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ABSTRACT. Although multiple sclerosis (MS) is thought to be an autoimmune disease, the mechanisms by
which immunodominant epitopes are generated and lymphocytes are activated are not known. Here, myelin
basic proteir-component 1 (MBP-C1) from MS tissue was shown to undergo autocatalytic cleavage at
slightly alkaline pH. Importantly, one of the major peptides released contained the immunodominant epitope
84—89. Interestingly, MBP isolated from MS patients showed a faster time course of cleavage and a
more robust release of epitope-889 than MBP isolated from normal individuals. The cleavage reaction
was not inhibited by protease inhibitors, except for phenylmethanesulfonyl fluoride (PMSF), a serine
protease inhibitor. Since PMSF inhibition suggested a role for a serine residue in the cleavage, we labeled
myelin basic protein with diisopropyl fluorophosphate (DFP), known to bind active site serine residues.
Mass spectrometry was used to identify the labeled peptide, which consisted of residud$248ince

this peptide contained a single serine residue, we concluded it to be the active serine. The importance of
this cleavage mechanism is that it provides for a ready source of the immunodominant peptide for
sensitization of T-cells. It is not necessary to invoke other mechanisms such as molecular mimicry.

Multiple sclerosis (MS},an inflammatory demyelinating  proteins with sequences similar to those of one of the myelin
disease of the human central nervous system, is characterizegroteins, sensitize T-cells in the periphery which then
by multiple lesions within the white mattet,(2). MS is a recognize a myelin antigen and destroy myelin. However,
disease heterogeneous in its pathophysiology and clinicalmore recently, the mimicry has been shown to be more
manifestations. Reflecting this heterogeneity, a combination sophisticated than amino acid sequence alone. Conforma-
of factors is thought to be involved in its etiology, including tional similarities allowing a peptide of different amino acid
genetic, environmental, and immunological, although its sequence to fit into the MHC pocket may also sensitize
exact etiology remains unknown. MS has traditionally been T-cells @—6).
viewed as an autoimmune disease, i.e., a disease resulting Despite its attractiveness as a theory, molecular mimicry
from an attack of the immune system on self-proteins. While has never been shown to be a factor in any dise&se (
the immune system plays a role in the pathogenesis andincluding multiple sclerosis. Another mechanism receiving
progression of the disease, an autoimmune attack as amore prominence recently is the neurodegenerative hypoth-
initiating event has not been shown. esis which postulates a lesion in myelin, possibly altering

The problem with the autoimmune theory is explaining compaction, occurs first, followed by myelin breakdown and
how sensitization of T-cells in the periphery can take place release of myelin proteins, in particular, myelin basic protein
before myelin breakdown. Molecular mimicry was consid- (MBP). Peptides of MBP sensitize T-cells in the periphery
ered to provide the answes)( In this theory, cross-reactivity ~ which then travel to and destroy myelin.
between proteins of different genetic background is consid-  |n the human, MBP is an 18.5 kDa protein and is a family
ered responsible. Thus, microbial peptides, especially viral of similar proteins generated by various posttranslational
modifications. Detailed studies have shown that it contains
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! Abbreviations: MS, multiple sclerosis; MHC, major histocompat-  of the molecule has special significance for disease.
ibility complex; MBP, myelin basic protein; CM52, carboxymethyl- - .
cellulose; MS C1, multiple sclerosis component 1; N C1, normal PrOte0|yt'C cleavage of MBP is generally thotht to be

component 1; MALDI-QTOF, matrix-assisted laser desorption/ioniza- the mechanism for the generation of epitopes. We report here
tion—quadrupole time of flight; DFP, diisopropyl fluorophosphate; a novel mechanism. We have found that autocatalysis (the

HPLC, high-performance liquid chromatography; BSA, bovine serum ; ; s
albumin; TCA, trichloroacetic acid; mAb22, monoclonal antibody 22; cleavage of peptide bonds without the addition of other

PMSF, phenylmethanesulfonyl fluoride; NAWM, normal appearing faCtor_S)_ of MBP from MS tissu? generates a peptide
white matter. containing the immunodominant epitope. MBP from normal
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tissue carries out this reaction only at very minimal rates. mass spectrometer, and endoproteinase Lys-C peptide map-
Therefore, autocatalysis of MBP can produce the immuno- ping was used to obtain sequence data for MBP peptides.
dominant peptide which can sensitize T-cells. We reporton  Binding of *H-DFP and MBP.MS C1 (5 ug) was

the properties of this reaction and show that a single serineincubated with increasing amounts 8H]diisopropy! fluo-
(residue 151) out of a total of 18 seryl residues in MBP is rophosphate®d-DFP; specific activity 4.06 Ci/mmol; Perkin-

involved in the catalysis. Elmer, Woodbridge, Canada) at 3Z in 10 mM Tris buffer,
pH 7.5, for 1 h. Reactions were terminated by the addition
MATERIALS AND METHODS of 100ug of BSA and cold 10% TCA and filtered through

d glass microfiber filters (GF/B; Whatman, Clifton, NJ), and
filters were washed several times with cold 10% TCA. The

(v/v) chloroform—methanol and stirred overnight at°c. filt_erg, were added to scintillation fluid and counted in a
The homogenate was filtered through Whatman no. 1 filter scintillation coupter (Beckman LS 6000 IC).
paper, and the residue was washed with chloroform ~ HPLC Analysis of DFP-MS C1.MS C1 (20ug) and 100
methanol followed by cold acetone. The residue was then#Ci of *H-DFP were incubated in 10 mM Tris, pH 7.5, at
homogenized in 0.2 N $80; and stirred overnight at 2C. 37°C for 1 h. The labeled C1 was dialyzed against 500 mL
The homogenates were centrifuged at 119f0 60 minat ~ ©f 100 mM ammonium bicarbonate rfat h to remove
4 °C, and the supernatant was decanted. The protein was!nbound label and lyophilized. The labeled C1 was digested
precipitated in absolute ethanet{0°C) overnight and was  With endoproteinase Lys-C (sequencing grade; Roche, Laval,
centrifuged at 110affor 60 min. The pellets were washed Canada) (enzyme to substrate ratio, 1:100) in 100 mM
three times in cold ethanol, resuspended in buffer (6 M urea, @mmonium bicarbonate at 3T for 18 h. The digest was
80 mM glycine, pH 9.5), and dialyzed overnight. applied to an LKB C18 HPLC column, and a gradient of
MBP exists as a family of charge isomers which differ in solvent. A (0.05% trifluoroacetic acid) and solvent B (60%
net charge and result from various posttranslational modi- acetonitrile, 40% sol\_/ent A) was used. The gradle.nt start(_ad
fications. To isolate individual charge isomers of MBP, the at 0% solvent B and increased to 10.0% sol'vent.B in 50 min
isolated MBP was loaded onto a CM52 cation-exchange and then decreased to 0% solvent B in 10 min. Sixty fractions

column, and the components were eluted with-£0@ M were collected at 1 min_ intervals, and the_ absorbance was
NaCl gradient in 0.08 M glycine buffer (pH 10.5) containing momto_red at .226 nm. Aliquots of each fraction were counted
2 M urea (1). The fractions collected were monitored at na SC|.n.t|IIa't|on counter. o )

280 nm. Component 8 was found in the void volume while  Identification of the DFP Binding Site by Mass Spectrom-
the more cationic components (C5, C4, C3, C2, and C1) €try. MS C1 was modified with 1 mM cold DFP (Calbio-
eluted with an increasing salt gradient. The components werecheém, San Diego, CA) at 3C in 10 mM Tris buffer, pH
dialyzed against water, lyophilized, and stored-&0 °C. 7.5, for 1 h. The modified protein was dialyzed against 500

. L of 100 mM ammonium bicarbonate rfo4 h and
Autocleasage of C1 and Western BlottinglBP-C1 mL ot o : .
isolated from MS patients (MS C1) or from normal individu- Iygphlhzed. The modified C1 was dlgested with endopro-
als (N C1) was incubated in 50 mM Tris, pH 7.5, 5 mM teinase Lys-C in 100 mM ammonium bicarbonate arG7

CaCl, and 0.02% NaBblat 37°C. At various time intervals for 18 . g\fter th?} protein WES rfun (;)n HPLC, ft;actior(;s,
P, . ' ing to the two peaks of radioactivity obtained in

aliquots (2ug) were removed, added directly to sample corrésponding to >

buffer, and frozen. Aliquots were run on-4@0% gradient the HT\}I-EL?)r:aIy'IS:gF "DFP-labeled MS ClAweIr_ec?nglyzed

gels (Invitrogen, Burlington, Canada), and Western blots on a Q mass spectrometer (Applie 10Sys-

were done using either a monoclonal antibody to MBP- 84 tems) to obtain masses of the peptides present. Briefly, the

89 (mADb22; Serotec, Raleigh, NC) or a polyclonal MBP sample t_o be a”?'yzed was mix_ed W.ith an equal \_/olume of
antibody (gift from Dr. Eugene Day, NC). Experiments run the. matrix (2,5-dihydroxybenzoic acid d|sso|veq In aceto-
under various conditions of pH and temperature were carried mEAHII_eD—IV\{ater,tl.l \é/ v)- gg? sampﬂ:}/ V\I/as deposited c()jn fthe
out similarly. Buffers used for the different pH conditions ™" ——_ arget, and a nm aser-was usea for
were 50 mM glycine hydrochloride buffer, pH 2.0, 50 mM ionization of the peptides. For mass measurement, nitrogen

sodium acetate buffer, pH 4.0, 50 mM sodium acetate buffer was used as the curtain gas. Mass spectrometry was carried
pH 6.0, 50 MM Tris bl’Jffer pl—i 75 and 50 mM Tris buffer "out by Dr. Yi-Min She at the Advanced Proteomics Technol-

pH 8.5 ogy Center at the Hospital for Sick Children, Toronto.

Isolation and Purification of MBP-C1 from Normal an
MS Brain. Human white matter was homogenized in 2:1

Elution and Identification of Peptides from GeReptides RESULTS
resulting from the autocleavage of C1 were eluted from gels
using method A of Cohen and Challd) for further analysis MS C1 Undergoes Cleage and Release of Epitope-84
by mass spectrometry or Edman degradation. Briefly, gels 89 at a Greater Rate than Normal CIWhile studying
were stained in Coomassie Blue made up in 50% methanolproteolytic cleavage of MBP, we observed that C1 from MS
and subsequently destained in 50% methanol. Stained peptidgatients (MS C1) was cleaved upon incubation at°@7
bands were extracted using a scalpel and placed into separateithout exogenous enzyme. To compare the rates of cleavage
Eppendorf tubes. Bands were destained completely in 30%between MS C1 and C1 isolated from normal individuals
acetonitrile and 70% 100 mM ammonium bicarbonate. Bands (N C1), time course experiments were done between 0 and
were crushed and extracted with formic acidater—2- 96 h (Figure 1). N C1 and MS C1 were incubated atG7
propanol at room temperature for 2 h. The supernatant wasin buffer (5 mM CaC}, 50 mM Tris, pH 7.5, 0.02% Nag),
collected and lyophilized until ready for use. Peptide massesand at timed intervals, aliquots (&) were removed from
were obtained by mass spectrometry on a MALDI-QTOF the reaction, added to the sample buffer, and frozen. Aliquots
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A N Ci1 MS C1

1 (data not shown). MS C1 was also analyzed for purity by
mass spectrometry (Figure 2B). A single peak at 18499.773
amu represented the intact protein with an acetylated
N-terminus which has a predicted mass of 18501.8 amu.
Several species at higher masses were also detected. On the
basis of the masses observed, these represented adducts of
MBP with the matrix material used in the procedure. The
matrix, gentisic acid (2,5-dihydroxybenzoic acid), is known
to bind basic proteins, such as MBP (Dr. Y. She, personal
communication).

In another experiment, 20@g of MS C1 was incubated

I / at 37°C for 96 h, and the reaction mixture was fractionated

Time (hrs): 0 24 48 72 96 0 24 48 72 96

D D W > > - —— —<— Intact Protein

—adlP - P

Monoclonal
MBP antibody ——
(mAb22) -

Polyclonal
MBP antibody

MS C1 on an HPLC column to separate the peptides from the
T remaining intact protein (Figure 3A). The HPLC profile
showed six main peaks at fractions 1, 3, 6, 8, 14, and 15.
On the basis of the known HPLC profile of intact MS C1
(run previously), fraction 15 contained the remaining intact
4 protein from the digest. This fraction was recovered, lyoph-
Time (hrs) ilized, and reincubated at 3T for an additional 96 h. A
Ficure 1: MS C1 undergoes cleavage at a faster rate than normal time Cours’_e was run, an(_i a Western blot was done .Wlth
C1. (A) Time course experiments were carried out on N C1 and MAD22 (Figure 3B). At time 0, the MS C1 preparation
MS C1 incubated at 37C, and Western blots were done. Several contained some of the peptide-889 that likely eluted with
cleavage products were observed when a polyclonal MBP antibody the intact fraction from the HPLC column. Upon further
was used, but only one major peptide was seen when a m°”°C|°na|ncubation, MS C1 continued to undergo cleavage through

MBP antibody to epitope 8489 was used. (B) Western blots were - .
guantitated, and the level of peptide/intact protein was plotted another 96 h of incubation. Therefore, cleavage of MS C1

against time. MS C1 showed cleavage and release of epitope 84 se€emed to result from an intrinsic activity of the protein,
89 at a rate faster than that observed for N C1. An earlier time and we therefore believe it to be an autocatalytic mechanism.

gzufssge, rtlrébhet\/\;?en 8 6:_nd 24h (énzl?f?. indticl\ellltgd crileaze NOf gFllitOPQNhile we cannot demonstrate definitively the absence of a

— al orincubation.n = Ireren an H H P i H

brain samples. Error bars standard deviation. antamlnatlng protein in the MBP prep_ar.atlon, we belleve
this is not a factor as the MBP was originally purified by
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were run on 16-20% gradient gels, and Western blots were
carried out using both a polyclonal MBP antibody and the
monoclonal antibody (mAb22) to the immunodominant

acid extraction followed by ion-exchange chromatography
and dialysis.
Characteristics of the Reaction. (a) Effect of Protease

region 84-89 of MBP (Figure 1A). While several bands Inhibitors. To determine the effect of a range of protease
were detected with the polyclonal antibody to MBP, the inhibitors on the autocatalytic cleavage of MS C1, the protein
monoclonal antibody detected the intact protein as well as awas incubated with several protease inhibitors for 24 h
peptide released from the intact protein containing the 84 (Figure 4A). Concentrations of protease inhibitors were
89 epitope. chosen on the basis of the known typical working concentra-
Both N C1 and MS C1 showed loss of the intact protein tion of each, PMSF (021 mM), leupeptin (16-100 M),
and an increase in the peptide containing the 84 epitope pepstatin A (5 uM), and EDTA (1-10 mM) (Sigma-
over the time course examined. MS C1 showed release ofAldrich, Technical Bulletin, www.sigmaaldrich.com). The
this peptide at a much greater rate than N C1. This removal of calcium from the buffer, EGTA, arftimercap-
observation was seen in three different preparations of N toethanol did not inhibit cleavage. Treatment with leupeptin,
C1 and MS C1 obtained from different patients. To determine which inhibits serine and cysteine proteases, showed reduced

a more precise time course of the release of epitopes84

cleavage. Pepstatin A, which has activity on aspartic residues,

from MS C1, an earlier time course was run between 0 and also showed reduced cleavage. However, the amount used

24 h (Figure 1B, inset). Release of epitope-&9 was first
seen at approximatel6 h of incubation at 37°C and

for the experiment far exceeded the standard working
concentration for this inhibitor, which may explain the

increased steadily up to 24 h. Therefore, upon incubation of reduced activity. The only agents that completely inhibited

N C1 and MS C1 at 37C, there is cleavage of the intact

cleavage were PMSF and the protease inhibitor cocktail

protein, with release of a peptide containing the immuno- (Roche) that contained inhibitors for serine and cysteine
dominant epitope of MBP. Since release of this immuno- proteases. These results suggested that the serine residue(s)
dominant epitope would have significance in MS, we further was (were) involved in the mechanism of C1 autocatalytic
characterized this cleavage. cleavage.

Cleavage of MS C1 Results from an Intrinsic Property of ~ To explore inhibition by PMSF further, MS C1 cleavage
MBP. To address the issue of contamination of the C1 was examined with a concentration gradient of the inhibitor
sample, several experiments were performed. MS C1 was(Figure 4B). PMSF showed a concentration-dependent
first analyzed by running the protein on a reversed-phaseinhibition of the cleavage.

HPLC column (Figure 2A). The HPLC profile showed a (b) pH Dependencélo further characterize the nature of
single peak indicating a pure sample. The HPLC-purified the autocatalytic cleavage of MS C1, digestions were carried
sample was then tested for cleavage at@7HPLC-purified out under conditions of varying pH (Figure 5A). MS C1
MS C1 was cleaved at a similar time course as seen in Figureincubated for 72 h in buffers of pH varying from 2.0 and
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Ficure 2: Analysis of MS C1 by HPLC and mass spectrometry. MS C1 was run through a C18 reversed-phase HPLC column to monitor
for the presence of impurities. MS C1 was also analyzed by mass spectrometry. Both analyses showed a single peak, indicating a pure
sample.
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Ficure 3: Reincubation of HPLC-purified MS C1. (A) MS C1 -
(200ug) was incubated for 96 h and run through an HPLC column -
to separate the intact protein from the peptides released. (B) Therigyre 4: Effect of protease inhibitors on cleavage of MS C1.
fraction containing the intact protein was reincubated for an (a) MS C1 was incubated at 3T for 24 h under seven different
additional 96 h, and aliquots were run on a gel which was probed reaction conditions. Lanes (from left): 1, no inhibitor; 2, 1 mM
with mAb22. PMSF; 3, 130uM leupeptin; 4, 100uM pepstatin A; 5, PIC
(protease inhibitor cocktail) for serine and cysteine proteases
9.0 showed release of epitope-889 under all conditions  (Roche); 6, calcium-free buffer plus 10 mM EGTA; 7, 0.1%
tested (Figure 5A,B). Very little release of peptide occurred 'ﬁ-th?{ng:]oetranOL On}yMPSMcle 6:%% WE% )p;/?éegie inhibiIObeCt)Cgta”
H nnioite e Cleavage O al . was Incubate
up to 'pH 6.0 but became rapid thereaftgr. For subseql_Jent'at 37°Cfor24h wit% different concentrations of PMSF. Inhibition
experiments, we chose to carry out reactions at pH 7.5 SiNCey,y PMSF was concentration dependent.
this most closely resembles physiological pH and cleavage
was near maximal at this pH. (d) Effect of Lipid.To examine if MS C1 would undergo
(c) Temperature Dependendene temperature dependence cleavage in the presence of lipid, the protein was incubated
of the reaction is shown in Figure 5C. At 4 and 23, no at 37°C with lipid (1:1 mixture of phosphatidyl choline
peptide was released after 24 h of incubation. The amountphosphatidylserine) at a lipid:protein ratio of 2.5:1 to
of epitope 84-89 released was greatest at 7, while at approximate the lipid to protein ratio of myelin (Figure 5D).
47 and 60°C, only a small amount of peptide was released. The presence of lipid seemed to slow the cleavage of MS
To examine the effect of denaturation on C1 cleavage, MS C1. Higher molecular weight aggregates of MBP could be
C1 was boiled for 30 min prior to incubation at 3C for seen on the gel, likely resulting from binding of MBP to the
48 h (Figure 5C, last lane). No cleavage was observed, andlipid. Therefore, although MBP was seen to bind to the lipid,
no peptide was released. Therefore, when MS C1 is the cleavage still occurred, implying that cleavage sites were
denatured by heat, it loses its ability to self-cleave. not masked by lipid.
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FIGURE 6: Incubation of recombinant MBP proteins. (A) Recom-
D - lipid + lipid binant mouse MBP proteins were incubated af@7rom 0 to 96
Time (hr): 02448 0 2448 h, and aliquots from the incubation were run on gels which were
probed with mAb22 to MBP 8489. A normal recombinant mouse
- - protein (qC1) was used, as well as one containing amino acid
B s substitutions that removed six positive residues (qC8). (B) The level
of peptide relative to the level of intact protein is shown for qC1
Ficure 5: Effect of pH, temperature, boiling, and lipids on the and qC8.
autocatalytic cleavage of MS C1. (A) MS C1 was incubated for 72
h in buffers of pH 2.6-9.0. Western blots were done using mAb22
to detect epitope 8489. (B) Blots were quantitated, and the level Coomassie Blue Stain ~ Western Blot Dot Blots
of peptide/intact protein was plotted against pH. (C) MS C1 was
incubated for 24 h in buffer at pH 7.5 at various temperatures. -
Boiling MS C1, prior to incubation at 37C for 48 h, abolished
the autocatalytic cleavage. (D) MS C1 was incubated &t
the absence and presence of lipid (1:1 mixture of phosphatidyl-

polyclonal
MBP

mAb22

(84-89)

choline-phosphatidylserine). Aliquots were removed at timed MS C1 band 2 i o
intervals and run on gels which were probed for MBP-89 with 18.5 kDa
mAb22. band3 e

) . — band 4 ?’:/o (]
Autocatalytic Cleaage of Recombinant Mouse MBPo |

R : band5 e
determine if MBP cleavage was restricted to the human and’s
protein, two recombinant murine 18.5 kDa MBP proteins band & A
were examined under the same reaction conditions (Figure band 7

6). A recombinant mouse protein representing the least i )

o . - Elution of peptides
modified charge isomer C1 (termeq qua§|-C; or qQ_l) was Mass Spectrometry
used (3), as well as a mutant form in which six positively Edman Degradation
Chc’_;lrged re_33|dues (flv_e Arg, one LYS) were replqceql by GIn. FIGUre 7: Analysis of MS C1 cleavage products. MS C1 was
This protein was designed to mimic the less cationic human gigested for 96 h, run on a gel, and stained with Coomassie Blue
C8 and is termed gC8L4). Incubation of both proteins at  and showed seven peptide bands. Bands were eluted from the gel
37°C resulted in cleavage with release of epitope-88 of using the method of Cohen and Chdig). Antibody analysis was

similar size as previously observed for MS C1 isolated from done on cleavage products extracted and applied onto nitrocellulose
membrane using a dot-blot apparatus. A polyclonal antibody to

humgn white matte_r. Interestingly, the two recor_nbmant MBP detected all bands extracted. mAb22 only detected band 4,

proteins showed different rates of cleavage, with qC8 indicating the presence of epitope-829.

showing faster cleavage than qC1 (Figure 6B). Therefore,

cleavage of MBP is not restricted to the human protein and masses and sequences. MS C1 46D was digested for 96

is not dependent on posttranslational modifications. However, h, run on a gel, and stained with Coomassie Blue (Figure

since the two proteins differed in net charge, conformation 7). Seven bands were identified. A Western blot for epitope

is likely an important determinant of cleavage rate. 84—89 is shown alongside the Coomassie-stained gel and
Identification of Peptides Released by Autockge. shows a single band that corresponded to band 4 in the

Although cleavage of MS C1 produces one band that reactsCoomassie Blue-stained gel. Each band in the stained gel

with mAb22, use of a polyclonal antibody to MBP showed was excised from the gel, and the peptides eluted according

the presence of several cleavage products (Figure 1A). Toto Cohen and Chaitl@). Band 3 was a doublet that ran very

better characterize the products of MS C1 autocleavage, masslose together and could not be separated. Bands\8ere

spectrometry was used to determine individual peptide analyzed by mass spectrometry as these were most abundant.
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Table 1: Mass Spectrometric Analysis of MS C1 Autoclea%age A 1200
mass (amu) confirmed by 1000
endo 206 p— *
band no. Lys-C /
extracted peptide N-terminal £ 600
fromgel measured predicted  peptidemapping sequencing 2 A
3 12588392 12589.25 114 J 400 71
11501.77 115000.89 6870 )
4 10388.2 10388.67 #5170 v v
10011.901 10012.111-190 v 0 ' w ' , ' '
9864.603  9864.93 -189 Vv 0 2 4 6 8 10 12 14
5 8522.396 8523.62 91170+ nmol DFP
methyl ¥ J
8507.208 8509.62 91170 ; .
8131.645 8132.05 474 v B Time(hrs): 0 24 48 72 96

6 7020.445  7020.83 -164
7 5032.991 5933.61 11870 - A - L DCD\S C1

2 The digest, resulting from MS C1 autocleavage, was run on a gel,
and the gel was stained (Figure 7). Bands resulting from MS C1
autocleavage were extracted from the gel and analyzed by mass

spectrometry. The masses obtained were used to identify MBP pepﬂdes.FlGURE 8: DFP binds to MS C1 and inhibits MS C1 autocleavage.

(A) MS C1 was incubated with increasing amounts3dfDFP.
The masses and sequences obtained are shown in Tabléhe protein was precipitated and applied to glass fiber filters which

; ; e . -were washed and counted in a scinitillation counterDFP was
1. Several peptides were identified. Because MBP contalnsable o bind to MS C1, and-612 nmol of DFP was required to

various posttranslational modifications, peptides with various schieve maximum binding. The standard deviation is shown from

combinations of modifications were found; however, only three independent experiments. (B) DFP-labeled MS C1 was

the major peptides were examined. Methylated and di- incubated at 37C to test for autocleavage. A Western blot was

methylated species were observed for peptides14, 75~ done of aliquots from the reaction using mAh22. DFF labeling
: : Inhibite autodigestion, implicating a serine residue as a

170, and 93170, since MBP is known to pe mg?hylated at yitical residue in the reaction.

Argl107 (15). The majority of sequences identified on the

basis of mass were confirmed by endoproteinase Lys-C 5jiq.0ts were removed, added to the sample buffer, and
peptide mapping (Table 1). Band 4 contained two peptides ¢o;an on dry ice. Aliquots were run on @0% gradient
with sequences -189/90 and 75170. Amino-terminal  ya15 and a Western blot was done with mAb22 (Figure 8B).

sequencing of band 4 by the Edman method gave aNDHEP inhibited the cleavage of MS C1 previously observed,
N-terminal sequence Of KHGRTQ as the_qnly sequence. Th'sindicating that the modified serine of MS C1 was necessary
corresponds to residues #80 and identifies peptide 75 for the autocatalytic reaction.

170. Peptide 3+89/90 was not seen by N-terminal Sequenc- | yaniification of Actie SerineTo identify the site(s) that

ing; however, the N-terminus of MBP is known to be were modified. MS C1 was labeled witH-DEP and
acetylated, and the blocked N-terminus is likely responsible dialyzed to rerﬁove unbound label. The labeled protein was
]IcEO(;rt:aenla;l;fr:osdecl\l;e(jnzeévia?ﬁessv;ﬁ s:lscoeSﬁ(ﬂ\ﬁsr_;%edagytaledigested with endoproj[einase _Lys—C (sequencing grade;
N-terminus corresponding to residues-@6. When bands Roche), and the result|r_lg peptides were separated_on an
HPLC column. Sixty fractions were collected, and an aliquot

2 through 7, gluted from the gel, were applleq toa .dOt'bIOt of each fraction was counted in a scintillation counter (Figure
apparatus (F|gur.e 7). on]y band 4 reacted with antibody to 9A). A major peak of radioactivity occurred in fraction 30,
the |mrnu.nodom|nant ep.|tope 8489. N while a minor peak occurred at fraction 16. Because we could
Modifying MS C1 with DFP Inhibits Autocleage. — not find any mass spectrometry service that would analyze
Diisopropy! fluorophosphate (DFP) is an organic compound g radiolabeled sample, the experiment was repeated with cold
that binds covalently to active site serine residues and haspgp tg identify the endo Lys-C peptide that was labeled.
been used extensively in studies of serine proted<47). Figure 9B shows the HPLC profile of the endo Lys-C
Since our experiments showed inhibition of MS C1 auto- digest of DFP-MS C1. Since fractions 1517 and 29-31
cleavage with serine protease inhibitors (Figure 4), this gave the highest counts whél-DFP was used, these
suggested that a serine residue was involved in the auto-actions were analyzed further by mass spectrometry. The
catalytic mechanism. We therefore used DFP to modify MS \55ses of the peptides in each fraction were obtained (data

C1 and identify the active serine involved. not shown) and compared to masses predicted for endo Lys-C
To examine whether DFP would bind to MS C1, it was digestion of the unlabeled protein (Protein Prospector/MS-
incubated with increasing amounts %{-DFP at 37°C for Digest search program at http://prospector.ucsf.edu). The
1 h (Figure 8A). MS C1 was labeled wittH-DFP, and  presence of posttranslational modifications was also taken
maximum labeling was achieved wher 82 nmol of *H- into consideration using the known mass shifts each modi-
DFP was used. fication would add to the peptide. For example, phospho-

To test whether DFP would inhibit autocleavage of C1, rylation would add 80 amu.
MS C1 was labeled with an excess of cold DFP and dialyzed Fractions 15-17 contained species of very small mass
to remove unbound label. The DFP-modified C1 was (600—-800 amu). The radioactive peak observed in these
incubated at 37C from 0 to 96 h. At timed intervals, 29 fractions may represent breakdown product$tDFP as
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Ficure 10: Identification of the labeled serine by mass spectrom-
etry. Fraction 30, obtained from the HPLC analysis of BPS
10 20 30 40 50 C1 (Figure 9), was analyzed by mass spectrometry. Peak C was

. found to be the adduct with DFP.
HPLC Fraction Number

FicurRe 9: HPLC analysis of DFPMS C1. (A) To identify the Table 2: Identification of DFP-Modified MBP Peptide by Mass
labeled site H-DFP-labeled MS C1 was digested with endopro-  spectrometryy

teinase Lys-C, and cleavage products were run on an HPLC column.
An aliquot of each fraction was counted in a liquid scintillation mass (amu)
counter. Fraction 30 gave the highest counts per minute (cpm). (B) peptide predicted measured
The experiment was repeated with nonradioactive DFP, and theA RPSORHGSKC 10525713 1052572

HPLC profile for the endo Lys-C digest is shown. B UGFKGVDAQGTLSKI?+ PO, 1387.6623 1387.719

has been suggested by other researcHigs Fractions 29 C MOGFKGVDAQGTLSKIS2+ 1551.8623 1§'§XV_£;T§”S“”

and 31 contained MBP peptides whose masses indicated that PO, + DFP

they were not labeled with DFP (data not shown). a DFP-labeled MS C1 was digested with endoproteinase Lys-C, and
Fraction 30 contained three major species when analyzedglgavage Dr?duztsbwere runon in HF’lt-C Cglumn (Figure iB)- Fraction .

H i i was analyze mass spectrometry. comparin € masses 0

by mass fSpeCtrometry (Flr]gu;’]e 10). The major peptide ha.ld athe productg obtair{ed in frgction 30 v)\//ithythe pFr)edictged masses of

gnass o 1052'57_2 whic Co_rrESponded to peptide endoproteinase Lys-C peptides, a modified peptide was identified

RPSQRHGSK® which has a predicted mass of 1052.5713 consisting of residues 14052.

(Table 2). A peptide with a mass of 1551.815 was also

observed in fraction 30. The predicted mass of the peptide

MGFKGVDAQGTLSK?®? with one phosphorylation, was

1387.6623. A peptide with a mass of 1387.719 amu was

observed in fraction 30 at low intensity (Table 2). The

addition of DFP to a serine residue in this peptide would

add 164.2 amu after loss of the serine hydrogen (1 amu).

Therefore, the mass of this peptide, labeled with DFP, would

Absorbance (226 nm)

ever, it is known that linear sequence homology is not critical
in T-cell recognition, as structural homology is also important
(6, 21). In addition to molecular mimicry, there are other
mechanisms by which viruses may contribute to autoimmune
disease, for example, by induction of an inflammatory
response or by tissue damage of the infected organ. At

be 1551.8623. Therefore, peptide +452 was likely the present, the role of viruses in MS pathology remains unclear.

labeled peptide. Because this peptide had only one serine Although we do not claim that molecular mimicry 1S m_)t
residue, Ser151 must be the labeled serine. a factor in MS, our results show an alternative mechanism

for the generation of the immunodominant epitope of MBP.
DISCUSSION In the present study, we have observed an important

difference in the behavior of MBP isolated from normal

MS has traditionally been regarded as an autoimmune individuals and patients with MS. Incubation of C1 from

disease in which autoreactive T-cells attack myelin compo- MS patients (MS C1) at 37C resulted in a characteristic
nents and initiate demyelination. Molecular mimicry is a and reproducible cleavage of the protein into several distinct
popular mechanism by which viruses are believed to activate bands, including the immunodominant epitope-89, which
the autoimmune responsg (9). This mechanism has gained was stable up to 96 h of incubation. This peptide may
support from studies in which activation of autoreactive undergo further processing and be carried out into the
T-cells follow immunization of animals with viral sequences periphery where interaction with cells of the immune system
sharing sequence homology to self-peptid&s20). How- may subsequently prompt an autoimmune attack. Autocleav-
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age of MBP and release of the immunodominant epitope MBP autocleavage was shown to occur in the presence
provide a mechanism for activation of the immune response of lipids. In MS myelin, the presence of increased levels of
in MS. C8 is thought to destabilize myelin and loosen compaction.

While we cannot demonstrate definitively the absence of Therefore, this instability of MS myelin may enhance the
a contaminating protein in the MBP preparation, we believe rate of autocleavage in vivo. However, in normal individuals,
this is not a factor in the cleavage reaction. Cleavage occurred? stable, compact myelin sheath may prevent autocleavage
with HPLC-purified MBP, and no contamination of the ©f MBP from occurring at all.
sample was identified by mass spectrometry. In addition, Conformational differences between proteins with identical
each charge isomer of MBP (C1, C2, C3, C4, C5, and C8) primary sequence have been shown to result in functional
isolated with cation-exchange chromatography demonstrateddifferences. For example, in transmissible spongiform en-
cleavage upon incubation at 3 (data not shown). cephalopathies, disease has been attributed to prions, which

In the initial isolation of MBP, the tissue was extracted are proteinaceous particles with a pathogenic conformation
with chloroform—methanol and acid and fractionated by ion- (25). The normal version of the prion protein does not cause
exchange chromatography in urea. These treatments wouldlisease. The two proteins differ in their conformation, with
dissociate any tightly bound proteins. While MBP is dena- the pathogenic protein having highsheet content, while
tured in the process, it likely refolds upon removal of the normal protein has a higherhelical content. Conforma-
denaturants and salt by dialysis. Structural analysis of bovinetion of MS C1 likely plays an important role in its
MBP, isolated using the same protocol used in this study, autocatalytic activity.

showed that its conformation did not significantly differ from Our experiments with protease inhibitors suggested that
a recombinant mouse MBP (qC1) purified without use of serine residues were important to the mechanism of C1
organic solvents or acid1g). Circular dichroic (CD)  cleavage. To identify the active serine residue in MBP, MS
spectroscopy showed that both proteins had a mostly randomc1 was labeled with diisopropyl fluorophosphate (DFP). DFP
coil conformation in aqueous solution and acquired an js g protease inhibitor that reacts selectively with serine
increase in secondary structurefelix andg-sheet) in the  regidues. It does not normally react with the hydroxyl group
presence of lipid. In the present study, this recombinant uf serine unless the serine is activated; i.e., its hydroxyl group
protein (qC1) also displayed autocleavage, suggesting thatis hydrogen bonded to a side chain of another residue. In
both MS C1, purified under harsher conditions, and the s structure, the serine has a nucleophilic oxygen atom and
recombinant mouse protein possessed the appropriate Congap, “attack” and cleave a peptide bond. We were able to
formation for cleavage. label Ser151 of MS C1 with DFP, indicating an activated
The autocleavage of qC1 and gC8 in this study occurred serine residue. In addition, labeling of MS C1 with DFP
at different rates (Figure 6B), with qC8 showing faster abolished the autocatalytic cleavage previously observed
cleavage. Structural analysis of the two proteins by CD upon incubation at 37C (Figure 8B).
spectroscopy showed that qC8 was in a more open confor-
mation than qC1 in aqueous solutidk). Deimination has
been shown to increase the proportion of random coil

s':]ructur? n MB.Pﬁ]Z)' Sflfnc? th?(;“‘.“@”t r[_eadﬂes_ inqC8 v(\j/eri involved in the SOS response to DNA damage. LexA
chosen to mimic the etfects ot deimination, Tis Increase raeundergoes autodigestion at high pH via a mechanism

of autocleavage Is likely due to an altered, more open jnvolving a nucleophilic attack by a serine residue, analogous

conformation. Because cleavage also occurred in recombinantO serine protease&7,29. Studies have shown that Ser119
MBP proteins, this suggests that posttranslational modifica- acts as a nucleophile,tha.t hydrolyzes the peptide bond, while

tions are not a requirement for cleavage to occur. However, a deprotonated lysine residue (Lys156) activates the Ser119

gCl and qC8 differ in net charge and have different o ;
conformations 14). Therefore, the conformation of MBP hydroxyl group. In addition, Ser119 was the only serine o
react with DFP 18).

likely affects the rate at which cleavage of MBP occurs. ) )
Although we do not have an explanation for the different The work_prese_nted here supports the notion t_hat myelin
breakdown is a primary event in MS pathogenesis. Autoca-

cleavage rates of N C1 and MS C1, the difference likely talvsis of MBP all | f tides f b i
reflects differences in local secondary structure between the alysis o alows reiease ol peptides for subsequen
ctivation of T-cells in the periphery. In an extensive review

two proteins. Sequence analysis by mass spectrometry (dat& .
not zhown) revgaled no di?feren)(/:e in priF;nary strun):/tl(Jre of the literature, Behan et aR9) noted that early researchers
between N C1 and MS CL1. Therefore, the different rates of reported myelin destruction in MS in the absence of
cleavage may result from different posttranslational modi-

inflammatory cells. In addition, many cases of MS showed
fications and conformations. Posttranslational modifications Minimal inflammation upon histological examinatio8(.
have been shown to alter the conformation of MBR

A protein that exhibits similar properties to the observa-
tions in this study is the LexA repressor proteinksfcheri-
chia coli(26), which is involved in regulating a set of genes

Several researchers believed that the myelin sheath was

24). For example, phosphorylation has been reported to &ffected first, followed by lymphocyte invasiog9).

increase and stabilize thg-structure in MBP through Thus, we propose that there are inherent abnormalities in
interaction of the phosphate group with nearby basic residuesmyelin from MS patients. We believe that the altered
(24). In arecent paper by Kim et alLf), MS C1 was shown  conformation of MBP from MS patients results in autoca-
to be less phosphorylated than C1 isolated from normal talysis. Breakdown of MBP and, consequently, myelin
individuals. Therefore, the increased secondary structureintegrity would result in a primary demyelinating event that
associated with phosphorylation in the normal protein may is followed by an autoimmune attack which further propa-
diminish its rate of autocleavage. gates the disease.
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