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Abstract

 

Myelin basic protein (MBP) may be an important autoanti-
gen in multiple sclerosis (MS), with the MBP(82–100) region
being immunodominant for T cells and autoantibodies. The
structural requirements for autoantibody recognition were
compared to those previously defined for MBP-specific T
cell clones. MBP autoantibodies were affinity-purified from
central nervous system lesions of 11/12 postmortem cases
studied. The MBP(83–97) peptide was immunodominant in
all 11 cases since it inhibited autoantibody binding to MBP

 

.

 

 95%. Residues contributing to autoantibody binding were
located in a 10–amino acid segment (V86-T95) that also
contained the MHC/T cell receptor contact residues of the T
cell epitope. In the epitope center, the same residues were
important for antibody binding and T cell recognition.
Based on the antibody-binding motif, microbial peptides
were identified that were bound by purified autoantibodies.
Autoantibody binding of microbial peptides required se-
quence identity at four or five contiguous residues in the
epitope center. Microbial peptides previously found to acti-
vate T cell clones did not have such obvious homology to
MBP since sequence identity was not required at MHC con-
tacts. The similar fine specificity of B cells and T cells may
be useful for tolerance induction to MBP in MS. (
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Introduction

 

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS)
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 myelin. The inflammatory
process is characterized by focal infiltration of T cells, B cells,
and macrophages, and by a loss of myelin (1). Several lines of

evidence indicate that myelin basic protein (MBP), an abun-
dant protein component of myelin, is a target antigen for T
cells and autoantibodies in MS. The immunodominant T cell
epitope was localized to residues 82–100 of MBP; this MBP
peptide binds with high affinity to the disease-associated HLA-
DR2 molecule, and is recognized by HLA-DR2–restricted T
cell clones from MS patients. The MBP(82–100) peptide con-
tains an epitope for DR2 (DRA, DRB1*1501)-restricted T
cells as well as an epitope for T cells restricted by other DR an-
tigens (2–9). The same region of human MBP is also immun-
odominant for MBP-specific autoantibodies purified from the
CNS white matter of MS patients. The epitope for tissue-
bound autoantibody was localized to residues 82–99 of MBP,
while the epitope for free, unbound antibody was localized to
residues 75–106 (10–16).

MBP-specific B cells have been immunolocalized in MS le-
sions, and local synthesis of MBP-specific autoantibodies in
the CNS of MS patients has been demonstrated (17, 13). Tis-
sue infiltration by MBP-specific T cells and B cells may be im-
portant in the autoimmune response against MBP. Antigen-
specific B cells are efficient antigen-presenting cells, since they
internalize antigen through surface immunoglobulin (18, 19).
The cognate interaction of antigen-specific B cells and T cells
results in the activation of CD4
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 T cells; activated T cells in
turn enhance antibody production by B cells through cognate
interactions (CD40-CD40 ligand) and the secretion of cyto-
kines (20, 21). B cell–T cell collaboration may therefore result
in the simultaneous expansion of MBP-specific T cells and B
cells in MS lesions. MBP-specific autoantibodies may also en-
hance Fc receptor–mediated phagocytosis and presentation of
MBP or myelin by macrophages.

In this paper, the fine specificity of MBP autoantibodies
was examined using antibodies that were affinity-purified from
postmortem CNS tissue of eleven MS cases. Peptide residues
that were critical for autoantibody binding were identified, al-
lowing a detailed comparison to the T cell epitope that was
previously characterized. The antibody recognition motif was
used to identify viral and bacterial peptides that were bound
by affinity-purified MBP-specific autoantibodies. A peptide
from human papillomavirus that was previously found to acti-
vate a human MBP-specific T cell clone was bound by autoan-
tibodies from all MS patients studied. These results demon-
strate that MBP-specific autoantibodies have a remarkably
similar fine specificity for the immunodominant peptide of hu-
man myelin basic protein.
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Methods

 

Purification of MBP autoantibodies from postmortem MS brain tis-
sue.

 

Tissue-bound MBP-specific autoantibodies were purified from
postmortem CNS tissue by affinity chromatography, as previously de-
scribed (13). In brief, CNS tissue was cut into thin slices, washed ex-
tensively with saline, and then homogenized in 0.01 M PBS, pH 7.2,
containing 0.2% sodium azide, 0.005 M pepstatin and 0.004 M 

 

e

 

-ami-
nocaproic acid. The homogenate was centrifuged at 100,000 

 

g

 

 and tis-
sue-bound antibodies were released by resuspending the pellet in 0.1 M
glycine-HCl, pH 2.2, containing 0.05 M 

 

e

 

-amino-caproic acid and
0.2% sodium azide. After a 1-h incubation, the samples were centri-
fuged at 100,000 

 

g

 

, and the supernatant was neutralized. IgG was pu-
rified from these neutralized supernatants by protein A or protein G
affinity chromatography (Protein A or Protein G Sepharose 4 Fast
Flow; Pharmacia Diagnostics AB, Uppsala, Sweden). After elution of
IgG from the protein A or protein G column, antibodies were imme-
diately neutralized and dialyzed. Purified IgG migrated as a single
band on SDS-PAGE under nonreducing conditions, and as heavy and
light chains under reducing conditions. MBP affinity chromatography
was used to purify MBP-specific antibodies from the IgG fraction.
MBP was purified from human brain and coupled to CNBr-activated
Sepharose 4B beads (Pharmacia Diagnostics AB). Purified IgG was
loaded on the MBP affinity column, the column was washed with 0.02 M
phosphate buffer, pH 7.0, and MBP-specific antibodies were eluted
with 0.1 M glycine-HCl, pH 2.2. After elution, purified antibodies
were immediately neutralized and concentrated after dialysis. Protein
purity was assessed by SDS-PAGE.

 

Analysis of antibody binding.

 

The specificity of purified MBP au-
toantibodies was examined in a solid-phase radioimmunoassay; syn-
thetic peptides in the liquid phase were used to compete for the bind-
ing of autoantibody to immobilized MBP (13). To allow for
comparison of data from different patients, antibody concentration in
the assay was normalized to 10 

 

m

 

g/ml of affinity-purified antibody.
Immulon microtiter plates were coated with 1 

 

m

 

g/well of purified hu-
man MBP, and plates were stored at 4

 

8

 

C. Plates were blocked with
1% BSA in 0.05 M barbitol, 0.05 M NaCl, pH 7.2, for 1 h, and were
then washed with 0.05 M barbitol, 0.05 M NaCl, 0.05% Tween 20, pH
7.2. For the competition assay, synthetic peptides and purified MBP
autoantibodies were mixed at a final concentration of 10 

 

m

 

g/ml of an-
tibody, and of 10 

 

m

 

g/ml of synthetic peptide for 2 h at room tempera-
ture. 100 

 

m

 

l (corresponding to 1 

 

m

 

g of antibody) were then added to
each well of the MBP-coated plates, and incubated at room tempera-
ture for 1 h. MBP-bound antibody was detected using an Fc-specific
anti–human IgG antibody (ICN Pharmaceuticals, Costa Mesa, CA)
(1 h, room temperature), followed by [

 

125

 

I]-labeled protein A
(60,000–85,000 cpm/well) (1 h, room temperature). Plates were
washed twice with H

 

2

 

O; dried, individual wells were broken from the
strips and placed in a 

 

g

 

-counter.

 

Binding of MBP-specific autoantibodies to viral and bacterial pep-
tides.

 

Biotinylated peptides were synthesized on pins in a 96-well for-
mat (Chiron Mimotopes, San Diego, CA). Peptides were solubilized
in 40% acetonitrile, 100 mM Hepes, pH 7.4, at a concentration of 2
mg/ml, and were subjected to matrix-assisted laser desorption mass
spectroscopy (Lasermat; Finnigan, San Jose, CA). For the direct
binding assay, plates were coated with 1 

 

m

 

g/well of streptavidin, and
were then blocked with 1% BSA in 0.05 M barbitol, 0.05 M NaCl, pH
7.2, for 1 h. 1 

 

m

 

g of biotinylated peptide was added to each well in a
100-

 

m

 

l volume (1 h, room temperature), followed by blocking with
1% BSA in barbitol buffer. After washing, purified MBP-specific au-
toantibody was added (100 

 

m

 

l, 10 

 

m

 

g/ml) and incubated for 1 h at
room temperature. Bound antibody was detected with anti–human
IgG, followed by [

 

125

 

I]-labeled protein A as described above.

 

Results

 

Definition of MBP peptide residues that are critical for autoanti-
body binding.

 

MBP-specific autoantibodies were purified from

 

postmortem CNS tissue of 12 MS cases by two-step affinity
chromatography. In 10 of the 12 MS cases, the yield of purified
autoantibody (after MBP affinity chromatography) was 0.44–
0.71 mg of purified autoantibody from 

 

z 

 

2 g of tissue; in one
MS case (patient D) the yield was much higher (6.01 mg).
MBP autoantibodies constituted 13.8–18.4% of the total IgG
in 10 of the MS cases, and 46.5% of the total IgG in patient D.
From one of the samples, no purified MBP autoantibody was
obtained. Two different radioimmunoassays were used to ex-
amine the specificity of purified autoantibodies. In the first as-
say, antibody binding to immobilized human MBP was exam-
ined (Figs. 1 and 2); in the second assay, biotinylated peptides
were captured on streptavidin-coated plates (Table I).

A previous study had demonstrated that tissue-bound,
MBP-specific autoantibodies that were purified from the CNS
white matter of a MS patient were specific for the MBP(82–99)
peptide (16). The MBP(83–97) peptide (ENPVVHFFKNIV-
TPR) and a panel of alanine analogs of MBP(83–97) were used
to examine the specificity of autoantibodies from the 11 MS
cases (Fig. 1, patients A–J, Fig. 2 

 

b

 

: patient K). In all patients,
the MBP(83–97) peptide inhibited binding of affinity-purified
autoantibodies to MBP 

 

.

 

 95%, indicating that this epitope
was immunodominnant for tissue-bound autoantibodies in all
of these patients. Inhibition was specific since substitution of
some peptide positions (particularly K91) by alanine (Fig. 1),
other 

 

L

 

-amino acids or 

 

D

 

-amino acids (Fig. 2) greatly reduced the
ability of peptides to compete for autoantibody binding to MBP.

Peptide residues that contributed to autoantibody binding
were located in a 10–amino acid segment between V86 and
T95 (ENPVVHFFKNIVTPR) since alanine substitutions in
this segment affected the ability of analog peptides to compete
for autoantibody binding to MBP. In all patients, the core of
the epitope was located between H88 and I93, with the epitope
being centered around residues F89, F90, K91, and N92. In 7 of
11 MS cases (patients A–G), substitution of K91 by alanine ab-
rogated antibody binding (Fig. 1). Substitution of K91 by other

 

L

 

-amino acids or 

 

D

 

-lysine (Fig. 2 

 

a

 

, patient A) confirmed that
K91 was a key residue. In four other MS cases (patients H–K)
(Fig. 1, Fig. 2 

 

b

 

), analog peptides of K91 showed a moderate
degree of binding to MBP (competition of 

 

z

 

 20%). In these
MS patients, peptide positions F89 and F90 represented pri-
mary contact residues (Figs. 1–3).

 

Comparison of the T cell and autoantibody epitopes.

 

The fine
specificity of MBP-specific autoantibodies described above
was strikingly similar to that previously established for MBP-
specific T cell clones from patients with the disease-associated
HLA-DR2 haplotype. These MBP-specific T cell clones recog-
nized a 15–amino acid peptide (MBP 83–97: ENPVVH-
FFKNIVTPR) bound to different HLA-DR2 subtypes
(DRB1*1501 or DRB1*1602) or to HLA-DQ1 (DQA1*0101,
DQB1*0501) (8, 22, 23). Two different numbering systems
have been used for this MBP peptide, corresponding to human
MBP (residues 83–97) and the cDNA sequence of porcine
MBP (residue 85–99) (16, 2). In this work, the former number-
ing system was used, corresponding to that previously used in
studies of autoantibodies.

The same 10–amino acid peptide segment that represented
the antibody epitope contained the MHC binding/TCR con-
tact residues of the T cell epitope (Fig. 3). Also, both the anti-
body and the T cell epitope were centered on the H88-K91
segment, and F89 and K91 were key contact residues both for
MBP-specific T cell clones and autoantibodies. Important dif-
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ferences between the antibody and the T cell epitope were that
a 13–15 amino acid peptide was required for optimal stimula-
tion of MBP-specific T cell clones, while autoantibodies bound
a 10–amino acid peptide. Also, peptide residues in the center
of the antibody epitope (H88, F89, F90, K91) could not be sub-
stituted by structurally related amino acids (Fig. 2). In the
T cell epitope, only T cell receptor (TCR), but not MHC con-
tact residues, had to be conserved since MHC contact residues
(V87 and F90) could be substituted by other hydrophobic
amino acids (8, 22, 24).

 

Definition of the peptide motif required for autoantibody
binding.

 

The requirements for autoantibody binding to MBP
were further examined using a panel of 44 analog peptides
with single amino acid substitutions in the VVHFFKNI seg-
ment (Fig. 2). Analysis of autoantibodies from two patients (A
and K) demonstrated that the FFK recognition motif in the
epitope center had to be fully conserved. Even conservative
substitutions of F89 and F90 by other aromatic (Y, W) or by al-
iphatic residues (V, L, I) greatly reduced the ability of syn-
thetic peptides to compete for autoantibody binding to MBP
(Fig. 2). Autoantibodies from the two patients had a similar
fine specificity to this large panel of analog peptides, with a dif-
ference in the relative contribution of K91 to antibody binding.

These results were confirmed using 10–amino acid peptides
with 

 

D

 

-amino acid substitutions (Fig. 2).

 

Binding of microbial peptides by affinity-purified, MBP-
specific autoantibodies.

 

The loss of tolerance in MS may result
from a challenge of the immune system by microbial peptides
that have sufficient structural similarity with immunodominant
T cell and B cell epitopes (24–26). Clinical studies on cere-
brospinal fluid samples from MS patients have provided evi-
dence for the local synthesis of antibodies in the CNS that re-
act with a diverse group of viral and bacterial antigens, but
binding of microbial antigens by purified autoantibodies has
not been studied (27, 28). Microbial peptides that were bound
by MBP-specific autoantibodies were identified through a
search of the PIR protein database with the HFFK or FFKN
motifs, using the program findpatterns of the Genetics Com-
puter Group (Madison, WI) software. A total of 213 sequences
from the database met the criteria (145 with the FFKN motif,
68 with the HFFK motif). 23 peptides were synthesized with an
NH

 

2

 

-terminal biotin and a four–amino acid spacer (SGSG) be-
tween the biotin moiety and the 15–amino acid viral/bacterial
peptide sequence (Table I).

Binding of microbial peptides by affinity-purified, MBP-
specific autoantibodies was examined in a direct binding assay

Figure 1. Specificity of MBP-specific autoantibodies purified from MS lesions. MBP-specific autoantibodies were purified from CNS white mat-
ter of 11 MS cases (patients A–J shown in Fig. 1, patient K shown in Fig. 2 b) by two-step affinity chromatography. The binding of autoantibodies 
was examined in a radioimmunoassay in which soluble MBP peptides were used to compete for binding of autoantibodies to immobilized MBP. 
Bound autoantibody was detected with an anti–human IgG antibody and [125I]-labeled protein A. The MBP(83–97) peptide (1, positive control) 
and analog peptides of MBP(83–97) in which individual positions were substituted by alanine (alanine scan) were used as competitors.

In all MS cases examined, the MBP(83–97) peptide inhibited binding of autoantibodies to MBP by . 95%, indicating that this peptide repre-
sented the immunodominant segment. The autoantibody epitope was located in a 10–amino acid segment (V86-T95), and was centered around 
residues H88, F89, F90, K91, and N92. In seven of the patients (A–G), substitution of K91 by alanine resulted in a complete loss of binding to 
MBP; in four other MS cases, F89 and F90 were key residues.
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Figure 2
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Figure 2 (Continued)
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in which biotinylated peptides were captured on a streptavi-
din-coated plate. Antibody binding was detected using an
anti–human IgG antibody and [

 

125

 

I]-labeled protein A or pro-
tein G. A peptide derived from the MHC class II–associated
invariant chain (CLIP, residues 87–101) was used as a negative
control. In the direct binding assay, similar levels of binding
were observed with immobilized MBP and with biotinylated
MBP peptide captured on streptavidin-coated plates, confirm-
ing that the peptide was accessible for autoantibody binding
(Table I).

The strongest binding was observed with peptides from the
L2 protein of human papillomavirus (type 7 and type 13),
which were bound by purified autoantibodies from all 11 MS
patients. Autoantibody binding to these papillomavirus peptides
was strain-specific since only peptides from type 7 and 13 (which
shared the VHFFK-I sequence with the MBP peptide) were
bound by autoantibodies from all patients. In contrast, peptides
from the L2 protein sequences of strains 40 and 32, in which
K91 was substituted by arginine or histidine, were only bound
by autoantibodies from patients H–K in whom peptide residue
K91 was not as important for autoantibody binding as in pa-
tients A–G. The human papillomavirus type 7 peptide was pre-
viously examined for T cell recognition, and was found to acti-
vate a human MBP-specific T cell clone from an MS patient (24).

The degree of antibody binding to the microbial peptides
correlated with the number of amino acids in the epitope cen-
ter that were identical to the MBP peptide. The peptides from
the L2 protein of human papillomavirus (which bound best)
were identical at six positions (VHFFK-I) with the MBP pep-
tide, followed by two peptides from 

 

Bacillus subtilis 

 

and 

 

Clos-
tridium cellulare

 

 (five–amino acid identity, FFKNI). Twelve
peptides with four–amino acid identity (FFKN) showed a simi-
lar level of binding in a given patient (Table I).

Autoantibody recognition of microbial peptides required
sequence identity over a stretch of four or five amino acids. In
contrast, only one of eight peptides (the human papillomavirus
L2 protein peptide) that were previously found to activate hu-
man MBP-specific T cell clones, had obvious sequence homol-
ogy with MBP; due to the degenerate MHC binding motif,
only TCR contact residues in the center of the epitope had to
be conserved (24). This comparison indicated that amino acid
identity in the center of the epitope was required for recogni-
tion of microbial peptides by autoantibodies, but not by MBP-
specific T cell clones (24).

 

Discussion

 

This study demonstrates that MBP-specific autoantibodies
have a remarkably similar fine specificity for the immunodom-
inant MBP peptide, as previously described MBP-specific T
cell clones from patients with the MS-associated HLA-DR2
haplotype. The same 10–amino acid sequence represents the
autoantibody epitope and the MHC binding/TCR contact resi-
dues of the T cell epitope. Both epitopes are centered on the

H88-K91 segment, and F89 and K91 are key contact residues
for both autoantibodies and T cell receptors (Fig. 3). An im-
portant difference between the autoantibody and the T cell
epitope is that the FFK sequence has to be absolutely con-
served for autoantibody binding. In the T cell epitope, the sec-
ond phenylalanine in the FFK sequence is an MHC anchor
residue that can be substituted by other hydrophobic amino
acids. Also, the peptide required for optimal T cell stimulation
is longer (13–15 amino acids) than that required for autoanti-
body binding (10 amino acids) (8). The immunodominant
MBP(82–100) region also contains an epitope for T cells re-
stricted by DR4 and other DR antigens. In this epitope, the
primary MHC anchor residue (F90) is shifted by three amino
acids towards the COOH terminus of MBP (4). The MHC/
TCR contact residues of this epitope have not yet been de-
fined in detail.

The immunodominant autoantibody epitope may be local-
ized on a linear peptide segment of MBP, rather than on a con-
formation-sensitive epitope, because MBP is flexible due to
the presence of many positively charged residues and the ab-
sence of disulphide bonds (29). The major difference between
the peptide segment that is bound by autoantibodies and the
MHC-bound peptide that is recognized by TCRs is that MHC
class II binding imposes a particular conformation on the pep-

Figure 3. Comparison of the structural requirements for autoanti-
body binding and T cell recognition of the immunodominant 
MBP(83–97) peptide. Residues that contributed to autoantibody 
binding were located in a 10–amino acid segment (flanked by proline 
85 and proline 96). In seven of the MS cases, K91 was a key residue 
for autoantibody binding; in four cases, F89 and F90 were particularly 
important. The MHC/TCR contact residues for HLA-DR2 
(DRB1*1501 and DRB1*1601) and HLA-DQ1-restricted T cell 
clones were located in the same 10–amino acid segment that repre-
sented the autoantibody epitope. In the T cell epitope H88, F89 and 
K91 were primary contact residues for MBP-specific TCRs (arrows 
up); V87 and F90 were MHC anchor residues (arrows down) (8, 22). 
An important difference between the antibody and the T cell epitope 
was that a 10–amino acid peptide was bound by autoantibodies while 
a longer peptide (13–15 amino acids) was required for optimal stimu-
lation of MBP specific T cell clones (8).

 

Figure 2.

 

Fine specificity of MBP autoantibodies. A panel of 44 analog peptides with single amino acid substitutions in the VVHFFKNI se-
quence was tested for the ability to compete for autoantibody binding to immobilized MBP (patients A and K). In addition, six peptides with

 

D

 

-amino acid substitutions were examined. In both patients, substitution of F89, F90, and K91 (FFK) greatly reduced the ability of these pep-
tides to compete for the binding of autoantibodies to immobilized MBP. For autoantibody binding, these residues had to be absolutely con-
served since even conservative substitutions (for example, substitution of F90 and F91 by other aromatic residues or by aliphatic amino acids) 
greatly diminished autoantibody binding. The contribution of these peptide residues to autoantibody binding was confirmed using analog pep-
tides with single amino acid substitutions by 

 

D

 

–amino acids.



 

1120

 

Wucherpfennig et al.

 

T
ab

le
 I

. B
in

di
ng

 o
f 

A
ff

in
ity

-p
ur

if
ie

d 
M

B
P

-s
pe

ci
fi

c 
A

ut
oa

nt
ib

od
ie

s 
to

 V
ir

al
 a

nd
 B

ac
te

ri
al

 P
ep

tid
es

 

Se
qu

en
ce

P
at

ie
nt

 A
P

at
ie

nt
 B

P
at

ie
nt

 C
P

at
ie

nt
 D

P
at

ie
nt

 E
P

at
ie

nt
 F

P
at

ie
nt

 G
P

at
ie

nt
 H

P
at

ie
nt

 I
P

at
ie

nt
 J

P
at

ie
nt

 K

 

A
nt

ig
en

C
L

IP
 p

ep
ti

de
(c

on
tr

ol
)

 

PV
S
KM

R
MA

TP
L
LM

Q
A

 

28
7

21
7

25
5

28
0

25
7

25
5

23
5

24
0

23
1

27
5

26
3

M
B

P
29

98
9

22
46

9
21

64
6

33
76

5
28

46
3

24
16

9
21

38
9

21
29

6
21

06
1

27
39

2
22

75
5

M
B

P
 p

ep
ti

de

 

EN
P
VV

H
FF

KN
I
VT

P
R

 

29
18

7
21

72
1

20
63

9
32

40
5

28
05

2
23

37
7

20
76

9
21

06
0

19
74

9
27

24
4

22
21

2
V

ir
al

 p
ep

ti
de

s
H

um
an

 p
ap

ill
om

av
ir

us
 ty

pe
 7

 

IG
G
R

 

VH
FF

K

 

D

 

I

 

SP
IA

 

80
61

57
53

52
45

81
84

72
81

59
92

60
96

43
69

51
55

68
23

58
99

ty
pe

 1
3

 

IG
G
R

 

VH
FF

K

 

D

 

I

 

SP
IS

 

79
85

57
53

56
61

81
26

72
99

61
15

60
27

47
63

52
37

68
21

60
15

ty
pe

 4
0

 

IG
G
R

 

VH
FF

 

R
D

 

I

 

SP
IG

 

74
5

48
3

31
4

34
5

41
7

38
3

36
0

38
46

31
23

42
79

39
23

ty
pe

 3
2

 

IG
S
R

 

VH
FF

 

H
D

 

I

 

SP
IT

 

57
9

33
8

28
7

42
5

44
9

34
2

33
7

33
65

33
24

40
33

37
40

E
ps

te
in

-B
ar

r 
vi

ru
s

 

RA
H
P

 

V

 

Y

 

FF
K

 

SA
CP

PA

 

19
87

14
29

14
36

19
37

18
47

15
48

14
21

15
41

14
63

18
01

15
49

C
yt

om
eg

al
ov

ir
us

 

DR
H
P

 

V

 

Y

 

FF
K

 

SA
CP

PN

 

16
67

12
78

12
42

17
72

16
65

13
20

12
89

13
58

13
55

18
85

14
03

D
ho

ri
 v

ir
us

 

SD
D
FI

 

HF
FK

 

AK
SY

DD

 

16
31

14
96

11
42

18
23

19
25

12
84

12
64

12
32

12
56

15
71

13
20

H
er

pe
s 

si
m

pl
ex

 v
ir

us
 ty

pe
 1

 

GG
R
RL

F

 

F

 

V

 

K

 

AH

 

V

 

RE
S

 

13
69

97
9

11
15

17
61

19
73

11
49

10
68

11
39

11
67

13
80

10
67

E
ps

te
in

-B
ar

r 
vi

ru
s

 

TG
GV
YH

F
VK

KH
VH

ES
13

86
81

7
87

7
14

08
15

89
10

78
95

9
11

47
10

48
15

43
11

83
In

fl
ue

nz
a 

ty
pe

 A
KD

MT
K
EF
FK

NK
SE

TW
32

05
24

46
23

96
35

21
34

87
25

81
26

91
28

20
24

07
33

65
27

23
E

ps
te

in
-B

ar
r 

vi
ru

s
VS

GF
I
SF
FK

NP
FG

GM
30

66
24

55
24

35
35

74
33

97
26

36
28

54
28

80
24

91
33

51
28

85
H

ep
at

it
is

 A
 v

ir
us

EV
KP

A
SF
FK

NP
H
ND

M
31

87
24

48
24

62
39

49
33

74
26

62
28

13
28

81
24

87
36

06
32

98
H

um
an

 a
de

no
vi

ru
s

L
AT

YH
IF
F
KN
QR

IP
L

32
18

25
79

25
99

38
97

33
81

25
61

27
22

28
05

25
60

34
99

27
64

B
ac

te
ri

al
 p

ep
ti

de
s

St
re

pt
oc

oc
cu

s 
ag

al
ac

tia
e

R
NI

GY
IF
FK

NS
TI

DI
31

47
26

15
24

08
40

02
34

03
28

06
26

77
28

04
24

01
34

41
26

65
B

ac
ill

us
 s

ub
til

is
RK

VV
TD
F
FK

NI
PQ

R
I

48
69

36
37

32
58

48
07

47
03

36
84

36
88

36
37

32
21

43
65

37
37

B
ac

ill
us

 s
ub

til
is

KG
T
IY

TF
FK

NK
EE

L
F

34
43

25
09

23
61

36
82

33
56

26
54

27
46

25
09

25
50

36
08

27
35

B
ac

ill
us

 th
ur

in
gi

en
si

s
PA
PA

DL
FF

KN
A
DI

N
V

35
49

26
05

23
75

41
70

33
53

27
90

28
49

26
05

23
78

34
03

27
95

C
lo

st
ri

di
um

 c
el

lu
la

re
CD

A
IS

NF
FK

N
IG
YA

N
46

69
35

81
32

06
47

25
48

73
36

73
39

07
35

81
31

78
46

23
37

25
V

ib
ri

o 
an

gu
ill

ar
um

E
LL

HQ
RF
FK

NV
ES

TP
34

89
27

56
25

17
35

21
34

92
27

51
27

43
27

56
24

91
36

93
26

36
P

se
ud

om
on

as
 a

er
ug

in
os

a
LE

II
E
EF
FK

NK
SG

LK
36

05
28

15
26

15
36

62
33

16
27

53
27

39
28

15
24

71
35

34
27

28
E

sc
he

ri
ch

ia
 c

ol
i

LL
SA

I
SF
FK

NT
HD

FI
34

86
29

05
23

92
38

84
36

13
27

45
27

28
29

05
24

00
33

79
27

91
St

ap
hy

lo
co

cc
us

GI
DF

D
KF
FK

NR
ID

TF
35

97
29

51
23

86
36

25
35

78
27

43
27

76
29

51
26

07
34

69
28

19
St

re
pt

oc
oc

cu
s 

eq
ui

si
m

ili
s

RN
KI

R
QF
FK

NQ
D
KE

L
35

00
27

73
24

81
37

43
35

07
28

27
28

69
27

73
25

07
34

67
26

85

B
in

di
ng

 o
f 

m
ic

ro
bi

al
 p

ep
ti

de
s 

by
 a

ff
in

it
y-

pu
ri

fi
ed

 a
ut

oa
nt

ib
od

ie
s.

 M
ic

ro
bi

al
 p

ep
ti

de
s 

th
at

 m
at

ch
ed

 t
he

 a
nt

ib
od

y 
bi

nd
in

g 
m

ot
if

 w
er

e 
an

al
yz

ed
 in

 a
 d

ir
ec

t 
ra

di
oi

m
m

un
oa

ss
ay

. B
io

ti
ny

la
te

d 
vi

ra
l a

nd
 b

ac
te

-
ri

al
 p

ep
ti

de
s 

w
er

e 
im

m
ob

ili
ze

d 
on

 a
 s

tr
ep

ta
vi

di
n-

co
at

ed
 p

la
te

; t
he

 b
in

di
ng

 o
f 

af
fi

ni
ty

-p
ur

if
ie

d 
M

B
P

-s
pe

ci
fi

c 
au

to
an

ti
bo

di
es

 w
as

 d
et

ec
te

d 
us

in
g 

an
 a

nt
i–

hu
m

an
 I

gG
 a

nt
ib

od
y 

an
d 

[12
5 I

]-
la

be
le

d 
pr

ot
ei

n 
A

.
A

 p
ep

ti
de

 d
er

iv
ed

 f
ro

m
 t

he
 h

um
an

 in
va

ri
an

t 
ch

ai
n 

(C
L

IP
, r

es
id

ue
s 

87
–1

01
) 

w
as

 u
se

d 
as

 a
 n

eg
at

iv
e 

co
nt

ro
l; 

th
e 

M
B

P
 (

83
–9

7)
 p

ep
ti

de
 a

s 
w

el
l a

s 
im

m
ob

ili
ze

d 
M

B
P

 w
er

e 
us

ed
 a

s 
po

si
ti

ve
 c

on
tr

ol
s.

 F
or

 p
a-

ti
en

t K
, a

 b
io

ti
ny

la
te

d 
pe

pt
id

e 
fr

om
 H

er
pe

s 
si

m
pl

ex
 v

ir
us

, V
P

16
 (

D
M

T
P

A
D

A
L

D
D

F
) 

w
as

 u
se

d 
as

 a
 n

eg
at

iv
e 

co
nt

ro
l. 

E
xp

er
im

en
ts

 w
er

e 
pe

rf
or

m
ed

 in
 tr

ip
lic

at
es

 (
pe

pt
id

es
) 

or
 q

ua
dr

up
lic

at
es

 (
M

B
P

),
 a

nd
th

e 
m

ea
n 

cp
m

 w
as

 c
al

cu
la

te
d.

T
he

 s
tr

on
ge

st
 b

in
di

ng
 w

as
 o

bs
er

ve
d 

w
it

h 
pe

pt
id

es
 f

ro
m

 t
he

 L
2 

pr
ot

ei
n 

of
 h

um
an

 p
ap

ill
om

av
ir

us
 (

ty
pe

 7
 a

nd
 t

yp
e 

13
);

 a
nt

ib
od

ie
s 

fr
om

 f
ou

r 
pa

ti
en

ts
 (

H
–K

) 
al

so
 b

ou
nd

 p
ep

ti
de

s 
fr

om
 P

ap
ill

om
av

ir
us

ty
pe

 4
0 

an
d 

ty
pe

 3
2.

 T
he

 d
eg

re
e 

of
 a

ut
oa

nt
ib

od
y 

bi
nd

in
g 

co
rr

el
at

ed
 w

it
h 

th
e 

nu
m

be
r 

of
 a

m
in

o 
ac

id
s 

th
at

 w
er

e 
id

en
ti

ca
l t

o 
th

e 
M

B
P

(8
7–

93
) 

se
gm

en
t. 

T
he

 s
tr

on
ge

st
 b

in
di

ng
 w

as
 o

bs
er

ve
d 

w
it

h 
pe

pt
id

es
fr

om
 H

um
an

 P
ap

ill
om

av
ir

us
 (

id
en

ti
ty

 o
f s

ix
 a

m
in

o 
ac

id
s,

 V
H

F
F

K
-I

),
 fo

llo
w

ed
 b

y 
pe

pt
id

es
 fr

om
 B

ac
ill

us
 s

ub
til

is
 a

nd
 C

lo
st

ri
di

um
 c

el
lu

la
re

 (
id

en
ti

ty
 o

f f
iv

e 
am

in
o 

ac
id

s,
 F

F
K

N
I)

.
V

ir
al

 p
ep

ti
de

 s
eq

ue
nc

es
 w

er
e 

fr
om

 t
he

 f
ol

lo
w

in
g 

so
ur

ce
 p

ro
te

in
s:

 1
–4

: h
um

an
 p

ap
ill

om
av

ir
us

 L
2 

pr
ot

ei
n 

(t
yp

e 
7,

 1
3,

 4
0 

an
d 

32
);

 E
ps

te
in

-B
ar

r 
vi

ru
s 

B
SL

F
1 

pr
ot

ei
n;

 c
yt

om
eg

al
ov

ir
us

 U
L

70
 p

ro
te

in
;

D
ho

ri
 v

ir
us

 R
N

A
 p

ol
ym

er
as

e;
 h

er
pe

s 
si

m
pl

ex
 ty

pe
 1

 D
N

A
 p

ol
ym

er
as

e;
 E

ps
te

in
-B

ar
r 

vi
ru

s 
D

N
A

 p
ol

ym
er

as
e;

 I
nf

lu
en

za
 ty

pe
 A

 R
N

A
 p

ol
ym

er
as

e;
 E

ps
te

in
-B

ar
r 

vi
ru

s 
gl

yc
op

ro
te

in
 B

; h
ep

at
it

is
 A

 v
ir

us
 g

e-
no

m
e 

po
ly

pr
ot

ei
n;

 h
um

an
 a

de
no

vi
ru

s 
la

te
 1

00
 k

 p
ro

te
in

. B
ac

te
ri

al
 s

eq
ue

nc
es

 w
er

e 
de

ri
ve

d 
fr

om
 t

he
 f

ol
lo

w
in

g 
pr

ot
ei

ns
: S

tr
ep

to
co

cc
us

 a
ga

la
ct

ia
e 

hy
al

ur
on

at
e 

ly
as

e;
 B

ac
ill

us
 s

ub
til

is
 h

yp
ot

he
ti

ca
l p

ro
te

in
X

13
; B

ac
ill

us
 s

ub
til

is
 o

rf
A

 3
9 o

f h
em

 Y
; B

ac
ill

us
 th

ur
in

gi
en

si
s 

72
k 

cr
ys

ta
l p

ro
te

in
; C

lo
st

ri
di

um
 c

el
lu

la
re

 e
nd

o-
be

ta
-1

,4
-g

lu
ca

na
se

; V
ib

ri
o 

an
gu

ill
ar

um
 a

ng
R

 p
ro

te
in

; P
se

ud
om

on
as

 a
er

ug
in

os
a 

py
os

in
 A

P
41

sm
al

l c
ha

in
; E

sc
he

ri
ch

ia
 c

ol
i N

-a
ce

ty
ln

eu
ra

m
in

ic
 a

ci
d 

bi
os

yn
th

et
ic

 p
ro

te
in

 P
7;

 S
ta

ph
yl

oc
oc

cu
s 

Sa
u9

6I
 d

eo
xy

ri
bo

nu
cl

ea
se

; a
nd

 S
tr

ep
to

co
cc

us
 e

qu
is

im
ili

s 
st

ri
ng

en
t r

es
po

ns
e-

lik
e 

pr
ot

ei
n.



B Cell and T Cell Epitope of MBP 1121

tide (type II polyproline helix, three residues per turn). Also, a
large fraction of the peptide surface is buried in the MHC class
II peptide binding site, such that only particular peptide side
chains are available for interaction with the TCR (30, 31). The
fact that peptide side chains that occupy pockets of the MHC
class II binding site can be substituted by structurally related
amino acids (degenerate MHC-binding motif) accounts for the
observation that sequence identity is not required at these pep-
tide positions (32, 24). In solution, the MBP peptide may as-
sume a helical conformation, either as an a-helix (3.6 residues/
turn) and/or as a 310-helix (three residues/turn). Nuclear mag-
netic resonance analysis of short alanine peptides (16 or
17mers) indicated that peptides in aqueous solution prefer a
310-helix; a 310-helix may be a stable intermediate between a
random coil and an a-helical conformation (random coil↔310

helix↔a-helix) (33).
Microbial peptides that activate MBP-specific T cells and B

cells may trigger an autoimmune response against MBP; the
inflammatory response may be self-perpetuating after an in-
fectious agent has been cleared (or has become latent) since
MBP and other myelin proteins are released as the result of
myelin destruction (25, 26). Microbial peptides that are bound
by affinity-purified MBP-specific autoantibodies were identi-
fied based on the antibody-binding motif; among these pep-
tides, the strongest autoantibody binding was observed with a
peptide from the human papillomavirus L2 protein, a minor
capsid protein. Binding of the autoantibody to the native viral
protein was not examined because human papillomavirus can-
not be propagated in vitro (neither in primary cultures nor in
established epithelial cell lines) (34). The peptide segment,
however, may be solvent-exposed because two charged resi-
dues (lysine and aspartic acid) are located in the center of the
epitope. 

The colocalization of the immunodominant T cell and B
cell epitopes of MBP may be important in the autoimmune re-
sponse against MBP in MS. Antigen-specific B cells are effi-
cient antigen-presenting cells due to specific uptake of antigen
via surface immunoglobulin (18, 19). Antibody binding to anti-
gen was also shown to modulate antigen processing in human
B lymphoblastoid cells. A single bound antibody or its F(ab)
fragment could simultaneously enhance the presentation of
one T cell determinant of tetanus toxoid while strongly sup-
pressing the presentation of a different T cell determinant.
Both the suppressed and boosted determinants fell within an
extended domain of antigen stabilized (or footprinted) by the
antibody during proteolysis (35). Binding by MBP-specific au-
toantibodies may protect the immunodominant T cell epitope
from proteolytic degradation. MBP is very sensitive to pro-
teolytic degradation, and a brain cathepsin D cleavage site is
located in the center of the immunodominant epitope (be-
tween F89 and F90 in the FFK motif) (36).

Since studies in the EAE model have demonstrated that
systemic administration of soluble MBP peptides induces
tolerance and reverses clinical disease (37, 38), the immu-
nodominant MBP peptide may be useful for the induction of
both T cell and B cell tolerance to MBP in MS.
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