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Synthesis and Properties of Polyribonucleotides Containing
N*-Methyl- and N*-Dimethylguanylic Acid in Polyguanylic Acid*

Morio Ikeharat and Masao Hattori

ABSTRACT: Polyribonucleotides containing m2G and G or
mgG and G in various ratios were synthesized from the cor-
responding nucleoside diphosphates by polynucleotide
phosphorylase. While the amount of m?G incorporated into
the polynucleotide was proportional to the ratio of m2GDP
in the reaction mixture, m2GDP acted inhibitory to the GDP
polymerization and the incorporation was less extensive. The

Nz-Methylguanosine (m*G) and N2-dimethylguanosine
(m3G) are constituents of some tRNAs (Holley et al., 1965;
Zachau ez al., 1966; Madison et al., 1966; RajBhandary er al.,
1967; Takemura er al., 1968 ; Staehelin er al., 1968). The fact
that these modified nucleosides occur at specific positions of
tRNA chains suggested some roles of these nucleotides in the
function of tRNAs. Pochon and Michelson (1969) studied the
physical properties of homopolynucleotides of m*G and miG
and found that these polynucleotides could not form double-
stranded complexes with poly(C).! Iwamura ez al. (1970) have
shown strong stacking tendency of a compound containing
dimethylguanine. Since Yamazaki er al. (1967) developed

* From the Faculty of Pharmaceutical Sciences, Osaka University,
Osaka, Japan. Received November 13, 1970, This work is part IX of
Polynucleotides. Part VIII is Ohtsuka ez al. (1970). This work was
partly supported by a grant-in-aid for Scientific Research from the
Ministry of Education,

! The same results were obtained by us independently (reported at
Annual Meeting of Pharmaceutical Society of Japan, 1968).

T of poly(G,m3G) was 30-50° when the amount of m:G in
the polynucleotides <749 and over 80° when miG >51%.
Poly(G,m?*G) and poly(G,m3G) containing a lower amount of
methylated guanosines form 1:1 complexes with poly(C),
but the polynucleotides containing higher amount of methyl-
ated nucleotides could not. These results were supported by
mixing curves and CD spectra.

a method suitable for large-scale synthesis of methylated
guanosine, it became easier to obtain larger amounts of sub-
strates needed for polynucleotide synthesis.

In this paper we describe the enzymatic synthesis of analogs
of polyguanylic acid (poly(G)) containing m?*G and miG in
various ratios using polynucleotide phosphorylase (Grun-
berg-Manago et al.,, 1956). The thermal denaturation
of these polynucleotides, their complex formation with poly-
(C), and their CD properties were studied in order to gain
more information about the effect of methylguanosine or
dimethylguanosine on the secondary structure of RNA.

Materials and Methods

Synthesis of m*GDP and m3G DP. m*GDP and miGDP were
prepared from m*GMP and m5GMP, respectively (Yamazaki
et al., 1968), by the method described by Moffatt and Khorana
(1961). m*GMP or miGMP (1 mmole) was dissolved in a
mixture of water (10 ml) and rers-butyl alcohol (10 ml). To the
solution was added morpholine (0.54 ml). The mixture was
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FIGURE 1: Copolymerization of GDP and m*GDP. (O---O---O)
Polymerization with GDP, (0—0—0) GDP:m*GDP = 4:1,
(0---0---0) 3:2, (0—e—e@) 2:3, and (—+—+—) 1:4, Other con-
ditions as described in the text.
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FIGURE 2: Copolymerization of GDP and mi;GDP. (e—e—@)

Polymerization with GDP, (O---O---0) GDP:m;GDP = 4:1,

(—+—) 3:2, (o--0--@®) 2:3, (O—0O—0) 1:4, and (+--+---)

miGDP.
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FIGURE 3: Thermal denaturation profile of poly(Gsz, m;Gs).
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TABLE 1: Paper Chromatography and Paper Electrophoresis.»

Paper
Solvent Electro-
A B C phoresis
Compound Rr Rr Ry Riyp
m2:GMP 0.42 0.21 0.39 1.0
m:GMP 0.39 0.13 0.29 1.3
m;GMP 0.49 0.24 0.42 1.0
m:GMP 0.46 0.19 0.32 1.3
Phosphate Analysis of m*GDP and miGDP
Compound Base Acid-Labile P Total P
m2GDP 1.0 1.05 2.01
m;GDP 1.0 0.99 2.04

Uv Absorption (nm) Properties of Methylated
Guanosine Derivatives and GDP

Compound pH 1 pH 7 pH 13
m:G 259.5 255 259
m?*GDP 260 255 259
miG 265 261 262.5
miGDP 265 261 262

¢ Solvents used: A, n-propyl alcohol-concentrated am-
monia-water (55:10:35, v/v); B, ethanol-1 M ammonium
acetate (7:3, v/v); C, n-butyl alcohol-acetic acid-water
(5:2:3, v/v). ® Relative migration distance to GMP in am-
monium bicarbonate (0.05 M) at pH 7.5.

refluxed for 3.5 hr with dropwise addition of N,N-dicyclo-
hexylcarbodiimide (830 mg) dissolved in tert-butyl alcohol
(15 ml) in 1.5 hr. The solvent was evaporated in vacuo and the
precipitated dicyclohexylurea was filtered off. The filtrate was
washed with ether and the water phase evaporated to give
morpholidate in almost quantitative yield. The morpholidate
(1 mmole) was dried by evaporation with added pyridine and
combined with a mixture of 80 % phosphoric acid (0.3 ml) and
tri-n-butylamine (0.95 ml), which were previously dried the
same way. Reactants were dissolved in pyridine (2 ml) and
kept at room temperature for 2 days under exclusion of mois-
ture. Reaction was stopped by addition of water (2 ml), solvent

TABLE 11: Yield and Properties of m*G-G Copolynucleotides.

Ratio
of Amax
Poly- GDP: Yield* Base Ratic® (nm) eP) X
nucleotide m:GDP (%) G:m?*G (PH 7.0) 103

Poly(G) 15 253.5 10.8
Poly(G,m:G) 4:1 26 75:25

Poly(G,m*G) 3:2 8 57:43 254.5 7.2
Poly(G,m*G) 2:3 4 45:55 255 7.7
Poly(G,m*G) 1:9 Only m?*G 254.5
Poly(m:G) 7 254.5 6.8

 Ignoring hypochromicity. ® Digestion and measurement
were done as described in text. ¢ At 0.15 M ionic concentration.
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TABLE 111 Yield and Properties of m2G-G Copolynucleotides.

Ratio of Base Ratio Amax (nM)

Polynucleotides GDP: Analog Yield (%) G,:miG, (pH 7.0) «P) X 10-3 Twe (°C)
Poly(G) 15 253.5 10.8 >80
Poly(G,m2G) 4:1 10 85:15 255.0 10.0 >80
Poly(G,m2G) 3:2 22 70:30 255.5 10.0 >80
Poly(G,m:G) 1:1 25 52:48 256.5 9.9 >80
Poly(G,m5G) 2:3 13 49:51 256.5 9.9 >80
Poly(G,m2G) 1:4 29 26:74 257.5 8.5 39.5
Poly(G,m’G) 1:5 24 10:90 257.5 8.4 41
Poly(m3G) 20 256.5 7.9 40

s At 0.15 M salt concentration.

was evaporated in vacuo, and the residue was extracted with
ether. The aqueous phase was made slightly acidic with acetic
acid and adsorbed on charcoal. Extracts of the charcoal with
ethanol-water (1:1, v/v) containing 29 ammonia were
evaporated in vacuo. The residue was dissolved in a small
amount of water and applied to a column of DEAE-cellulose
(4 X 50 cm). Appropriate fractions were evaporated to give
m2GDP or miGDP in 60-7077 yields. The properties of these
diphosphates are summarized in Table I.

Guanosine 5’-diphosphate (GDP) was purchased from
Sigma Chemical Co.

Synthesis of Polynucleotides. Poly(G), poly(m?G), and
poly(m2G) were synthesized by essentially the same procedure
described by Thang et a/. (1965) and Pochon and Michelson
(1969).

Copolynucleotides, poly(G, m?*G) and poly (G,mgG), were
synthesized as follows. The incubation mixture contained in a
total volume of 12.5 ml 0.5 mmole of nucleoside diphosphate,
6.25 mmoles of Tris-HCI (pH 8.5), 0.63 mmole of MnCl.,
and polynucleotide phosphorylase (Grunberg-Manago et al.,
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FIGURE 4: Thermal denaturation profile of poly(Gss,miGr.).
(O—0—0) With 1.5 M NaCl, (e—e—@) 0.15 m NaCl, (+——+—-)
0.075 M NaCl, and (O--O--0) 0.015 M NaCl.

1965) (50 units). Incubation was performed at 60° for 8 hr.
After stopping the reaction by chilling the mixture in an ice
bath, proteins were removed by CHCl;-isoamyl alcohol (3:1,
v/v) extraction. The resulting solution was lyophilized, dis-
solved in 0.5-1.0 ml of water, and applied to a column (1.5 X
80 cm) of Sephadex G-25. Elution with water gave polynucleo-
tides as the first main peak. The yield was 10-29%. Hypo-
chromicity of polymers is neglected. The properties of these
polynuclectides are summarized in Tables IT and III.

Analysis of the Base Ratios in the Polynucleotides. Poly-
nucleotides (ca. 5 A»¢o units) were digested with 3.0 N KOH
for 18 hr at 37°. After neutralization of the digest with Dowex
50 (H* form), the whole mixture was subjected to paper chro-
matography in the solvent n-propyl alcohol-ammonia-water
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FIGURE 5: Mixing curves of poly(Gss;miG;:) and poly(C). (O—
0O—0) At 272.5 nm, (O--0O--0) 275.5 nm, (e—e—®) 282.5 nm, and
(0--0--@) 287.5 nm.
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FIGURE 6: Mixing curves of poly(G.,miG:) and poly(C). (O—
C—Q) 270 nm, (O--O--0) 265 nm, (6—e—®) 277.5 nm, (+--+--+)
280 nm (@--@--@), 287.5 nm, and (+—+—-+) 290 hm.

(55:10:35, v/v). Spots corresponding to each mononucleotides
were cut out and eluted with water. Amount of nucleotides
were estimated by uv absorption at the absorption maximum.
Since spots corresponding to nucleosides could not be de-
tected, the chain length would be over 100 nucleotides.

Uv and CD Measurements. Uv absorption spectra were
taken with a Hitachi 124 and EPS-3T spectrophotometer in
0.15 M NaCl or equivalent ionic strength. CD spectra were
taken with a Jasco ORD/UV-5 spectropolarimeter equipped
with a CD attachment. Temperature was 20-25° and calibra-
tion was made with d~10-camphorsulfonic acid.

Measurement of Melting Temperature. Ty’s were measured
with a Shimadzu AQV 50 spectrophotometer installed with a
Komatsu thermostated cell. The temperature inside of the cell
was measured by a thermister, Takara SPD-ID.

Results and Discussion

Polymerizarion of m*GDP and m2G DP with GDP in Various
Ratios. The time course of the polymerization of m*GDP in-
cubated with various ratios of GDP was shown in Figure 1.
The rate of the reaction was retarded and the yields of the
copolymer decreased as the fraction of m*GDP increased in
the incubation mixture. The extent of the reaction was about
2097 in the case of GDP:m:GDP = 1:4. As summarized in
Table 11, the yield in the case of GDP:m:GDP = 4:1 was
comparable to the polymerization of GDP and the ratio G:
m?G in the polymer was 75:25. When the ratio reversed to
2:3, the yield of the polymer decreased to only 4% and the
ratio was 45:55. This means that inhibitory effect of m*GDP
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FIGURE 7: Mixing curves of poly(Gys,miGr:) and poly(C). (O—
C—0) 270 nm, (C--O--O) 275 nm, (—e—e) 280 nm, and (@--
®--0) 286 nm.

to GDP polymerization may be ascribed to a lower polymeriza-
tion rate of m®GDP. In the case of poly(m2G) formation, the
incubation condition (Thang et a/., 1965) was somewhat differ-
ent from that used here. As judged from absorption properties
in the neutral solution, the incorporation of m*G does not
change absorption maxima of poly(G) significantly and de-
creased ¢(P) about 30%7.

For the copolymerization of m-GDP and GDP, results are
summarized in Table III. There is no inhibitory effect with
m2GDP on the polymerization as shown in Figure 2 and the
yield of polymers was 10-29 9. The amount of m:G in poly-
nucleotides increased almost proportional to the increase of
the molar fraction of mZG in the incubation mixture. It in-
creased from 1597 in the case of GDP:mgGDP = 4:1 to the
extreme of 9097 in the case of 1:5 mixture. Uv absorption
properties also showed a gradual change in ¢(P) and in absorp-
tion maxima. The Aum.x changed from 255 to 257 nm as the
molar fraction of m3G increased from 15 to 90% and «(P)
decreased from 10.0 X 10% to 8.4 X 103. These features sug-
gested that introduction of two methyl groups on the 2-NH.,
group of guanosine did not interfere significantly with sub-
strate—enzyme binding.

Thermal Denaturation Profiles ofPoly(G,mﬁG). In contrast
to the uv absorption properties of poly(G,m3G), thermal
denaturation profiles (T curves) showed a significant differ-
ence between polymers with a low-m2G and high-mgG con-
tent. As shown in Figure 3, poly(Gs,m;G.s)? had no marked
transition between 20 and 78°. Similarly polymers poly(Gss,-
m2Gis), poly(Gro,miGso), and poly(Gs,m3Gs;) showed only
gradual increase of absorption in 5-12%. However, as shown
in Figure 4, in poly(Ggs,mgGM) a cooperative melting was
observed. The T, increased from 31 to 48.5° as the salt con-
centration increased. In some curves a second inflexion was
recorded. Similarly 7w values of 30-50.5° were recorded for
poly(Gm,mgGgo) in various salt concentrations. This is slightly
lower than that of poly(mgG). These results suggested an
ordered structure different from that of poly(G) may exist in
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FIGURE 8: Schematic representation of the poly(G,miF)-poly(C)
complex. The solid line denotes the polynucleotide backbone and
dotted lines represent hydrogen bonds.

the polymer containing relatively high content of miG
(>50%).

Mixing Curves of Poly(G,m*G) and Poly(G,mgG) with Poly-
(C). Poly(G) is known to form a 1:1 complex with poly(C) in
0.1 M salt concentration at pH 7.0 (Pochon and Michelson,
1965). In contrast, poly(m2G) and poly(mﬁG) do not form a
complex with poly(C) (Pochon and Michelson, 1969). We
therefore investigated the mixing of poly(G,m2G) and poly-
(G,miG), which contain methylated nucleotides in various
ratios, with poly(C).

When poly(Gss,m2G1s) was mixed with poly(C) in a solu-
tion containing 0.1 M NaCl and 0.05 M sodium cacodylate at
pH 7, these polymers formed a 1:1 complex (Figure 5). The
same phenomenon was observed in the mixing curve of poly-
(G45,mZGy;) with poly(C) (Figure 6). The same 1:1 complex
was formed in the case of poly(GEQ,m§G4g). However, as shown
in Figure 7, when poly(Gs,m3Gy,) was mixed with poly(C),
no inflex point was detected at all wavelengths tested. In the
case of poly(Gie,miGao) also no complex was formed with
poly(C). These results suggest that poly(G,mﬁG) mixed with
poly(C) forms a 1:1 complex under appropriate conditions, if
the former polynucleotide contained low amounts of methyl-
ated guanylic acids. Although this situation is similar in the
case of poly(G)-poly(C) interaction, the question of hydrogen
bonds between mZG and C remained unsolved. For the 1:1
complex, two forms illustrated in Figure 8a,b may be drawn.
Form a contained fully hydrogen-bonded nucleotide pairs,
G-C or mG-C. In contrast to this, form b contained only
G-C pairs and m2G residues were left in the polynucleotide
double strand unpaired. Although these two forms may be
differentiated by infrared study (Tsuboi et al., 1968), we may
prefer the b form, because homopolymer of miG could not
form double-stranded complex with poly(C) due presumably
to the sterical distorsion of the N(Me), group (Pochon and
Michelson, 1969). Increase of the amount of m2G in the poly-
mer chain destroys the stable conformation of the double helix.
miG residues in the b form may be retained in the double
strand mainly by stacking with neighboring bases.

The same phenomenon was observed in the case of poly-
(G,m*G)-poly(C). As shown in Figure 9, poly(Ggs,m?G ;)
could form a complex with poly(C). This was true both for
poly(G75,m?G:;s) and poly(G.:;,m?Gs;) again. In contrast, poly-
(G30,m?Gyy) could not form a complex with poly(C). These
results suggested that a double helical 1:1 complex could be
formed between poly(G,m?®G) and poly(C), unless the former
contained higher ratios of m?G.

? Poly(Gs2,m;Gus) stands for polynucleotide composed of 527
guanylic acid and 48 7 dimethylguanylic acid.
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FIGURE 9: Mixing curves of poly(G:;,m®Gy;) and poly(C). (e--
®--®) 260 nm, (O—0O—0) 265 nm, (+—+—+) 270 nm,
(+--+--+4) 275 nm, (6—@—®) 285 nm, and (O--O--O) 290 nm.

CD Curves of Poly(G,m*G)- and Poly(G,miG)-Poly(C)
Complex. As studied by several investigators (Yang and
Samejima, 1969), the formation of double-helical complex
can be seen by ORD and CD spectra. We therefore investi-
gated CD spectra of the polynucleotides containing m2G and
miG together with those of complexes with poly(C).

As shown in Figure 10, poly(GSz,mgGu) and poly(C)
showed a positive Cotton band at 274 nm, a shoulder at 245
nm, and a trough at 236 nm. This curve is significantly differ-
ent from a curve obtained by summation of curves of poly-
(Gs:,m2Gys) and poly(C). Magnitudes of the Cotton effect
decreased both at the peak and the trough and the crossing-
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FIGURE 10: CD spectra of the poly(G:,miGus)-poly(C) complex.
The solid line represents the CD curve of the poly(G,miG)-
poly(C) complex and the dotted line shows the calculated sum of
CD of poly(GmJG) and poly(C).
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FIGURE 11: CD curve of the poly(Gm?2G)-poly(C) complex. The
solid line represents the CD curve of the complex, poly(G:;,m?*G;)—
poly(C). The dotted line shows the calculated sum of CD of poly-
(G:7.m2Gy) and poly(C).

over point shifted toward shorter wavelengths. These features
suggested the formation of double-helical structure for the
mixed polynucleotides. When poly(mgG) and poly(C) were
mixed, no difference between the observed and calculated
curve was found. Therefore, the complex formation of poly-
(G5,miGs) and poly(C) predicted by the mixing curve was
supported. Similarly, when poly(G;;,miG,;) was mixed with
poly(C), a characteristic CD curve (Figure 11) was ob-
served. In this case a positive Cotton band at 272 nm, a posi-
tive shoulder at about 248 nm, and a negative shoulder at
about 238 nm were observed. In the calculated curve of poly-
(G3m3Gyy) + poly(C), it showed peaks at 273 and 221 nm,
and a trough at 238 nm. The magnitude of the peak at 273 nm
decreased about 359, These features clearly showed that a
complex was formed between these polynucleotides. The same
type of differences of CD curves between mixed polynucleo-
tides and the calculated were observed also in a poly(Grs,m?-
G.;)-poly(C) mixture. Therefore in the case of poly(G,m?*G)
containing low amounts of m?G, it interacts with poly(C) to
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form a double-helical complex as predicted by the mixing ex-
periment.

The results obtained with the polynucleotides contain-
ing m?G and miG showed that a single m:G or miG
residue in the polynucleotide chain could not prevent the
formation of double-helical complexes with poly(C). The role
of the methylated guanosines in the tRNA chain is still an
open question.

References

Grunberg-Manago, M., Ortiz, P. J., and Ochoa, S. (1956),
Biochim. Biophys. Acta 20, 269.

Holley, R. W., Apgar, J., Everett, G. A., Madison, J. T.,
Marquisee, M., Merrill, S. H., Penswick, J. R., and Zamir,
R. (1965), Science 147, 1462.

Iwamura, H., Leonard, N. J., and Eisinger, J. (1970), Proc.
Nat. Acad. Sci. U. S. 65,1025.

Madison, J. T., Everett, G. A., and Kung, K. (1966), Science
153,531,

Moffatt, J. G., and Khorana, H. G. (1961), J. Amer. Chem.
Soc. 83,649,

Ohtsuka, E., Ubasawa, M., and Ikehara, M. (1970), J.
Amer. Chemn. Soc. 92, 5507.

Pochon, F., and Michelson, A. M. (1965), Proc. Nat. Acad.
Sei. U. S. 53,1425,

Pochon, F., and Michelson, A. M. (1969), Biochim. Biophys.
Acta 182,17.

RajBhandary, U. L., Chang, S. H., Stuart, A., Faulkner,
R. D., Hoskinson, R. M. and Khorana, H. G. (1967),
Proc. Nar, Acad. Sci, U. S. 57,751,

Stachelin, M., Rogg, H., Baguley, B. C., Ginsberg, T., and
Wehrli, W, (1968), Nature (Londorn) 2719, 1363.

Takemura, S., Mizutani, T. and Miyazaki, M. (1968), J.
Biochem. (Tokyo) 63,277.

Thang, M. N., Graffe, M., and Grunberg-Manago, M. (1965),
Biochim. Biophys. Acta 108,125,

Tsuboi, M., Matsuo, K., and Nakanishi, M. (1968), Bio-
polymers 6,123.

Yamarzaki, A., Kumashiro, 1., and Takenishi, T. (1967),
J. Org. Chem. 32, 3032.

Yamazaki, A., Kumashiro, 1., and Takenishi, T. (1968),
Chem. Pharm. Bull. 16, 338.

Yang, J. T., and Samejima, T. (1969), Progr. Nucl. Acid. Res.
Mol. Biol. 9,223,

Zachau, H. G., Diitting, D., and Feldmann, H. (1966),
Hoppe-Seyler’s Z. Physiol. Chem. 347, 212.



