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Protein-arginine methylation in myelin basic protein from mammalian brain
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Abstract

The synthesis and methylation # vivo of myelin basic protein(MBP) during the mouse brain development was
found to be the highest in youngest brain and declined progressively in mature brains. The relative rate of protein
synthesis and methylation was a maximal ratio in the youngest brain. This high ratio was well correlated with the
higher protein methylase I (PM I ) activity in younger brains.

The jimpy mouse is the most severely affected dysmyelinating mutant and is characterized by failure to incorporate
MBP into myelin sheath. The MBP-specific PM I activity in 15-, 18-, and 21-days old hemizygous jimpy mice(jp/y)
brains decreased by 20, 50 and 75%, respectively.

Myelin fraction with different degrees of compaction were isolated from bovine brain, the most compact myelin
fraction exhibited higher methylaccepting activity than the less compact dense fractions,
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U dxeddre suAstse] ok oiFAE 24,  7ZE471E, 183 protein methyltransferase 11 (PM

ot27id, 3|2Ed, T8 3 tt2EA] opridA7]e) W IS

adenosyl-L-methionine ® protein-lysine N-methylt-

23} ukgo] g 740] g3 AFHo] Uk ransferase, EC 2.1.1.43)% 47719 g-opr| 7|5 18]
o] v Wit 2 EF 9| methyltransferaseE) 2}l I protein methyltransferase NV (PMN ; S-adenosyl-L-
dojiths Ao) ¥EAH, |2 9 protein methyltra-  methionine : protein-histidine N-methyltransferase, EC 2.

nsferase  1(PMI s S-adenosyl-L-methionine : protein-argi-  1.1.)E 3|2E|H271E #lAsacH(Table 1).
nine N-methyltransferase, EC 2.1.1.23)& ¢}=27]d 77 o) G wAsy} AstEA, MEsty 3ol A
9} guanidino”}E, protein methyltransferase II (PMII ; Zasithe Ao A& HAL QoA BL AFAEY

S-adenosyl-L-methionine : protein-carboxyl O-methyltra- ~ F7 o] Hx Sich dE &Y &-N-trimethyl-L-lysine
nsferase, EC 2.1.1.24)% 2361 & okiutd Avlel  sl2ye A AfA2 AEsn?, Aedds

Table 1. Protein methyltransferases

Systematic nomenclature

Trivial Name
(E.C. number)

Methylation Product

) . Stability
Amino acid and puoduct

N-methylation Protein methylase I S-Adenosylmethionine !
protein-arginine
N-methyltransferase
(EC 2.1.1.23)

Protein methylase Il 5-Adenosylmethionine :
protein-lysine
N-Methyltransferase
(EC 2.1.1.43)

Protein methylase N S-Adenosylmethionine :
protein-histidine
N-Methyltransferase

Arginyl : N°monomethyl- Stable in 6N HCI
NS, N¢-Dimethy}- but unstable in
N¢, N®-Dimethyl 0.2N NaOH

Lysyl ! e-Monomethyl- Stable in both
&-N-Dimethyl- 6 N HCl and
&-N-Trimethyl- 0.2N NaOH

Histidyl : 3-N-methyl- Stable in both
6 N HCl and 0.2N
NaOH

O-methylation Protein methylase II S-Adenosylmethionine .
protein-carboxyl
O-methyltransferase
(EC 2.1.1.24)
AdoMet : protein-D-aspartate
O-methyltransferase

Glutamy! : Methyl ester  t1/2=30 min at
Aspartyl : Methyl ester ~ pH=7.1 at 37C

D-Asparty! . methyl ester t1/2=30 min at
pH=7.1 at 37C

(EC 2.1.1.77) Unstable in
both 6 N
HCI and 0.2
N NaOH
S-methylation S-Adenosylmethionine : Methionyl : S-Methyl Stable in acid but

protein-methionine
S-methyltransferase

unstable in alkaline
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EF-Tu®) Lys-56°] ®AsI5A tRNA-9|&4 GTPY 7}5
28 7} Zas) Hu®, FREEY Lys-1157F # A
359 NAD-kinase®] #48E R34 59> MCP(me-
thyl accepting chemotactic protein)-2FE}3 92 o ~H|
23k vego} stEFAA 8% Hudo] B o
BA-ofxuty A2 2ae WAL wslapgdN
gl del fAolu Aojge F2387, O°methylgua-
nine-DNAmethyltransferase9] A|2H <47 DNAT
A 713+5 wWdstE DNAZRE v37]E weths o
FEH ALY, cytochrome CY A @A77} o) L3HA u)
EZcgjoete] Ateo] s, vldUgsg gy
(myelin basic protein, MBP) 9] arg-1077} W] A& =™ o
ddFHo] FHEPOH] GEA e § o] Yox
TEE 2850 A drH 9tk

& FHME Ad 30997 £/F € MBPE tiie
2 A7 2H9E protein-arginine methylation2) A& ujol
Aol gt diste] nAs iz dhh

Protein arginine methylase I(PM I : EC 2.1.1.23)

A Fo de ol2rd #E wAgshe vhge
#3271 FAZ AdoMetE ol §3te] PMI ¢l & Znje
o o] HaE 1968 49 FAAA Agoz HAHUL
F2 cytosolol] EA50 oM vk FALAHY, pM I
< EFF 7183 9 BRI g ¥, §4, W3,
A% a8 2k Sofl EAsie] 2AME cytosold A F
B ALETHY. o o B Ao E2F ¥da
Athe d7ERE Grpoaw,

EaNEe 22 A 7HX9] v ddlE olzrid fE
A N®-monomethylarginine [MMeArg], NSN°-dime-
thyl arginine [Di(sym)MeArg] 183 N NS-dimethyla-
rginine [Di(asym)MeArgl7h A4 Hth(Fig. 1), EAAF
€ NCmethylarginine® ¥7H] A4 EeHgste 2M
NaOHZ 7}#8]8 W methylurea 9 methylamineS
2)3tA "k AdoMetol Al w12 7)7} AAE S-adenosyl-L-
homocystein2 AdoMet-dependent transmethylation ¥H$-
o Az 2. 1A protein-arginine methylt-
ransferase W3S #I3he BAZ ol H7|E it

AAA NN AAste olvcats IR Y @

itz
e B=3
& MBP, nuclear 993, &2 dWANY F P12

CH.
HN\C/\H
Nt-monomethylarginine

LH MMeArg)

(("Hm
{ Protein)

.H(i CH:

N

:HN\C ANH HN\C A

z

I NN“.dimethylarginine
. protein methylase | LH [DssymMeArg]

| \ ]
(c“m‘ (Tm\

((Protem) (“H. -adenosine ( Froten)
+$=adenosine (CH:):
(CH:x HC-COO™ C! H
HC-COO~ NH:™ ‘HC—N Yz NH
. \C/
NH (AdoHcy) i NoN-dimethylargnine

NH [Difasym}MeArg]
(AdoMet)

Fig. 1. Reaction of protein methylase I

Bhol v vkl o)y, HAshibse WAZHE 29
FHo opriedt Mo Hol4d s zherh MBPE e
18709 o}27]d 2715 M9 Lys-Gly-Arg-Gly-LeuZ 5
o] & 1079 7] Arg7to] MMeArg ¥ Di(sym)MeArg
EFEEZ 29, Dilasym)MeArg?|E 21 e
nonhistone @Al nucleolar protein €23 F2)4l
cluster®t #dgabdo] aAjs glo?,

PM I &4 % 32 TCA (trichloroacetic acid) HAg o]
AHgE 9o} ELISA(enzyme linked immunosorbent
assay) HHE AHEE 7% TCASHol vl&) o 280H) A
% o sensitivedtA] 4T 4 Yok

Myelin 2} Myelin basic protein

ndde FEAAAY S2AAA Y AA4H4-E B8
Qe dyEes | upzesd Al 2o 49 ARz
Aol A Felgt vddL oF g0% 7t AHoln 20% e @
W Hojt}, @iy R 9] 50% 7} proteolipid, 30% = MBP
23 20% € LERS Wolfgram FA2 Hojgith?,
& Ee A o £ AHpolA Held MBPE 2 4
& 73 glo Bx1go] 18400(170 amino acids) 2
e @UAE polypeptideE2A ¥ G744 7HA ¢
o9 pl7} 106010, &3 o] ¥xbe BE %o TZYUL
7R Q1o #ARAZE 48 7] wlEe] wel BajEe
AEE 7K Sitk(Fig. 2).
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Fig. 2. Schematic representation of MBP in the hair-pin
configuration.

v CM-52 chromatography® 218 o ¥ %57
9 charge isomer’t A€tk MBP #49] oA % hA
& g9ud AT 22 R 9FE, F Qs
golojoubg wjdste Feladsieg agn oue
ol27|d&EAT wiolth ofF WFWIY] YRR L thr-
95(2e248H T arg-107(HA3D) Ato]dA  Uojiw
99~101¥ 7ol gl A A9 d&d ZTEUL T3
)5 A} hair-pin 727 BEAA nldd T F9 94
A7 ZiA At Aol

AR, g de A8 79 MBP7E Jlon 1
®Ago] 34, 30, 29, 23.6, 21, 17 1L 14.5 KDag
VeI gy, o] &F MBPEA thdie Hod
g vehdch 283 ndA MBPE 98 FR/9) wid
3 AA7} o] At vhe o] ¥HA Yk

MBPE Res-10791 N¢-methylarginined 7H2 U=
PMIdl o3 AAdP®. W3 ozrd2
MMeArg, Di(sym)MeArg 1€ 1L Di(asym)MeArg®] &%
FEE B8 Az, MBPE EAshe ot27d o
ZAshe olzridTe K, WA ol2rde FHEL 4 &
W AZole} Apolrh rpron?,

o)A

MBP o&l&}2} myelin formation

Abge] MBPE 170719 ofel=Abdr]2 o] Fo)A Qi
ojFel 111914 12179 0|2 FEo] HELY 24
Z(determinant) ©] T}, Res-107 N°-methylarginine2 ©|
AR A T o}F 7H7th Res-99, -100 28 -101
ol A e ZEAURAIIL Slojx g d F2E FF
gA & 4 ok (Fig. 2). Younge Res-107 arginine?] 7|
237} @949 double chain FHE AARAIIE & o
&g 3t mddgyAn wSy (AR A3 =g
F myeling HA3= Aol AT,
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MBP®] #|Ast7t wAdPe] AR FA F2F 4L
gth= AT subacute combined degeneration(SCD)%
A7t A TEY FEANAM HHAPY. SCDE HER] By,
Z2¥FE 1 e AReA dedE H59 myelin
sheath7} WA 50} YoJPT}*®, Nitrous oxide(N:0)€ ¥
EolA dixed S AR sgEolrh dPFHeR
mouse®® U FFOIPPE N,O gasE XS 7|50l
wE2AA o8 sCD7F Uitk F 95018 15% N,
0% #FF 7ol 1075 Fob ¥ o 2~3F01%
EFAZI} Ho| AHHog $XFEA %3 AR Hol
APHG A9 Forte Agz do, 22y Holdf w3
ol FHH F9 9 22 4V e @A Ao
1% AEEEY H4 227 ANg Axdvdes
ZAHE B A3 MAeds FIFAE A% TFEH @
Azolel QA A8 syt s g5l

Small52¥& #9 M)A cycloleucine®) AdoMetFHd
85 A3t MBPY] WAE AR AHE B
& ub glck

Jacobson52®& moused) cycloleucing F{3t] SCD
9} A9 uld AAA walel 2F WsE 2 3t
%tk cycloleucin® AW FAMZ AdoMet S =
gk o2i7HA) o2 2 d-dependent ot MEAL T
AL dA e BgEolT. AdoMet> AEAUA o
IEAE RIS dAdddste dd7) FAATh cyclo-
leucine in vivo @A WA 717} N°-methylarginine >
2 87 234 3o & MBPY] HASE AAste AHF
g dod|A 3= Relrh

A Fo| PMI AT

mouse brainol A P|FAFHL T GARZ dojdrh A
GARF & 5~15Y)9XE oligodendroglial cell®] %
A AR gy 1 gAY HAo] dojuH T4 &
A(AFT & 16~30%)9A vjdo] AXHH o 2044
oA lamellae”} HHZ FAATE?, v]ddo] FHYHE F
ot& MBPY wAstukgo] ke Holrh ol AR
BE o7} AAsle §9 MBP-specific PM [ 4% o
ZF methylation patterno] F29 £ it}

Chanderker 5?2 mouse® 9 %o s &

MBPS) $43 v3s Wl B¥ ATS AN 4F
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Table 2. Incorporation of L-[Methyl-*H]Methionine into Mice Brain MBP

Age of animal

Amount of MBP [(*HJ-incorporation

(days) Component (mg/ten mouse brains) (dpm/mg)
13 1 0.162 23682
2 0.167 12768
3 0.173 20590
20 1 0.486 13900
2 0.381 11600
3 0.091 9400
33 1 1.130 901
2 0.743 916
3 0.161 510
45 1 2.010 401
2 1.230 341
3 0.144 070
60 1 1.640 923
2 1.070 786
3 0.243 813

*The numbers, 1, 2 and 3 indicate the MBP components. Amount of MBP was estimated by using the absorption

coefficient of 5.89(1% solution) at 276 nm.

Table 3. Incorporation of L-[Methy1-*H]Methionine
and L-[**S]Methionine into Protein Fractions

during Mouse Brain Development

Age of animal *H/*%8
(days) Acid extract Breakthrough MBP fraction
13 3.8 3.4 9.1
17 3.7 3.7 9.4
21 3.8 3.5 5.7
49 3.8 3.3 7.5
59 3.5 3.3 6.9

The ratio *H/**S (methylation index) was calculated by
counting the fractions in a liquid scintillation counter

programmed for dual - label counting.

1394 60UAA ¥l 7] thE mouse ol L-[me-
thyl-*H]methionine & FAF}a 18417 ¥ 49 “acid ex-
tracts” 2 5H NaCl gradient 34 CM-52 chromatog-
raphy 44 3% &9 MBPE ¥el3tth 2t MBP 28

A el WAle 32 Table 2014 R ls} Zo]
4 P43 deiAFdo] & ofd FHAM ZA e
P Awd HdrMe ZadHAh HE1e H9 Fa
speci® %A% 14KDaQl MBPolx 29 38 1 Mg &
MBP9] Eggitoith. MBPS Wl d wir) A= w7
ARACE FH3] Lolry] 8 o]F WA #A) 7|$S
AHEET & Mo A4S B E LPs]-HR Y
&, Ado[methyl-*HIMet & 58 W) §47 v 23is-S
B98I AME L-{methyl-*H]H X 2H& AH&-§ch MBP )
2 AFE *HS a2 “methylation index” & A58
Fuh ft3tol F4% methylation®o] &€& £3) Table
3olM B v} #o] “acid extracts”9} “breakthrough”
=89 *H/S U2 AS FAE 9 & 3.67% AY
& gkeg YEPGAYE MBP fractiondl X 34 ¥
& vebdch mldd YA ol ol Hudl 174
ey Bl 7 & 3 HEhla I FolE FaE
Aed AGXE 6~8F % oAl "k o w2 g2
=7} gske E2t MBP-M] 43 $7 methylation=
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Table 4. Protein Methylase I Activity in Jimpy mutant and Normal Mice Brain Supernatant

Substrate Specific activity®

Age el

rotein

(Days) P . N

used Normal® Py jp/te
12 MBP 0.260 0.270 0.230+0.050
15 MBP 0.3601+0.200 0.290%0.020 0.150%0.010
18 MBP 0.570 0.300£0.050 0.530
21 MBP 0.290+0.030 0.073£0.040 0.350+£0.040

*Specific activity is defined pmol of methyl groups transferred/min/mg protein.

"Normal indicated C57B1 strain normal littermates.

p/y and jp/™ represent jimpy homozygous and heterozygous(phenotypically normal), respectively.

Table 5. Protein Mehylase I Activity in Shiverer Mutant
and Normal Mouse Whole Brain Homogenates

Substrate Specific activity®
Age .
(days) protein
a
Y used Normal® shi/shi

12 MBP 0.17£0.04 0.34+0.03
15 MBP 0.20£0.07 0.38t0.04
18 MBP 0.26+0.03 0.30+0.03
21 MBP 0.16+0.04 0.21+0.03

*Expressed as pmol of(methyl-**C) transferred/min/mg
enzyme protein£SD.

"B6C3 strain normal littermates and shiverer mutant
(shi/shi).

“Values are the averge of six brains assayed independently.

A dojdtte A& £gth o] AAEL MBP-arginine
23} uhgo] A2 vdAYAYHR AZE FAolekes A
& 73A Be Zch

dysmyelinating mutant brain0iA] PM I 4%

g Fay Y 21 ndd gabl HRR dy-
smyelinating mutant mouseZ (jimpy(jp), quaking, mye-
lin deficient “12]3L shiverer) L ¥ Fo olfe ZV)
th2 X% myelin %ol Ao e EAEO] UP. of
%% jimpy mouse’t 7} v|2W FAol EFF mu-
tantel®, vld@ F2 2o MBPARE FFHp.

Kim3*V2 @3¢l ©2 jimpy mouse %9 MBP-

114/ 45 73}3)7)

PMIZAS 43 £ ZF 15-, 18-, 219 € FoIA 4
339 20, 50, 75% FAH &S BudHrH(Table
4), & & hypomyelinating mutant! shiverer mouse
oMz PMI &4 HstHH & YeEPEH jimpy mousest
olF t& ZAnrt PojZAtH(Table 5). Shiverer mutantol
Ao g4 ndd FRAH(129A) & ARFRT F
W ¥& #E HolAw mdg o] APHHA(15~18
A 717he AR 4SS ehdd, ot ol Shiverer
brain F14 ¥ MBP-PM I 84& BolE olf< ofrtx
Shiverer ¥ %l %1+ oligodendrocyte 7+ F7H3e A%
#A Je A ZHKnober). "ddo] £ET mutantd
quaking mouset MBPY A%t 4 $9E o Foje
Aoz deiA Uil ¥ Fo PM1 BHE FH9e 22
$ B9 &t

o2l ¥AZel MBP ¥ PM I E4%

gF-E9 d&(axon) 2 AAFAY A $EE F7H
7171 913 vldd ol o8 e gtk v|ddY F&
Wd Fo| 3 MBP= XA olFF AstA ARt
of njdd g A mdd e oligodendroglial
plasma membrane 3|, mutilamellar myelin 48], £
AW O2 sheath7t WAo] Holgle A T w oA
742 29 % (compactness) & ZH=T?,
Ghosh®¥ 52 calf brain®] 2 (white matter) 2 ¥H
A4 sucrose-density gradient YAEYHE o]&-3td
& multilamella 2% 31 dE compact #|AA(RF
d@eld )7 F kA9 Beh B lamellaeZ ¥



5 Ko Tld 9714

138 23t o8
T 7o A

U= less compact(®ET dense) 1]

& Asigro g ¥
(Fig. 3).

pok opfe} gepso

Fig. 3. Electron microgrphs of myelin and myelin-like
membranes obtained by density-gradient fractio-
nation
Calf brain white matter was fractionated by dis-
continuous sucrose-density-gradient fractionation.
The membranes were briefly washed once with
distilled water before fixation.(a)Myelin fraction
at 0.25 ,./0.88. sucrose interface.(b)PsA frac-
tion at 0.25 /0.80 wmsucrose interface.(c)P;B
fraction at 0.80 y./1.0 wsucrose interface. Mag-
nification : lower, X 22000 : higher, X110000
(inset).

SEEC R PRSP

ayA B vps} 2ol 7P A compact3t Pl B
(Fig. 3a)2 less compact V|4 (Fig. 3b%} 3c) BTt B
lamellaeS 23 itk v|d#, P,A 12|31 P;B fraction®l
A g S 3235o] SDS/PAGES 23 A Gy F9
MBP& ol 242 37%, 28%, 1.8% A%Z YER}T 9lo]
lamellae®] 9 MBP% Atolo] U3 #A7} &8 B
o &t

ME g& 2YeE 2= 99 A7HA] subfractionZ 2]
MBPE ol AFHo] Sl He9 #5348 FHE Uyol
MA7] $85& F43 itk Table 6914 B uie}
Zo] 74 223 wdde MBpF @ 2U% #F pAY
P:BET WA #8580 Atde A& ¢ F Ak
i P,B] B4 lﬂé}ﬂ~ ARdeolM Hoy 3528 2
ejo Aol MBP7} dutdoz Hup & W47 $454ES

Zreths A Hy TE} o] AL g 4E%9 MBPY PM
199 43442 O ojd Bo] Q7] oz AzE
F gtk

Table 6. Methylation of membrane-bound and extracted
MBP

In all experiments, 7ug of MBP(memrane-boune or
extracted) was incubated with 3.0pg of purified MBP-
specific PM I at 45C for 60 min. The methyl-"*C inco-
rporation into MBP was analysed by the trichloroace-
tate-precipitation method as described previously(Chan-
derkar® et al). Data are means*S.EM. of three inde-
pendent experiments. The values in parentheses are per-

centages of activity with myelin.

methyl-'*C incorporation(pmo)
Extracted
28.5+1.7(100)
16.6+1.1(58.2)
5.910.42(20.7)

Fraction -
Membrane-associated

15.1+1.6(100)
P3A 5.3+0.59(35.1)
P3B 6.0+0.42(39.7)

Myelin

FROIG BRAAAY AANHE FoRD Qe
Hog ® 9w7xE &1 9t MBPE 1)
% oF 30~40% 2 JAF= 2wy
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Aolw, MBPY otrj=AtqdF 10799 X she NO-
methylarginine PM I o] Zuojatg-o) 2f3) HE|XI) o}
27)de] vjdstHd EAhl ol HA0] e Wt
A aAel F7eHA Hi, oA e T rldidw A
ndd HFy AdFHY A4S mdFE 4%S e
Zoldt,

MBP-PM I 2429} o] 44/v|ddg e 4& &
A7k go] A7E v RN Re shoglo] MBP 43
ol dAshig® o] dojdo] FAHYL oA
MBP-arginine WA3HIgo] Az vdAFYH Ade
Hgolete Folth. ang ¥ ARo] g AV(HF
o 2097) o4 PMI Aol ¥& ZHelth. Dysmyelina-
ting mutant brain?| 5= PM I &440] B4Fo)A B} vt
A e olZle PMI Y ¥Eo2 248 vdd 3
Aol o012 X & Folng ARATY AL B&
g Aoltt.

Dysmyelinating mutant®] MBPw= W43 oA {2
HA =y old Zsjdsd] o E3)=o] MBP-frag-
menttt FEAEY opniitoz AHA(FH, Ay, AW
BolA wAEgs, HY(A A8 F)E ofuleite O
AGARo] Mol &R gorz AYo wHsE opn it
FEAE 24T & Uth olad olf2 %A AEA
At Azl PMIE o438 EE ko] ¥E3] Al
d grposese deole ELISAUE o83ty v &

A% FAEE 4 A F92'®, O-phthaldialdehyde <9
He-& AAAIZ] HPLCE £&H+ obxeits ¥ A9
A8 £ S HAck 2 A3 o[delle 2714e o] v|d

YoJu} mutant brain MBPOIA HEH7] YA Me.
(asym)ArgE GA AZHL Yok, oo g A7} o
< 2YPAE A AAHeR 8¢ £YH1 Qe
A% A5 AZE T F glg Holgl Woj A gerh

LAte 2

o] & AA7} vl Temple 9340l FELS Q7400

A2 W 1 E WY B9 £gez A7AY
AL FTE @ Ao olo] Ak £ ek vk
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