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ABSTRACT
Antibodies specific for intact 2,2,7-trimethylguanosine

(m'2 ' 7G) were induced by immunization of rabbits with a nucleo-
side-human serum albumen (HSA) conjugate. Competition radio-
immunoassay showed that the antibody distinguishes well between
intact m2' 2' 7G and its alkali-hydrolysed form (m2,2 '7G*). Anti-
body specificity is largely dependent on the presence of all
three methyl groups in m3 '7G: none of the less extensively
methylated nucleosides m7G, m2G and m2'2G is able to compete
efficiently with the homologous havten. Little or no competi-
tion was observed with m1G, m1A, m A, m5U and each of the four
unmodified ribonucleosides. Binding studies with nucleoplasmic
RNAs from Ehrlich ascites cells suggest that the antibody re-
acts specifically with the m2,2'7G-containing cap structure of
the small nuclear U-RNAs (U-snRNAs). Thus the antibody should
be a valuable tool for studying the role of the 5'-terminal
regions of the U-snRNAs of eucaryotic cells.

INTRODUCTION

The highly modified nucleoside 2,2,7-trimethylguanosine
(m '2'7G) is part of the cap structure present at the 5'-ter-
mini of the most abundant species of a group of metabolically
stable small nuclear RNAs (U-snRNAs) of eucaryotic cells (1).
Except for the snRNA-species U3, which is located in the nucleo-
li, the other snRNAs (U1,U2 and U4 to U6) are found predominant-
ly in the nucleoplasm (2). The function of these snRNAs and thus

the role of their unusual caps are not yet understood. However,
the discovery that the nucleoplasmic snRNAs exist in discrete

ribonucleoprotein complexes (snRNPs), and their coexistence

with heterogenous nuclear RNPs (hnRNPs) suggests a role of

snRNPs in processing of hnRNA (3,4). It has been proposed that

the small RNAs might ensure the proper alignment of premessenger

RNA sequences for splicing (5). The presence of the highly
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methylated m2'2'7G in the snRNA caps provides a basis for the3
investigation of the functional importance of the 5' terminal

regions of snRNAs by the use of m'22'7G-specific antibodies.

In this paper we describe the preparation of rabbit anti-

bodies with high specificity for 2,2,7-trimethylguanosine. The

antibody distinguishes well between the homologous hapten and

its alkali-hydrolysed form. Little or no cross-reactivity was

found with m22 G, m1G, m7G, m6A and the four unmodified ribo-

nucleosides. Binding experiments using the membrane filter bind-

ing technique suggest strongly that the antibody reacts specifi-

cally with snRNAs via the m3227G-moiety of their 5' terminal

caps.

MATERIALS AND METHODS

Nucleosides and nucleotides.

2-Methylguanosine (m2G) and 2,2-dimethylguanosine (mi2 G)

were prepared from 6-chloro-2-amino-9-6-D-ribofuranosylpurine
via the 6-0-benzyloxy intermediate as described by Gerster and

Robins (6). 2,2,7-Trimethylguanosine (mi327G) was synthesized
2,2 314 2,2,7by methylation of m 2 G with dimethyl sulphate (7). [1 C]m3 G

(specific activity: 58 Ci/mol) was prepared from m2'2G and
14 ~~~~~~~~~~~~~~~~~24C-labeled dimethyl sulphate.

To obtain 2,2,7-trimethylguanosine-5'-phosphate, 2,2-

dimethyl-guanosine-5'-phosphate (pm2 G) was methylated with

dimethyl sulphate. pm2 G was synthesized by phosphorylation of

2',3'-0-ethoxymethylen-2,2-dimethylguanosine at the 5' position

by the S-cyanoethylphosphate procedure (8).

7-Methylguanosine was purchased from P-L Biochemicals, Inc.

6-Chloro-2-amino-9-6-D-ribofuranosylpurine was bought from

Pharma Waldhof GmBH, Dusseldorf. Other nucleosides were from

Sigma Chemical Co. Di[ 14C]methyl sulphate (specific activity:

58 Ci/mol) was purchased from Amersham/Buchler, Braunschweig.

Preparation of m3 ' G-HSA conjugate

2,2,7-trimethylguanosine was conjugated to human serum al-

bumen (HSA) via the periodate-oxidized nucleoside (9,10). To

prevent alkali-catalysed fission of the imidazole ring, reduction

of intermediate Schiff bases was performed with t-butylamine bo-

rane at pH 8.9 in the cold (11). The product was isolated by gel
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filtration on Sephadex G25.

Immunization
Two randomly-bred rabbits were immunized at multiple intra-

dermal sites with 4 mg of m '2'7-G-HSA in complete Freund's ad-3
juvant on days 0, 21, 35 and 42. Six days after the final injec-

tion the rabbits were bled; thereafter they were bled 6 days

after each monthly boost. The response was followed by radio-

immunoassay.

Immunoglobulins (IgG) were purified from the sera by chro-

matography on Sephadex G150.

Radioimmunoassays

To measure binding of 14C-labeled 2,2,7-trimethylguanosine,

reaction mixtures containing 0.5 mg of a globulin fraction of

antibody and 0.3 nmol of [ 14C]m327G (specific activity: 58

Ci/mol) in a total volume of 200 pl PBS (0.01 M KH2P04, pH 7.5,

containing 0.15 M NaCl) were incubated for 1 h at 00C. Then

150 pl of an (NH4)2504 solution (saturated in distilled water

and adjusted to pH 7.5 at 40C) were added, the mixture was vi-

gorously mixed and allowed to stand at 4 C for 1 h. The suspen-

sions were centrifuged for 15 min at 40C and 10,000xg and the

supernatant was removed by aspiration. The pellet was resus-

pended in 200 pl of ice-cold (NH4)2504 solution, mixed, recen-

trifuged, and drained as before. The washed pellets were dis-

solved in 250 pl concentrated formic acid and the mixture was

diluted by addition of 2 ml distilled water and added to 10 ml

of Instagel scintillation fluid. Radioactivity was measured in

a liquid scintillation spectrophotometer.

Competitive radioimmunoassay was performed as described

above except that antibody and inhibitor were preincubated for

30 min at 0°C before adding [14C]m 2'2'7G.
Cell growth and labeling conditions

Ehrlich ascites cells were grown in suspension culture at

370C in a medium consisting of Eagle's MEM (Flow Laboratory)

supplemented with 5% newborn calf serum, 50 pg/ml penicillin
and 100 pg/ml streptomycin. Cell density was maintained at

approximately 8 x 105 cells/ml by daily feeding. For prepara-

tion of [ 3H]uridine-labeled RNA, cells were labeled with 10 pCi
3of [ H]uridine/ml for 14 h.
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Preparation of snRNAs

Nuclear and cytoplasmic fractions from Ehrlich ascites cells
were obtained according to the procedure described by Zieve and

Penman (2). To obtain nucleoplasmic RNAs intact nuclei were ex-

tracted with high-salt buffer (500 mM NaCl, 50 mM MgCl2, 10 mM

Tris-HCl, pH 7.4) at a density of 5 x 107 nuclei/ml by vigo-
rous agitation on a Vortex mixer. Chromatin was separated from

nucleoplasm by centrifugation at 12,000 rpm for 20 min in a Sor-
vall RC-3 with an HB4 rotor (12). The resulting supernatant is

referred to in the Results section as "supernatant 1". The nu-

cleoplasmic fraction was freed from high molecular weight RNAs

and RNPs by centrifugation for 1 h at 45,000 rpm in a Ti6O rotor

("supernatant 2"). This supernatant was made 0.5% in SDS and

RNA was extracted with phenol and chloroform (12). The RNA-pre-
paration predominantly contains the snRNA species Ul, U2, U4 and

U5 in addition to 5.8 S and 5S rRNAs as well as tRNAs (Fig.5,
lane 2). This RNA preparation was used for binding studies with

anti-mi327G antibody (Figs. 6,7).

RESULTS

Preparation of m2'2'7G-HSA conjugates3
Since N-7 alkylated purine ribonucleosides are sensitive

to alkali-catalysed fission of the imidazole ring (11,13) (Fig.1),
special care was taken to prevent such degradation of m3227G
during preparation of the immunogen. For this purpose reaction

of periodate-oxidized m32'7G with HSA and reduction of inter-
mediate Schiff bases by t-butylamine borane (11) was performed
at 40C. Under these conditions hydrolytic ring fission of
m22f7G is negligible (Fig.1). The difference spectrum of
mLF2,7G-HSA conjugate versus HSA (Fig.2) suggests that predo-
minantly intact nucleoside is conjugated to the carrier protein

(the spectrum of hydrolysed m2'2'7G differs significantly from3
that of the intact form). From the ratio of absorbance at 260
and 280 nm, respectively, the number of nucleoside residues
bound per molecule of HSA was calculated to be eight (14).

2,,2,Specificity for intact m_3_G
Competitive radioimmunoassays showed that antibodies were

able to distinguish well between intact and alkali-degraded
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Fig. 1: Alkali sensitivity of m22',7G at pH 8.9 and 200C and 40C.
A solution containing 0.2 mg m3''''G in 200 pl 0.3 M NaHCO-3, pH
8.9,was incubated at 200C (left-hand panel) or 40C (right-hand
panel). At the indicated time intervals 20 pl aliquots were
withdrawn and diluted 1:100 in 0.3 M sodium acetate buffer (pH5).
A control sample of m2'2,7G was diluted directly into pH 5 buf-
fer. To obtain the imidazole ring-opened form m3 2 ' G* an approp-
riate aliquot of m2,2'7G was hydrolysed for 24 h at room tempera-
ture with an equal volume of 2 N NaOH and then neutralized with
2N HCl. (Thin-layer chromatography on cellulose coated acetate
TLC sheets revealed quantitative ring fission under these condi-
tions). This solution was then diluted 1:100 in the pH 5 buffer.

m2,2,7G. While 0.3 nmol m2'2'7G inhibited binding by 50% , 200
3 ~~~~~~~~3

nmol of ring-opened nucleosides was required to produce the same

effect (Fig.3), the ratio being about three orders of magnitude.

If the concentration of m2'2'7G* was further increased, more
2,2,7 3 a ute nrae,mr

than 90% of the m3 G-binding IgG was capable of complex
formation with the ring-opened form (Fig.3). This indicates true

cross-reactivity of m2'2'7G-specific antibody with the hydroly-3
sed nucleoside. The high apparent affinity of the antibody for

m32,27G is largely determined by the presence of the three me-

thyl groups on the purine ring. Concentrations of the mono- or

dimethylated nucleosides m2G, m7G and m2 G between 104 and 105
times higher were necessary to produce the amount of inhibition

produced by m32,27G (Fig.3).
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Fig. 2: UV spectrum of immunogen
mjz'_"G-HSA. mi'z''G-HSA and HSA were

06 dissolved in PBS, pH 7.4, each to
a concentration of 0.35 mg/ml.

M.2.7(Appropriate dilutions of m3'2'7G
as well as m32I7G* (prepared as
described in Fig.1) were made in

ILQ - 37_% the same buffer.
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Little or no competition was observed by other methylated

nucleosides (m1G, m1A, m6A or m5U) as well as by the unmodified
ribonucleosides (Table 1), which underlines the high specificity

of the antibody for m '7G.
Binding of antibody to pm3_ G

One of the potential biological applications of an m 227G-
specific antibody is to study capped snRNAs. For this reason it

wasimportant to eliminate the possibility that binding by the

antibody might be prevented simply by neighbouring negatively

charged phosphate groups. Since preparative factors precluded

the study of isolated snRNA caps, 2,2,7-trimethyl-guanosine-5'-

Fig. 3: Competitive radioimmuno-
m 227G assay with antiserum against

100 *_---7m3'Z'7G-HSA. Assays were per-
formed as described in Materials

80/ and Methods.
Z60 / ~~~~~~~~~m2,2,7 Gz 60-2 ~~~~~~~~00

I1-

co40

1 10 100 1000
INHIBITOR [ nmolI
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Table 1: Inhibition of binding of [ C]m3'2'7G to m3'2'7G-specific
antibodies by nucleosides.

Inhibitor nmol inhibitor % inhibition

212,2,7G 0.3 503

m1A 1000 5

m6A 950 0

m1G 900 5

m5U 1000 0

Uridine 1000 0

Cytidine 1100 10

Guanosine 1000 5

denosine 900 12

Competitive radioimmunoassay was
Materials and Methods.

performed as described in

phosphate had to suffice for this. Competitive radioinmmunoassay

showed that only 10-15 times more of pm32'27 is necessary for 50%
2, 2,7inhibition as compared with the nucleoside m3 G (Fig.4). In-

hibition reached more than 90% when pm3227G was present at

higher concentrations. Thus 5'-adjacent phosphate groups do not

abolish binding by the antibody, but do decrease to some extent

the antibody's apparent affinity for the m3227G-moiety.
Reaction of antibody with snRNAs from Ehrlich ascites cells

Reactivity of antibodies towards snRNAs was studied with a

nucleoplasmic RNA preparation from Ehrlich ascites cells which

m 2.27G

3

* p m3 2.7G a

* U

0

.,
1 10 100 1000
INHIBITOR [nmoll

Fig. 4: Inhibition of binding of
[l4C]mj'2'7G to m3 2'7G-specific
antiserum by pm '2''G. Competi-
tive radioimmunoassay as des-
cribed in Materials and Methods.
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contained predominantly the snRNA species Ul, U2, U4 and U5 in

addition to the low molecular weight RNAs and some tRNAs (Fig.5,

lane 2). The RNA preparation was essentially free of high mole-

cular weight RNA (Fig.5). This was obtained by differential cen-

trifugation of nucleoplasmic RNPs (see Materials and Methods).

Complex formation between RNAs and antibodies was studied by the
membrane binding technique (15). Anti-mi2n2 7G antibody retained

33about 70% of the radioactivity from [ H]uridine-labeled RNAs

on the filter (Fig.6). For comparison IgGs from pre-immune serum

retained only 10-15% of the radioactivity at all concentrations

(Fig.6). Most importantly, complex formation between RNA and

anti-mi '27G was effectively inhibited by m32 2r7G (Fig.7). As a33
control adenosine, which is not recognized by the antibody, did

not inhibit at all (Fig.7). This shows that binding of most of

the RNA occurs via an m2'227G-moiety. The radioactivity from com-3 ~~~~~~2,2,,7plexes insensitive even to high concentrations of m3 Groughly
equals the amount of radioactivity which was retained from the

RNAs by IgGs from pre-immune serum (compare Figs. 6 and 7). Thus

i 2 Fig. 5: Gel fractionation of snRNAs from
7-

Ehrl-ich ascites cells. Extraction, fracti-
onation by differential centrifugation and
deproteinization of nucleoplasmic RNPs from
Ehrlich ascites cells was performed as de-
scribed in Materials and Methods. RNAs were
separated on 10% polyacrylamide gels con-
taining 7M urea, 1 mM EDTA and 90 mM Tris-
borate, pH 8.3 (5). RNAs were visualized by

U2 staining with "stains all" (19). Lane 1
shows total RNAs from high salt buffer ex-

Jib _ tracts of nuclei (RNAs from supernatant 1,
5.U I Materials and Methods). RNAs in lane 2 were

U4 _ obtained from the high speed supernatant of
55 , HSB-extracted nucleoplasmic RNPs (RNAs from

U5 w _ supernatant 2, Materials and Methods). The
U6 latter RNA preparation was used for binding

studies with anti-m2' 2 ' 7G antibody.

tRNA
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Fig. 6: Specific binding of low molecular weight nucleoplasmic
RNAs by anti mL'z''G antibody. Reaction mixtures (200 pl) con-
taining 30.000 cpm of [3H]uridine-labeled nucleoplasmic RNAs
(prepared as described in Materials and Methods and Fig.5) and
the indicated amounts of antibodies in buffer A (10 mM MgCl2,
20 mM Tris-Cl, pH 7.5, 100 mM KCl) were incubated for 2 min at
370C and put on ice. After 10 min the solutions were diluted
with 2 ml of ice-cold buffer A and filtered through nitrocellu-
lose membranes (0.45 pm). The filters were washed once with 1 ml
of buffer A, dried and counted. *- *, IgGs from m2'2'7G-specific
serum; o- o, IgGs from preimmune serum.

this minor fraction of complexes may be considered to be caused

by unspecific RNA-protein interactions.

Taking into account that snRNAs are the only molecules pre-

sent in our RNA preparation containing m2'2'7G (16) it may be

concluded from our data that the anti-mi3' 1G antibody reacts

with the cap structures of intact snRNAs.

Fig. 7: Binding of RNAs by anti-m3'2'7
20~~~~~~~~~~~~~~~~~~~~20- G occurs via an m3'2'7G-m=oiety. Competi-O-°A tion assays were performed as des-

x \ -o- -o cribed in Fig.6,except that the
reaction mixtures contained 100 pg of
anti-m2'22'7G and were preincubated with

z the indicated amount of nucleoside for
C

10 . 10 min at 370C before adding the RNA.
< * - *0, m23 2'7G;o-o, adenosine.z3
X m3 2.27G

0.4 08
NUCLEOSIDE ADDED [ nmol ]
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DISCUSSION

The high specificity of the anti-m '2'7G antibody described3
in this report is largely determined by the three methyl groups
on the purine ring. The loss of only one or two of these methyl
substituents reduce the apparent affinity of the antibody for
the respective nucleosides (mi2 G, m7G, m2G) by several orders
of magnitude (Fig.3). The superior behaviour of m2 G in compe-
titive radioimmunoassays, as compared with m7G, suggests that

the dimethylated amino group contributes more to the strength of

antibody-nucleoside complexes than does the N -methyl group. An

intact purine ring is further required for high apparent affini-

ty of the antibody for the homologous hapten as demonstrated by
the poor recognition of the alkali-catalysed hydrolysis product
of m2,2,7G (Fig.3).

One of our interests in the m3'2'7G-specific antibody is to

study the accessibility of the 5' termini of snRNAs either iso-
lated or associated with hnRNPs. In this respect it is of spe-
cial importance that the antibody shows only little or no cross-

reactivity with m7G and m6A (Fig.3, Table 1), nucleosides which

are present in the 5'-terminal caps of the hnRNAs or are found
internally (17).

A further prerequisite for the usefulness of this antibody
for such studies is the retention of high apparent affinity for

m2'2,7G when the latter is a part of the cap in intact snRNA. A3 ~~~~~~~~~~~~~~7decrease in efficiency of binding to the m G-moiety of mRNA caps

as compared with the free nucleoside was most probably respons-
ible for failure to isolate mRNA by affinity chromatography with

m7G-specific antibodies (18). Fortunately such a drawback was

not observed for the anti-mi327G antibody. In competitive radio-
2,2,7 3

immunoassays pm3 G was only 10-15 times less efficient as an

inhibitor as compared with the nucleoside m3227G (Fig.4).

Further, convincing evidence is provided by the membrane filter
binding experiments: complex formation of the antibody with the
m 2,27G-cap structure is strong enough to retain the snRNAs on
the nitrocellulose filters (Figs. 6 and 7). Thus the antibody
should be a valuable tool not only for studying the functional
role of the 5'-terminal regions of snRNA but also for the isola-
tion of snRNAs by immune affinity chromatography.
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