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This work proposes a structural motif for the inhibition of experimental autoimmune encephalomyelitis
(EAE) by the linear altered peptide ligands (APLs) [Ala91,96] MBP87-99 and [Arg91,Ala96] MBP87-99 of
myelin basic protein. Molecular dynamics was applied to reveal distinct populations of EAE antagonist
[Ala91,96] MBP87-99 in solution, in agreement with NOE data. The combination of the theoretical and
experimental results led to the identification of a putative active conformation. This approach is of value as
no crystallographic data is available for the APL-receptor complex. TCR contact residue Phe89 has an
altered topology in the putative bioactive conformations of both APLs with respect to the native peptide, as
found via crystallography; it is no longer prominent and solvent exposed. It is proposed that the antagonistic
activity of the APLs is due to their binding to MHC, preventing the binding of self-myelin epitopes, with
the absence of an immunologic response as the loss of some interactions with the TCR hinders activation
of T-cells.

Introduction

Multiple sclerosis (MS)a is an inflammatory, demyelinating
disease involving the white matter of the central nervous system
(CNS)1,2 caused by aberrant responses of autoreactive T-cells
that escape negative selection. T-cell receptors (TCRs) recognize
self-peptide fragments bound to major histocompatibility com-
plex II3,4 (MHC II) molecules (in human referred to as HLA,
human leukocyte antigens), resulting in T-cell activation and
proliferation and the triggering of an autoimmune response.
Previous studies have demonstrated that the HLA-DR2b
(DRB1*1501) haplotype is present at an increased frequency
in northern European caucasoid patients with MS.5,6

Although the antigenic components of myelin in MS have
not been identified with certainty yet, MBP is believed to be
the main candidate autoantigens, and MBP87-99 is encephali-
togenic in experimental autoimmune encephalomyelitis (EAE),
the best studied animal model for MS.7-10

FTY72011-14 has been presented lately as an emerging therapy
against MS, reducing the rate of clinical relapses in more than
50% of MS patients. It inhibits immune responses by preventing
the homing of helper T-cells to lesion in peripheral organs. Its
precise mechanism of action is not known, but it is likely to
interfere with cell adhesion molecules. Phase III studies were

planned to start in 2005. Hitherto, there had been no report of
a current therapy that lacks unpredicted and dangerous side
effects or that can be used in long-term treatment until
recently.15-19 Therefore, much interest has been focused on
antigen-specific therapies that suppress autoreactive T-cells.20

An efficient approach towards the therapeutic management
of MS involves the use of peptide analogues of disease-
associated myelin epitopes (altered peptide ligands, APLs) that
are designed to bind with high affinity to disease-associated
MHC molecules but do not activate disease causing T-cells;
the scope is to block the formation of the trimolecular complex
MHC-APL-TCR and, therefore, to interrupt the process of
the disease.21,22 Considerable work has been done in this
field20,23-25 based on studies on MBP83-99,26,27 but phase II
clinical trials have been suspended28,29 due to hypersensitivity
reactions in a percentage of the patients.

A new strategy is to synthesize a more hydrolytically stable
molecule, for example, a cyclic peptide, that retains biological
activity. In previous studies based on the immunodominant
human MBP epitope 87-99, two antagonist cyclic analogues
of MBP87-99 have been designed and synthesized that are as
active against EAE induced by guinea pig MBP72-85 epitope
as their linear counterparts.30,31

Linear peptides are a good starting point for conformational
studies and rational drug design. Earlier work has been focused
on an investigation of the three-dimensional (3D) structure of
a linear EAE antagonist APL, [Arg91, Ala96] MBP87-99.32 At
least two APLs are required for a detailed and trustworthy
comparison of results, though; therefore, the extended analysis
of another APL was considered essential. Our goal is to derive
conclusions relevant to the putative bioactive conformation of
similar peptides, to identify common features that comprise a
structural motif, and, therefore, to understand better the phys-
icochemical and structural properties required for antagonistic
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biological activity. By the term “putative active conformation”,
we define the conformation that enables binding with the MHC
but prevents binding with the TCR and, therefore, T-cell
activation.

Within this context, the following study focuses on the
conformational analysis of [Ala91,96] MBP87-99

33 (Figure 1), a
rationally designed APL in which Lys91 and Pro96, that are TCR
contact sites, were substituted by Ala. A combination of
experimental one-dimensional (1D) and two-dimensional (2D)
NMR spectroscopic methods and restrained molecular dynamics
has been applied, following the methodology established by our
previous studies,32 to reveal many energetically favored con-
formations and identify a possible bioactive one among them.
It is known that flexible molecules are deformed when binding
to proteins,34 but it is important to use as an initial conformation
for interaction with the receptor one that the molecule can
actually adopt in solution and not one that only solely arises
after theoretical calculations. The proposed putative bioactive
conformation is indeed one of these low energy structures, in
which a range of the experimental NOE distance restraints is
in accordance with the conformation of MBP85-99 provided by
crystallographic data. The obtained results show that in both
conformations the distance between the primary MHC anchors
deviate less than 0.5 Å from the X-ray structure. The term
“primary MHC anchors” refers to amino acids Val87 and Phe90,
which contact the receptor and accommodate in its pockets. The
remaining residues can present different topology as long as
their backbone adopts a general shape that fits in the receptor.35

Results and Discussion

A. Structure Identification. The proton chemical shifts of
[Ala91,96] MBP87-99 in the 1D1H NMR spectrum were assigned
using 2D TOCSY and NOESY experiments in combination
with 2D 1H-13C HSQC and1H-13C HSQC-TOCSY experi-
ments (Supporting Information). Observed peaks are refer-
enced to DMSO-d6. For the assignment, the spin system of
His88 was used as an initial pattern in TOCSY. Additional
information was then used from the NOESY spectrum in which
sequential cross-peaks occur between CRHi and NHi+1 reso-
nances (dRN(i,i+1)). The cross-peak between the CRH of Thr98

and the CδH of Pro99 was used to establish sequential assign-
ment. This procedure allowed the establishment of backbone

sequential connectivities for the entire peptide and thus makes
specific assignments for all the resonances, as summarized in
Table 1.

Additionally, 13C assignment was accomplished to study the
conformation of the proline peptide bond. One set of resonances
was observed for [Ala91,96] MBP87-99 in DMSO, demonstrating
the existence of a single conformation of the Thr98-Pro99

peptide bond. Câ of Pro99 was found to be at 28.5 ppm, while
Cγ was found at 24.3 ppm. The difference in ppm is 4.2,
indicating that for the dominant conformers of the conforma-
tional ensemble the peptide bond of the Thr98 with Pro99 is trans
and that cis-trans isomerization36 does not occur. Further
evidence for thetrans nature of this peptide bond is provided
by the NOE connectivities observed betweenR Thr98 with δ1

Pro99 andâ Thr98 with δ2 Pro99.
B. NOE Connectivities.The proton-proton NOE connec-

tivities were collected from the NOESY spectrum measured at
150 ms. The list of observed inter-residue NOE connectivities
is included in Supporting Information. Due to the fact that HR
Ile93 and Hâ Ala91 are totally overlapped with HR Thr95 and
Hγ Val94, respectively, there is only a limited number of clear
medium range NOE peaks.

As with most short linear peptides in solution, the molecule
is expected to be fluctuating over an ensemble of conformations
with their æ andψ angles lying within the broad minima of the
conformational energy37 diagram. Indeed, observation of ex-
tended regions of both sequential NOE connectivities dRN(i,i+1)

and dNN(i,i+1) indicate a conformational averaging between the
RR and â regions ofæ, ψ space.38 The only deviation to this
pattern comes from the middle part of the peptide, in particular
the sequence Ala91-Asn92, where no sequential dRN(i,i+1) NOE
is observed; thus, flexibility in this part is very much reduced,
and there should be a well-defined structure. The weak dNR(i,i+1)

NOE observed between the two amino acids is also unique and
supports the presence of this well-determined structure.

The rest of sequential dRN(i,i+1) are all present. Strong peaks
along the entire backbone and absence of any long-range NOEs
indicate the presence of a significant number of populations
where [Ala91,96] MBP87-99 adopts an extended conformation.
However, observation of a number of medium-range NOEs at
different parts of the peptide backbone identifies the presence
of populations with segments of local folded structure in the
conformational ensemble.

Consecutive dNN(i,i+1) peaks are observed between the NH
proton resonances of all but Thr95-Ala96 and Arg97-Thr98,
which are overlapped with the main diagonal. However, the
consecutive dNN(i,i+1) NOE connectivities are not indicative for
the presence of populations with regular helical structure,
because the dRN(i,i+3) or dRâ(i,i+3) connectivities that are diagnostic
of a regular helix are absent.

A number of clear medium-range inter-residue NOE con-
nectivities are observed, indicative of populations with backbone
bends formed. Ile93 is in close proximity with Thr95, as suggested
by two cross-peaks between the proton resonances of Hδ-NH
and NH-Hγ. There is also a population where the side chain
of Thr95 approaches Arg97, as indicated by the NOE peak
between Hγ-NH.

The N-terminus presents flexibility: there are cross-peaks
between Hγ Val87 and NH of His88, as well as with the ring
protons of both His88 and Phe89. Also, there are NOE connec-
tivities between the ring protons of His88 with Hâ of Phe89 and
of Phe90, as well as with NH of Phe89.

C. Conformational Ensemble of [Ala91,96] MBP87-99 from
the MD Trajectories. The following analysis focuses on the

Figure 1. Structure of the linear antagonist [Ala91,96] MBP87-99.
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conformations that satisfy the set of predefined criteria and
comprise populations present in solution. Criteria for clustering
are the following: (a) all conformers within each cluster should
have backbone dihedral angles that occupy the same region of
the Ramachandran map, (b) all conformers within each cluster
should present a similar conformation of their side chains, and
(c) root-mean-square deviation (RMSD) of all structures within
a cluster should present a deviation of less than 1 Å. Eight
families of conformations were identified after applying MD
runs (Figure 2). The peptide parameters report for the eight
families is shown in Table 2, as well as the observed and
expected values of the mean and standard deviation of various
measured angles.

The Ramachandran maps for all structures generated are
included in Supporting Information. Out of the lowest energy
conformation of each cluster (energies histogram is included
in Supporting Information), family5 is energetically favored,
followed by 4, 8, 7, 2, 1, 3, and 6. A key element of this
conformational analysis is the barrier to conversion between
different families. Figure 2 shows that families4 and5 differ
by rotation about several backbone and side-chain dihedrals,
such that isolation of an individual transition state is not feasible.
Moreover, because all the structures were generated from a
single MD run, rotational barriers must be of a similar order to
the thermal energykT available in the simulation (wherek is
Boltzmann’s constant andT is the temperature, 298 K in this
case). Hence, interconvention between conformations is feasible
at room temperature.

C1. Backbone Dihedral Angles.All clusters have most of
their backbone dihedral angles belonging in theâ region of the
Ramachandran map, except those of Ala91 that fall within the
RR region. Also, for two more amino acids, their backbone
dihedrals fall within theRR minimum: Phe89 in families 1, 6,
and8 and Ala96 in families 2 and5.

Families5, 6, and8 present an element of secondary structure
in the sequence. There is a turn39,40 in each of them, formed by
the residues Thr95-Thr98 for family 5 and residues Val87-Phe90

for families 6 and 8. These turns are stabilized by hydrogen

bonds formed between CO(i)-NH(i+3) in each case and are
colored blue in the cartoon representation of the backbone in
Figure 2. The strong dNN(89,90)and dNN(96,97)connectivities agree
with the presence of the turns in different populations of the
peptide. No other turn is identified in the final ensemble.

C2. Side Chain Flexibility. The conformation of the side
chains for each amino acid of the eight different families is
presented in Table 3. The chi1/chi2 angles of Ile93 are preserved
among all structures, adopting thetrans/trans conformation.
Also, chi1 angles of Phe89, Val94, and Thr95 remain such that
the side chains adopt gauche+ conformations for the first two
and a gauche- conformation for Thr95 in all families. All the
remaining amino acids present flexibility and adopt different
combinations of conformations.

D. Consistency with NMR DatasRelative Populations.
Experimentally derived distance constraints were measured in
the final validated structure data (Supporting Information). They
are all met by at least a threshold population in the ensemble.
Thus, all selected conformations represent populations in
solution, with each cluster of structures satisfying a different
range of NOE distances, justifying that they are all present.

To further examine interatomic distances, histogram plots
were obtained that allow the study of the distribution of values.
The values in each case were bucketed, and the number of
counts per bucket was plotted. Values were normalized to correct
for sample size, and the results are displayed in percent. All
histograms are included in Supporting Information. Percentages
mentioned refer to the overall number of the selected structures.
With the help of these histograms, closeness between side chains
and spatial proximity of side chains with backbone was
quantified (Supporting Information). Some of the NOE contacts
are preserved across all clusters, though this is not the case for
all. The flexibility is justified by the amount of NOE peaks
present in the NOESY spectrum acquired, which could not all
be satisfied in a unique conformation.

Individual populations cannot be identified by NMR solely
due to their fast interconversion rate on the NMR time scale.
This is a consequence of low rotational energy barrier about

Table 1. Assignment of the1H Spectrum (Top Lines in the Amino Acid Sequences), Using as a Reference DMSO Resonated at 2.49 ppm, and13C
Assignment Accomplished (Bottom Lines in Amino Acid Sequences) Using a Combination of TOCSY, NOESY,1H-13C HSQC, and1H-13C
HSQC-TOCSY Experiments and DMSO-d6 Resonated at 39.5 ppm

amino acids NH R â γ δ other protons

Val87 8.06 3.59 1.97 0.82
56.8 29.8 17.9

His88 8.62 4.66 â1, 2.91;â2, 2.99 2H: 7.26, 116.7
51.0 26.9 4H: 8.93, 133.8

Phe89 8.21 4.56 â1, 2.76;â2, 2.99 ring: 7.18
53.4 37.3 128.7, 127.7

Phe90 8.36 4.45 â1, 2.81;â2, 2.94 ring: 7.21
53.9 37.5 129.1, 127.8

Ala91 7.95 4.19 0.84
57.9 17.9

Asn92 8.2 4.6 â1, 2.36;â2, 2.53 ε1ΝΗ: 6.96
49.4 36.7 ε2ΝΗ: 7.35

Ile93 7.71 4.21 1.7 γ1, 1.01;γ2, 1.39 0.77 γ (CH3): 0.79
56.6 36.5 23.7 11.0 15.0

Val94 7.95 4.2 1.98 0.84
57.9 29.8 17.9

Thr95 7.79 4.21 4.00 1.00 OH: 4.88
57.9 66.1 19.2

Ala96 7.82 4.28 1.21
48.1 17.9

Arg97 7.97 4.32 â1, 1.47;â2, 1.67 1.45 3.06 εNH: 7.49
51.3 28.8 24.5 40.2

Thr98 7.92 4.31 3.80 1.12 ÃΗ: 4.72
56.6 66.7 19.0

Pro99 4.19 â1, 1.83;â2, 2.13 γ1, 1.85;γ2, 1.91 δ1, 3.63;δ2, 3.79
57.9 28.5 24.3 46.8

Positions 91 and 96 in T-Cell Receptor ActiVation Journal of Medicinal Chemistry, 2006, Vol. 49, No. 236685



the phi and psi angles in linear peptides, which is typically below
4 kcal mol-1.41 Therefore, the individual populations are spotted
applying a combination of molecular dynamics and energy
minimization. Theoretical methods are, therefore, a valuable
supplement to NMR data for exploration of conformational
space in the vicinity of conformers deduced from spectroscopic
data.

E. Proposed Active Conformation of [Ala91,96] MBP87-99.
Wucherpfennig et al.35 have recently determined the structure
of the trimolecular complex TCR-MBP85-99-HLA-DR2b by
crystallography using a TCR from a patient with MS. This
TCR represents one of the best-characterized TCRs from a
human autoimmune disease and presents a topology notably
different from that of antimicrobial ones.42-44 It contacts only
the N-terminal region of the peptide rather than being cen-
tered on the peptide-MHC complex. It is believed that the

aberrant binding properties increase the probability that auto-
reactive T-cells escape deletion in the thymus and attack self-
myelin.

The 3D structure of MBP85-99 was isolated from the complex
(pdb code: 1ymm), and the segment 87-96 was used as a basis
to establish criteria in order to identify a putative bioactive
conformation among all the low energy conformers that were
generated for the APL [Ala91,96] MBP87-99. The desired putative
active conformation that we are seeking, results in optimal HLA
binding affinity, with canonical MHC binding motifs. At the
same time, the complex (peptide-HLA) fails to be recognized
by the TCR and, therefore, there is no triggering of an immune
response. It is worth mentioning that overall RMSD of the
peptide with that isolated from the complex used in our previous
studies (pdb code: 1bx245) is only 0.515 Å. Therefore, the same
set of criteria can be used, with slight changes to account for
the particular behavior in the central part of the molecule.
Because that part was constrained and allowed minimum
flexibility throughout the MD runs, it is very likely to change
once it reaches the receptor. This idea is in accordance with
the general belief that peptides approach their receptor with a
low-energy conformation but actually bind to it with a slightly
different one,34 caused by the changes in both protein and ligand
and by the ligand’s search for hydrogen bonds to the protein to
replace those formed with the solvent, which are lost as the
molecule enters the binding site. Therefore, the criteria set were
that (a) the structure should adopt a general backbone conforma-
tion similar (CR RMSD <1 Å) to the first six residues of the

Figure 2. Lowest energy conformation of each of the eight families generated after molecular dynamics simulations, with their backbone represented
as cartoon and colored blue when turns are formed.

Table 2. Peptide Parameters’ Report for the 8 Families of
Conformations Obtained after Molecular Dynamics Runs. Included Are
the Observed and Expected Values of the Mean and Standard Deviation
of Various Measured Angles

observed expected

parameter mean s.d. mean s.d.

trans omega: 172.2 6.6 180 5.8
C-alpha chirality 33.9 1.3 33.8 4.2
chi1sgauche minus -59.9 12 -66.7 15
chi1sgauche plus 50.1 14.6 64.1 15.7
chi1strans 193.4 12.4 183.6 16.8
chi1spooled s.d. 13.1 15.7
proline phi -66.3 4.1 -65.4 11.2
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natural peptide, which are important for MHC binding; (b) the
C-terminal should adopt a similar general backbone conforma-
tion (CR RMSD <1 Å) to the natural ligand; (c) the distances
between amino acids that serve as primary anchors for binding
to HLA-DR2b (Val87 and Phe90)31 should have a deviation
smaller than 10% compared to the X-ray structure; and (d) in
conformations that fulfill criteria (a), (b), and (c), residues that
are important for TCR recognition31 (His88 and Phe89) should
be at a different position than on the natural peptide and should
present different spatial relations with the residues that bind to
HLA-DR2b.

All the selected conformers generated by the dynamics
simulations were tested for compliance with the above criteria.

The conformation detected, to fulfill the criteria, belongs to
cluster4 and is the second lowest in energy among the lowest
energy conformations of each family. In Figure 3a, it is
superimposed with MBP87-96, obtained from the crystal structure
of the complex of MBP85-99 with HLA-DR2b after deleting

the first two amino acids 85 and 86 for clarity. The backbones
of the N-termini are almost identical. This observation may be
of biological significance because it is known that the N-
terminus is important for binding.46 MHC contacts Val87 and
Phe90 lie within the same region of space with respect to the
natural ligand and they are available for contacts with MHC.
Phe90 is in the correct place to approach the large hydrophobic
pocket in HLA. On the other hand, TCR contact Phe89 has an
altered topology: it is no longer prominent and solvent exposed.
Therefore, it is not accessible for interaction with the TCR.

F. Comparison of the Proposed Putative Active Confor-
mations of the APLs [Ala91,96] MBP87-99 and [Arg91, Ala96]
MBP87-99: Conformational Differences and Similarities. In
a previous study, we have proposed a putative bioactive
conformation for [Arg91, Ala96] MBP87-99, following the
procedure described above.32 Here, we propose a putative
bioactive conformation for another linear APL [Ala91,96] MBP87-99

in which the Lys91 and Pro96 residues of the native peptide

Table 3. Conformation of Side Chains in the Eight Different Families Generated after the Molecular Dynamics Runs

His 88
chi1/chi2

Phe 89
chi1/chi2

Phe 90
chi1/chi2

Asn 92
chi1/chi2

Ile 93
chi1/chi2

Val 94
chi1

Thr 95
chi1

Arg 97
chi1/chi2

Thr 98
chi1

1 g-/g- g+/t g+/g+ g-/g+ t/t g+ g- g+/t t
2 g-/g- g+/t g+/g+ g-/g+ t/t g+ g- t/t t
3 g+/g+ g+/g- g+/t g+/g+ t/t g+ g- g+/g+ g-
4 g+/t g+/g- t/g- g+/g+ t/t g+ g- g+/g+ g-
5 g+/g+ g+/g- g+/t t/g+ t/t g+ g- g+/g+ g-
6 g-/g- g+/t g+/g+ g-/g+ t/t g+ g- g+/t t
7 g-/g- g+/t t/g- g-/g+ t/t g+ g- g+/t t
8 g-/g- g+/t g+/g+ g-/g+ t/t g+ g- g+/t t

Table 4.a

a I. Backbone distances (in Å) between residues that serve as primary anchors for MHC binding (Val87, Phe90), for MBP85-99 obtained from the crystal
structure (PDB identity 1ymm), and linear antagonists [Arg91, Arg96] MBP87-99 and [Ala91,96] MBP87-99. There has also been a comparison of backbone
distances between residues that are believed to play the role of secondary MHC anchors (Asn92, Ile93, Thr95). The column on the right shows the calculated
RMSD between the molecules based on these distances.II. Distances between TCR contacts (His88, Phe89) and primary MHC anchors in the same molecules.
The column on the right shows the calculated RMSD between the molecules based on these distances.III. Dihedral angle chi1 for Phe89 and dihedral angles
chi1 and chi2 for Phe90. The ring of Phe89 presents an altered topology in the two linear antagonists. In [Ala91,96] MBP87-99, the ring of Phe89 approaches
the backbone of the first two residues, whereas in MBP85-99, its orientation is different, coming close to the backbone of Phe90 and being exposed for
interactions with the TCR. The last proximity is also present in [Arg91, Arg96] MBP87-99, in which the N-terminus adopts a very open conformation, with
the ring of Phe89 situated far away from Val87.

Positions 91 and 96 in T-Cell Receptor ActiVation Journal of Medicinal Chemistry, 2006, Vol. 49, No. 236687



MBP87-99 are replaced by Ala. It is important to trace the
conformational similarities and differences between the two
APLs because, although they differ in the position 91 of the
peptide sequence, they present the same activity against MS.

Figure 3b shows two superimpositions of [Arg91, Ala96]
MBP87-99 (green) and [Ala91,96] MBP87-99 (red). Residues
88-91 have been overlaid (left), having CR RMSD 0.21 Å, and
residues 93-98 have been overlaid (right), having CR RMSD
0.88 Å. Conformational changes can only be observed in the
orientation of Val87 in the two molecules, while the rest of the
N-terminus has a similar backbone conformation.

In [Arg91, Ala96] MBP87-99 there is a bulky guanidine group
of Arg in position 91. Due to stereochemical hindrance, the side
chain of Asn92 turns away and orientates itself in spatial
proximity with the phenyl ring of Phe89. Moreover, the imidazole
group of His88 approaches the isopropyl group of Val87. [Ala91,96]
MBP87-99 lacks such a bulky side chain in position 91, and the
backbone has been restricted in the middle part of the molecule
as a result of the experimentally derived distance constraint
dRN(91, 92)> 3.5 Å. These conformational features are responsible
for the altered backbone in the N-terminus: the rings of both
His88 and Phe89 come close to the side chain of Val87 in this
case, which is situated between them.

Despite the differences described, though, it is critical to
underline that in both APLs the distance between residues that
are MHC anchors is similar: dCâ-Câ (Val87-Phe90) is 10.83 Å
in [Arg91, Ala96] MBP87-99 and 11.31 Å in [Ala91,96] MBP87-99.
These amino acids contact the receptor and accommodate in
its hydrophobic pockets. The remaining residues can present a
different topology as long as their backbone adopts a general
shape that fits in the receptor.

To quantify all the mentioned similarities and differences,
Kabsch’s equation47 was used, and the RMSD was calculated
using the set of distances described in Table 4. The linear
antagonists were compared with each other as well as with the
conformation of the agonist complexed with HLA-DR2b, as
found via crystallography.

The comparison of the backbone distances between the MHC
primary and secondary anchors revealed very low RMSD values,
affirming the similarity of the molecules regarding these
residues. The native peptide [Arg91, Ala96] MBP87-99 has an
RMSD value of 0.55 Å, while [Ala91,96] MBP87-99 has an RMSD
value of 0.36 Å. When the two APLs were compared with each
other, an RMSD value of 0.68 Å was found.

Regarding the TCR contacts and the distances between the
backbone of the MHC anchors with them, [Arg91, Ala96]
MBP87-99 with MBP87-96 was found to have an RMSD value
of 1.53 Å, and [Ala91,96] MBP87-99 with MBP87-96 was found
to have an RMSD value of 2.07 Å. It is interesting that, although
the two APLs are similar when their MHC anchors are
examined, when it comes to TCR contacts, they present a
difference, with a measured RMSD value of 3.53 Å.

The combination of NMR and MD studies led to pro-
posed bioactive conformations for both the linear synthetic
APL analogues [Arg91, Ala96] MBP87-99 and [Ala91,96]
MBP87-99. When superimposed to MBP87-99 of the complexed
MBP85-99 obtained by crystallography, both conformations
present a striking similarity in the peptide binding sequence
(Val87-Asn92).

Conclusion

A combination of molecular dynamics calculations with NMR
structure determination was followed in the present study, to
generate a set of conformers that are in accordance with the
most critical NOEs, representing the true flexibility of the APL
[Ala91,96] MBP87-99. A unique conformation is proposed as
active. This conformation has HLA-DR2b contacts occupying
the same region as in MBP85-99, isolated from the crystal
structure with the receptor, whereas one of the two major TCR
anchors has altered its orientation, preventing binding with the
TCR. Interactions of the side chains that are largely populated
in the conformational ensemble are present, accenting again the
combination of NMR and molecular dynamics as a valuable
tool for the proposal of bioactive conformations. We propose

Figure 3. (a) Superimposition between MBP87-96 (red) obtained from the crystal structure (pdb code 1ymm) and the proposed bioactive conformation
of [Ala91,96] MBP87-99 (green). The backbone of all peptides is represented as a cartoon. Two different segments are used for the superimposition
to show agreement with the first two criteria set for activity against MS: residues 87-91 (leftsCR RMSD: 0.74 Å) and residues 92-96 (rightsCR
RMSD: 0.85 Å). The important part for binding with MHC is that primary MHC anchors (Val87, Phe90) occupy the same space. On the other hand,
primary TCR contact Phe89 has a notably different orientation between the two structures. (b) Two different superimpositions between the proposed
putative bioactive conformations of [Arg91, Ala96] MBP87-99 (green) and [Ala91,96] MBP87-99 (red). Residues 88-90 (leftsCR RMSD is 0.21 Å) and
residues 93-98 (rightsCR RMSD is 0.88 Å). Despite the difference caused by the substitution of Arg91 with Ala91, the distance between primary
MHC anchors Val87 and Phe90 differs by less than 0.5 Å: dCâ-Câ (Val87-Phe90) is 10.83 Å in [Arg91, Ala96] MBP87-99 and 11.31 Å in [Ala91,96]
MBP87-99. The same distance is 10.80 Å in the native peptide.
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that even when no crystallographic data is available, this
approach is of value to identify a possible bioactive conforma-
tion that can be used in further studies.

The aim of this work was to correlate the linear peptides’
antagonistic activity with the 3D conformation they adopt. The
linear peptides [Ala91,96] MBP87-99 and [Arg91, Ala96] MBP87-99

were chosen to be studied as a basis to derive useful conclusions,
which will consecutively be applied to design cyclic peptides
or mimetics. The detailed conformational analysis of [Arg91,
Ala96] MBP87-99, discussed in previous work, and [Ala91,96]
MBP87-99, described in this study, led to the identification of a
common structural motif, as derived from superimposition of
both proposed putative active conformations. MHC anchor
residues have to be in a certain spatial arrangement, with their
side chains available to interact with the receptor. TCR contact
Phe89 presents a different behavior, though; it seems that the
antagonistic activity of the APLs may be due to the loss of some
hydrophobic interactions with the T-cell receptor, caused by
the altered topology of the phenyl side chain with respect to
the native peptide as found via crystallography.

These results suggest that a thorough study of the intermo-
lecular interactions between possible agonists and antagonists
and the receptor would be useful. This knowledge of the
relationship of peptide conformation and activity could then lead
to the rational design and synthesis of novel peptide analogues
and, ultimately, peptide mimetic molecules for the treatment
of MS.

Experimental Methods
A. Synthesis of [Ala91,96] MBP87-99. Linear APL [Ala91,96]

MBP87-99 was synthesized step-by-step by Fmoc/t-Bu methodology
using 2-chlorotrityl chloride (CLTR-Cl) resin (0.7 mmol Cl-/g)
and Na-Fmoc (9-fluorenylmethyloxycarboxyl)-protected amino
acids, as previously described.48 The purification and identification
of peptide were achieved using reverse phase high performance
liquid chromatography (RP-HPLC) and electron spray ionization
(ESI) mass spectroscopy, respectively.27

B. Nuclear Magnetic Resonance Spectroscopy (NMR).The
high-resolution NMR spectra were recorded on a Varian INOVA
600-MHz spectrometer at 298 K. Peptide in the amount of 5 mg
was dissolved in 0.7 mL of DMSO-d6.49 The DQF-COSY,50

1H-13C HSQC,51 and1H-13C HSQC-TOCSY51 experiments were
performed with gradients. The TOCSY52 and NOESY53 experiments
were recorded using standard pulse sequences in the phase-sensitive
mode. Typically, the homonuclear proton spectra were acquired
with a spectral width of 11 371 Hz, 4096 data points int2, 16-32
scans, 324-412 complex points int1, and a relaxation delay of
1-1.5 s. The mixing time in NOESY and TOCSY experiments
was 150 ms and 60 ms, respectively. Heteronuclear experiments
were acquired with a1H spectral width of 6936 Hz, a13C spectral
width of 20 471 Hz, 1024 data points int2, and a relaxation delay
of 1 s. The1H-13C HSQC was recorded with 32 scans and 128
complex points int1. The 1H-13C HSQC-TOCSY was recorded
with 128 scans, 256 complex points int1, and a mixing time of 32
ms.

Data were processed and analyzed with FELIX software package
from Accelrys Software, Inc. Spectra were zero-filled twice and
apodized with a squared sine bell function shifted byπ/2 in both
dimensions. Cross-peak volumes in NOESY spectra were calculated
by integration routine within the FELIX software. A set of strong
(up to 2.8 Å), medium (2.8-3.8 Å), and weak (3.8-5 Å) NOEs
was established according to the integrated intensity of the geminal
pair of protonsγ1 andγ2 of Ile93, which have a distance of 1.78 Å
in all conformations.

Theoretical Calculations
A. Molecular Modeling. Computer calculations were performed

on a RM 3 GHz Pentium IV workstation using MOE 2005.06 by
Chemical Computing, Inc.54 Molecular dynamics simulations were

performed, employing experimental distance restraints designated
by the obtained NOEs. The derived conformations represent
populations of various conformers present in the NMR parameters’
environment.

A1. Generating the Starting Conformation.AMBER9455 force
field was employed for all energy minimizations. An extended
backbone structure of the peptide sequence was built, comprised
of L-amino acids with standard parameters for all atoms.

The structure was then minimized using a succession of three
methods: steepest descents (SD) algorithm to remove unfavorable
steric contacts, then conjugate gradients, followed by truncated
Newton (TN) to find the local minimum. The energy convergence
criterion was an RMSD forcee 0.001 kcal mol-1 Å-1. One distance
constraint was used to comply with the experimental data: no
sequential dRN (91, 92) NOE peak was observed, implying that
the peptide presents limited flexibility in this part. We estimate
that the distances below 3.5 Å could be observed in the NOESY
spectrum. Therefore, the lower limit for the distance constraint used
was set to dRN (91, 92)> 3.5 Å and led to a conformation that
fulfills this requirement. The resulting conformation was used as
initial for the molecular dynamics runs.

A2. Molecular Dynamics (MD) Studies.The MD56-59 run was
performed using AMBER94 force field. A dielectric constant of
45 was used to simulate the DMSO environment. The MD
production run was performed with a time step of 0.002 ps,
employing Verlet’s algorithm,60 for a duration of 1 ns. The output
sampling period chosen was 2 ps. An additional length of 100 ps
heating time preceded the main simulation to gradually heat the
system from 1 K to thedesired NMR sample solution temperature
of 298 K. The number of particles in the unit cell, volume, and
temperature were chosen as the thermodynamic variables that were
held constant. All bond lengths involving hydrogens or lone pairs
were constrained.

The experimentally derived distance dRN (91, 92)> 3.5 Å was
imported as a constraint in the MD. A weight value of 50 was
chosen, which represents the proportion by which the potential
energy is increased when values stray from the target distance
constraint. A value of 50 was found to allow substantial deviation
from the target distance to obtain a sufficient sampling, without
raising significantly the total energy of the molecule.

All resulting conformations were subjected to unconstrained
energy minimization to achieve the local minimum of the confor-
mation deduced by the NMR data in each case. A direct comparison
with the NMR results followed.

The structure ensemble was examined for consistencies with the
distance constrain, and no violation>0.2 Å was allowed. The MD
runs resulted in a number of conformations with side-chain packing
that was not justified by any NOE data; therefore, an initial
interatomic bump check was performed. The subensemble was then
subjected to structure quality checks. Selected structures had
backbone dihedral anglesæ and ψ within the core region of the
Ramachandran map,61-63 and trans ω dihedral angles.64 Virtual
dihedral angleú was also examined to evaluate the planarity of
CR.

The selected low-energy structures were checked for consistency
with the NOE data. The final validated structure data was grouped
into eight families according to backbone and side chain dihedral
angles and overall RMSD (in Å). For each cluster, an RMSD of
less than 1 Å was chosen.
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