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SunMARY : RNA (guanine-7) methyltransferase, partially purified from 1. 
crassa mycelia, catalyzed the transfer of the methyl group from S-adenosyl- 
methionine to the 5’ terminus of both B. crssss poly A(+) RNA and reovfrus 
unmethylated mRNA. RNaee T2 digestion of the & vitro methylated oly A(+) 
RNA from g. crassa yielded the “cap” structures mm)pppAp and m G(5’)pppGp ‘5 
in a ratio of 2:l respectively. RBase T2 digestion of the In vitro methylated 
reovirus mRBA yielded m7G(5’)pppGp exclusively. The absence of mRNA 2 I-O- 
methyltransferase activity In the enzyme preparation is consistent with the 
absence of 2’-0-methylation in 1. crassa mRNA [Seidel, 8. L. and Somberg, 
E. W. (1978) Arch. Biochem. Biophys. 187, 108-1121. This is the first 
isolation of an eucaryotlc, cellular RNA (guanlne-7) methyltransferase that 
has been shovn to methylate homologous substrate. 

INTRODUCTION: Eucaryotic cellular and viral mRNA6 contain a variety of 5’ 

terminal “cap structure6 .” In most of these, a terminal ‘i-methyl guanosine 

residue Is linked to the penultfmate nucleohide by a 5’. 5’ triphosphate 

bridge . In addition, ribose methylation is often found on one or both of the 

nucleosides adjacent to the 7-methyl guanosine terIDinU6 [for reVieW, see 

Shatkin (1) I . E. crassa mRNA contains the Ucap 0” structures m’G(5’)pppAp and 

m’G(5’)pppGp which lack ribo6e methylation and occur In vivo in a ratio of 3:l 

(2) - 

Enzymes involved in the methylatlon of the 5’ terminus of viral mRl?As have 

been partially purified from vaccinia virus (3) and demonstrated in reovirus 

(4). vesicular stomatltis virus (5). silkworm cytoplasmic polyhedrosis virus 

(6). and Artemla saline (7). An eucaryotic cellular RNA (guanine-7) methyl- 

transferase has been partially purified from HeLa cells using, as substrate, 

unmethylated vaccinia virus mRNA (8); a suitable homologous WA substrate 

was unavailable. We report here the first demonstration of an eucaryotic 

cellular RNA (guanine-7) methyltransferase that is capable of modifying homo- 

logous Substrate. The undermethylated homologous poly A(+) WA, used as sub- 
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atrate, was prepared from a methionine auxotroph of ES crassa vhich vas 

atarved for methionine. 

METHODS: Grovth Conditions: E. crassa mutant (met-l, 38706, Pungal Genetics 
Stock Center, Humboldt State College, Arcata, Ca.) vas used for both enzyme 
and aubstrate preparation. 2OL carboys, containing Vogel’s medium (9) supple- 
mented vith 50 ug/ml DL-methionine vere Inoculated vith lOlo conidia/carboy 
and aerated for 14.5 h at 30’. The mycelia vere harvested and vashed vith 
1OL H,O. For undermethylated substrate preparation, the mycella vere 
re-suspended in the orlg. vol. of medium lacking methionine, aerated for an addi- 
tional 4.5 h and harvested as before. The mycelia vere lyophillzed and stored 
at -20’. The yield vas approximately 12 g lyophillted povder/carboy for both 
the methionlne-starved and methionine-supplemented cultures. 

Substrate Preparation: Undermethylated RNA vas prepared from methlonine- 
starved lyophillzed mycella. Tvo g vere suspended In 28 ml of O.OlM Trls-Cl 
(pH 7.2). O.OlM blgCl2 at 4' and 3 ml of 5% SDS and 1.5 ml of 1M NaCl vere 
added. The suspension was stirred at room temperature for 2 mln and an equal 
volume of redistilled phenol:CHC13:laoamyl alcohol (12:12:1) vas added. Total 
RNA was extracted as previously described (2), and precipitated with 2 vol 
ethanol at -20'. Poly A(+) RNA was prepared by dissolving the total RNA (22 
mg) in 8 ml of 0.5M NaCl, O.OlM Tris-Cl (pH 7.5), 0.5% SDS, 1mM EDTA, heating 
to 80' for 2 min and quick-cooling in an Ice bath. The treated RNA was 
applied to a 5 ml column containing 1 g oligo (dT)-cellulose at room tempera- 
ture and vashed with 5 column vol of buffer. The poly A(-) RNA In this eluate 
vas recovered by ethanol precipitation. The poly A(+) RNA vas then eluted 
vith 3 x 4 ml of O.OlW Tris-Cl (pH 7.5). 0.05% SDS, 1mH EDTA, lyophillred, 
dissolved In 2 ml H20 and precipftated with 2 vol ethanol t-20'). The 
recovery of poly A(+) RNA vas 0.7 mg. representing 3.5% of the total RNA. It 
vas assumed throughout that 1 mg RNA - 20A260 units. 

Enzyme Purification: 24 g of lyophillzed mycella from 4OL of non-starved 
grovth medium was extracted for enzyme by stirring for 20 min vith 400 ml of 
O.OlM Tris-HCl (pH 7.2). O.OlW NaCl, 1.5 mM MgCl,, 1 mM dithiotheitol and 
0.01 mg/ml S-adenosylaethionine. S-adenosylmethionine vas included to 
enhance methylation of endogenous substrate and was removed during the dialysis 
steps (see below). The extract was then centrifuged for 10 min at 10,000 g. 
The 10,000 g supernatant vas further fractionated according to the procedure 
of Ensinger and Moss (8). This involved differential centrifugation at 30,000 g 
and 100,000 g,phase partition of the 100,000 g supernatant using polyethylene 
glycal/dextran-500 and dialysis of the polyethylene glycol phase folloved by 
ammonium sulfate precipitation. The ammonium sulfate precipitate was further 
dialyzed and applied to a DEAE-cellulose column (2.5 x 35 cm) to further 
reduce nucleic acid contamination. The DEAE-cellulose excluded material vas 
further fractionated on a DNA-agarose column (2.2 x 16 cm) and eluted with a 
linear gradient (2 x 150 ml) from 0.05 to 0.5M NaCl (8) (Fig 1). he DNA- 
a8arose fractions were pooled as Indicated in Fig 1, concentrated 10 fold by 
ultraflltration and stored in small aliquots at -20’. Attempta to purify the 
enzyme further using carboxymcthyl-cellulose or Scphadex G-200 column chroma- 
toernphy were unsuccessful since less than 10% of the enzyme activity was 
recovered. The DNA-agarose purified fraction (P 8) was, hovever, stable for 
at least several months vhen frozen at -20’ in 18% glycerol. This fraction 
contained 40% of the original activity In the crude axtract and represented a 
100 fold purification. 

Protein Determination: Proteln vas determined according to Shaffncr and 
Veiaaman (10). 

?lethyltransferase assays: 
(1) CC13COOH filtration: Total methyltransferase activity vas measured by 
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incubating the enzyme in 0.1 ml of a reaction mixture containing 2.5 fi HgCl2, 
2.5 mF CTP, 1 mM dithiotreitol and 0.5 UC1 j3H-methyl] S-adenosylmethionine 
(70 Cl/o mole) in 0.05H Tria-Cl (pH 7.8). After incubation for 60 lain at 37’. 
the reaction VAS stopped by addition of 0.1 ml of redistilled phenol and 0.1 ml 
lip. The mixture vas agitated and centrifuged at room temperature for 5 min 
at 1,000 B; 0.18 ml of the aqueous phase vas removed and added to 0.05 ml of 
2 mg/ml carrier poly A . An equal volume of 10% CC13COOH was added, the precipi 
tate recovered on A 2.5 cm Hillinore filter (0.45 U pore-size) and vashed on 
the filter vith 5 x 5 ml of 5% CCl$OOH. The filter vas dried and counted in 
Aquosol-2 fluor. 

(2) DEAE-cellulose: When the methylated RNA product vas further charac- 
terized, the standard reaction mixture vas scaled up 5 fold (0.5 ml) and the 
aqueous phase from the phenol treatment vas first extracted vith 3 x 5 ml of 
diethyl ether. The ether vas removed vith N2 and 0.25 ml of 2 mghl polyA 
carrier vas added. RNA vas precipitated by the addition of 2 vol of ethanol 
(-20’) and maintained for at least 3 h at -20’. The RNA vas recovered by 
centrifugatlon, dissolved in 1 ml of 0.2H Na acetate and the ethanol prtcipi- 
tatlon repeated two times. The final precipitate vas dissolved in 0.5 ml of 
O.OlH Na acetate (pH 4.5) and incubated for 16 h at 37’ vith 4 units of RNase 

=2* The pH of the solution vas adjusted to 6.0 vith O.lM NaOR and 0.25 ml was 
removed. To the remaining 0.25 ml vas added 10 units of Pl nuclease and the 
incubation vas continued for an additional 30 min. The samples vere diluted 
4 fold with 0.0519 Tris-Cl (pH 8.0) containing 0.05M NaCl and 7H urea, applied 
separately to a 1.2 x 20 cm DEAE-cellulose column and cluted with 8 linear 
gradient (2 x 70 ml) of 0.05 to 0.3M NaCl in the same buffer. Oligonucleotlde 
markers from a partial alkaline hydrolysate (0.W NaOH, 1 h, 37’. 2 mg) of 
polyA were used to standardize the columns according to charge. 

High voltage paper electrophoresis: Practions from the DEAE-cellulose columns 
were desalted by diluting lo-fold vith Hz0 and adsorbing to a stack of 10 
Whatman DE-81 filters under vacuum. The filter stack vas washed vith 20 ml of 
O.OlM trlethylammonium carbonate (pH 7.5) and the material was cluted vith 7 
ml of 0.94 triethylammonium carbonate (pH 7.5) and lyophilised. The samples 
vere dissolved in 0.2 ml of 0.02H Trls-Cl (pH 7.5) containing la&l &Cl 

2 
. 

Nucleotide pyrophosphatase (0.05 Units/zl) was added to an aliquot an the 
samples vere incubated for 15 mfn at 37 . High-voltage electrophoresls vas 
conducted at pH 3.5 on Uhatman 3HM filter paper (11). Radioactive material 
that comlgrnted vlth m7GHP vas eluted from the paper vlth 0.2 ml of O.Ol?l 
Iris-Cl (pli R.OjOand digested vith 50 )rg of bacterial alkaline phosphatase 
for 15 mfn at 37 to remove the phosphate croup. This lncubatlon vas repeated 
3 tlmrs and the mntcrial applied to 3W paper and electrophoresis repcated. 
1.5 cm strips vcre counted in tolucnc-base scintillation flutd. Marker com- 
pounds verc visualized under U.V. 1iRht. 

Materials: Pl nuclease, bacterial alkaline phosphatase. m7G(S’)pppA, 
m7C(S’)pppC, polyA, m7GMP and m7C, vere from P-L Biochemicals. Nucleotide 
pyrophosphatase, RNase T2 and S-adenosylmethionine were from Sigma, and 
oligo (dT)-cellulose (T-3) vas from Collaborative Research. DE-81 filters 
(2.3 cm dia) and 3MM filter sheets were from Wbatman; [3H-methyl] S-edeno- 
sylmethionine (70 Cifm mole) and Aquosol-2 were obtained from New England 
Nuclear. Ultrafiltration was performed under pressure using an Amlcon U-10 
filter. Reovirus unmethylated mRNA (12) vas generously supplied by Dr. Y. 
Furuichi, Roche Institute of Molecular Biology, Nutley, N. J. 

RESULTS : Fig lA shows the enzyme elution profile from the DNA-agarose 

column, Various fractions were tested for total methyltransferase activity 

versus unmethylated reovirus mRNA In the TCA filtration assay. Three peaks of 
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Figure 1: DNA-agarose elution profile of RNA (guanine-7) methyltrans- 
ferase activity. 

1A. Total methylation of reovirus mRNA (TCA filtration 
assay), Mg/ml protein (o-o). Total 3H methyl CPM 
incorporated into 1 pg RNA using l/100 (0.05 ml) of 
each fraction (x---x). 

1B. Cap methylation of Neurospora poly A(+) RNA (DEAE- 
cellulose assay). 7.5 pg RNA was methylated with 
0.05 ml of each pooled, concentrated enzyme fraction 
tPqA-PgE). The RNA was digested with RNase T2 and 
applied to DEAE-cellulose columns. The bar graphs 
represent the total 3H methyl CPM that eluted at -4.2 
charge. See Methods for assay conditions, nuclease 
digestion and chromatography. 

methyltransferase activity vere evident. The fractions were pooled as indi- 

cated and further tested versus Neurospora undermethylated poly A(+) RNA in the 

DUE-cellulose assay. In this assay, the methylated poly A(+) RNA vas 

isolated by phenol extraction, digested with RNase T2 and applied to a DEAE- 

cellulose column In 7H Urea. RNase T2 digestion of “cap-O” type mRNA mole- 

cules yields a product of the general structure m7G(5’)pppXp which elutes from 

DEAE-cellulose at a charge of approximately -4.2 (2, 11). The amount of.radio- 

activity that eluted at -4.2 charge Is shown in the bar graphs in Fig 1B. 

Fraction PgB contained the highest concentration of RNA (guanine-7) methyl- 

transferase activity. An allquot of the RNase T2 digest of the poly A(+) RNA 

was further digested vith P1 nuclease vhich removes the 3’ phosphate group 

from the cap structure and causes a shift in the elution pattern from -4.2 to 

-2.5 charge. Fig 2A shows the elution profiles of Neurospora poly A(+)RNA, 

methylated vith the P B 9 
enzyme fraction after RNase T 2 digestion (solid line) 
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Figure 2: DEAE-cellulose elution profiles of g. crassa poly A(+) RNA 
(Fig 2A) and reovirus mBNA (Fig 2B) after BNase T2 digestion 
(solid lines) and after BNase T2 + Pl nuclease digestion 
(dotted lines). The P9B enzyme fraction (0.09 mg) was used 
to methylate both the Neurospora BNA (25 ug) and the reo- 
virus BNA (2 up) . Positions of oligonucleotide markers are 
indicated by charge at top of figure. See Methods for.con- 
dition of methylation, nuclease digestion, and chromatography. 

and after RNase T2 + PI nuclease digestion (dotted line). When reovirus mBNA 

was used as substrate with the P B enzyme fraction, similar results were 9 
obtained (Fig 2B). The -2.5 material from Neurospora poly A(+)RNA comigrated 

with m’C(5’)pppA and m’C(5’)pppG in a ratio of 2:l respectively when subjected 

to high-voltage paper electrophoresis (Fig 3A). The -2.5 material from 

reovirus mRNA comigrated with m’G(5’)pppC (Fig 4A). Verification of the cap 

structure was obtained by treatment of an allquot of the -2.5 materials from 

Figs 3A and 4A with nucleotide pyrophosphatase. This treatment released m7GMP 

in both cases (Figs 3B and 4B). Further treatment of this material vith 

bacterial alkaline phosphatase gave m’G (Figs 3C and 4C). This material also 
7 co-chromatographed with m G vhen subjected to ascending paper chromatography 

In lsobutyric acid: 0.5M NH40H (10:6) (data not shown). 

DISCUSSION: To our knowledge, this is the first isolation of an eucaryotlc, 

cellular RNA (guanine-7) methyltransferase that has been shown to modify homo- 

logous substrate. The only other eucaryotic cellular RNA (guanine-7) methyl- 

transferase that has been Isolated vas partially purified from HeLa cells by 

Enslnger and Moss (8). Their fractionation procedure was the basis for our 

partial purification. Whereas Ensinger snd Moss used heteroloaous unmethylated 

vaccinia virus mRNA as substrate, our fractionation procedure vas based on 

the wthylation of N1 crassa undermethylated poly A(+) RNA, prepared from a 

nthionine auxotroph that was starved for methionine. 
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Figures 3 & 4: High-voltage paper electrophoresis of cap structures. An 
aliquot of the material that eluted at -2.5 charge from 
Figs 2A and 2B after T2 plus Pl nuclease digestion was 
further analyzed by peper electrophoresis: I?. crassa mBNA 
(Fig 3A); reovirus mRNA (Fig 4A). Another aliquot was also 
treated with nucleotide pyrophosphatase before electro- 
phoresis; E. crassa (Fig 3B), reovirus (Fig 4B). The 
material that comigrated with m7CMP in Figs 3B and 4B was 
eluted from the paper, treated with bacterial alkaline phos- 
phatase, and electrophoresed again (Figs 3C and 4C). See 
Methods for conditions of nuclease digestion and electro- 
phoresis. 

The partially purified E. crassa enzyme fraction (PgB) catalyzed the transfer 

of the methyl group from S-adenosylmethionine to the 5’ terminus of both N. 

crassa undermethylated poly A(+) RNA and unmethylated reovirus mRNA. In both 

cases, virtually all of the 3 H-methyl radioactivity was shovn to be contained 

in the cap structures by HNase T2 digestion and DEAE-cellulose chromatography 

(Figs 2A and 2B). The material that eluted at -4.2 charge from DEAE-cellulose 

was shown to contain a triphosphate bond by the shift in the elution pattern 

from -4.2 charge to -2.5 charge after further treatment with PI nuclease 

(Figs 2A and 2B). Had the -4.2 material contained ribose-methylsted trinucleo- 

tides of the general structure $p$pN3p which might have been released by 

NNase T2 digestion, further treatment of this material with PI nuclease would 

have released only radioactive nucleoside monophosphates which would have 

eluted from DEAE-cellulose at a -2 charge. 

High-voltage paper electrophoresis of the -2.5 material from E. crassa poly A(+) 
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RNA gave the caps, m7C(5’)pppA and m7G(5’)pppG in a ratio of 2:l (Fig 3A). 

This was similar to the results obtained In vlvo (2). The cap structures vere -- 
verified by treatment with nucleotide pyrophosphatase which released m’GMP 

(Fig 3B). Verification of the m7GMP was obtained by removal of the phosphate 

group with bacterial alkaline phosphatase (Fig 3C). High-voltage electrophore- 

sts of the -2.5 material from the In vitro methylated reovirus rnRNA yielded -- 
m7G(5')pppC exclusively (Fig 4A); this structure vas also verified by pyro- 

phosphatase and alkaline phosphatase treatment as above (Figs 4B and 4C). In 

contrast, the product obtained when reovirus mRNA was methylated with the 

reovlrus cvre enzyme prepsration was m7G(5’)pppGm, vhich contained 2’0 ribose 

methylation on the penultimate guanosine residue (4). The absence of 2’0 

methyltransferase activity in the l. crassa enzyme preparation was expected, 

since ribose methylation was not found In E. crassa mRNA in vfvo (2). Thus * ---A .- - 
the in vitro methylation by the purified cap mcthylase faithfully reflected the -- 
the in vivo methylation. In addition, the lack of mRNA ribose methylating -- 
activity in the g. crassa enzyme preparation distinguished it from both the 

HeLa cell (8) and the vaccinia virus (3) enzyme preparations, both of which 

contained traces of this contaminant. 

The partially purified RNA (guanine-7) methyltransferase vhich we have pre- 

pared may serve as a useful probe in the further study of mRNA methylation 

and its function. The ability of the enzyme preparation to methylate homolo- 

gous as well as heterologous substrate and its complete lack of mRNA ribose 

methylating activity distinguishes it from any other RNA (guanine-7) methyl- 

transferase that has been reported. 
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