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Abstract 

Phosphorylation is one of a number of post-translational modifications resulting in charge microheterogeneity of myelin basic 

protein (MBP). This phosphorylation is claimed to destabilise the compact myelin sheath by decreasing the interaction of 
membrane bilayers, thereby creating or maintaining pockets of cytoplasm. To further investigate and localise MBP phosphoryla- 
tion to discrete regions of the myelin sheath we raised a monoclonal antibody with specificity for a known phosphorylation site in 
MBP. A synthetic peptide was made by Fmoc peptide chemistry and phosphorylation of Thr98 was achieved on the resin by the 
global phosphorylation methodology, utilising dibenzyl-NJ-diethylphosphoramidite phosphitylation and t-butylhydroperoxide 
oxidation. The peptide coupled to tuberculin was used to immunise mice for monoclonal antibody production. The selected 
hybridoma (Clone P12) secreted an IgG2a antibody which reacted strongly with the phosphorylated immunogen and with 
phosphorylated fractions of bovine MBP obtained by ion exchange chromatography. The antibody had minimal reactivity with 
the unphosphorylated peptide; the same peptide phosphorylated at another site Ser’“‘; a preparation of unphosphorylated MBP 
obtained by ion exchange chromatography; and with an irrelevant phosphorylated protein (histone). Similar phosphorylation 
state-specific monoclonal antibodies could be made to recognise other specific phosphorylation sites in MBP or other proteins. It 
is planned to use these antibodies to quantify and locate the extent of MBP phosphorylation in normal and multiple sclerosis 
myelin. 
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1. Introduction 

At alkaline pH, myelin basic protein displays charge 
microheterogeneity, separating into 8-10 components 
on cation exchange chromatography at pH 10.6 

(Martenson et al., 1969; Chou et al., 1976; Brady et al., 
1985). This charge heterogeneity results from a number 
of post-translational modifications. Some of these have 
been identified as phosphorylation (Deibler et al., 1975; 
Chou et al., 1976; Martenson et al., 1983), deamidation 
of asparagine/glutamine (Chou et al., 1976; Martenson 
et al., 1983), and loss of a C-terminal Arg (Deibler et 
al., 1975). Five main chromatographic components have 
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been characterised, with the last eluting and major 
component (Cl) being the unmodified protein. Compo- 
nents 2-5 differ from Cl by an increase of l-4 net 
negative charges. C2 can be accounted for by a single 
deamidation (Deibler et al., 1975; Chou et al., 1976); 
phosphorylation at a single site or two deamidations 
give rise to C3 (Agrawal et al., 1982; Moscarello, 1990). 
Components C4 and C5 are generated by a combina- 
tion of these modifications. C4 has been shown to 
contain a mono-phosphorylated isomer and C5 mono 
and di-phosphorylated species (Deibler et al., 1975). 

The phosphorylation of myelin basic protein (MBP) 
has been a subject of interest since Johnson et al. 
(1971) first detected kinase activity in myelin. A num- 
ber of different approaches have been employed to 
define the characteristics and effects of this post-trans- 
lational modification on myelin structure. Brady et al. 
(1985) established that phosphorylation decreased the 
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ability of MBP to aggregate lipid vesicles and organize 
lipid bilayers into compact structures, and Cheifetz et 
al. (1985) further demonstrated that this effect resulted 
in an increase in vesicle permeability. This evidence 
suggested that phosphorylation of MBP could possibly 
destabilise the compact structure of myelin. 

Destruction of myelin occurs in demyelinating dis- 
eases such as multiple sclerosis (MS). MS is an inflam- 
matory disease of the central nervous system (CNS). 
Although the cause of the disease is unknown, genetic, 
immunological and environmental factors are believed 
to contribute (Davidson, 1980). Moscarello et al. (1986) 
isolated myelin containing white matter fractions from 
both normal and MS tissue, in which the loss of some 
of the most cationic charged isomers was correlated 
with the presence of less compact myelin. These results 
confirmed his earlier reports that basic protein isolated 
from MS myelin was less effective than its normal 
counterpart in inducing the formation of compact 
multilamellar structure characterised by sharp X-ray 
reflections (Brady et al., 1981a). Since the interaction 
between the basic protein and the lipid vesicle was 
largely an electrostatic interaction between the positive 
charged groups on the protein and the negatively 
charged groups on the lipid they proposed that the 
reason that basic protein from MS tissues was less 
effective than its normal counterpart was due to a 
decreased overall positive charge on MS basic protein 
compared to normal (Brady et al., 1981b). 

The extent and location of MBP phosphorylation at 
specific sites in diseased or normal tissue has not been 
investigated due to the lack of appropriate analytical 
tools. We now document the preparation of a mono- 
clonal antibody (mAb) with specificity for a region of 
MBP that is that is identical in mammalian species so 
far sequenced, and which contains Thr9* (hMBP) in 
the phosphorylated state. 

2. Materials and methods 

2.1. Peptide synthesis and coupling chemicals 

All reagents were peptide synthesis grade unless 
otherwise stated. Amino acid derivatives and resins 
came from Calbiochem-Novabiochem (UK) Ltd, Not- 

tingham, NG9 2JR; Piperidine, N,N-dimethylform- 
amide (DMF), trifluoroacetic acid (TFA), acetonitrile, 
and high pressure liquid chromatography (HPLC) grade 
water were from Rathburn Chemical Co., Walkerburn, 
EH 43 6AV, UK, DNA grade tetrazole, phenol, 
ethanedithiol, thioanisole, hydroxybenzotriazole 
(HOBT), and diisopropylcarbodiimide (DIG) were from 
Sigma Chemical Co., Poole BH17 7NH, UK, DNA 
grade DMF for phosphorylation procedures, Aldrich, 
Gillingham SPS 4JL, UK; t-butylhydroperoxide (t- 
BuOOH) from Fluka, Gillingham, Dorset, UK; Diben- 
zyl N,N-diethylphosphoramidite Fluorochem. Ltd., Old 
Glossop SK13 9RY, UK, Argon, British Oxygen Co., 
Coventry CV12BE, UK, Sephadex G25 column (PDlO), 
Pharmacia Biotech, St. Albans AL1 3AW, UK; N- 
maleimido-6-aminocaproyl ester of 1-hydroxy-Znitro- 
4-benzenesulphonic acid (Mal-sac-HNSA), Bachem 
Feinchemikalien AG, CH-4416 Bubendorf, Switzer- 
land; Tuberculin, the Central Veterinary Laboratory, 
Weybridge, Surrey, UK. 

2.2. Tissue culture and ELBA materials 

Iscove’s modified Dulbecco’s medium (IMDM), 
foetal calf serum (FCS) and 96-well Nunc Maxisorb 
enzyme-linked immunosorbent assay (ELISA) plates 
were by Gibco BRL, Paisley PA3 4EF, UK, domadrive, 
Immune Systems, Westbury-on-Trym B51 ONG, UK, 
hypoxanthine aminopterin thymidine (HAT), Tween 
20, phosphate-buffered saline (PBS) tablets and gen- 
tamycin, Sigma Chemical Co.; 0.15 M NaC1/25 mM 
tris(hydroxymethyl)amino-methane (Tris) sachets (pH 
7.51, Pierce and Warriner, Chester CHl 4EF, UK; all 
tissue culture disposables came from Fahrenheit, Mil- 
ton Keynes MKl 3HB, UK; goat anti-mouse IgG, per- 
oxidase conjugated, Dako, High Wycombe HP13 5RE, 
UK; TMB substrate, Dynatech Labs. Ltd., Billingshurst 
RH14 9SJ, UK. 

2.3. Tissue culture media recipe 

Complete medium: IMDM containing 20% (v/v) 
FCS 0.001% (v/v) gentamycin. HAT medium: 500 ml 
Complete medium containing HAT (5 X low3 M hy- 
poxanthine, 2 x 10e5 M aminopterin, 8 X lop4 M 
thymidine). 

Table 1 
Human myelin basic protein sequences used in the present study 

PL65P H-Phe-Phe-Lys-Asn-Ile-Val-Thr-Pro-Arg-Thr~~PO~H~~-Pro-Pro-Pro-Ser-Gln-G~y-Lys-NH~ 
PWOP H-Phe-Lys-Asn-Ile-Val-Thr-Pro-Arg-Thr-Pro-Pro-Pro-Ser 102(P0,H,)-Gln-Gly-Lys-Gly-Arg-Gly-NH, 
PL97P H-Phe-Phe-Lys-Asn-IIe-Val-Thr-Pro-Arg-Thr~~PO~H~~-Pro-Pro-Pro-Ser-Gln-G~y-Lys-[~s]-NH~ 

These sequences contain in vivo phosphotylation sites as indicated in the literature, at Thrg8 (Erickson et al., 1990) and Ser’O* (Schulz et al., 
1988). 
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2.4. Protein preparations 

Bovine MBP (bMBP) components were separated 
by CM52 chromatography (Wood and Moscarello, 
1989). C3, C4 and C5 were generously given by Profes- 
sor M.A. Moscarello (The Hospital for Sick Children, 
Toronto, Ontario, Canada). Mitogen-activated protein 
kinase (MAPK) phosphorylation of bMBP, stathmin 
and mitogen-activated protein kinase kinase 
(MAPKKl) was carried out as described by G6mez et 
al. (1990) in Professor P. Cohen’s laboratory (Dundee 
University, UK) by Mr. I. Leighton. Histone prepara- 
tion used in hybridoma screening came from Sigma 
(H6005). 

2.5. Preparation of synthetic peptides 

Peptide sequences used in the present work are 
shown in Table 1. Peptide PL97P was synthesised in a 
similar fashion to that reported for PL65P (Yon et al., 
1994), the sequence being that of PL65P with an addi- 
tional C-terminal cysteine. Synthesis was carried out on 
a NovaSyn Crystal automated peptide synthesizer. All 
amino acids with chemically reactive groups in their 
side chains were suitable protected. This was with the 
exception of Thr98 which was left unblocked for subse- 
quent phosphorylation. NovaSyn fluorenylmethoxycar- 
bony1 (Fmoc)-Thr, Fmoc-Arg(Pmc) and the N-terminal 
t-butoxycarbonyl-protected amino acids were coupled 
as hydroxybenzotriazole esters formed in situ by the 
reaction between the protected amino acid, HOBT and 
DIC. For all other amino acids, the acylation reactions 
were carried out using pentafluorophenyl esters in the 
presence of an equimolar amount of HOBT. Coupling 
reactions were monitored by counter-ion distribution 
monitoring (Young et al., 1990). 

2.6. Peptide phosphoryla tion 

Phosphorylation of the peptide was carried out post 
synthesis on the resin by the global methodology 
(Andrews et al., 1991). To minimise the risk of cysteine 
oxidation, post-synthetic phosphorylation was carried 
out with minor modifications to that we previously 
reported (Yon et al., 1994): The peptidyl resin (200 mg, 
0.02 mmol) was placed in a test tube and dried overnight 
at 40” C under vacuum. The tube was allowed to cool 
to room temperature, sealed with a rubber septum, and 
then flushed with dry argon. The contents of an argon- 
filled ampoule of tetrazole (300 mg, 4.29 mmol) was 
dissolved in dry DMF (2.5 ml) to give a 1.71 M solu- 
tion. Using a dry, argon flushed syringe, a 20-fold 
excess of dibenzyl N,N-diethylphosphoramidite and 
0.5 ml of tetrazole solution were added to the peptidyl 
resin. The mixture was agitated for 1 h, the resin 
slurried into a sintered glass funnel on a Buchner flask 

under vacuum, washed quickly with dry DMF (3 x 5 
ml). The excess DMF was removed, and 3 M t-BuOOH 
in isooctane (0.7 ml, 2 mmol) added to cover the resin. 
After 5-10 min, remaining t-BuOOH was removed by 
vacuum (in 1993 we reported an exposure time of 30 
min). The resin was then rapidly washed in dry DMF 
followed by ether and dried. 

2.7, Peptide cleavage and evaluation 

Cleavage of the peptide resin and removal of the 
side chain protection groups was achieved by treatment 
with TFA/Thioanisole/Phenol/H,O/Ethanedithiol 
[43:2:2:2:1] (King et al., 1990) for 4 h. 

Following cleavage from the resin the peptides were 
evaluated as reported previously by: (1) reverse phase 
HPLC on a Beckman C,, column (4.6 mm X 25 cm) 
using a gradient of O-50% 0.1% TFA in water against 
0.1% TFA in acetonitrile over 40 min with a flow rate 
of 1.5 ml/min: (2) plasma desorption mass spectrome- 
try on a Bio-Ion 20 or matrix-assisted laser-desorption 
ionization time of flight mass spectrometry on a Finni- 
gan MAT LASERMAT. 

2.8. Coupling of PL97P to tuberculin by the heterobifinc- 
tional agent Mal-sac-HNSA 

10 mg of tuberculin was dissolved in 1 ml of 0.1 M 
phosphate buffer (pH 7.4) then added to 10 mg of 
mal-sac-HNSA and stirred for 30 min. A Sephadex 
G25 column was equilibrated with 0.1 M phosphate 
buffer (pH 6). The reaction mixture was applied to the 
column and eluted with phosphate buffer (pH 6). The 
activated tuberculin elutes as a brown band. 10 mg of 
PL97P was dissolved in 2 ml of 0.01 M HCl and 
transfer to a graduated polypropylene tube. To remove 
any remaining traces of ethanedithiol 15 ml of ether 
was added and the tube shaken. The bottom aqueous 
layer containing the peptide was aspirated and added 
to the activated tuberculin solution. The pH of the 
peptide-tuberculin mix was adjusted to between 7 and 
8 with 1 M phosphate buffer, and flushed with argon. 
The tube was sealed and covered with foil and agitated 
overnight at room temperature. The coupled 
peptide/tuberculin immunogen was then made up to 
20 ml with sterile physiological saline, aliquoted and 
stored at - 80” C. 

2.9. Immunization 

Female BALB/c mice were primed with a subcuta- 
neous injection of human BCG vaccine (1 human 
dose/mouse) in saline (Lachmann et al., 1986). After 3 
weeks the animals were injected subcutaneously with 
200 ~1 of emulsion of peptide-tuberculin conjugate in 
incomplete Freund’s adjuvant in a ratio of 1:2 
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(saline:adjuvant). After a further 3 weeks the mice 
were boosted, as just described. A second boost was 
given after another 3 weeks in a similar manner to the 
first. Then after 10 days the mice were bled and the 
serum screened for specific antibody production as 
described below. 

2.10. Evaluation of mouse sera by ELISA 

Microtitre plates (Nunc 4-39454, Gibco) were coated 
with 50 ~1 of 1 pg/ml of PL65P or PL65 peptide in 
bicarbonate buffer pH 9.6 and incubated overnight at 
4” C. Next day the plates were emptied and blocked by 
the addition of 100 ~1 of blocking buffer (1% (w/v> 
BSA/O.lS M NaC1/25 mM Tris pH 7.5) for half an 
hour at room temperature. Finally they were washed in 
wash buffer (0.05% (w/v) Tween 80/0.15 M NaC1/25 
mM Tris, pH 7.5) and if not used immediately stored 
dry at 4” C. 5 ~1 of blood from the tail of each mouse 
was diluted in 1 ml of (1% BSA/PBS/O.l% azide). 
This dilution was centrifuged, the supernatant removed 
from the cell pellet, then further diluted in ten fold 
steps with conjugate buffer (1% BSA/O.5% 
Tween/O.lS M NaC1/25 mM Tris, pH 7.5). 100 ~1 of 
the serum dilution was transferred to the ELISA plate 
in duplicate and incubated for an hour at room tem- 
perature. The plate was then washed and 100 ~1 of a 
l/1000 dilution of second antibody (goat anti mouse 
IgG, peroxidase conjugated) in conjugate buffer added 
and incubated for 1 h. After washing, the specific 
antibody was detected by addition of 50 ~1 TMB 
substrate, the reaction was stopped by the addition of 
6% (v/v> phosphoric acid after lo-15 min, and the 
absorbance read at 450 nm on a Biotek ELISA plate 
reader. 

2.11. Cell fusion 

The selected high responding mice, had intravenous 
boosts of the peptide/tuberculin (PPD) conjugate 
(200-300 ~1) on each of the 4 days prior to spleen 
removal. The spleens were removed aseptically, and 
the splenocytes fused with Sp2 myeloma cells as previ- 
ously described (Galfrb and Milstein, 1981). The result- 
ing hybridomas were suspended in and further diluted 
l/5 and l/10 (v/v) in 15% domadrive (v/v)/I-IAT 
and subsequently plated out into 96-well tissue culture 
plates. 

2.12. Hybridoma screening 

After 10 days, 50 ~1 supernatant was taken from 
each well and tested for specificity by ELISA on a 
series of antigen-coated plates in the same manner to 
the mouse bleeds: microtitre plates were coated with 1 
,ug/ml of(i) the phosphorylated and unphosphorylated 

peptide PL65 in 0.1 M bicarbonate buffer pH 9.6; (ii) 
bovine MBP (bMBP) components isolated by CM52 
chromatography Cl and a pool of C3/C4/C5 in 0.1 M 
phosphate buffer pH 6; (iii) MAPK-phosphorylated 
bMBP and bMBP run under the same phosphorylation 
condition but without MAPK in 0.1 M phosphate 
buffer. MAPK specifically phosphorylates one predom- 
inant site in bMBP, that of Thr97 (Erickson et al., 
1990). (iv) A selection of negative controls, including 
an unrelated phosphothreonine containing peptide, an 
unrelated preparation of phosphosphorylated histone 
proteins, phosphothreonine coupled to BSA, and an 
overlapping hMBP peptide, PL7OP (Table 1) with Ser”’ 
is phosphorylated in place of Thr98 (all in 0.1 M 
bicarbonate buffer). 

2.13. Isotyping 

Determination of Ig class of the selected hybridoma 
was made with Sigma’s ImmunoType Kit (0921-l-4800) 
as directed. 

2.14. Affinity ranking of antibodies by ELISA inhibition 
studies 

Selected clone supernatants were first titrated by 
ELISA on plates coated with MAPK-phosphorylated 
bMBP. From the results dilution factors were individu- 
ally chosen for each clone to give an optical density 
reading at 450 nm of approximately 0.6 on MAPK- 
phosphorylated bMBP-coated plate. Diluted clone su- 
pernatants diluted in conjugate buffer were incubated 
overnight with 0, 30 or 300 ng/ml of MAPK-phospho- 
rylated bMBP and then assayed on a plate coated as 
before with the same preparation of MAPK-phospho- 
rylated bMBP. The antibodies showing most inhibition 
were judged to be probably of higher affinity. 

2.15. Recloning 

The highest affinity clones were recloned in methyl 
cellulose (McCullough and Spiers, 1990), the chosen 
cell line was grown up and the clones re-evaluated for 
antibody specificity by ELISA with the same protocol 
as for the fusion. 

2.16. Consensus sequences 

One of the main concerns in relation to monoclonal 
antibodies made as described in this paper was the 
possibility of cross-reactivity with consensus sequences. 
The final monoclonal antibodies were therefore tested 
by ELISA on plates coated with 1 ,ug/ml of stathmin 
or MAPKKl (in 0.1 M bicarbonate buffer), two unre- 
lated phosphoproteins phosphorylated by MAPK. 
Stathmin and MAPKKl have both been shown to be 
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excellent substrates for MAPK (Leighton et al., 1993; 
Saito et al., 1994). Studies with synthetic peptides have 
suggested that Pro-Xaa-Ser/Thr-Pro is the preferred 
consensus sequence for phosphorylation by MAPK 
(Clark-Lewis et al., 1991). 

2.17. Western blotting 

A 10% (w/v) homogenate of bovine spinal cord was 
prepared and subjected to SDS PAGE electrophoresis 
on a 12.5% gel. Immunoblotting was then carried out 
as previously described (Gott et al., 1994). Detection 
used the ECL system (Amersham). 

3. Results 

HPLC elution profiles of the crude peptides demon- 
strated PL97 and PL97P were of 93.2% and 93% 
purity. Mass spectra confirmed the peptides to have 
[M + HI+ of the correct mass: PL97 [M + HI+, ex- 
pected 2018, observed 2018; PL97P [M + HI+, ex- 
pected 2098, observed, 2097.3. 

Since the main goal was to make monoclonal anti- 
bodies specific for phosphorylated MBP, the primary 
hybridoma screen was on phosphorylated and unphos- 
phorylated hMBP(89-105) peptides. Out of 576 super- 
natants screened, 403 (69.9%) displayed immuno-reac- 
tivity of which 77 (28.5%) had specificity for the phos- 
phorylated peptide only, 246 (71.5%) recognised both 
the phosphorylated and unphosphorylated peptides. 
There were no supernatants with specificity for only 
the unphosphorylated peptide PL65. 

Table 2 
Inhibition of antibody reactivity on ELISA by MAPK-phospho- 
rylated bMBP 

Clone Percent inhibition observed Percent inhibition observed 
No. with 30 ng/ml of MAPK- with 300 ng/ml of MAPK- 

phosphorylated bMBP phosphorylated bMBP 

1 40.0 75.9 
3 35.0 58.2 
6 38.5 66.0 
7 43.0 60.7 
10 52.7 65.2 
12 45.8 78.9 
14 49.8 78.0 
15 14.0 51.0 
16 9.5 27.0 
19 0.0 16.7 
22 22.7 56.0 
25 15.6 50.8 
30 30.3 44.0 
32 44.0 75.9 

Summary of the inhibition of antibody activity on ELISA plates 
coated with MAPK-phosphorylated bMBP, after overnight pre-in- 
cubation of the antibody dilution with 30 ng/ml or 300 ng/ml of 
MAPK-phosphorylated bMBP. 
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Fig. 1. Initial screening of clones Cl and Cl2 by ELISA on microtitre 
plates. (A) Coated with hMBP peptide (89-105). Positions 1-6 of the 
plate were coated with the phosphorylated peptide PL65P and 
positions 7-12 with the PM5 the unphosphorylated peptide. (B) 
Coated with bMBP components. Positions l-6 of the plate were 
coated with a pool of phosphorylated components C3/4/5 and 
position 7-12 with the unmodified component Cl. (Cl Coated with 
MAPK-phosphorylated bMBP and control bMBP run under the 
same phosphorylation conditions but without MAPK. Positions l-6 
of the plate were coated with MAPK-phosphorylated bMBP and 
positions 7-12 with the control bMBP. 

The secondary screen was designed to identify su- 
pematants that recognised phosphorylated bMBP com- 
ponents. This was carried out on nonphosphorylated 
bMBP component Cl and a pool of phosphorylated 
components C3, C4 and C5. Out of 576 wells screened, 
323 (56.1%) displayed immunoreactivity of which 77 
(23.8%) reacted only with the phosphorylated site, 246 



126 M. Yon et al. /Journal of Neuroimmunology 58 (1995) 121-129 

Immunoreactivity of Monoclonal antibody Pl Immunoreactivity of monoclonal antibody P12 
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Fig. 2. Immunoreactivity of mAbs Pl and P12 against synthetic peptides and native proteins: PL65P (the hMBP peptide 89-105 phosphorylated 
on Thr98) (B) and PL.65 (the hMBP peptide 89-105 not phosphorylated on Thr9*) (0); a pool of bMBP phosphorylated components C3/4/5 (0) 
and component Cl from bMBP (0); MAPK-phosphorylated bMBP (a) and the same bMBP preparation before phosphorylation (0). (A) 

Immunoreactivity of Pl and (B) immunoreactivity of P12. 

(76.2%) recognised both the phosphorylated and un- 
phosphorylated components. There were no super- 
natants with specificity for only the unphosphorylated 
component Cl. 

After preliminary assessment of the supernatants as 
documented above, 32 were selected to grow up in 
18-well plates. From these, 16 hybridomas were se- 
lected for further characterisation as follows: antibod- 
ies were titrated on plates coated with PL65P and 
PL65. Twelve clones secreted antibodies demonstrating 
complete specificity for the phosphorylated version of 
the hMBP peptide (89-105) PMSP, with titres of up to 
l/100000; antibodies were further titrated on mi- 
crotitre plates coated with bMBP components Cl and 
a pool of C3/C4/C5. Twelve antibodies displayed 
complete specificity for the phosphorylated pool with 
titres up to l/10000. As Erickson et al. (1990) demon- 
strated that MAPK predominantly phosphorylates 
bMBP at the site in question Thr97, the antibodies 
were also titrated on plates coated with MAPK-phos- 
phorylated bMBP. The control used for this titration 
was the starting preparation of bMBP before treatment 
with MAPK. 14 (87.5%) of the antibodies had in- 
creased reactivity on the MAPK-phosphorylated MBP, 
2 (12.5%) had the same reactivity and no supernatant 
displayed lower reactivity on the MAPK-phospho- 
rylated bMBP compared to the nonphosphorylated 
bMBP. 

Lastly the antibodies were tested on a selection of 
negative controls. No cross-reaction occurred with any 
of the supernatants on an unrelated phosphothreonine 
containing peptide (Cys-Lys-Ile-Arg-Lys-Tyr- 
Thr(PO,H,)-Met-Arg-Arg-Leu) or an unrelated phos- 
phorylated protein, histone. Only three of the original 
32 clones grown up secreted antibodies displaying slight 

cross-reactivity with a phosphothreonine-BSA conju- 
gate. One of the 16 clones selected for further investi- 
gation cross-reacted slightly with the peptide PL7OP a 
sequence which overlaps PL65P/PL65 but in which 
Ser”* was phosphorylated instead of Thr98. 

The antibodies were then affinity-ranked by inhibi- 
tion studies with the MAPK phosphorylated bMBP. A 
summary of this data is given in Table 2. The highest 
affinity antibodies were classified as those that exhibit 
maximum inhibition for minimum dose of inhibitor. On 
the basis of all the above data, two clones Pl and P12 
were selected for recloning in methyl cellulose, their 
properties before recloning are shown in Fig. 1. Both 
secreted a IgG2a antibody and displayed similar char- 
acteristics after recloning (Fig. 2). Neither Pl nor P12 
displayed any immunoreactivity by ELISA on plates 
coated with stathnim or MAPKKl phosphoproteins 
phosphorylated on consensus sequences by MAPK. 

To further establish the specificity of the immune 
reaction with phosphorylated MBP the supernatant 
from clone P12 was tested by immunoblotting on a 
total homogenate of bovine spinal cord. A strong band 
at approximately 18 kDa was observed with no addi- 
tional bands (Fig. 3). This is consistent with a very 
specific reaction for the major form of MBP, which has 
been phosphorylated on Thr9’. 

4. Discussion 

Studies in 1985 by Moscarello and co-workers 
demonstrate that phosphorylation decreases the MBP- 
induced aggregation of phospholipid vesicles (Cheifetz 
and Moscarello, 1985) and MBP-induced vesicle per- 
meability (Cheifetz et al., 1985). This supports the 
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P12 on bovine spinal cord 

18-20 KDa 

l/81/41/2 
Fig. 3. Detection of bMBP phosphorylated on Thr97 in bovine spinal 
cord by Western blot analysis with mAb P12. The left hand lane is a 
l/8 dilution of bovine spinal cord, the centre lane a l/4 dilution and 
the right hand lane a l/2 dilution. 

hypothesis that MBP phosphorylation decreases the 
interaction of membrane bilayers in myelin, thereby 
maintaining or creating pockets of cytoplasm in the 
myelin sheath. If phosphorylated MBP components are 
functionally distinct from non-phosphorylated MBP 
components it is probable that they would be localised 
in a different region of the myelin sheath. An obstacle 
to localisation of the phosphorylated components within 
the sheath has been the absence of antibodies that 
specifically recognise the MBP phosphorylated at a 
individual site. 

Until recently mAbs distinguishing phosphorylated 
and nonphosphorylated proteins in situ have resulted 
by chance from direct immunisation with the relevant 
protein (Sternberger and Sternberger, 1983; Luca et 
al., 1986). Reactivity dependent on the phosphorylation 
site was inferred by the reduction or removal of anti- 
body activity by phosphatase treatment. Purified pro- 
tein kinases have been used to phosphorylate synthetic 
peptides to study protein kinase and phosphatase 
recognition sequences; such phosphopeptides can be 
used both to locate the phosphorylation site and to 
create a phosphopeptide suitable as an immunogen 
(Czernik et al., 1991). 

The development of post-synthetic phosphorylation 
methods for synthetic peptides opens a novel approach 
to provide an immunogen required for the production 
of phosphorylation site-specific mAbs. With this tech- 
nique the problems of obtaining purified protein ki- 
nase free from endogenous phosphatase is avoided. 
The phosphorylation site of the peptide can be se- 
lected with potential alternative sites blocked by side 
chain protection groups. In addition the global phos- 
phorylation methodology has the advantage of provid- 
ing both a phosphorylated and nonphosphorylated ver- 
sion of peptide from the same synthesis for hybridoma 
screening. 

Characterisation of mAbs Pl and P12 in the present 
study on phospho and dephospho peptides confirmed 
that the antibodies only recognised the epitope in the 
phosphorylated state. Screening on bMBP CM52 com- 
ponents verified that the mAbs did not react with the 
unmodified component Cl but interacted strongly with 
the pool of phosphorylated components C3/4/5. 
Titrations on MAPK-phosphorylated bMBP and the 
control bMBP run in the absence of MAPK demon- 
strated specificity for Thr97, the phosphorylated epi- 
tope in question. The bMBP control protein cannot be 
classified as a truly negative control in similar manner 
to Cl or the control unphosphorylated peptide PL6.5 as 
the starting bMBP preparation would be expected to 
contain some phosphorylated forms. Since MAPK 
phosphorylates bMBP predominantly on Thr97, in- 
creased immunoreactivity of the phosphorylated MBP 
over the control can be accounted for by phosphoryla- 
tion of Thr97. Both Pl and P12 demonstrated a signifi- 
cant increase in reactivity on phosphorylation of bMBP 
by MAPK. 

The lack of any antibody reactivity to an unrelated 
phosphothreonine-containing peptide or phospho- 
threonine/BSA conjugate confirmed that the antibod- 
ies did not display specificity for the phosphothreonine 
entity alone. Similarly, the lack of antibody activity to 
the overlapping peptide PL7OP where Ser”* is phos- 
phorylated in place of Thr9’ demonstrates the lack of 
reactivity with phosphoserine. 

A possible theoretical limitation of mAbs raised to a 
phosphorylated epitope was the potential for cross-re- 
action with other unrelated proteins. This could arises 
because of homology between the kinase consensus 
sequences in otherwise unrelated proteins. This did not 
appear to be the case as the mAbs Pl and P12 dis- 
played no cross-reactivity by ELISA with two phospho- 
proteins stathnim and mitogen-activated protein kinase 
kinase. These two proteins share a common consensus 
sequence for MAPK with MBP. Blotting with P12 on 
Western blots confirmed that the mAb was specific for 
MBP and did not cross-react significantly with any 
other proteins in the spinal cord preparation. 

We are presently undertaking immunohistochemical 
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investigations using the Pl and P12 mAbs, on normal 
and multiple sclerosis myelin. A two-site ELISA assay 
is also being developed with P12 mAb in conjunction 
with another anti-MBP antibody independent of the 
phosphorylation site. This assay will be used to quan- 
tify phosphorylation on Thr98 in various MBP prepara- 
tions, including those from multiple sclerosis patients. 
Localisation of the phosphorylated components within 
the myelin sheath by immunogold electron microscopy 
is also planned. 

The method used in this paper to generate phospho- 
rylation site-specific monoclonal antibodies should be 
widely applicable to other molecules, thus allowing the 
production of useful reagents for the detection and 
localisation of phosphorylated sites in important phos- 
phoproteins. 
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