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Experimental allergic encephalomyelitis (EAE) is induced in susceptible animals by immuno-
dominant determinants of myelin basic protein (MBP), such as guinea pig sequence MBP72-85.
Two linear and one cyclic analogues based on MBP72-85 have been synthesized and evaluated
for EAE induction in Lewis rats. The linear peptide Gln1-Lys2-Ser3-Gln4-Arg5-Ser6-Gln7-Asp8-
Glu9-Asn10-Pro11-Val12 (1) was found to induce EAE, while substitution of the Asp residue at
position 8 with Ala resulted in an analogue (2) which suppressed the induction of EAE by its
parent peptide. Nuclear magnetic resonance studies of analogue 1 in dimethyl sulfoxide (DMSO)
using TOCSY/ROESY techniques revealed a head-to-tail intramolecular interaction (ROE
connectivity between âVal12-γGln1), indicating a pseudocyclic conformation for the immunogenic
peptide 1. A conformational model was developed using NMR constraints and molecular
dynamics. Based on this model, a novel amide-linked cyclic analogue has been designed and
synthesized by connecting the side-chain amino and carboxyl groups of Lys and Glu at positions

2 and 9, respectively, of linear analogue 1. The cyclic analogue Gln-Lys-Ser-Gln-Arg-Ser-Gln-

Asp-Glu-Asn-Pro-Val-NH2 (3) had similar activity to the linear peptide 1, and the EAE effects
induced by cyclic analogue 3 were completely suppressed by co-injection with the Ala81-
substituted analogue 2 in Lewis rats. The similar potencies of analogues 1 and 3 support the
proposed cyclic comformation suggested for analogue 1 from NMR studies and computer
modeling and provides the basis for designing more potent molecules with improved properties
such as increased resistance to degradation.15 The present findings suggest that a cyclic
conformation for the MBP72-85 epitope positions the carboxyl group of Asp81 correctly and
presumably other side groups of the peptide such as Arg78 in a manner which enables functional
binding of the trimolecular complex MHC-peptide-T cell receptor resulting in EAE.

Introduction
Multiple sclerosis (MS) is a chronic inflammatory

disease of the central nervous system (CNS) character-
ized by local T cell and macrophage infiltrates, demy-
elination, and loss of neurologic function.1,2 MS is
generally considered to be an autoimmune disease
caused by neuroantigen-specific CD4+ T cells.1,2 Can-
didate autoantigens include constituents of the myelin
sheath such as myelin basic protein (MBP) and proteo-
lipid protein (PLP).3-6 Modern approaches toward the
therapeutical management of MS involve the design and
use of peptide analogues of disease-associated myelin
epitopes to induce peripheral T cell tolerance.7-9 Ex-
perimental autoimmune encephalomyelitis (EAE), one
of the best-studied experimental animal models of MS,1
represents an invaluable in vivo system for the evalu-
ation of such therapeutic approaches. EAE is a CD4+

T cell-mediated disease that can be induced by im-
munization with MBP or PLP proteins or peptide
epitopes.10 In Lewis rats immunized with guinea pig
MBP protein, encephalitogenic T cells which recognize
the 72-85 amino acid sequence MBP72-85 dominate the
immune response.10,11 The assumption has been that
disease can be modulated with peptides that interfere
with the formation of the trimolecular complex MHC-
peptide-T cell receptor,12 although there is gathering
evidence that analogues of disease-associated epitopes
can actively inhibit disease through the activation of
antigen-specific regulatory T cells.7,13,14 Peptide therapy,
however, is hindered due to the sensitivity of peptides
to proteolytic enzymes. Continuous infusions and there-
fore prohibitive amounts of peptides are necessary to
elicit the necessary biological response.

To address the need for more stable molecules,15,16 a
cyclic analogue which could maintain the biological
function of the original peptide, yet could also be able
to elicit a response in pharmacological quantities, was
designed, synthesized, and evaluated for activity in the
EAE system. Design of this cyclic analogue was based
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on nuclear magnetic resonance and molecular dynamics
studies carried out in the agonist linear analogue 1.
These studies revealed a head-to-tail intramolecular
proximity (ROE connectivity between âVal12-γGln1)
suggesting a cyclic conformation for analogue 1. We,
therefore, synthesized the cyclic analogue Gln1-Lys2-
Ser3-Gln4-Arg5-Ser6-Gln7-Asp8-Glu9-Asn10-Pro11-Val12-
NH2 by connecting the ε amino group of Lys and the γ
carboxyl group of Glu at positions 2 and 9. Cyclization
of a linear molecule is known to restrict its number of
possible conformations making it possible to determine
which of the conformations observed in solution best
approximates the receptor-bound conformation. The
cyclic analogue was assessed for its biological activity
in the EAE system, and its activity was comparable with
that of linear agonist analogue 1. EAE induced by cyclic
analogue 3 was completely suppressed by the co-
injection of the Ala81MBP antagonist analogue 2. The
comparable potencies of linear and cyclic analogues 1
and 3 indicate that the encephalitogenic linear peptide
1 participates in the trimolecular complex with a cyclic
conformation in which the carboxyl group of Asp at
position 81 plays an important role for activation of this
complex.

Results
Scheme 1 shows the synthesis of linear peptide

analogues 1 and 2 by Fmoc methodology using the trityl

chloride resin. Schemes 2 and 3 show the synthesis of
cyclic analogue 3 in which residues at positions 2 (Lys)
and 9 (Glu) are involved in cyclization. Figures 1 and 2
show clinical scores for peptide analogues 1-3 in the
EAE assay. Figures 3 and 4 show low-energy conformers
of linear and cyclic peptides 1 and 3 depicted from
dynamics experiments. Table 1 shows chemical data of
linear and cyclic MBPs.

Chemistry. The linear receptor-activating MBP pep-
tides (Glu-Lys-Ser-Gln-Arg-Ser-Glu-X-Glu-Asn-Pro-Val,
X ) Asp, Ala) (analogues 1 and 2) were synthesized
using solid-phase methods and conventional 9-fluoren-
ylmethyloxycarboxyl (Fmoc) procedures followed by
purification to homogeneity using HPLC chromatogra-
phy (Scheme 1). The cyclic analogue 3, based on the
guinea pig MBP72-85 motif, was synthesized using the
2-chlorotrityl chloride resin (CLTR)11 that was used
previously for the synthesis of novel cyclic amide-linked
analogues of angiotensins II and III17,18 as well as for
the synthesis of the thrombin receptor SFLLR motif.19-21

A novel strategy for synthesis and cyclization was
followed. Thus, first Fmoc-Glu(COOH)-Asn-Pro-Val-
NH2 was synthesized by Fmoc synthesis using a linker-
resin shown in Scheme 1. This was possible through
cleavage from resin with the splitting reagent dichlo-
romethane/acetic acid/trifluoroethanol (DCM/AcOH/
TFE) (7/1/2) and deprotection with trifluoroacetic acid/
dichloromethane/ethanedithiol (TFA/DCM/EDT) (6.5/
3.2/0.3). The peptide obtained was then attached to
chlorotrityl resin through the Glu γ carboxyl group.
Subsequent stepwise synthesis led to the linear pro-
tected tetrapeptide attached to resin. Cleavage of pro-
tected peptide from the resin and Mtt deprotection of

Scheme 1. Synthetic Procedure for Linear MBP
Analogues 1 and 2

Scheme 2. Synthetic Procedure for
Fmoc-Glu(COOH)-Asn-Pro-Val-NH2
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Lys as well as tBu deprotection of Glu afforded a free
Lys side-chain amino group and a free Glu side-chain
carboxyl group available for the coupling-cyclization
step. Successful cyclization of the precyclic linear pep-
tide was possible by the coupling of the Lys and Glu
side chains of the linear peptide motif, at positions 2
and 9 as outlined in Schemes 2 and 3.

The use of the 2-chlorotrityl resin, as well as of mild
conditions (DCM/AcOH/TFE, 7/1/2) for cleaving the
peptide-resin bond, allowed peptide release from the
resin and the subsequent cyclization of the desired
protected peptide. Cyclization of the protected peptide
was achieved using O-benzotriazol-1-yl-N,N,N′,N′-tet-
ramethyluronium tetrafluoroborate (TBTU), 1-hydroxyl-
7-azabenzotriazole, and 2,4,6-collidine in dimethylform-
amide (DMF)19,20 (Scheme 3). The cyclization reaction
was monitored using the ninhydrin test, and the reac-
tion mixture was resolved by thin-layer chromatography
with a n-butanol/acetic acid/water (4/1/1) solvent system.
The protected cyclic analogue was then deprotected with
65% trifluoroacetic acid (TFA) + 3% EDT in DCM
(Schemes 2 and 3). The free cyclic analogue was purified
by high-performance liquid chromatography (HPLC),
and its structure was confirmed by amino acid analysis
and fast atom bombardment mass spectroscopy (M+ )

1395). The biological profile of the cyclic peptide was
then evaluated by its ability to induce EAE in Lewis
rats and by co-injection with antagonist Ala81MBP72-85
(Figures 1 and 2).

Activity of the Cyclic MBP72-85 Peptide Ana-
logue 3 in the EAE Model and Coinjection with
Antagonist Ala81MBP72-85 Linear Analogue 2. Cy-
clic MBP72-85 was found to induce EAE in Lewis rats
with a similar time course and potency (p > 0.07 at peak
of EAE) as linear MBP72-85 when immunized at the
same concentration (Figure 1). Both the linear and cyclic
peptides induced an acute monophasic disease with a
peak clinical score at day 15 following the initial
injection and eventual complete recovery in all animals.
The ability of the linear analogue 2 (Ala81MBP72-85) to
inhibit the disease induced by cyclic peptide was also
studied. It has been previously shown that this ana-
logue completely prevents disease induction by linear
MBP72-85.1 Here it is shown that the co-injection of
Ala81MBP72-85 analogue with the cyclic analogue 3
completely prevented the development of EAE (Figure
2) (p < 0.01 at peak of disease) demonstrating that this
linear antagonist 2 is a potent inhibitor of disease
induced by linear analogue 1 or cyclic analogue 3 in
Lewis rats.

Conformational Studies of Linear MBP72-85 Ana-
logue 1. Amino acid spin system was identified by
locating networks of characteristic connectivities in the
2D COSY and 2D TOCSY spectra.22-24 Long-range
assignments were made through ROESY experiment
using a 350-ms mixing time.23,24 The NOE connectivities
observed for analogue 1 define a cyclic conformation for

Table 1. Chemical Data on Linear and Cyclic MBP72-85 Analogues

TLC Rf amino acid analysis

compd structure
MW

(FABMS) BPAW CMA Gln Lys Ser Glu Arg Asp Asn Pro Val Ala

1, Gln-Lys-Ser-Gln-Arg-Ser-Gln-Asp-Glu-Asn-Pro-Val 1415 0.08 0.29 2.90 0.92 1.96 0.97 1.00 0.98 0.96 0.98 0.95
2, Gln-Lys-Ser-Gln-Arg-Ser-Gln-Ala-Glu-Asn-Pro-Val 1371 0.09 0.34 2.94 0.97 1.97 0.98 1.00 0.92 0.97 0.96 1.02

3, Gln-Lys-Ser-Gln-Arg-Ser-Gln-Asp-Glu-Asn-Pro-Val-NH2
1395 0.15 0.58 2.93 0.94 1.96 0.94 1.00 0.97 0.92 0.93 1.04

Scheme 3. Synthetic Procedure for Cyclic MBP72-85
(Analogue 3)

Figure 1. Induction of EAE by linear and cyclic MBP72-85

analogues. EAE was induced by footpad injection of 30 µg of
linear MBP72-85 (analogue 1) (n ) 6) as positive control or 30
µg of cyclic MBP72-85 (analogue 3) (n ) 7). Results are
expressed as mean clinical score values ( SEM. Statistical
analysis of EAE induced by each analogue showed there was
no statistical difference by Student’s t-test (p > 0.07 at day
15).
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this molecule. More specifically, the NOE connectivities
which impose such a cyclic conformation are ωNHArg5-
δLys2, NHGln1-RPro11, and âVal12-γGln1. A constructed
model based on the distance constraints due to NOE
connectivities for compound 1 is shown in Figure 3. The
proposed molecular modeling (Figure 3) anticipates that
the synthesis of a cyclic analogue by connecting side
chains of Lys at position 2 and Glu at position 9 would
not greatly affect its activity. Furthermore, such a
synthesis would restrict the conformation of these two
amino acids and may ultimately lead to a peptide with
better biological profile. The synthesis of 3 indeed gave
an active compound almost equipotent as 1. This is a
good example of where molecular modeling leads to the
rational design of a cyclic molecule (Figure 4) which
supports the proposed model.

Discussion

Development of alternative molecules that mimic the
immunomodulatory activity of MBP epitope peptides
and maintain an advantage over regular peptides in
terms of stability is a necessary step before these
molecules can be used for therapeutic purposes. There
are two approaches in the development of such mol-
ecules. One is the design and synthesis of nonpeptides
or small semimimetic peptides with immunomodulatory
activity.15,16 This design is based on the knowledge of
the immunodominant amino acid residues of the
MBP72-85 epitope and involves the construction of a
chemical moiety in which the important pharmacophoric
groups are incorporated.25-27 This approach has been
pursued and may lead to important pharmaceuticals for
treating encephalomyelitis and possibly MS.15,16 The
other approach is the design and synthesis of potent
cyclic MBP72-85 analogues which offer several advan-
tages such as increased resistance to metabolic degra-
dation and restriction of conformational flexibility.
Constrained peptide analogues of high potency offer
important information regarding the bioactive confor-
mation assumed by the peptide and could be very useful
in drug design for the development of nonpeptide
mimetics. In this report, the Fmoc synthesis and
biological activity of two linear and a cyclic peptide
analogue derived from the guinea pig MBP72-85 peptide
that induces transient EAE in Lewis rats are described.
Linear compound 1 induces EAE, while replacement of
Asp at position 81 with Ala results in a peptide analogue
which suppresses EAE induced by analogue 1 when co-
injected, indicating the importance of a carboxyl group
at position 81 for activity.7 Cyclic analogue 3 has been
demonstrated to induce EAE with potency comparable
to that exerted by linear analogue 1. The cyclic analogue
3 was designed based on the conformational properties
of the agonist linear analogue 1, which assumes a cyclic
conformation as revealed from NMR studies. Indeed,
one of the major findings of this study was that the
ROESY data in compound 1 indicated a proximity of
the N- and C-terminal domains. The molecular dynam-
ics approach, in which the structure was munipulated
to fulfill the observed ROE between âVal12 and γGln1,

Figure 2. Prevention of EAE induced by cyclic MBP72-85 with
analogue Ala81MBP72-85. EAE was induced by footpad injection
of 30 µg of cyclic MBP72-85 (analogue 3) (n ) 7) and was pre-
vented when the same quantity of analogue 3 was co-injected
with 500 µg of the linear antagonist peptide Ala81MBP72-85

(analogue 2) (n ) 4). Results are expressed as mean clinical
score values ( SD, and statistical comparison between the two
groups of mice using student’s t-test showed a significant
inhibition of disease induction by analogue 2 (p < 0.039 at
day following disease induction). Statistical analysis by Stu-
dent’s t-test revealed that disease inhibition by Ala81MBP72-85

was statistically significant (p < 0.01 at day 15).

Figure 3. Low-energy conformer of compound 1 derived from
dynamics experiment. The most important features of this
model are its cyclic form and the interaction between Arg5-
Lys2 amino acids.

Figure 4. Low-energy conformer of cyclic compound 3 derived
from dynamics experiment. An important electrostatic interac-
tion between the guanidino group of Arg5 and the carboxylate
group of Asp8 is observed.
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yielded a cyclic conformational model (Figure 3). In this
model the major observed ROEs have been taken into
account.

Another important ROE is the one that brings into
spatial proximity the amino acids Arg5 and Lys2 (Figure
3). In fact, dynamics experiments show that Arg5 is a
very flexible amino acid which can adopt a spatial
proximity with Lys2, Gln1, Asp8, and Glu9 amino acids.
These results are congruent with the observed NOEs.
The importance of the Arg residue for immunogenic
activity has been previously demonstrated for small
semimimetic molecules,15 wherein the Arg guanidino
group forms a salt bridge with a carboxylate group.16

Accordingly, in these potential interactions of the Arg
side chain in MBP72-85, the most interesting is the one
with Asp8. In other low-energy conformers derived from
dynamics experiments (not shown) Arg5 clusters with
Asp8 amino acid. This interaction is also observed in the
cyclic compound 3 (Figure 4). These observations may
in part give a molecular explanation for the antagonist
properties of compound 2 which possesses an Ala8

instead of an Asp8 amino acid. Such substitution inter-
rupts the significant electrostatic interaction between
the guanidino group of Arg5 and the carboxylate group
of Asp8 amino acids. The cyclic model of linear analogue
1 allowed us to design and synthesize the cyclic ana-
logue 3 which was found to induce EAE activity com-
parable to that exerted by linear counterpart 1. EAE
induced by the cyclic analogue was completely sup-
pressed when it was co-injected with the Ala81MBP72-85
linear analogue 2 which is known to suppress EAE
induced by linear MBP72-85 in Lewis rats.7

Cyclization of peptides has proved to be a very
valuable tool in the design of analogues with resistance
to metabolic degradation in other systems. However,
this approach requires at least two structural changes
to be made within a single analogue, and it is important
that the two residues to be connected should be the least
important for biological activity. Structure-activity
studies have shown that the MBP72-84 peptide analogue
induces EAE in Lewis rats and that single alanine-
substituted peptide analogues at positions K74, S75, R78,
Q80, D81, E82, and P84 resulted in significant reduction
of the proliferative responses of a T cell line that is
specific for the MBP72-85 peptide.7 Since the peptides
that bind to MHC class II molecules have been deter-
mined to involve a minimum of nine amino acid residues
which satisfy a particular motif, the design of a cyclic
mimetic that would maintain their functional role in
vivo is quite challenging. Cyclization at positions 2 and
9 results in an analogue (3) which is highly potent
(estimated to possess 80% encephalitogenic potency
when it is compared to parent linear analogue 1)
indicating that the Lys and Glu residues at positions 2
and 9 are not so important to elicit the onset of EAE in
Lewis rats. We have chosen Lys and Glu at positions 2
and 9 for cyclization since in the linear agonist peptide,7
single alanine substitution abolishes agonist activity.
The potency of the cyclic analogue confirms the validity
of our choise. NMR studies on linear and cyclic peptides
generally demonstrate that cyclization of peptide results
in restriction of backbone conformation but usually has
a minimal effect in the freedom of motion of the side
chains (other than those included in the cyclic bridge

formation). Accordingly, the availability of amino acid
side chains for interaction with another molecule (such
as MHC) should not be impeded although the relative
positioning of the side chains in space would be fixed to
some degree in the cyclic peptide. Apparently our cyclic
analogue of MBP72-85 is recognized and is bound by
MHC molecules and also by T cell receptors mediating
the EAE response, perhaps implying that a near-cyclic
conformation for MBP72-85, rather than a linear one, is
responsible for the pathogenic effects of the epitope
peptide. The delayed response and slightly weaker
clinical score of 3 compared to analogue 1 may be due
to conformational deviations. This is in line with the
cyclic conformation for the potent linear analogue 1
found by TOCSY and ROESY NMR techniques, in
which an interresidue ROE interaction between âVal12-
γGln1 was observed. To test the validity of this ROE
interaction, NMR experiments were carried out at lower
concentration (1 mg/0.33 mL of solvent). The low-
dilution experiment proved that intermolecular head-
to-tail association is primarily the cause of this ROE
phenomenon.

Conclusion

In conclusion this research is aimed at the elucidation
of the conformational characteristics of the guinea pig
encephalitogenic MBP72-85 sequence, which would allow
the design of analogues with improved properties.
Structure-activity studies have shown the importance
of the Asp COOH group at position 81 for potency,7
while NMR and theoretical calculations indicate a head-
to-tail spatial proximity suggesting a cyclic conformation
for the sequence. To confirm this conformation, a cyclic
analogue has been designed and synthesized. Cycliza-
tion of linear MBP analogue 1 between residues 2 (Lys)
and 9 (Glu) has resulted in a potent cyclic analogue
revealing structural requirements necessary for activity.
Apparently, the side chains of residues 2 and 9 are not
critical for activity. The comparable potencies of linear
and cyclic analogues 1 and 3 support a cyclic conforma-
tion assumed by the MBP72-85 sequence while ap-
proaching the T cell receptor. Thus, a cyclic conforma-
tion of MBP72-85 together with a carboxyl group at
position 81 appears to be important for the function of
the trimolecular complex MHC-peptide-T cell.

Experimental Section
HPLC/TLC/FABMS/ESIMS/Amino Acid Analysis. Pre-

parative HPLC for linear and cyclic MBP analogues was
performed with a Waters system equipped with a 600E system
controller using a Lichrosorb RP-18 reversed-phase prepara-
tive column (250 × 10 mm) with 7-µm packing material.19,20

Separations were achieved with a stepped linear gradient of
acetonitrile (AcN) (0.08% TFA) in water (0.08% TFA) over 60
min at a flow rate of 3 mL/min. The crude peptide material
(20 mg) was dissolved in methanol/water (450 µL), and this
solution was injected using a Waters U6K injector with a 2.0-
mL sample loop. Fractions were manually collected at 0.5-min
intervals; the elution time of the major product was 25-30
min. Elution of the peptide was determined simultaneously
from the absorbances at 230 and 214 nm (Waters 996 photo-
diode array detector). Fractions containing the major peptide
peak were pooled, and acetonitrile was removed using a rotary
evaporator. After lyophilization, the product was stored at -20
°C. Peptide purity was assessed by analytical HPLC reruns
(Nucleosil-120 C18, 250 × 4.0 mm), thin-layer chromatography
(TLC), and mass spectrometry (FABMS, ESIMS). Appropriate
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molar ratios of amino acids were observed for compounds 1-3
(Table 1). Compositional analysis data were collected from 6
M HCl hydrosylates (150 °C, 1 h) using a Beckmann 6300 high-
performance analyzer. The TLC solvent systems used were as
follows: n-butanol/acetic acid/water (4/1/1) (BAW), toluene/
acetic acid/methanol (7/1.5/1.5) (TAM), n-butanol/pyridine/
acetic acid/water (15/10/3/6) (BPAW), and chloroform/methanol/
ammonia (CMA). FABMS spectra were run on an AEI M29
mass spectrometer. The FAB gun was run at 1-mA discharge
current at 8 kV. The FAB matrix used was a mixture of
dithiothreitol-dithioerythritol (6:1) (Cleland Matrix).28 The
ESIMS spectra were run on a TSQ 7000 spectrometer (elec-
trospray mode) by direct infusion. A solution of the sample (1
µg/1 µL) in 50:50 methanol:water containing 0.5% CH3COOH
was introduced in the ESI probe at a flow rate of 3 µL/min
with a Harvard syringe. The capillary temperature was 200
°C and the sheath gas 45 units, while the spray needle voltage
was +4.5 kV.

Synthesis of Peptide Analogues of MBP72-85: Gln-Lys-
Ser-Gln-Arg-Ser-Gln-X-Glu-Asn-Pro-Val, X ) Asp (ana-
logue 1), Ala (analogue 2). The linear peptides were
prepared on 2-chlorotrityl chloride resin (0.7 mmol Cl-/g) using
novel solid-phase peptide synthetic method.17,19,29,30 The first
NR-Fmoc (9-fluorenylmethyloxycarboxyl)-protected amino acid
[Fmoc-Val-OH (1 equiv)] was coupled to the resin in 1 h in
the presence of diisopropylethylamine (DIPEA) (3.2 equiv) in
N,N-dimethylformamide (DMF). The remaining peptide chain
was assembled by sequential couplings of the following Fmoc-
protected amino acids (2.5 equiv): Fmoc-Pro-OH, Fmoc-Asn-
OH, Fmoc-Glu(tBu)-OH, Fmoc-Ala-OH, Fmoc-Asp(tBu)-OH,
Fmoc-Gln-OH, Fmoc-Ser(tBu)-OH, Fmoc-Arg(Pmc)-OH, and
Fmoc-Lys(Boc)-OH in the presence of N,N′-dicyclohexylcarbo-
diimide (DCC) (3.75 equiv) and 1-hydroxybenzotriazol(HOBt)
(3.5 equiv) in DMF for 4 h. The completeness of each coupling
was verified by the Kaiser test and TLC in system (BAW and
TAM). The Fmoc protecting groups were removed by treatment
with piperidine (20% in DMF, 2 × 10 min). The protected
peptide resin was then cleaved with the splitting solution
dichloromethane/acetic acid/2,2,2-trifluoroethanol (DCM/AcOH/
TFE, 7/1/2) for 1 h at room temperature. The solvent was
removed on a rotary evaporator, and the obtained oily product
precipitated from cold dry diethyl ether as a white solid (>90%
pure by reversed-phase HPLC at 214 nm). Deprotection, using
65% TFA + 3% EDT in DCM for 4 h (Scheme 1), afforded the
final free peptides which were purified by preparative HPLC.

Synthesis of Fragment Fmoc-Glu(COOH)-Asn-Pro-
Val-NH2. Fmoc-linker-2-chlorotrityl resin (4 g, 0.55 mmol/g)
was used for the synthesis of the fragment precursors, follow-
ing protocols previously described.29,30 The amino acids used
in Fmoc synthesis of tetrapeptide were Fmoc-Val-OH, Fmoc-
Pro-OH, Fmoc-Asn-OH, and Fmoc-Glu(tBu)-OH. The protected
peptide on the resin (5.15 g) was treated with the splitting
mixture dichloromethane/acetic acid/2,2,2-trifluoroethanol (50
mL, 7/1/2) for 1 h at room temperature to remove the peptide
from the resin. The mixture was filtered off and the resin
washed with the splitting mixture (×2) and DCM (×3). The
solvent was removed on a rotary evaporator, and the obtained
oily product was precipitated from dry diethyl ether as a white
solid (1.55 g, 85%). The protected peptide-linker material was
treated with 65% TFA + 3% EDT in DCM (4 mL) for 4 h to
deprotect Glu from tBu and to liberate the amidated tetrapep-
tide fragment from linker. The resulting solution was concen-
trated under vacuum to a small volume (0.5 mL). The final
free peptide (1.25gr) was precipitated as a light-yellow amor-
phous solid by the addition of diethyl ether (Scheme 2).

Preparation of Fmoc-Glu(resin)-Asn-Pro-Val-NH2.
2-Chlorotrityl chloride resin (5 g, 1.5 mequiv of Cl-/g of resin)
in dry DMF (35 mL) was stirred in a round-bottom flask.
Diisopropylethylamine (DIPEA) (3.3 mL, 8.28 mmol) and
Fmoc-Glu(COOH)-Asn-Pro-Val-NH2 (1.25 g, 1.84 mmol) were
added, and the solution was stirred for 45 min at room
temperature. A mixture of MeOH (0.8 mL) and DIPEA (0.2
mL) was then added for endcaping, and the mixture was
stirred for another 10 min at room temperature. The Fmoc-

Glu(resin)-Asn-Pro-Val-NH2 was filtered, subsequently was
washed with DMF (3 × 10 mL), 2-propanol (iPrOH) (2 × 10
mL), and n-hexane (2 × 10 mL), and dried in vacuo for 24 h
at room temperature (Scheme 3). The loading of the amino
acid per gram of substituted resin was 0.35 mmol of amino
acid/g of resin, calculated by weight and amino acid analysis.

Synthesis of Protected Linear Peptide: Boc-Glu-Lys-
(NH2)-Ser(tBu)-Gln-Arg(Pmc)-Ser(tBu)-Gln-Asp(tBu)-Glu-
(COOH)-Asn-Pro-Val-NH2. Fmoc-Glu(resin)-Asn-Pro-Val-
NH2 was used for the synthesis of the linear precursor peptide
following the protocol previously described.29,30 The amino acids
used in Fmoc synthesis were Fmoc-Asp(tBu)-OH, Fmoc-Gln-
OH, Fmoc-Ser(tBu)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Lys(Mtt)-
OH, and Boc-Gln-OH. The completed peptide on resin was
dried in vacuo and then treated with the splitting mixture
dichloromethane (DCM)/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
(8/2) for 6 h at room temperature to remove the peptide from
the resin and for the deprotection of Lys from Mtt.31 The
mixture was filtered off, and the resin was washed with the
splitting mixture (×2) and DCM (×3). The solvent was
removed on a rotary evaporator, and the obtained oily product
was precipitated from cold dry diethyl ether as a white solid
(Scheme 3).

Cyclization of Protected Peptide. To a solution of linear
protected peptide (200 mg, 0.1 mmol) in dry DMF (40 mL) were
added 2,4,6-collidine (0.08 mL, 0.6 mmol) and 1-hydroxy-7-
azabenzotriazole (40.8 mg, 0.3 mmol). The solution was added
dropwise to a solution of O-benzotriazol-1-yl-N,N,N′,N′-tetra-
methyluronium tetrafluoroborate (TBTU) (96.4 mg, 0.3 mmol)
in dry dimethylformamide (80 mL) for 2 h, and the solution
was stirred for 3 h. The reaction was followed by the ninhydrin
test on TLC using n-butanol/acetic acid/water (4/1/1) as an
elutant. The solvent was removed from the reaction mixture
under reduced pressure affording a light-yellow oily residue.
The cyclic protected peptide was precipitated from H2O and
was dried in vacuo for 12 h.19,20

Preparation of Free Cyclic Peptide: H2N-Gln-Lys-Ser-

Gln-Arg-Ser-Gln-Asp-Glu-Asn-Pro-Val-NH2. The dried resi-
due from the cyclization reaction was treated with 65%
trifluoroacetic acid in dichloromethane + 3% ethanedithiol for
5 h at room temperature. The resulting solution was concen-
trated under vacuum to a small volume (0.5 mL). Several drops
of methanol were added, and the final free cyclic peptide was
precipitated as a light-yellow amorphous solid by the addition
of diethyl ether. The crude peptide product was purified
further by preparative HPLC as outlined above.17,19,20 Purifica-
tion was verified by analytical HPLC.

Induction and Suppression of EAE Using MBP Ana-
logues 1-3. Inbred Lewis rats, bred and maintained in the
animal facility of the Hellenic Pasteur Institute under SPF
conditions, were used in all experiments. Female rats (200 g)
were immunized with linear MBP72-85 analogue 1 (30 µg) (n
) 6, as positive control), cyclic MBP72-85 analogue 3 (30 µg) (n
) 7), or cyclic MBP72-85 analogue 3 (30 µg) plus Ala81MBP72-85

linear peptide analogue 2 (500 µg) (n ) 4) in 200 µL of an
emulsion composed of equal volumes of Freund’s complete
adjuvant (Difco) CFA containing 4 mg/mL heat-killed M.
tuberculosis (H37Ra) (Difco) and PBS. Immunization was
performed subcutaneously in the two hind foot pads and
repeated 7 days later with the same dosage. Rats were
examined daily for clinical signs of EAE and scored as
follows: 0, no clinical disease; 0.5, weight loss; 1, tail weakness;
2, paraparesis of hindlimbs; 3, paraplegia of hindlimbs; 4,
paraplegia with forelimb weakness, moribund; 5, death. PBS/
CFA-injected animals served as negative controls.

NMR Spectroscopy. NMR experiments were performed
using a Bruker AMX-400 MHz NMR spectrometer. Five
milligrams of compound 1 was dissolved in 0.4 mL of DMSO-
d6. The chemical shifts are reported relative to the undeuter-
ated fraction of the methyl group of DMSO-d6 at 2.50 ppm with
respect to TMS. One-dimensional spectra were recorded with
a sweep width of 4.600 Hz and 32K (zero-filled to 64K) data
points and by methods previously described.23,24,32 The TOCSY
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experiment performed for resonance assignment provided
contour plots which were symmetrized with respect to diago-
nal. The parameters for the 1H-1H TOCSY spectrum were
spectral width 3623 Hz, acquisition 0.28 s, relaxation delay 1
s, 48 transient and 4 dummy scans for each of 512 increments.
The FIDS were zero-filled to 1K data points prior to FT. Sine-
bell window function was used for resolution enhancement.
The phase sensivity (TPPI mode) 1H-1H TOCSY spectra33,34

were acquired with a 100-ms spin-lock pulse. The 2D 1H-1H
ROESY spectrum35,36 was acquired with a 350-ms mixing time
and was carried out with concentrations of 5 or 1 mg of
compound 1 in 0.4 mL of DMSO in order to verify the head-
to-tail ROEs.

Molecular Modeling. To extend the observations made
using NMR, a theoretical modeling approach was used.
Theoretical calculations were performed as described previ-
ously32,37,38 using a Silicon Graphics 4D/35 workstation and
Quanta software of MSI. The structure of compound 1 was
first minimized using a combination of steepest descent and
conjugate gradient algorithms. The resulting minimized struc-
ture was imposed to adopt NOEs by applying distance con-
straints in combination with conjugate gradient minimization
algorithm. Thus, in the created model the major NOE con-
nectivities are within 2-5 Å apart. The minimization proce-
dure was completed when no improvement in the model could
be achieved (NOE distance constraints remained constant).
Compound 3 was assumed to have identical conformation as
1. Therefore, the structure of the cyclic peptide was created
by cyclization through the amino acids 2 and 9 while keeping
intact all the distance constraints of the linear peptide 1. To
further explore the low-energy conformers of the compounds
1 and 3, molecular dynamics were applied at 300K using 1-,
2-, and 1-ps time frames for heating, equilibration, and
simulation steps. One hundred structures from the simulated
ones were minimized using 1000 iteration steps and a conju-
gate gradient algorithm. Details of the above techniques have
been recently described.32,37-39
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