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Cytoplasmic location of undermethylated messenger RNA in Novikoff cells
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ABSTRACT
Novikoff cells in culture were labeled with [methyl-3H]methionine and

[U-14C]uridine in the presence of (a) lIHcy', (b) AdcHcy, (c) hca-
cysteine, (d) tubercidin, or (e) without any additions. Only in cultures
labeled in the presence of aIHcy were undermethylated cap structures observ-
ed to represent a significant portion of [3H]methyl radioactivity.

Novi]pff cells in culture were then sinultaneously labeled with L-
[methyl-3H]methionine and ['P]orthophosphate in the presence or ab-
sence of TlIbcy. Total cytoplasmic, polysomal and mnoscmal poly(A)-ccntain-
ing INAs were analyzed. Both monosmal and polyscnal nmRA fractions fran
TubHcy-treated cells contain partially methylated cap structures, suggesting
that 2'-0-methylation of the nucleoside adjacent to the pyrophosphate linkage
in caps is not required for transport, riboscaal binding or translation.
Conparison of nuclear and cytoplasmic cap structures from normal and inhi-
bited cultures indicate that an altered mRNA population is generated in the
presence of ¶TMcy.

DLMUCTION

Methylated cap structures (cap 1, m7GppN'1nrtN and cap 2, m7GpppNm'Ip"mpN)
have been identified at the 5'-terminus of a variety of viral and eukaryotic
messenger RNs3,4 The presence of cap structures on hnRNA molecules6'7

and the kinetics of methylation at specific sites within cap structures8'9'10

suggest that capping and methylation may be important processing events in

the generation of mature mRNA. The discovery of intervening sequences within

the coding region of unique genes 14 and the demonstration that tran-

scription of the intervening sequences into primary RA transcripts occurs

during expression of -globin genesl5, suggests a model for mRNA process-

ing in which both the 5'- and 3'-termini of an hnRNA molecule are conserved

during mRNA biogenesis.
In order to assess the possible role of methylation in mRNA processing,

we have perturbed methylation in vivo and thereby generated undermethylated
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mRN416. These studies demonstrated that S-tubercidinylhomcysteine

(IibHcy), the 7-deaza analogue of S-adenosylhcmcysteine (AdoIcy), inhibited

mRNA methylation in viable Novikoff cells. The cytoplasmic presence of "cap

zero" structures (m7Gpp ), indicated that ribose methylation of N'

nucleoside was not required for nuclear processing and transport of unRN in

Novikoff cells.

Data are presented below which indicate that the intact TiLHcy molecule

is required to generate partially methylated cap structures. We also report

here the results of experiments designed to establish whether cap zero-

bearing mRNA was associated with polyscTes in Novikoff cells. Such an

association wuld imxply that these undernethylated m1NA molecules can be

translated in vivo. In addition, we have investigated the possibility that

totally unmethylated cap structures were generated in ¶UlHcy-treated cells.

MATERIALS AND ME'ODS

Cell Culture and Labelirg Caoditions. Novikoff hepatana cells (NlSl

strain) were grown in Swim's S-77 medium (GIBCO) supplemented with 10% calf

serum7. For most experiments, cells in midloqarithmic growth were har-

vested and resuspended at 1.5 x 106/ml for labeling in fresh medium con-

taining no phosphate and 20 p M methionine (one-fifth normal concentration).

Cells were equilibrated for 3 h; a portion of the culture was exposed to

500 pM TiUHcy for the final 50 min of the equilibration period. L-[methyl-

3H] methionine (Amersham, 8.8 Ci/mole) and [32P]orthophosphate (Amer-

sham, 127 Ci/ng P) were added sinultaneously at concentrations of 0.1 mCi/ml

and 0.15 mCi/ml, respectively. Cells were exposed to isotopes for 2 h. In

the experiments presented in Table 1, the cultures were treated as reported

earlier16. TitHcy was synthesized and characterized as previously

described16.

Isolation of Poly (A)-Containing FA. Cells were poured over frozen

crushed saline and harvested by centrifugation at 1500 xg for 5 min. The

washed cells were resuspended and allowed to swell in hypotonic buffer (10 nM

NaCl, 1.5 wM MgCl2, 10 nM Tris, l 7.0). Cells were lysed by dounce hano-

genization in the presence of 1.5 mg/ml cycloheximide. NUclei were pelleted

by centrifugation at 1000 xg for 5 min. Total cytoplasmic RNA was isolated

fron the postnuclear supernatant as previously describedl7.
Polysanal and monosinal fractions were separated by sucrose gradient

sedimentation. A portion of the postnuclear supernatant was made 0.5% in
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both sodium deoxycholate and Triton X-10018 and layered onto 11 ml
gradients of 10-40% sucrose in 100 sfM NaCl, 1.5 sf4 MgCl2, 10 sf Tris, pH
7.0. The gradients were overlaid on a 0.5 ml cushion of 60% sucrose in the
same buffer. Sedimentation was for 75 min at 40,000 rpn in a Beckman SW 41
rotor. Gradients were analyzed using a Gilford model 2480 gradient scanner.
Appropriate fractions were pooled, brought to 0.2 M NaCl, 10 IM EDA, 0.2%
SDS and 20 sf4 Tris, pH 7.0, and digested with 200 tg/ml proteinase K (EM
Biochemicals) for 10 min at 37°C. RNA was precipitated in 67% ethanol. The
RNA was pelleted by centrifugation at 27,000 xg for 15 min, dried under
nitrogen and dissolved in 0.1 M NaCl, 10 sfM EDTA, 0.2% SD6, 10 sfM Tris, pH
7.0 for redigestion with proteinase K. The RNA was extracted with phenol:
chloroform:isoamyl alcohol (50:49:1) and reprecipitated with ethanol.

Washed nuclei were resuspended in hypotonic buffer and vortexed for 3
sec in the presence of 1% sodium deoxycholate and 2% Tween 40 prior to recen-
trifugation at 1500 xg for 5 min. Ellowing resuspension of the- nuclear pel-
let into anti-ERNase buffer (3 nM MgC12, 3 nM each 2',3'AMP, 2',3'UMP and
2',31'CMP, 30 g/ml polyvinyl sulfate, 200 pg/nl heparin, 10 rfM sodium ace-
tate, pH 5.219) 40 pg/mul of DNase I (Wbrthington) was added and the solu-
tion was incubated at roan tenperature for approximately 10 min. Proteinase
K digestion and extraction of nuclear RA were performed as described above
for cytoplasmic RNA.

Poly (A)-containing RNA was isolated from each NA fraction by repeated
binding to oligo(dr)-cellulose20. The second chrcnatoqraphic passage of
RNA on oligo(dT)-cellulose was preceded by heat denaturation of the RNA in
the presence of 90% dimethylsulfoxide21.

Enzymatic Digestion and Analysis of Poly (A)-Containing RNA. Poly (A)-

containing RNA was digested with RNase T2 and the digestion products were

resolved on DEAE-Sephadex (7 M urea) as previously describedl, except
that a 200 ml gradient fron 0.1 M to 0.4 M NaCl was used to elute the diges-
tion products.

Alternatively, when cap structures were to be isolated for further

analysis, an acetylated MAE-cellulose column was used to separate mononu-

cleotides from cap structures. The RNase T2 digest was diluted with six

volumes application buffer (0.6 M KC1, 10 nM MgCl2, 50 sM Tris, pH 7.7, 20%

ethanol) 22 and applied to a 1 ml lBAE-cellulose column. The column was

washed with application buffer until no further radioactivity was detectable.

The cap structures were eluted with 0.2 M NaCl, 1 M sorbitol, 50 snM sodium

acetate, pH 5.o22, diluted to approximately 0.05 M NaCl with 7 M urea, 10
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mM Tris, pH 7.0 and chrctnatographed on DEAE-Sephadex (7 M urea) as described

above. Fractions containing cap structures were pooled, diluted to approxi-
mately 0.1 M NaCl, and passed over a 3 ml DEAE-cellulose column to remove

urea and salt.

Cap structures were analyzed by Partisil-SAX (Whatman) high speed liquid
chrcratography (HSLC)16. Cap 1 structures were first serially digested

with P1 nuclease and alkaline phosphatase . Cap zero structures were

digested with alkaline phosphatase prior to injection. resolution of cap 1

species was achieved using a 100 ml gradient of 0.1 M to 0.3 M KH2PO4, pH
3.55; cap zero species were resolved with a similar gradient using 0.1 M

KH2PJ4, pH 3.64 to 0.3 M KH2PO4, pH 3.90. Cap standards (P-L Bio-
chemicals) were monitored at 254 ni.

Acid hydrolysis in concentrated formic acid, followed by chromatography
of the hy1rolysate on an Aminex A-5 column, was performed as previously de-

scribed10. Both mononucleotides and cap structures were analyzed. lTis
method permits determination of [HI] methyl qroups present in methylated

purine bases and of incorporation into purine ring structures through de novo
23synthesis

RESULTS

Earlier studies in our laboratories have indicated that ThLHcy inhibits
methylation of both base and ribose moieties in Novikoff mRNA. The capabil-

ity of ThIilcy to be inhibitory in viable cells implies that the conpound is
both permeable to cellular membranes and metabolically stable within the

cell. To demonstrate that ¶ibHcy was specifically required for the observed
inhibition, the following experiment was performed. Novikoff cells in cul-

ture were subdivided into five separate cultures and labeled with L- methyl-
3Hlmethionine and [U-14C]uridine in the presence of (a) 250 pM TuIHcy,
(b) 250 PM Adcicy, (c) 250 PiM homocysteine, (d) 250 M tuberdicin, or (e)
without any additions (control culture). The labeling conditions and analy-
tical methods were identical with those previously describedl6.n.ber-
cidin and hcmcysteine represent the breakdown products of Ii7Icy cleavage by
AdcHcy hydrolase, the enzyme which presumably would mediate in vivo degrada-
tion of ThbHcy if it were metabolically unstable. AdcHcy, a powerful in

vitro inhibitor of m1NA methylation3, is similarly broken down24 and

may be impermeable to cellular membranes25.
The results of this experiment are summarized in Table I. Analysis of
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Table I. Effect of ThbHcy, AdoHcy, Homicysteine and lTbercidin on Methyla-
tion of Poly (A)-Containing RNa

Control libHcy AdoHcy
Hcvi- Thber-

cysteine cidin

[3H]methyl cp incor-
porated into total
RNA/107 cellsb

[3H]Methyl/[14C]uri-
dine ratio in total
RNA

% of total [3H]methyl
cpn in poly (A)-con-
taing RNA

[3 H]methyl/ [14 C]uri-
dine ratio in poly (A)-
containing MA

[3H]methyl distribu-
tionC:

%as mononucleoside
dinucleoside
Cap zero
Cap 1
Cap 2

3.69x106 2.23x106 3.17xlO6
(100%) (60%) (86%)

27.5 25.6 28.6

0.43 0.23 0.38

1.03 0.46 1.07

78 65 78
1 1 <1
0 5 <1

18 27 17
3 2 4

aLabeling conditions and analytical methods were as previously describedl6.
Labeling with L-[3H-methyl]methionine and [14C]uridine was for 1 h in
the presence of 250 ,M inhibitor or in the absence of any addition (control).

bumbers in parentheses indicate [3H]methyl cpn incorporation as a percen-
tage of control values.

c [3H]methyl distribution was determined by DEAE-Sephadex (7 M urea) chroma-
tography of the RNase T2/alkaline phosphatase digest of poly (A)-containing
RNA.

the methyl distribution in poly (A)-containinq RNP from cultures treated with

AdcHcy and haomcysteine gave virtually identical results when courpared to the

control (Table I) . The presence of tubercidin in Novikoff cell cultures

sharply reduced both mnA synthesis and methylation (less than 5% of control

levels, cf. Table I), reflecting the toxicity of this coapound. The high

level of radioactivity in mNA cap 2 structures obtained from tubercidin-

exposed cells presumably reflects the late cytoplasmic methylation of synthe-

sized mRNAs before addition of the iOhibitorOnly in btcy-treated
cultures was inhibition of mRMA methylation observed. This is reflected both

in the decreased [3H]methyl/[14C]uridine ratio of isolated mRNA, and in

1165

3.07xl06
(83%)

25.2

0.41

1.29

1.54x105
(4%)

28.6

0.31

3.02

79
<1
<1
16
4

43
2
0

15
40



Nucleic Acids Research

the appearance of cap zero structures in the elution profile of NA digests
(Table I). These data indicate that TUIHcy is the actual inhibitory can-
pound. Similar studies in appropriate cell culture systems have led to the
same conclusion for JubiHcy inhibition of t 26 and ine27 methylation.

Novikoff cell cultures were then sinultaneously labeled with L-[3
methyl] methionine and [32P]orthophosphate to evaluate the effect of
500 UM TubHcy on rRNA synthesis, methylation and transport during the label-
ing period. [3H] Methyl incorporation in ¶UbHcy-oontaining cultures ws
inhibited to 18% of the level observed in the control cultures whereas
[32p]incorporation was 70% of the normal level. As expected, this
inhibition of mthylation appears bo depend upon the concentration of the
methylase inhibitor, since doubling the concentration of TubHcy (from 250 ,M
to 500 pM) decreased the ratio of [3H] methyl incorporation in TRbHcy-
treated vs. normal cultures from 0.32 to 0.18. In contrast, mIRA synthesis,
monitored by [14C] uridine or [32p] orthophosphate incorporation, was
decreased to the same extent (60-70% of normal levels) at either TubHcy
ooncentration.

In order to establish the cytoplasmic location of undermethylated nRNA
molecules, monosomal and polysomal RNAs wre separated by sedimentation of
the detergent-treated postnuclear supernatant through sucrose gradients.
Figure 1 shows the absorbance profiles obtained from both normal and TubHcy-
treated cells, and indicates the regions pooled for ITonosomal and polysomal
INA extraction. The monosome to polysome ratio in each sample ws nearly
identical, indicating that the protein-synthesizing machinery had not been
significantly perturbed by the presence of TubHcy.

The presence of cap zero structures was ascertained by DEAE-Sephadex (7
M urea) chromatography of RNase T2-digested nRNA. Figure 2 shows the pro-
files obtained from normal total cytoplasmic niNA (Figure 2A), and from

TubHcr-treated total cytoplasmic, polysomal, and nDnosomal rRNAs (Figure 2B,
C and D, respectively). No cap zero structures wre detected in normal
cytoplasmic mnA (Figure 2A). Similar profiles wre observed for polysomal
and monosomal nITs from normal cultures (data not shown). In contrast, cap
zero (peak II, Figure 2B, C and D) was the predominant cap structure in each
of the RNA fractions isolated from TubHcr-inhibited cells, indicating that
cap zero-containing molecules wre associated with both nonosomes and poly-
somes. The actual nolar ratio of cap zero to cap 1 structures (peak III,
Figure 2) is higher than indicated by the radioactive distribution, since cap
zero contains a single nethyl group whereas cap 1 structures contain two
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Figure 1. Absorbance pro-
MOMOSOME A files of postnuclear super-

natants sedimented through
0.15- POLYSOME

10-40% sucrose gradients, and015 - \ A , POLYSOME scanned using a Gilford Model
2480 gradient analyzer.
Polysomal profiles were ob-

0.10/ tained for postnuclear super-
natants frau (A) control
cells; and (B) ibHicy-inhi-

0.05 \ N _ bited cells. Bars indicate
E V fractions pooled for subse-o quent isolation of nInoSCMal
CY and polysomal RPM. In each

l l I case, the polysoma regionMONOSOME extended into the interface
u

, ,B of the 60% sucrose pad at the
i bottan of the gradient.
m ~~~~~~~POLY SOME

uo 0.15

0.10

0.05_

20 40 60 80
FRACTION NUMBER

methyl groups. The relative amount of cap 2 structures (Peak IV, Figure 2)
in these samples is difficult to estimate, due to the low levels of labeling
and its cmplex labeling kinetics8'9.

The presence of totally unmathylated cap structures, GpppN'p was not
detected in DEAE-Sephadex (7 M urea) profiles of poly (A)-containing RNA
digests. However, greater sensitivity could be achieved if the RNase T2
digest was first passed over an acetylated IBAE-cellulose column to renmve
most of the [32P1radioactivity from the sample prior to resolution of the
cap structures by DEAE-Sephadex (7 M urea). More than 99% of the
[32p] radioactivity in total cytoplasmic niR from nTHkcy-treated Novikoff
cells did not bind to rBAE-cellulose after Rase T2 digestion. The bound
fraction, containing 55% of the [3H]methyl radioactivity and 0.9% of the
total [32P1cpm, was chromatographed on DEAE-Sephadex (7 M urea) (Figure
3A). The distribution of [3H]methyl cpm in caps zero, 1, and 2 (Figure 3A,
peaks II, III and IV, respectively) was virtually the same as the
distribution observed in the DEAE-Sephadex (7 M urea) profile shown in Figure
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40 80
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120

Figure 2. DEAE-Sephadex (7 M
urea) elution profiles of lNase T2
digestion products frao poly(A)-
containing MMs. Oligonucleotides
(PUm)1-5 added as internal stan-
dards were nmitored by absorbance
at 260 nm to determine the approx-
imate charge of eluted digestion
products. Poly(A)-containing RNA
was derived fran (A) total cyto-
plasm of normal cells; and from
(B) total cytoplasm, (C) poly-
saoes, and (D) monosomes of cul-
tures labeled in the presence of
TukHcy. Numbers in parentheses
indicate the percentage of [3H]-
methyl radioactivity eluting anng
the labeled fractions: peak I,
mononucleotides, tp; peak II, cap
zero; peak III, cap 1 and peak IV,
cap 2. (Peak I contains some
ring-labeled purines as well as
base-methylated mononucleotides.
Ring-labeling was measured by
Aminex A-5 HSLC of acidhydrolyzed
peak I fractions and accounted for
16% and 26% of the total cpm in
peak I from normal and inhibited
cytoplasmic samples, respectively
( 'q. 2A and B)). For clarity,
IRPiradioactivity profiles have
been omitted. Ordinate values
have been normalized such that
each sarrple represents 107 cells.

2B (peaks II, III and IV, respectively). Most of the [32p]cpn which

bound to IBAE-cellulose eluted as mornoucleotides (Figure 3A, peak I), pre-

sumably due to trailing of the unbound fraction. The remainder of the

[32p]cpm, representing 0.17% of the total radioactivity incorporated into
ThbHcy- treated cytoplasmic mRNA, was distributed as follows: 0.10% in cap

zero (Figure 3A, peak II) 0.04% in cap 1 structures (Figure 3A, peak III),

and 0.03% eluting at a position indicating an approximate charge of -8
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Figure 3. DCAE-Sephadex (7 M urea) elution profile of the EBAE-cellulose-
bound fraction from RNase T2 digestion of poly (A)-containing RNA. The
radioactive material released from acetylated rETA-cellulose was chromato-
graphed on DEAE-Sephadex (7 M urea) as described in Materials and Methods.
Aliquots fran each fraction were analyzed for radioactivity levels. Profiles
are shown for (A) total cytoplasmic poly (A)-containing RNA, and (B) nuclear
poly (A)-containing RNA, both from aibHcr-inhibited cultures. Radioactive
material was present in peak I, mononucleotides, (Np and ntfp); peak II, cap

zero, peak III, cap 1; peak IV, ca 2 and peak V. Circles denote [H] -

methyl cpm, and triangles indicate [ P]radioactivity.

(Figure 3A, peak V).

The oligonucleotide eluting as peak V in Figure 3A was desalted, treated

with alkaline phosphatase and rechromatographed on DBAE-cellulose. Sixty

percent of the radioactive material bound to the column.

Nuclear poly (A)-containing rM isolated frao nM:Hcr-inhibited cultures

was analyzed to determine if unrethylated cap structures were present in the
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nucleus. The RNA was digested with RNase T2, and the digestion products were

chramatographed on DBAE-cellulose. The DEAE-bound fraction was eluted on

DEAE-Sephadex (7 M urea) and the resultant profile is shown in Figure 3B.

I32p] Radioactivity was detected only in the nrxcnucleotide and possibly
in cap zero fractions(Figure 3B, peaks I and II, respectively). It should be

noted, however, that only 0.02% of the total [32P]cpn incorporated into

poly (A)-containing nuclear MA eluted with cap zero structures. This level

approached the limits of detection, and thus unhethylated cap structures

would not be detected if present at a level below that of cap zero. Parallel

analysis of normal nuclear poly (A)-containing RNA revealed no cap zero

structures (data not shown).
The distribution of [3H]methyl radioactivity in caps from nuclear and

total cytoplasmic poly (A)-containing RNAs was analyzed by Partisil-SAX HSLC.

The data are summarized in Table II, and permit ccmparison of capb 1 and zero

from both normal and Iaikcy-treated mPNAs. The methyl histribution of a

given cytoplasmic cap structure is remarkably similar to its nuclear counter-

part. The methyl distribution in cap 1 structures isolated from control cul-

tures, however, was markedly different than that observed for cap 1 structures
from TubHcy-exposed cultures. The structure m7GpUm was surprisingly

predominant in the latter population. The [3H]methyl distribution in cap

zero structures from both cytoplasmic and nuclear fractions of TubHcy-

Table II. Distribution of [3H]Methyl Radioactivity Within Cap Structures As
Determined by Partisil-SAX Chrmatoraphy

% of [3H]methyl cpm eluting as cap structures
(m7PpjN:'(m)) where N'(m) is:

C(m) U(m) A(m) m6A(m) G(m)
Normal cultures:

Cap 1 - cytoplasmic 17 13 24 31 15
nuclear 19 9 32 28 12

TubHcy-inhibited cultures

Cap Zero - cytoplasnic 14 4 39 (O)a 42
nuclear 14 3 42 (0) 42

Cap 1 - cytoplasmic 19 39 14 14 14
nuclear 18 31 13 26 12

aThe absence of m7(pppn6A was inferred since no radioactivity migrated
differently from the four cap zero structures for which absorbance stan-
dards were available. Cytoplasmic cap zero structures were acid hydrolyzed
and chrcnatographed by Aminex A-5 HSLC to verify that m6A was not present.
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inhibited cells wre similar and appeared b contain only the four acmsn

bases at N' - no m6A was observed in this position.

DISCUSSICON

The data asnuarized in Table I suggest that TibHcy is an effective

inhibitor of mRA methylation which is functioning as an intact molecule

rather than through potential degradation products. The use of TubHcy to

generate undermethylated mRA molecules in viable cells thus provides an

alternate approach for studying the function of rethyl groups in nRA.

Fidelity of regulatory mechanisms is essential for structure-function

studies, and the use of an in vivo inhibitor my approximate this condition

more closely than in vitro cell-free systems.

Determination of the role of nRA methylation in eukaryotes is oompli-
cated, however, by the inability to isolate a subclass of undermethylated

mIA molecules from cell cultures. We approached this problem indirectly by

studying the intracellular location of cap zero-bearing iRMAs, which were

forned only in the presence of S-tubercidinylhomocysteine. The cytoplasmic

supernatant was treated with detergent prior to layering the gradients, to

minimize nonspecific binding of RNAs to sedimenting material28. Sedimen-

tation analysis of the postnuclear supernatant of cells labeled in the ab-

sence and presence of TubHcy (Figure 1A and B, respectively) permitted evalu-

ation of the inhibitor's effect on polysome distribution. Polysomal profiles

are sensitive indicators of the metabolic state of cells29. In this

regard, it was interesting to note that the polysome to mnnosome ratio for

control cells and those treated with TubHcy for approximately 3 h wre simi-

lar, implying that protein synthesis has remained relatively unperturbed by

the presence of TubHcy. Based on these results, lbbHcy appears to be a use-

ful inhibitor for studies involving RNA processing.

Cap zero was the predominant cap structure of both polysomal and mno-

somal miMAs (Figure 2C and D, respectively). The association of these nRAs

with monsomes implies that ribosomal recognition of the undermethylated

mRNAs was not prevented by lack of 2'-Cethylation at the N' position. Fur-

thermore, identification of cap zero structures in the polysomes suggests

that these undermethylated structures are translated in vivo. Although the

results presented here imply that ribose nethylation at N' was not requisite

for either ribosomxal binding or subsequent translation, these data do not

exclude the possibility that 2 '-0-methylation facilitates these processes in
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vivo. The role of 2'--methylation in ribosomal recognition and translation

is not clear. Yeast mlA, however, has been shown to contain exclusively cap

zero structures30, supporting the hypothesis that ribose mthylation may

not be required for this mRNA function.

[32p]Orthophosphate was used as a radioactive precursor in these

studies to detect the possible presence of aompletely unmethylated cap struc-

tures. No detectable levels of [32p] radioactivity in inhibited mINA

digests were observed to chromatograph at the expected elution position of

unnthylated caps (corresponding to a charge of -5; cf. Figure 3A). Total

[32p] incorporation into cap structures of both normal and inhibited

cytoplasmic mRNAs was slightly lowr than predicted. Assuming an average

mRNA length of 2000 nucleotides, cap structures should have contained approx-

imately 0.20-0.25% of the total [32p]cpn (depending on whether cap zero

or cap 1 structures are used for calculation). Cap 1 structures derived from

normal cytoplasmic wRA contained 0.20% of the [32p] cpn incorporated into

the sample. Approximately 0.17% of the total [32p]radioactivity in

TubHcy-inhibited cytoplasmic mRNA eluted from DEAE-Sephadex in three distinct

peaks (Figure 3A): 0.10% was in cap zero structures (peak II), 0.04% in cap 1

structures (peak III) and 0.03% in the late eluting fractions of peak V in

Figure 3A. We estimate that the lower limit of detection of unmethylated

caps would have enabled us to see one-fifth of the cap zero level in this

sample, or 0.02% of the total [32P]cpn incorporated into mLNA.

The small peak of [32p]labeled material referred to as peak V in

Figure 3A represents approximately one-third the level of incorporation

o'sbserved in cap zero structures. Analysis of the material was limited by the

low amount of radioactivity present. The structure possessed the following

characteristicst 1) it contains no radioactive mthyl groups, bit is resis-

tant to RNase T2 digestion; 2) it binds to acetylated DBAE-cellulose, and

therefore rust contain cis-hydroxyl groups; 3) alkaline phosphate digestion

does not eliminate its ability to bind the asbstituted borate column,

although 40% of the [32P]cpm is released into the unbound fraction; 4) it

does not appear in the DEAE-Sephadex (7 M urea) profiles of ThbHcy-inhibited

nuclear mRNA digests (although its detection would require this structure to

be present in levels comparable to the low cap zero levels); and 5) it elutes

from DEAE-Sephadex (7 M urea) columns as if it had contained a charge of

approximately -8. With the exception of its apparent excessive charge, this

material exhibited behavior consistent with unnethylated cap structures. The

absence of this material in nuclear RNA, however, indicated that it is not
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stable and therefore does not accumulate in the nucleus. Pugh et al. 31
have deim:strated that LbiHcy is a potent inhibitor of mRNA (quanine-7-)-
methyltransferase in vitro. The data presented here do not exclude the

possibility that inhibition of methylation at the 7-position of guanine is

occurring in vivo, but the resultant cap structures are rapidly degraded.
This situation would be consistent with the moderate decrease in RNA
synthesis observed in the presence of XikMcy.

The [3H]methyl distribution among cap structures frcm total cytoplas-
mic mRNA of both control and laHMcy-inhibited cultures is remarkably similar
to the corresponding nuclear cap distribution (Table II). This implies that

transport of cap-bearing nmA molecules is not selective relative to the

presence or absence of a 2'-0-methyl group in the N' nucleotide of the cap.

Cap zero structures were observed in the nuclear and cytcplasmic fractions of
only 2fiHcy-exposed cells. The absence of m6A at N' of cap zero structures

sharply contrasts the relative predominance of this methylated base in cap 1

structures, and suggests that 2 '-0-ethylation of adenosine at N' may be

necessary for subsequent base methylation. This sequence of methylation

events has been observed in the formation of mouse globin rRNA cap struc-

tures32.

The predominance of uridine at N' in both nuclear and cytoplasmic cap 1

structures derived from inhibited cells is scmewhat surprising (¶rable II),
since m7GpJpU(m) is generally observed as a minor ccnponent of cap struc-

tures from Novikoff cells9'16. The presence of 500 p M ¶lbtcy in these

cultures, however, may have altered the relative stability or processing
efficiency of certain RNA species which happen to be enriched in uridine at

the N' position of caps. An increase in the anmunt of pyrimidines at N'

might reflect an increase in the processing and/or transport of RNA molecules

whose 5 '-termini are generated internally from primary RNA transcripts.
Alternatively, IXrHlcy may selectively inhibit certain methylases. The

observed differences in cap distributions suggest that in vivo perturbation
of mRNA methylation has resulted in the maintenance of an altered nRNA

population. The precise nature and significance of this observation is

unknown at present.
This study has demonstrated that cap zero-containing mRNAs are associ-

ated with both monosoes and polysomes of cells which remained viable in the

presence of 500 -M libHcy. we therefore conclude that ribose methylation at

N' does not appear to be requisite for transport to the cytoplasm, ribosomal

binding and subsequent translation of the undermethylated mRNA. The altered
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base distribution at the N' position of cap structures in the presence of

TutHcy may reflect a more subtle influence of methylation on processing

events. This possibility poses questions which may be assessed nore directly

using a specific mRNA sequence. Such studies are currently being undertaken

in our laboratory.
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