6. Peptides 2, 3, and 4 exhibited nearly 80% inhibition activity in
the concentration range 30�90μM, and their IC50 values were in
the lower micromolar range (1�5 μM). Introduction of (D)-Pro-
Pro in the sequence (6) increased the potency of the peptide to
inhibit cell adhesion by nearly 150 times. To investigate such a
large change in IC50 value of peptide 6 compared to peptides 2
and 3, we overlaid the structures of 2 and 3with 6 as well as C and
F strands of CD2 protein (Figure 9c). The orientations of side
chains of Tyr and Lys that are important in protein�protein
interaction between CD2 and CD58 were compared in peptide
structures. The orientation of side chain of Tyr defined in this
study was based on number of NOE constraints and most
probable conformation of χ1 of Tyr observed during 300 K
MD simulation. In peptide 3 (Figure 9c, cyan), the side chain
orientation of Lys is different from the Lys orientation in peptide
6 (red) and the F and C strands of CD2 (green). The overall
backbone is bulged in peptide 3 near the Tyr residue compared
to peptide 6. In peptide 2 (Figure 9c, magenta), the Lys side
chain is cyclized, and thus, orientation of the side chain is
restricted and different compared to peptide 6 and F and C
strands of CD2. Furthermore, the Tyr side chain in peptide 3

Figure 9. Comparison of structures of peptides 6 and 7 with the F and
C strands of crystal structure of CD2 protein. (a) Peptide 6 backbone
overlapped with F and C strands of CD2 structure. CD2 is shown in blue.
Peptide 6 backbone is shown in green, and residues are shown as red
sticks. Note the overlap of similar residues in the crystal structure and in
peptide 6. (b) Overlap of backbone atoms of CD2 F and C strands with
peptides 6 and 7: F and C strands of CD2, blue; peptide 6, red; peptide 7,
magenta. Note that the tyrosine residue from the hot-spot region of CD2
protein overlapswith theTyr residue in theβ-hairpin peptides 6 and 7. (c)
Overlapping of peptide 6 (red) structure with F and C strands of CD2
protein (green), and peptides 2 (magenta) and 3 (cyan) from our
previous report. Note that Tyr of peptide 2 has a different orientation
than peptide 6 and F andC strands in crystal structure ofCD2 and that the
Lys side chain is cyclized in peptide 2 by side chain cyclization strategy.
Peptide 3 has Lys and Tyr (cyan) in different orientation compared to
peptide 6 and CD2 F and C strands. Sequence of peptide 2, cyclo(1,11)-
H-E1S2I3Y4D5P6G7D8D9I10K11-OH(side chain cyclization), and 3, cyclo-
(1,10)-E1I2Y3D4P5G6D7D8I9K.10
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(magenta) is oriented on the opposite side of the peptide
backbone compared to peptide 6. In peptide 6, Tyr and Lys side
chain orientation is similar to that in the F and C strands of CD2
crystal structure. We believe these conformational features along
with the stable, well-defined secondary structure of peptide 6 are
the reason for the enhanced cell adhesion activity of peptide 6.
On the basis of our cell adhesion inhibition studies and compar-
ison of peptide structures, we can conclude that the orientation of
side chains of important amino acids with respect to the back-
bone structures and the design of β-hairpin structure with proper
conformational constraints such as (D)-Pro-Pro sequence or DBF
moiety to attain a stable secondary structure that can mimic the
native protein structure (F and C strands of CD2 protein) are
important for cell adhesion inhibition activity of the peptides.

’CONCLUSIONS

Peptides were designed from the hot-spot β-strand region of
CD2 protein that is important in binding to CD58. Conformational
constraints were incorporated into the peptides by (D)-Pro-Pro or
the dibenzofuran moiety to nucleate β-hairpin structure in the pep-
tides. Cell adhesion inhibitory activities of the peptides were eva-
luated by two cell adhesion assays. Among the six peptides studied in
this series, peptides6 and 7 exhibited cell adhesion inhibition activity
with IC50 values in the nanomolar range. The structures of the
peptides studied by NMR and MD simulations suggested that
peptides 6 and 7 have a stable β-hairpin structure. Peptide 6 also
suppressed T cell response at nanomolar concentrations in cells
derived from an arthritis-susceptiblemousemodel that is relevant to
humans. Cell viability studies suggested that the designed peptides
are not toxic to the cells studied, and hence, these peptidesmay form
the lead compounds for designing potential cell adhesion inhibitors
to inhibit immune response.

’EXPERIMENTAL SECTION

Peptides. The control peptide (Table 1) was designed and synthe-
sized in the laboratory using the solid phase synthesis method.53,54 The
cyclic peptides were purchased from Aroztech, LLC (Cincinnati, OH)
or Polypeptide Laboratories (San Diego CA). The pure products were
analyzed by HPLC, electrospray ionization mass spectrometry (ESI-
MS), and high resolution mass spectrometry (HR-MS). HPLC chro-
matograms showed that the peptides were g95% pure.
Cell Lines/Cells. The human colon adenocarcinoma cell lines

(Caco-2) and the T-leukemia Jurkat cell line were obtained from the
American Type Culture Collection (Rockville, MD). Caco-2 cells were
maintained in minimum essential medium-R containing 20% FBS, 1%
nonessential amino acids, 1mMNapyruvate, 1% L-glutamine, and 100mg/L
penicillin/streptomycin. T cells were maintained in RPMI1640 (Gibco/
BRL, Bethesda, MD) supplemented with 10% FBS, 2 mM L-glutamine,
100 mg/L of penicillin/streptomycin, and 5 mg of bovine insulin in
500 mL of medium. Sheep red blood cells (SRBC) were obtained
from Colorado Serum Company (Denver, CO) and were prepared in
Alsevers solution.
Lymphocyte Epithelial Adhesion Assay. Caco-2 cells were

plated onto 96-well plates at approximately 1 � 104 cells/well. When the
cells reached confluency, the monolayers were washed once with MEM-R.
Jurkat cells were labeled the same day as the adhesion assay by loading with
2 μM fluorescent dye BCECF-AM at 37 �C for 1 h. Stock solution of
peptides were prepared by dissolving 2 mg of peptide in DMSO (in final
solution DMSO was less than 1%). Dilution of the peptide solution was
carried out by adding the appropriate volume of the medium. Peptide
diluted inMEM-Rwas added at various concentrations (0.0005�150 μM)

to Caco-2 cell monolayers. After incubation at 37 �C for 30min, the labeled
Jurkat cells (1 � 106 cells/well) were added onto the monolayers. After
incubation at 37 �C for 45 min, nonadherent Jurkat cells were removed by
washing three times with PBS, and the monolayer-associated Jurkat cells
were lysed by incubating with 2% Triton X-100 in 0.2 M NaOH for about
10 min. Soluble lysates were read with a microplate fluorescence analyzer
with emission wavelength 528 ((20) nm. Data are presented as relative
fluorescence or percent inhibition as described previously.50 Relative
fluorescence (FL) was found by reading the values of fluorescence intensity
corrected for the reading of background (cell monolayers only). Cells with
DMSO and only medium were used as controls.

Inhibition activity of the peptides was calculated by comparing it to
cells without peptide. GraphPad software was used to plot a dose�response
curve, and IC50 values were calculated using four-parameter-fit equation of
log of inhibitor concentration vs response assuming standard slope equal to
Hill slope. IC50 represented was an average of IC50 calculated from three
data sets. Statistical analysis of results from the cell adhesion assay was
carried out using Microsoft Excel. Peptides were grouped into 6, 7, and 5,
8�10 and compared with control peptide and within each group. P values
were compared for analysis.

Sheep red blood cells (SRBC) were pelleted by centrifuging about
15 mL of sheep blood in Alsevers solution at 200g for 7 min. The pellet was
washed three times with phosphate buffered saline (PBS), removing
supernatant and buffer coat on each wash. SRBC were then incubated with
four volumes of 2-(2-aminoethyl)isothiourea dihydrobromide (AET)
solution at 37 �C for 15 min. The cells were washed three times with
PBS and resuspended in RPMI 1640 containing 10% FBS to give a 10%
suspension. For use, this cell suspension was diluted 20-fold with RPMI
1640 (10% FBS). Peptide stock solutions were prepared by dissolving 2mg
of peptide inDMSO. Serial dilutions of peptides in PBS (0.0005�150μM)
were added to 0.2 mL of 0.5% (w/v) AET-treated SRBC and incubated at
37 �C for 30min. Then 0.2mLof Jurkat cell suspension (2� 106 cells/mL)
was added to the mixture and incubated for another 15 min. The cells were
centrifuged (200g, 5 min, 4 �C) and incubated at 4 �C for 1 h, after which
the cell pellet was gently resuspended and theE-rosettes were counted using
a hemacytometer. Cells with five or more SRBC bound were counted as
E-rosettes. At least 200 cells were counted to determine the percentage of
E-rosette cells. The inhibitory activity was calculated by using the equation
described previously.50

In Vitro T Cell Proliferation. Transgenic mice expressing func-
tional HLA-DQ8 (DQA1*0301/DQB1*0302)) molecules have been
characterized and described before.55 Mice used in this study were bred
and maintained in the pathogen-free Immunogenetics Mouse Colony of
Mayo Clinic. Pure native chick type II collagen (CII) was obtained by
multiple step purification described previously.56 HLA-DQ8Mice were
immunized with 200 μg of CII emulsified 1:1 with CFA (Difco, Lawrence,
KS) by injecting intradermally at the base of the tail. Ten days postimmu-
nization, draining popliteal, caudal, and lumbar lymph nodes were removed
and prepared for in vitro culture. LNCs (1� 106) were challenged in vitro
with or without native collagen. Inhibition experiments were done by
adding peptide 6 at four different concentrations (10�0.01μM) to the cells
challenged in vitro with CII at 50μg/mL.During the last 18 h the cells were
pulsed with 3H-thymidine (1 μCi/well). At the end of the assay, the cells
were harvested using a plate harvester, and incorporated radioactivity
was determined using an automated counter (Microbeta, Perkin-Elmer,
Waltham, MA) for T-cell proliferation.
Cell Viability Assay. Peptides that exhibited potent cell adhesion

inhibition activity on Jurkat-Caco-2 adherence were tested by CellTiter-
Glo assay (Promega Corporation, Madison, WI)31 to determine if their
effects were due to toxicity. The cell viability of Caco-2 cells and Jurkat
cells was determined in the presence of peptides. Stock solutions of
peptides 6 and 7 were prepared in DMSO and diluted with serum-free
medium to obtain the desired concentration. Different concentrations
(200�0.1 μM) of peptide were added to Caco-2 cells and incubated for



5317 dx.doi.org/10.1021/jm200004e |J. Med. Chem. 2011, 54, 5307–5319

Journal of Medicinal Chemistry ARTICLE

2 and 3 h (which is more than themaximum time of exposure of Caco-2/
Jurkat cells during the adherence assay). After the compounds were
incubated with cells, the wells were washed with PBS, and 100 μL of
CellTiter-Glo reagent was added to cells containing 100μLofmedium.The
plates were equilibrated for 10 min, and luminescence from the cells with
and without the compounds was read on a Biotek microplate reader using
blank, cells with 0.1% SDS, and cells with 1% DMSO. The luminescence
values obtained at each concentration (triplicates for each run and two
independent runs were carried out) were averaged and adjusted by
subtraction of blank values (wells without cells). Similar studies were
carried out on Jurkat cell suspensions. (Jurkat cells are nonadherent cells,
and hence, studies were performed in Eppendorf tubes. For washing steps,
centrifugation was used. In the final step of the assay microplate was used.)
Cell viabilities were calculated.
Circular Dichroism Spectroscopy. Samples for circular dichro-

ism (CD) were prepared by dissolving 0.5 mg of peptide in 1 mL of
deionized water. CD spectra were collected in a JASCO J-815 spectro-
photometer flushed with nitrogen and equipped with temperature control.
All the CD spectra were collected at 298 K. CD spectra of the samples were
collected at 320�190 nm using a 1 mm path length rectangular quartz cell.
Each spectrum was the average of four scans (in the case of peptide 9,
because of the nature of the spectrum, 10 scans were accumulated) taken at
a scan rate of 50 nm/min with a spectral bandwidth of 1 nm. Spectra were
obtained at different concentrations of the peptide, and the spectrum of the
peptide at 0.5 mMwas used for representation. For the final representation,
the baseline was subtracted from the spectrum.
NMR Spectroscopy.NMR studies of the peptides were carried out

in two solvents, water and dimethylsulfoxide because of the limited
solubility of peptides 7, 8, and 9 in water. The samples of peptides in
water were prepared by dissolving 2 mg of the peptide in 0.7 mL of 90%
H2O/10% D2O. Samples in DMSO were prepared by dissolving 2 mg of
the peptide in deuteratedDMSO(DMSO-d6).NMRspectrawere collected
using a 500 MHz Varian NMR spectrometer equipped with a variable
temperature probe. Spectra inwaterwere acquired from288 to 308Kunless
otherwise specified. 2D NMR data of the peptides were collected at the
temperature at which 1D NMR spectra exhibited well-resolved amide
resonances. TOCSY,36 NOESY,37 DQF-COSY,39 and rotating frame
nuclear Overhauser spectroscopy (ROESY)38 experiments were performed
by WATERGATE pulse sequence. NMR spectra were processed using
NMRPipe57 and analyzed by SPARKY58 software. Assignment of the spin
systemwas carried out using the TOCSY and DQF-COSY spectra for each
peptide. Cross-peaks from NOE/ROE were classified as strong, medium,
andweak based on intensities andwere converted into distances (NH-CRH
(i, i), 1.9�3.0 Å; NH-CRH (i, i + 1), 2.0�3.6 Å; all others, 2.0�5.0 Å).
One-dimensional temperature-dependent NMR experiments were carried
out from 293 to 308 K for DMSO-d6 samples.
Structure Calculations from NMR Data Using Molecular

Dynamics and EnergyMinimization. Structure calculations of the
peptides were performed on a Linux platform computer using Insight II
software (Accelrys Inc., San Diego, CA). Linear structures of the peptides
were built using Insight II, and NMR restraints were applied. For cyclizing
the peptide, N-to-C terminal constraint was used (1.4 Å for peptide bond).
A 300 K MD simulation59,60 with NMR constraints was performed to
cyclize the peptide structure. The resulting structure was energy minimized
using the steepest-descent method for 100 steps and was subjected to a
simulated annealing procedure. MD simulations of the peptide were
performed at 900 K for 10 ps, and several structures from the history file
were randomly selected. These structures were subjected to MD simula-
tions for 5 ps, and the temperature of the systemwas reduced by 100K steps
from 900 K. After the simulations reached 300 K, the peptide structure was
soaked with a 10 Å layer of water molecules and subjected to 20 ps MD
simulations at 300 K with NMR restraints. From the history file of 300 K
MD simulations, a plot of energy vs time was obtained and at least 10�12
low energy structures of the peptides were chosen for finalminimization. An

average structure was also chosen from the 300 K dynamics. For each
peptide a total of 80�100 structures were chosen from simulated annealing
procedure. These 80�100 structures were energy-minimized using the
steepest descent and conjugate gradient methods until the rmsd was
0.5 kcal/mol. The structures were verified for NMR-derived distances,
and 15�20 of the structures that were consistent with NOE/ROE data
were chosen for the final representation. Structures were also validated with
Molprobity for bond length and bond angle deviations as well as for
Ramachandran plot analysis.61,62 The rmsd of the backbone atomswere cal-
culated by superimposing 10 low energy structureswith an average structure
in that family.
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’ABBREVIATIONS USED

AET, 2-aminoethylisothiouronium hydrobromide;APC, antigen
presenting cell; BCECF-AM, bis-carboxyethylcarboxyfluorescein ace-
toxymethyl; BSA, bovine serum albumin;Caco-2, colon adenocarci-
noma;CFA, complete Freund’s adjuvant;CII, collagen type II;CSD,
chemical shift deviation;DBF, dibenzofuran;DSS, 4,4-dimethyl-4-
silapentane-1-sulfonic acid; ESI-MS, electrospray ionization mass
spectrometry; LNC, lymph node cells;MD, molecular dynamics;
NK, natural killer; pMHC, peptide�major histocompatibility com-
plex; ps, picosecond; PPI, protein�protein interactions; rmsd, root-
mean-square deviation; SDS, sodium dodecyl sulfate; SRBC, sheep
red-blood cells; TCR, T cell receptor

’ADDITIONAL NOTE

Three-letter abbreviations are used for amino acids in peptides and
single-letter codes are used for amino acid residues in proteins in
the text.
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