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Modulation or inhibition of interaction of cluster of differentiation (CD) adhesion molecules CD2-CD58
has been shown to be therapeutically useful. The analysis of the crystal structure of CD2 complexed with
CD58 was carried out to define the epitopes that are important for the interaction of the two proteins. The
crystal structure of CD2 indicated that the interaction surface of CD2 with CD58 has twoâ-strand structures
(F and C strands) with charged residues. On the basis of the crystal structure of the complex CD2-CD58,
we have designedâ-hairpin peptides from theâ-strand region of CD2 by conjugating the discontinuous
sequences in the protein. The peptides were modeled by molecular dynamics simulation, and their inhibitory
activities were evaluated in vitro using two heterotypic cell adhesion assays, E-rosetting and lymphocyte-
epithelial cell adhesion assays. Results indicated that 12- and 14-residue conjugate cyclic peptides cKS12
and cDD14 exhibited 60% and 50% inhibition activity, respectively, at 90µM.

Introduction

The cluster of differentiation (CDa) pair CD2-CD58 is an
important adhesion molecular complex under investigation for
immunological synapse formation between the T cell and the
target cell.1-4 Both CD2 and its ligand, leukocyte function
associated antigen 3 belong to the immunoglobulin superfamily
(IgSF).5,6 The interaction between CD2 and CD58 is believed
to augment the adhesion between the T cell receptor-major
histocompatibility complexes (TCR-MHCs).2 The adhesion
between CD2 and CD58 causes a costimulatory signal in the T
cell that amplifies the primary signal caused by the TCR-MHC.
The affinity of the TCR-MHC is known to increase by 30- to
50-fold in the presence of CD2-CD58 interaction compared
to the absence of the interaction. These findings make CD2 and
CD58 molecules attractive targets to understand the mechanism
of immunological synapse and autoimmune diseases.7-9 The
extracellular portion of the CD2 molecule can be divided into
three regions via epitope mapping. Monoclonal antibodies
directed against CD2 inhibited adhesion or modulated T cell
activation, depending on the region of the epitope. In vitro
studies suggested that anti-CD2 blocking antibodies inhibited
T cell activation when added to mixed lymphocyte reaction.
Inhibition of the CD2-CD58 interaction has important implica-
tions in controlling immune responses in autoimmune dis-

eases.10,11Therefore, molecules designed to inhibit CD2-CD58
interaction may function as immunosuppressants. There are
several reports of modulation of CD2-CD58 interactions for
therapeutic use. The hybridoma cells producing mouse anti-rat
CD2 mAb (OX34, IgG2a) treatment can prevent the induction
of arthritis12 and prolong graft survival, acting synergistically
with cyclosporine.13 BTI-322, formerly known LO-CD2a, a rat
monoclonal IgG2bκ directed against the CD2 antigen on T cells
and NK cells, blocks primary and memory alloantigen prolifera-
tive responses in vitro.14 Studies showed that it is a safe and
effective agent for prevention of rejection in renal allograft
recipients,15 kidney allograft rejection,16 and acute graft versus
host (GVH) disease. Blockade of CD2 was recently reported
to be partially effective in severe psoriasis by using MEDI-507
(siplizumab), a humanized IgG1k anti-CD2 antibody.17 Another
biological agent, alefacept, directed against CD2 is a selective
immunomodulating, antipsoriatic drug that blocks the CD2-
CD58 interaction necessary for the activation and proliferation
of memory effector T cells. It is a recombinant human CD58-
Ig fusion protein, effectively binds to CD2, and prevents its
interaction with CD58 expressed on APCs, thereby inhibiting
T cell activation in vitro and in vivo.18 Alefacept has been shown
to be efficacious in a limited number of patients with psoriatic
arthritis (PsA), a partly debilitating disease that may affect small
and large joints and the spine.19

However, therapeutic antibodies are huge protein molecules
and nonhuman in origin. These often elicit significant side
effects attributed to their immunogenicity. They are also
susceptible to enzymatic degradation. To circumvent these
problems, one approach is to design short peptides or small
molecular mimics that will bind to critical areas in target proteins
and, like antibodies, will interfere with their activity. In our
previous work we have shown that peptides designed from the
â-turn region of CD2 could modulate CD2-CD58 interac-
tions.20,21 The peptides reported in our previous studies were
from continuous epitopes of CD2 protein. The crystal structure
of CD2 indicated that the interaction surface of CD2 with CD58
has twoâ-strand structures (F and C strands) with charged
residues (Figure 1). Theâ-strands (Figure 2) consist of eight to
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nine amino acid residues.8,22,23Here, our study was undertaken
to design small peptides from CD2 that are from discontinuous
epitopes to modulate CD2-CD58 interaction and to evaluate
their cell adhesion inhibitory activity. These are a new series
of peptides from theâ-strand regions F and C of CD2 and are
designed by conjugating the discontinuous sequences from CD2.
Our results indicated that the conjugate peptides designed were
able to inhibit E-rosette formation between the Jurkat cell and
sheep red-blood cells (SRBC) and to inhibit adhesion between
the Jurkat cell and Caco-2 cells.

Results

Preliminary Evaluation of the Structures of the Peptides
by Modeling. Peptide epitopes in the native protein acquire a
particular 3D structure to interact with other proteins. However,
when the amino acid sequence of these epitopes is used for the
design of peptides for biological activity, their 3D structures
may not be the same as in the native protein. Theâ-strand
peptides designed from CD2 were evaluated using molecular
modeling methods to correlate their structure-activity relation-
ship. The crystal structure of CD2 indicated that the interaction
surface of CD2 with CD58 has twoâ-strand structures (F and
C strands) with charged residues. Theâ-strands consist of eight
to nine amino acid residues. Close examination of the CD2
crystal structure indicated that the F and C strands are
discontinuous in sequence (residues 29-36 and 82-89) but are
spatially close and form antiparallelâ-sheets (Figure 1) that
are 5 Å apart. We hypothesized that conjugation (covalent
linking) of these two discontinuous epitopes in small peptide
analogues could be useful in modulating CD2-CD58 interac-

tion. Two series of conjugate peptides were designed, one with
linear sequences (lDD12, lDD14, lKS12, lKS14) and the other
stabilized by the disulfide bridge at the C and N termini to retain
the â-sheet conformation.

During conjugation of the peptide sequences, different
possible orientations between the two strands and different
linking points were considered. The length of theâ-strands was
varied by changing the number of amino acids in the peptide
structure. For example, the peptide lDD12 was designed by
choosing six amino acids from the C strand (I30 to W35) and
the F strand (V83 to T88). (Throughout the manuscript, single-
letter codes for amino acids are used.) The peptide lDD14 was
designed by choosing seven amino acids from the C strand (I30
to E36) and the F strand (K82-T88). lDD14 has two additional
amino acids compared to lDD12. The two strands were linked
by a peptide bond. The cyclic versions of these peptides were
designed with a disulfide bond by introducing a Pen residue at
the N terminal and a Cys residue at the C terminal of the peptide
by replacing the terminal residues. The two strands were
connected by a peptide bond on one side and a disulfide bond
on the other side. The cyclic peptide cDD14 has a larger ring
size than cDD12 (parts i and ii of Figure 2B). The designed
peptides are shown in Table 1 and Figure 2B. In each of these
peptides the effectiveness of preserving the molecular structure
by different types of linking was evaluated by molecular
modeling. The four cyclic peptides (cDD12, cDD14, cVW12,
and cVW14) were constructed using InsightII software (Accelrys
Inc., San Diego, CA), and 10 ps molecular dynamics simulation
was carried out to investigate the different possible conforma-
tions the peptide could acquire. As shown by preliminary MD
calculations, most structures displayed a stable conformation

Figure 1. (A) Ribbon diagram of crystal structure of hCD2-hCD58
(LFA-3) complex showing different strands ofâ-sheet. The proposed
energetic hot spot and its surroundings in the hCD2-hCD58 interface
is shown. (B) CD2 ribbon with the indication of intrastrand hydrogen
bonding between C and F strands. Residues from CD2 that are important
in the interaction of CD2-CD58 are shown in color. The residues
labeled in white font mark the residues inâ-strands. For clarity, only
important side chains are shown. The broken lines represent hydrogen
bonds.

Figure 2. Design of peptides: (A) F and Câ strands from CD2 crystal
structure; (B) peptides from the discontinuous epitopes of the CD2
protein. The residues in this region are important in binding to CD58.
Note that in the cyclic peptides, the two strands are joined by peptide
bond or disulfide bond (i-vi). Thin arrows indicate the direction (from
N to C terminal) of the peptide sequence.
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with aâ-strand structure except peptide cVW14. Peptide cVW14
exhibited a flexible structure indicated by the significant
difference between the average conformation and the one with
minimum energy conformation (Figure 3). It showed a loop
conformation instead of aâ-strand conformation. The peptide
cDD12, which has clockwise linkage between the strands,
exhibitedâ-hairpin conformation. A comparison of the overall
structure of the MD derived structure with the structure of a
similar sequence fragment in the CD2 crystal structure was
carried out. The backbone rmsd between the peptide cVW12
and the structure of the same sequence region in the native
protein was 1.89 Å. Peptides cDD12 and cDD14 showed an
rmsd of 2.9 and 2.0 Å with the similar fragments in the CD2
crystal structure, respectively (Figure 4). The peptide cVW14
showed a maximum rmsd of 3.33 Å with its native crystal
structure. This was very clear from the flexible nature of the
cVW14 structure. Thus, molecular modeling studies suggested
that cyclic peptides designed fromâ-strand regions of CD2-
CD58 may acquire the same conformation as in the native
protein and hence act as good scaffolds for inhibition of CD2-
CD58 interaction.

To test the above hypothesis that peptides designed from
discontinuous epitopes act as inhibitors of cell-cell adhesion
interaction, two model cyclic peptides (cDD14 and cDD12), as
well as the linear version of the same peptides without the
residues Cys and Pen, were synthesized (Table 1). Since cVW14
showed flexible structure, its reverse sequence peptide cKS14
and its 12 amino acid analogue cKS12 were designed (parts v
and vi of Figure 2B). Their linear analogues were also
synthesized and investigated for inhibitory activity.

Inhibition of CD2 -CD58 Interaction by the Model Pep-
tides. The biological activity of the peptides was evaluated by
two inhibition assays. The first method, E-rosetting, was carried
out to test the biological activity of peptides.20,24E-rosetting is
the most widely used method to identify T cells showing CD2-
CD58 interaction. Sheep red blood cells express sheep CD58
protein, while Jurkat leukemic T cells express CD2 protein on
their surfaces (confirmed by a flow cytometry assay; data not
shown). The binding of Jurkat cells to sheep red blood cells
due to CD2 and CD58 interaction results in the formation of
E-rosettes. The ability of each of the designed CD2 peptides to
inhibit CD2-CD58 interaction was evaluated by inhibition of
E-rosette formation between Jurkat cells and sheep red blood
cells.

Preincubation of sheep red blood cells with T cells with
human CD2 derived peptides, but not with a control peptide,

resulted in a concentration-dependent inhibition of E-rosette
formation (Figure 5). It was observed that all cyclic peptides in
this series exhibited 10-20% higher inhibitory activities than
the linear peptides. This validates our hypothesis that the
cyclization would help short peptides maintain secondary
structure as observed in a similar sequence from the CD2 protein
crystal structure.

In the series peptides that were derived from clockwise
linkage, the linear peptide lDD12 exhibited higher inhibitory
activities than the linear peptide lDD14 (about 5% higher at
the highest dosage tested). The cyclic version of these peptides,
cyclic peptide cDD12, exhibited about 30% activity, and cDD14
exhibited 40% inhibition activity at 200µM in the E-rosetting
assay.

However, in the series of peptides that were generated from
anticlockwise linkage, the same trend was found in both linear
and cyclic peptides. The linear peptide with 12 amino acids,
lKS12, showed higher inhibition activity (35%) than 14 amino
acid residue peptide lKS14 (15%). Among the cyclic peptides,
the smaller cyclic ring size (peptide cKS12, 46%) showed higher
inhibitory activity than the larger cyclic ring size (peptide
cKS14, 25%). In addition, the peptide cKS12 was potent
(exhibiting about 45% activity at 200µM in the E-rosetting
assay) compared to the peptide cDD14 in inhibiting the cell-
cell interaction, indicating that the effect of reversing the
sequence of peptide (of cWV12) may change the conformation
of the peptide resulting in a conformation that mimics the native
structure of the peptide epitope in the CD2 protein crystal
structure. As a positive control, antibody to CD58 was used.
The antibody showed 100% inhibition at 5µM concentration
or less.

As a second method, inhibition of adhesion between Caco-2
cells and Jurkat cells was used to evaluate the biological activity
of the designed peptides.20,25Caco-2 cells express human CD58,
while Jurkat cells express human CD2 protein; thus, the
inhibitory activity observed between Caco-2 cells and Jurkat
cells provides evidence that the peptides designed from CD2
can inhibit the heterotypic cell adhesion by the hCD2-hCD58
pathway. By use of fluorescently labeled Jurkat cells, the
inhibitory activities of designed CD2 peptides were measured
and fluorescence changes were observed with and without
peptide addition. This heterotypic adhesion assay is much more
sensitive than E-rosetting because of the measurement of
fluorescence.25 The activities of the peptides from CD2 in the
heterotypic cell adhesion assay are shown in Figure 6 along
with a control peptide. Linear peptides lDD12 and lDD14
exhibited 25% and 30% inhibition activity, respectively. The
cyclic peptide cDD14 showed 50% activity at 90µM, while
cKS12 was the most potent among these peptides, showing 60%
inhibitory activity at 90µM in this assay. The trends in the
inhibitory activity of peptides were similar to those obtained
with the E-rosetting assay.

Statistical analysis of the data using SPSS software indicated
that all the peptides showed significant difference with negative
control in both assays (p < 0.05). All the cyclic peptides showed
significant enhanced activity compared to their linear counter-
parts at 200µM in the E-rosetting assay. For the lymphocyte
epithelial assay, similar results were obtained except for lDD12
and cDD12. Linear and cyclic peptides lDD12 and cDD12 did
not show significant difference in inhibition activity at 90µM
in the lymphocyte-epithelial adhesion assay. Positive control
CD58 antibody showed nearly 100% inhibition at 5µM
concentration or less. Hence, statistical comparison was not
made between the antibody and the peptide described above.

Table 1. Peptides Designed from theâ-Sheet Region of Human CD2
Protein That Forms the Interface of CD2-CD58 Complex in the Crystal
Structurea

code sequenceb

lDD12 I30-D-D-I-K-W35-V83-S-I-Y-D-T88

cDD12 cyclo(1, 12)-Pen-D31-D-I-K-W35-V83-S-I-Y-D87-C-OH
lDD14 I30-D-D-I-K-W-E36-K82-V-S-I-Y-D-T88

cDD14 cyclo(1, 14)-Pen-D31-D-I-K-W-E36-K82-V-S-I-Y-D87-C-OH
cVW12c cyclo(1,12)-Pen-S84-I-Y-D-T88-I30-D-D-I-K34-C-OH
cVW14c cyclo(1,14)-Pen-S84-I-Y-D-T-K 89-D29-I-D-D-I-K 34-C-OH
lKS12 W35-K-I-D-D-I 30-T88-D-Y-I-S-V83

cKS12 cyclo(1, 12)-Pen-K34-I-D-D-I30-T88-D-Y-I-S84-C-OH
lKS14 W35-K-I-D-D-I-D 29-K89-T-D-Y-I-S84-V83

cKS14 cyclo(1, 14)-Pen-K34-I-D-D-I-D29-K89-T-D-Y-I-S84-C-OH

a Refer to Figure 2B for covalent structure of the peptide.b The sequence
number (subscript) refers to the sequence number in human CD2 protein.
Note that all the peptides are derived from the same region; however, the
chain direction during conjugation is different. Pen refers toL-penicillamine
(L-â,â-dimethylcysteine).c Peptides cVW12 and cVW14 were designed and
not synthesized.
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Cell Viability Assay. The MTT assay, an index of cell
viability and cell growth, is based on the ability of viable cells,
not dead cells, to reduce MTT from a yellow water-soluble dye
to a dark-blue insoluble formazan product by mitochondrial
enzymes associated with metabolic activity.26 The assay has
been widely used in cell proliferation assays, cytotoxicity
analyses, and apoptosis screening. To examine the toxicity of
the designed peptides, the ability of the peptides to inhibit the
growth of human Caco-2 cells and Jurkat cells was assessed in
this assay. The results showed that the Caco-2 monolayers or
Jurkat cells incubated with the highest dose of peptides for fixed

periods, which were used in the lymphocyte-epithelial adhesion
assay, did not display any significant inhibition of the cell
viabilities (Figure 7). Therefore, the peptides used in this study
were not toxic to the cells, indicating that the mechanisms of
the two cell-based adhesion assays may be due to the blocking
of CD2-CD58 interaction by these peptides.

Peptides from CD2 Do Not Interfere with ICAM-1/LFA-1
Adhesion.Besides the CD2-CD58 interaction for cell adhesion,
â2 integrin LFA-1 and its ligand ICAM-1 (the principal ligand
ICAM-1) contribute to the cell adhesion mechanism for im-
munological synapse formation. These interactions stabilize the
interaction between T cells and APCs and provide costimulatory
signals.5,6 Caco-2 cells express ICAM-1 protein (data not
shown). We presume that peptides from CD2 inhibit cell
adhesion by inhibiting CD2-CD58 interaction and not LFA-
1-ICAM-1 mediated adhesion. To help ascertain this mechanism,
we performed the Jurkat cell immobilized ICAM-1 adhesion
assay in which the cell adhesion is mediated by LFA-1/ICAM-1
interaction. As shown in Figure 8, the Jurkat immobilized
ICAM-1 adhesion was significantly inhibited by the CD54
monoclonal antibody (mAb) compared to the control (blank).
Cyclic peptides designed from CD2, namely, cDD14 and cKS12,
did not inhibit ICAM-1-LFA-1 mediated adhesion.

Figure 3. Average (left) and minimum energy (right) conformations of designed CD2 peptides after molecular dynamics simulation in vacuum
and energy minimization.

Figure 4. Comparison of the average conformations of designed CD2
peptides after molecular dynamics simulation (purple) with the similar
peptide sequence in the crystal structure of hCD2 protein (gray). The
numbers in the parentheses give the rms deviations of the backbone
atoms (in Å) between the two structures.

Figure 5. Inhibition of E-rosette formation by synthetic peptides
derived from CD2 protein. Peptides were added to AET-treated sheep
red blood cells (expressing CD58 protein) first, and then an equal
amount of Jurkat cells (expressing CD2 protein) was added later. Cells
with five or more SRBCs bound were counted as rosettes. Values are
% inhibition of peptide-treated cells and expressed as the mean of three
independent experiments.
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Circular Dichroism Studies. The circular dichroism spectra
of the peptides were recorded in water. The linear peptides
lDD12, lDD14, lKS12, and lKS14 (Figure 9) showed a negative
band below 200 nm, which suggests the possibility of an open
or unordered conformation. The cyclic versions of these peptides
(cDD12, cDD14, cKS12, cKS14) each exhibited a negative band
around 202-204 nm, indicating the possibility of a type Iâ-turn
conformation (Figure 9).27,28The cyclic peptide cDD14 exhibits
a negative band at 203 nm and a negative shoulder around 200
nm, suggesting the possibility of aâ-strand structure.

Free Molecular Dynamics Simulations of the Model
Peptide. Among the peptides studied, peptide cKS12 showed

nearly 60% inhibition activity at 90µM in the lymphocyte-
epithelial inhibition assay. To understand the stability of peptide
conformation and to correlate the conformation with biological
activity, the internal mobility of the model peptide was studied
using molecular dynamics simulations. MD studies were carried
out on cKS12 model peptide for 200 ps in a water cell. An 8 Å
water layer was used during the simulation, and the first 40 ps
of the simulation time was excluded for structural analysis.

The mobility of backbone atoms was analyzed during the
course of simulation for evaluating the flexibility of the peptides.
The backbone torsion angles (æ, ψ) in the two loops (residues
5-8 and 9-12) showed that the peptides did not exhibit large

Figure 6. Inhibition of lymphocyte-epithelial adhesion by synthetic peptides derived from CD2 protein. Peptides were added to the confluent
Caco-2 monolayer, and then the BCECF labeled Jurkat cells were added to the mixture. After incubation for 45 min at 37°C, nonadherent Jurkat
cells were removed by washing with PBS and the monolayer associated Jurkat cells were lysed with Triton X-100 solution. Soluble lysates are
transferred to 96-well plates for reading in a microplate fluorescence analyzer. Values are shown as the % inhibition of peptide-treated cells and
expressed as the mean of three independent experiments.

Figure 7. Cell viabilities of Caco-2 monolayers and Jurkat cells treated with synthetic peptides. MTT assay was applied to examine the cytotoxicity
of peptides to the Caco-2 cells and Jurkat cells during the lymphocyte-epithelial adhesion assay. All samples were assayed in four independent
assays, and the mean for each experiment was calculated.
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variation from the mean structure or the structure from restrained
MD. This was also pronounced for the region corresponding to
the â-strand (residues 2-5). Inspection of the Ramachandran
plots of the MD trajectory ofΦ, ψ values of residues revealed
that the conformation (Supporting Information) of the peptide
did not change significantly during dynamics.

Discussion

Design of Peptides.As previously noted, the crystal structure
of the CD2-CD58 complex indicated that the interaction surface
of CD2 with CD58 has twoâ-strand structures (strands F and
C) with charged residues.8,22,23Theâ-strands span eight to nine
amino acid residues. These F and C strands are discontinuous
in sequence (residues 29-36 and 82-89) but spatially close
and form an antiparallelâ-sheet (Figures 1B and 2) in which
strands are placed apart at 5 Å distance. The residues in these

strands have been shown to be important in binding of the CD2
to CD58 protein using mutagenesis studies. Most of the
energetics for interactions between the two proteins come from
the salt bridges and hydrogen bonds. Ten salt bridges and five
hydrogen bonds were found in the crystal structure of the CD2-
CD58 complex at the interface.8 The only hydrophobic contact,
from the CD2 side, involves the packing of the aromatic ring
of hCD2 Y86 with the aliphatic portion of hCD58 K34. Point
mutation studies suggested that in hCD2, the Y86 to A86
mutation (F strand) resulted in a significant loss of binding of
CD2 to CD58 (more than 1000-fold), while Y86 to F86 mutation
in the same region did not affect the binding. Theε-amino group
of K34 of CD58 is involved in hydrogen bond formation to
D32 of CD2, which helps K34 maintain itself in an extended
conformation, thereby ensuring the formation of the small
hydrophobic core. This region is identified as the energetic hot
spot of the CD2-CD58 interaction.8 The aromatic rings of Y86
in CD2 and F46 in CD58 create a small but critical hydrophobic
core in the CD2-CD58 interface, which is important to the
cation-π interaction between the CD2 Y86 aromatic ring and
the positively chargedε-amino group of CD58 K34. Thus, we
proposed that in our peptide design if we retain the C strand
with D31, D32, and K34 residues that are close to the
hydrophobic region (CD2 and CD58 both have K34 residue)
and retain 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,20,21 we proposed that a cyclizedâ-hairpin peptide
assembling the two strands (residues 30-36 and 82-88) would
be a suitable model for mimicking the CD2 interface with CD58.
Stabilization and linkage of the two strands were achieved by
the disulfide bridge at the C and N termini. From a survey of
â-sheets from a set of 928 nonredundant protein structures,29

the mean Câ-Câ distances between hydrogen-bonded and non-
hydrogen-bonded pairs of residues in adjacent strands were 4.82
( 0.58 and 5.37( 0.56 Å, respectively, while the average Câ-
Câ distance in disulfide-bonded cysteines was 3.84 Å. Therefore,
the Câ atoms of opposing residues on antiparallel strands are
normally too far apart for disulfide bond formation to effectively
reproduce the conformation of theâ-strand structure. Nonethe-
less, disulfide cross-links are sometimes found between cysteines
in the non-hydrogen-bonding register inâ-sheets.30,31Thus, we
chose to introduce a cyclic constraint between the C and F
strands without modifying the CD2 bioactive conformation and
minimum peptide main chain length by varying the number of
amino acids in each strand. For the conjugation of the C and F
strands, several parameters were considered: (i) residues that
are important for CD58 binding, (ii) minimum number of amino
acids required for activity, (iii) a change of the backbone
orientation by reversal of the sequence, (iv) cyclization by
disulfide bond and peptide bond at the two ends ofâ-strands F
and C, and (v) variation in the ring size of the cyclic structure.
Introduction of disulfide bonds generated two types of struc-
tures: (a) peptides that have a disulfide bond near D87 and
D31 and (b) peptides that have a disulfide bond near S84 and
K34. The disulfide bridge was generated by introducing
penicillamine (Pen) at the N terminal and Cys at the C terminal
(Figure 2B). Peptide cDD12 consists of important residues D31,
D32 K34, and Y86 and has 12 amino acid residues (part i of
Figure 2B). The two strands were joined by a peptide bond at
W35-V83 and by a disulfide bond near the D31, D87 end with
Pen at the N terminal. Since the N terminal starts at residue
D31 and the C terminal is at D87, it is considered as clockwise
cyclization. To evaluate the effect of cyclic ring size on the

Figure 8. Effect of CD2 peptides on ICAM-1-LFA-1 adhesion.
Inhibition of Jurkat cells binding to rhICAM-1 coated on the plates is
shown in the figure. The ICAM-1 antibody shows inhibition of Jurkat
cells to the ICAM-1 coated plate, whereas peptides from CD2 do not
show inhibition.

Figure 9. Circular dichroism spectra of (A) lDD12, cDD12, lDD14,
and cDD14 and of (B) lKS12, cKS12, lKS14, and cKS14 at pH 7 at
250 µM in water. The legend for different peptides is shown in the
figure.
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conformation of the peptide and the biological activity, a larger
cyclic ring size with 14 amino acids, cDD14, was designed (part
ii of Figure 2B). To examine in which type of linkage and
cyclization the peptides would keep the antiparallelâ-sheet
conformation of native-like protein, two more cyclic 12- or 14-
mer peptides were designed by introducing disulfide bonds near
the K34 and S84 terminals of the C and F strands (cVW12 and
cVW14). To change the backbone orientation of the peptides,
the sequences of the peptides were reversed by introducing Pen
at K34 (N terminal) and Cys at S84 (C terminal), generating
the peptides cKS12 and cKS14. Since these peptide sequences
were reversed (compared to the other peptide described above),
the peptides cKS12 and cKS14 were considered as anticlockwise
cyclization (parts v and vi of Figure 2B). Corresponding linear
peptides (lDD12, lDD14, lKS12, and lKS14) were designed to
compare the activity of linear and cyclic peptides. Molecular
dynamics studies suggested that larger ring size peptide cVW14
conformation did not resemble the native structure of the CD2
epitope. Thus, peptides cVW12 and cVW14 were not synthe-
sized for evaluating biological activity.

Here in our study, we utilized the pharmacophore information
(hot spot Y86 and other important residues D31, D32, and K34)
and three-dimensional structure information (antiparallelâ-sheets)
from CD2 C and F strands in the binding of CD2 to CD58. In
addition, the distance between the two strands is around 5 Å,
which is about the distance of a two amino acid residue linkage
suitable for disulfide bond formation. Our concept is entirely
conformation-based with the hypothesis that a peptide with
incorporation of important residues and cyclization of the peptide
by linking the peptide backbone in one terminal by peptide bond
and a disulfide bridge in the other terminal would mimic the
native CD2 interface that interacts with CD58.

Biological Activity. The inhibitory activities of peptides
designed to modulate/block CD2-CD58 interaction were
studied by E-rosetting and the lymphocyte-epithelial adhesion
(Figures 5 and 6) assays. It was observed that all cyclic peptides
in this series exhibited 20-30% higher inhibitory activity than
did linear peptides in both assays. Peptide cKS12 showed nearly
60% inhibition activity at 90µM in the lymphocyte-epithelial
adhesion assay. We have described linear single strand peptides
from C, C′, C′′, and F strands (peptides DS, SE, and IK) in our
earlier publication.21 Peptides cKS12 and cDD14 are derived
from the conjugation of DS and IK sequences. DS and IK
peptides showed low inhibitory activity (<30% and<20%,
respectively). However, conjugation of these peptides resulted
in cDD14 and cKS12 enhanced inhibitory activity (60%). The
enhanced activity of these peptides could be due to the stable
â-strand secondary structure of the peptide after conjugation
of linear peptides.

Statistical analysis suggested that cyclic peptides showed
enhanced activity compared to linear peptides and all the
peptides showed a significant (p < 0.05) difference in activity
compared to the control peptide. Circular dichroism studies
clearly showed that linear peptides displayed random structure
in solution while cyclic peptides displayedâ-turn structure.27,28

Consistent with the preliminary molecular modeling results, the
cDD14 peptide exhibited higher inhibitory activities than the
smaller sized cyclic peptide cDD12. The circular dichroism
studies did not show significant difference in the secondary
structures (both areâ-turn conformations).

However, in the series of peptides that were generated from
anticlockwise linkage, both linear and cyclic peptides cKS12
and lKS12 with 12 amino acids were found to be more active
than the larger (ring) size peptides (peptide cKS14 and lKS14).

The circular dichroism spectra of these peptides suggested the
existence of a stable secondary structure in the smaller ring size
peptides, especially in the cyclic peptide cKS12. In addition,
peptide cKS12 was more potent compared to peptide cDD14
in inhibiting the CD2-CD58 interaction, indicating that the
effect of inversing the sequence of the peptide (of cWV12) may
change the conformation of the peptide to the one similar to
native conformation in the crystal structure of CD2 protein.

In conclusion, we have designed peptides with 12 and 14
amino acid residues from the discontinuous epitopes of CD2
protein. The peptides were designed to mimic C and F strands
of CD2 protein. To stabilize the peptides and to retain the native
conformation, peptides were cyclized by a disulfide bond and
peptide bond at the conjugation points of the two strands.
Different possible conjugations of the two strands (the C and F
strands) were considered during the design. The cell adhesion
inhibitory activity of the peptides using the E-rosetting assay
and lymphocyte-epithelial adhesion assay indicated that the
designed peptides inhibit the cell-cell adhesion interaction
presumably by inhibiting CD2-CD58 interaction. Peptides with
smaller cyclic ring size showed higher inhibitory activity
compared to larger ring size cyclic structures. Peptides derived
from conjugation of the C and F strands of the CD2 protein
were more potent in cell-adhesion inhibition compared to the
peptides that were designed from single strands of C or F from
our previous studies.20,21 Thus, the introduction of conforma-
tional constraints on the peptide backbone through disulfide
bridges in the terminals of the peptides from C and F strand
regions imparts changes in potency with inhibition of CD2-
CD58 interaction. Furthermore, peptides derived from CD2 did
not show any inhibitory activity for ICAM-1-LFA-1 cell
adhesion, indicating that peptides may be specific for interfering
with CD2-CD58 mediated cell adhesion.

Materials and Methods

Peptides. The linear peptides (Table 1) were designed and
synthesized, and the cyclic peptides were purchased from Multiple
Peptide Systems (San Diego, CA). The pure products were analyzed
by HPLC and electrospray mass spectrometry (ESI-MS). The HPLC
chromatogram showed that the purities of peptides were more than
90%, and ESI-MS showed the correct molecular ion for the
peptides. Linear peptides lDD12, lDD14, lKS12, and lKS14 and
the control peptide were synthesized using an automatic solid-phase
peptide synthesizer (Pioneer, Perspective Biosystem) using Fmoc
chemistry. The Fmoc-protected amino acids were obtained from
Novabiochem. All the solvents used in the Pioneer protein
synthesizer were obtained from Applied Biosystems (Foster, CA).

Synthesis of Linear Peptides.PAL resin (5-(4-N-Fmoc-ami-
nomethyl-3,5-dimethoxyphenoxy)valeryl) was used as solid support
for the linear peptides.32,33First, the Fmoc protecting group on the
resin was removed by treatment with 20% piperidine/DMF. The
NR-Fmoc-amino acids were preactivated by mixing with the
coupling reagent HATU/DIPEA (1: 1). The activated amino acid
was then added to the resin and mixed at room temperature. Cycles
of deprotection of Fmoc and coupling with the subsequent amino
acids were repeated until the desired peptide-bound resin was
completed. The resin was washed manually with DMF, DCM, and
methanol successively to remove the excess solvents and dried in
vacuo over KOH overnight before cleavage and deprotection. The
dried peptidyl-resin was mixed with the cleavage cocktail (90%
TFA, 5% thioanisole, and 5% 1,2-ethanedithiol, 5 mL per gram of
resin) and precipitated with cold ether. For maximum recovery,
the ether-peptide mixture was kept at-20 °C overnight. Then
the precipitated material was collected by centrifugation and washed
three times with cold ether to remove any residual scavengers. After
evaporation of the ether, the peptide was dissolved in water with a
few drops of acetic acid and lyophilized.
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The lyophilized peptide was dissolved in water/acetonitrile.
Peptide was purified by preparative HPLC (waters 600 HPLC
system) on a reversed-phase C18 column (Inertsil, 10 mm× 250
mm, 5µm, 300 Å) with a linear gradient of solvent A (0.1% TFA/
H2O) and solvent B (0.1% TFA/acetonitrile). The peptide was
detected by UV atλ ) 215 and 280 nm. The purity of each peptide
was verified by analytical HPLC (Shimadzu LC-10AT VP) using
a reversed-phase C18 column (Lichrosorb RP18, 4.6 mm× 200
mm, 10µm) with the same solvent system as in the preparative
HPLC. The molecular weight of the peptides was confirmed by
using ESI-MS (Finnigon MAT). The HPLC chromatogram showed
that the purity of the peptides was more than 90%, while ESI-MS
showed the correct molecular ion for the peptide.

Cell Lines. The Jurkat T-leukemia and the human colon
adenocarcinoma cell lines (Caco-2) were obtained from the
American Type Culture Collection (Rockville, MD). Jurkat cells
were maintained in suspension in RPMI1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 100 mg/L
penicillin/streptomycin. Caco-2 cells were maintained in minimum
essential medium-R containing 10% FBS, 1% nonessential amino
acids, 1 mM Na pyruvate, 1%L-glutamine, and 100 mg/L penicillin
/streptomycin. Caco-2 cells were used between passages 50 and
60. Sheep blood in Alsever’s solution was purchased from TCS
Biosciences Ltd., Singapore.

E-Rosetting. Sheep red blood cells (SRBCs) were isolated by
centrifuging sheep blood in Alsever’s solution at 200g for 5 min.
SRBCs were washed three times with PBS and incubated with four
volumes of AET solution at 37°C for 15 min. The cells were
washed three times in PBS and resuspended in RPMI-1640
containing 20% FBS to give a 10% suspension. For use, the cell
suspension was diluted 1:20 (0.5%) with medium. Serial dilutions
of peptides in PBS were added to 0.2 mL of 0.5% AET-treated
SRBCs and incubated at 37°C for 30 min. After that, 0.2 mL of
the Jurkat cell suspension (2× 106/mL) was added to the mixture
and incubated for another 15 min. The cells were pelleted by
centrifugation (200g, 5 min, 4°C) and then incubated at 4°C for
1 h. The cell pellet was gently resuspended, and the E-rosettes were
counted with a hemocytometer.24 Cells with five or more SRBCs
bound were counted as rosettes. At least 200 cells were counted to
determine the percentage of E-rosette cells. The inhibitory activity
was calculated by the following equation,

where RFC is E-rosette forming cells.
Lymphocyte-Epithelial Adhesion Assay.Caco-2 cells were

used between passages 50 and 60 and were plated onto 48-well
plate at approximately 2× 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 at 37°C for 1 h. Peptide
dissolved in MEM-R was added at various concentrations to Caco-2
cell monolayers. After incubation at 37°C for 30 min, 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 with 2% Triton X-100 in 0.2 M
NaOH. Soluble lysates were transferred to 96-well plates for reading
with a microplate fluorescence analyzer.34 Data are presented as
relative fluorescence or percent inhibition as described previously.25

Relative fluorescence (FL) was found by reading the values of
fluorescence intensity corrected for the reading of background (cell
monolayers only).

Statistical analysis of the results from the cell adhesion assay
was carried out using the Mann-WhitneyU test (n ) 4) utilizing
SPSS software. Peptides were grouped into two categories for the
analysis based on their sequence origin (group 1 contained lDD12,
lDD14, cDD12, and cDD14; group 2 contained lKS12, lKS14,
cKS12, and cKS14). Within each group the peptides are linear and
cyclic. Thep values were compared for analysis.

Cell Viability Assay. Peptides that exhibited effects on Jurkat
Caco-2 adherence were tested by MTT assay26 to determine if their
effects were due to its toxicity. A final concentration of 180µM
peptide was added to Jurkat or Caco-2 cells for 1 or 2 h, which is
the maximum time of exposure of Caco-2/Jurkat cells during the
adherence assay. The cell viabilities were validated by incubating
with 5 mg/mL MTT at 37°C for 3 h. The MTT-labeled cells were
lysed by DMSO, and the absorbance was measured with a
microplate reader at a wavelength of 570 nm.

Circular Dichroism Measurement. Circular dichroism experi-
ments were carried out at room temperature on a Jasco J-810
spectropolarimeter flushed with nitrogen. Spectra were collected
from 240 to 190 nm using 1 mm path length of cylindrical quartz
cell. Each spectrum was the average of three scans taken at a scan
rate of 50 nm/min with a spectral bandwidth of 1 nm. The
concentration of peptides was varied from 0.15 to 2.5 mM. For the
final representation, the baseline was subtracted from the spectrum.

Jurkat-Immobilized ICAM-1 Adhesion. Phorbol ester, 12-
myristate 13-acetate (PMA), bovine serum albumin (BSA), and
penicillin G sodium salt were purchased from Sigma-Aldrich Co.
(St. Louis, MO). Hank’s balanced salt solution (HBSS), strepto-
mycin sulfate, magnesium sulfate, and calcium chloride dihydrate
were from Sigma Chemical Co. (St. Louis, MO). Bis-carboxyeth-
ylcarboxyfluorescein, acetoxymethyl (BCECF, AM) was obtained
from Molecular Probes (Eugene, OR), and Triton X-100 was
purchased from Bio-Rad Laboratories (Hercules, CA). RPMI 1640
medium was purchased from Gibco Invitrogen Corporation (Grand
Island, NY), and fetal bovine serum (FBS) was provided by Hyclone
Laboratories, Inc. (Logan, UT). Mouse anti-human CD54 (ICAM-
1) domain D1 monoclonal antibody (clone 15.2) was purchased
from Ancell Corporation (Bayport, MN). Recombinant human
intercellular adhesion molecule-1 (rhICAM-1) was purchased from
R & D Systems (Minneapolis, MN).

Effect of Peptides on LFA-1/ICAM-1 Adhesion.Since LFA-
1/ICAM-1 adhesion is cation-dependent, HBSS/1%BSA buffer
(HBSS containing 1%BSA, 2 mM Mg2+, and 2 mM Ca2+, adjusting
to pH 7.4) was used to ensure effective binding35 of the two proteins.
The 96-well plates were coated and left overnight at 4°C with 50
µL/well rhICAM-1 (5 µg/mL in PBS). Plates were washed three
times and then blocked with HBSS/1%BSA for 1 h at room
temperature. Peptides (200µM), CD54 mAb (5µg/mL), or HBSS/
1%BSA alone (blank) were added and incubated for 30 min. Jurkat
cells were labeled with BCECF as described under the heterotypic
adhesion assay, and 1.5× 105 cells resuspended in HBSS/1%BSA
were added to each well in the presence of PMA (50 ng/mL). The
tumor-promoting agent (PMA) can induce and enhance LFA-1
mediated adhesion by activation of protein kinase C (PKC), which
enhances the affinity of LFA-1 for ligands.36

The plates were incubated at 37°C for 1 h, and nonadherent
cells were removed by gently washing the plates three times with
HBSS/1%BSA. The bound cells were lysed with 2% Triton X-100
in 0.1 M NaOH and incubated at 37°C for 1 h. For the total
fluorescence of input cells, labeled Jurkat cell suspension was
centrifuged at 2000 rpm for 5 min, and the cell pellet was lysed
with 2% Triton X-100 in 0.1 M NaOH at 37°C for 1 h. The
fluorescence of aliquots of 1.5× 105 cells/well represented the total
input cells, and the proportion of bound cells was expressed as the
fluorescence percentage of input cells.

Molecular Dynamics (MD) Simulations. Molecular dynamics
simulations were carried out using InsightII/Discover software
(Accelrys, Inc., San Diego, CA),37 version 2000, on a Silicon
Graphics computer. Consistent valence force field (cvff) was used.
Two methods were used: the first method to model the peptide
structure and the second method to evaluate the detailed conforma-
tion of peptide cKS12 using MD simulations for an extended period
of time.

Procedure A.The structures of model peptides cVW12, cVW14,
cDD12, and cDD14 were simulated by first constructing the peptide
structures based on CD2 protein fragments. The two strands of the
â-sheet were cyclized by peptide bond and disulfide bond. The
resulting structure with optimized disulfide bond was subjected to

inhibition (%) )
non-RFCtreated with peptide- non-RFCblank

RFCblank
× 100
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MD simulation in vacuum for 10 ps with a time step of 1 fs.
Structures were saved every 100 fs for further analysis. The first 3
ps of the simulations was not used for the analysis. From a plot of
time vs energy of the remaining 7 ps MD trajectory, an average
structure was chosen as the representative conformation. The
average structure was further energy-minimized using the steepest
descents method and conjugate gradient method until the rms
derivative was 0.3 kcal/mol Å. The rms deviation of the backbone
atoms were compared between the average structure and the energy-
minimized structure. An rmsd comparison was also made between
the average structure and the three-dimensional structure of the
similar fragment in the CD2 protein.

Procedure B.The peptide cKS12 was modeled as described in
procedure A. The conformation stability of the peptide cKS12 was
analyzed for its stability by extended-time MD simulation. The
average structure obtained from MD simulation was soaked in a
layer of water with a thickness of 8 Å from the center of the peptide,
which is large enough to cover the whole peptide. The MD
simulation was carried out without any constraints for 200 ps with
pre-equilibration for 10 ps. Trajectory was analyzed by plotting
time on thex-axis and different variables along they-axis. The
first 40 ps of the simulations was not considered during the analysis.
To monitor the stability of conformation of the peptide, pseudot-
orsion angles were considered. Selected parameters presented are
τ “pseudotorsion angles” (CRi-CRi+1-CRi+2-CRi+3) defined by
the CR atoms of residues 2-5, 5-8, and 9-12.

NMR Spectroscopy.The sample for the NMR spectrum of the
cyclic peptides was prepared by dissolving 1-3 mg of the peptide
in 0.6 mL of 90% H2O/10% D2O at the pH with the best dispersion.
For pH titration experiments, the pH of the solution was varied by
the addition of DCl or NaOD (pH was not corrected for isotopic
effects). The one- and two-dimensional NMR experiments were
performed and processed on 300, 600, and 700 MHz Bruker DRX
spectrometers equipped with a 5 mmprobe, at a proton frequency
of 300.3414 and 600.1299 MHz, respectively, using the XWIN-
NMR, version 1.0, software. Spectra were acquired at 298 and 293
K unless otherwise specified. TOCSY,38 DQF-COSY,39 and rotating
frame nuclear Overhauser spectroscopy (ROESY)40 experiments
were performed by presaturation of water during relaxation delay
in 500 and 700 MHz NMR instruments. NMR spectra were
analyzed by SPARKY41 software. Assignment of the spin system
was carried out using TOCSY spectrum for each peptide.
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