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ABSTRACT

Poly (2-methylthio-7-deazainosinic acid) [poly(mszc71)] was enzymatically
synthesized by polymerization of 2-methylthio-7-deazainosine 5'-diphosphate
with polynucleotide phosphorylase from Micrococcus luteus in high yield. The
homopolymer shows much higher thermal stability than its parent polynucleoti-
des poly(7-deazainosinic acid) [poly(c’I)] and poly(I). Its sigmoidal melting
curve and pronounced hypochromicity imply a rigid, ordered structure.

Poly(ms c’1), like poly (2-methylthio-inosinic acid) . [poly(ms I)], does not form
a complex with poly (C) because of the bulky 2-methylthio substituent. On the
other hand, two poly(ms c’I) strands form very rigid triple strands w1th
poly(a). Different from poly(I) and poly(c I) the homopolymer poly(ms c’1) is
very stable against cleavage by nuclease S; and ribonuclease T2 as expected
from its rigid secondary structure.

INTRODUCTION

Among the fare nucleosides which have been isolated as monomeric nucleo-
side antibiotics or as constituents of nucleic acids is a thionucleoside hav-
ing a methylthio group attached to the purine moiety at c-2'. This N2-(A2-iso-
pentenyl)-2-methylthio-adenosine has been isolated from tRNAs and is located
adjacent to the 3'-site of the anticodon?.

In order to obtain information on the chemical and biological consequen-
ces of the presence of a methylthio group homopolymers of 2-methylthio-adeno-
sine and 2-methylthio-inosine have been prepared in vitro by polymerization
of the corresponding 2-methylthio-purine 5'-diphosphates by polynucleotide

phosphorylase from Micrococcus luteus and it has been shown that a 2-methyl-

thio group can prevent Watson-Crick base pair formation®s"*. From binding
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studies on 7-deazapurine nucleotides it is evident that Hoogsteen base pair-
ing cannot occur®8, Consequently a homopolymer of 7-deazapurine nucleotides
having a methylthio group attached to the C-2 position should exhibit a very
restricted tendency to form base pairs with complementary nucleotides’. To
test this hypothesis we attempted to synthesize a poly(I) analogue being al-
tered at C-2 and N-7 in this way.

We describe here the enzymatic synthesis of poly(mszc7I) and characteri-
zation of the homopolymer with respect to formation of a secondary structure,

base pairing, and hydrolysis by nucleases.

MATERIALS AND METHODS

UV spectra were measured on a Kontron Uvikon 810 spectrophotometer. Mix-
ing curves and cleavage rates of polynucleotides were determined with a Shi-
madzu UV-210A spectrophotometer (Shimadzu, Japan) and the temperature was
controlled by a R 40/2 digital thermometer connected witha Pt resistor (MGW
Lauda, West Germany). NMR spectra were recorded with a Bruker WP 250 spectro-
meter. For measurements of 3P nuclei samples were dissolved in 100 mM aque-
ous EDTA containing 25% D0 and adjusted to pH 8.0 with triethylamine; §-val-
ues are relative to external phosphoric acid, positive values denoting a down-
field shift.

Column chromatography was performed on DE-52 cellulose. Columns were con-
nected with a Uvicord S as detection unit and an UltroRac fraction collector
(LKB Instruments, Sweden). The polynucleotides were dialyzed in Visking dialy-
sis tubes, medium pore size 2.4 nm, (Serva, West Germany). Thin layer chroma-
tography (Tlc) was performed on polyethylene imine impregnated cellulose
plates, Polygram CEL 300 PEI/UV;sy (Macherey & Nagel, West Germany), thin lay-
er elektrophoresis (Tle) was carried out on precoated silica gel plates, SIL
G-25 UVzsy (Macherey & Nagel, West Germany in a TLE double chamber (Desaga,
West Germany).

Solvent systems were as follows: A (1.0 M aqueous triethylammonium
bicarbonate); B (0.1 M sodium citrate, pH 6.5); é (1 M LiCl); D (0.04 M aque-
ous ammonium bicarbonate). The phosphate reagent was prepared according to
Chen et al.®.

Polynucleotide phosphorylase (EC 2.7.7.8, Micrococcus luteus) was a pro-
duct of P-L Biochemicals (Milwaukee, USA). Nuclease S; (EC 3.1.30.1, Aspergil-
lus oryzae), ribonuclease T, (EC 3.1.27.1, Aspergillus oryzae, and snake ven-
om phosphodiesterase (EC 3.1.4.1) were purchased from Boehringer Mannheim
(Mannheim, West Germany) Poly(C), poly(A), and poly(I) were products of
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Sigma Chemical Co. (St. Louis, USA). Poly(c7I) was prepared according to pre-
viously published procedures”lo.
Determination of hypochromicity. The hypochromicities were calculated by

the formulal'-'3%: H = (e

monomer epolymer) / €nonomer > 100 via phosphate
determination or enzymatic cleavage.

a) Phosphate determination: The extinction coefficient of the polymer was de-
termined by ashing 1.0 OD (xmax) of the polynucleotide followed by determina-
tion of inorganic phosphatee. Values are given in the table.

b) Enzymatic cleavage: The polynucleotides were digested by snake venom phos-
phodiesterase in TRIS-HC1l buffer (0.1 M, pH 8.5). The increase of absorbance
was observed at Amax' HBypochromicities were calculated from the absorbances
before and after cleavage according to the formula above.

Mixing curves. Ultraviolet spectroscopic mixing curves were performed by
the method of continuous variation. Series of mixtures were made with varying
ratios of poly(a), poly(c7I), and poly(C) to poly(mszc7I) and a constant total
polynucleotide corcentration. The absorbance of each mixture was measured at
various wavelengths.

Melting profiles. The melting profiles were measured in Teflon-stoppered

quartz cuvettes with 1-cm light path length in a thermostatically controlled
cell holder in a Varian SuperScan 3 recording spectrophotometer (Varian, Aus-
tralia). The increase of absorbance at the appropriate wavelength as a func-
tion of time was recorded while the temperature was increased linearly with
time at a rate of 18 °C/h usinga Lauda temperature programmer and bath.
Hydrolysis by nuclease S;. The cleavage of polynucleotides by nuclease S;

was determined spectrophotometrically. For this purpose approximately 1 OD of
each polynucleotide dissolved in 1 ml of 0.03 M sodium acetate, pH 5.5, 0.29 M
NaCl, and 1 mM 2nSO, was treated with 2000 units of nuclease S; in a 1-cm
quartz cuvette. The increase of absorbance was recorded as a function of time
at 35 °C. The percentage of cleavage was calculated from the hypochromicties
determined at 35 °C and in the buffer solution used in the experiments.
Hydrolysis by ribonuclease T,. For cleavage of poly(I), poly(c7I), and

poly (ms2c’1) by ribonuclease T, the polymers were dissolved in 0.05 M sodium
acetate, pH 4.7, treated with 0.01 units of ribonuclease T, at 37 °C and meas-~
ured as above.

3,7-Dihydro-2-methylthio-7- (B-D-ribofuranosyl)-4H-pyrrolo[2,3-d] pyrimi-
din-4-one-0-5'-monophosphate, Triethylammonium Salt (1b). A total of 80 mg
(0.26 mmol) of 3,7-dihydro-2-methylthio-7- (B-D-ribofuranosyl)-4H-pyrrolo-
[2,3-d] pyrimidin-4-one’® in 1 ml of triethyl phosphate was treated for 5 h
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with 70.0 pl (0.77 mmol) of phosphorus oxychloride at 4 °C. The mixture was
hydrolyzed with crushed ice and neutralized with 1 M aqueous triethylammonium
bicarbonate (TBK) and the solvent was evaporated in vacuo. The residue was
then dissolved in water, applied to a 45 x 3.5 cm ion exchange column (DE-52
cellulose, HCO3 form), chromatographed with 1000 ml of water and the product
eluted with a linear gradient of 1500 ml 0.6 M TBK / 1500 ml of H;0 at 0.3 M
salt concentration. Fractions were pooled yielding 2592 A7, units (81%) of
amorphous colorless material after lyophilization. - Tlc (PEI-cellulose, C)
Rf 0.3; Tle (silica gel, B) Ry 2.0 (+) relative to compound la (-1.0); UV
(H20) Apay 272 nm; phosphate determination: 1 mol phosphate / mol aglycon.
3,7-Dihydro-2-methylthio-7- (B-D-ribofuranosyl)-4H-pyrrolo[2,3-d] pyrimi-
din-4-one-0-5'-diphosphate, Triethylammonium Salt (ic). A total of 2500 A;72

units (0.2 mmol) of compound 1b in 40 ml of water was applied to a 25 X 2 cm
cation exchange column (Merck, type I, pyridinium form) and eluted with 1000
ml of water. The solvent was evaporated and 48 pl (0.2 mmol) of tri-n-butyl-
amine was added. Water was removed by repeated evaporation with dry N,N-di-
methyl formamide. The tributylammonium salt was then dissolved in 2 ml of
N,N-dimethyl formamide, and the formation of the imidazolidate was accom-
plished by the addition of 160 mg (1 mmol) 1,1'-carbonyl diimidazole in 4 ml
of N,N-dimethyl formamide and stirring for 5 h at room temperature. Excess
1,1'-carbonyl diimidazole was destroyed with 60 pl of methanol. Tri-n-butyl-
ammonium phosphate (1 mmol) in 10 ml of N,N-dimethyl formamide was added after
30 min, and the reaction mixture was kept for 1 d at room temperature. After
removal of the solvent in high vacuo the residue was dissolved in water and
applied onto a 45 x 3.5 cm ion exchange column (DE-52 cellulose, HCO3 form).
The diphosphate was eluted with a linear gradient of 2000 ml 0.8 M TBK / 2000
ml of water between 0.35 M and 0.4 M. Evaporation of the solvent followed by
lyophilization yielded 1900 Az72 units (76%) of amorphous colorless material.-
Tlc (PEI-cellulose, C) Rg 0.2; Tle (silica gel, B) Rg 5.9 (+) relative to com-
pound la (-1.0); phosphate determination: 2 mol phosphate / mol aglycon; 81p
NMR (H20, pH 8.0) 6 -7.91 (4, J=22Hz), -10.40 ppm (d, J=22Hz).

Preparation of Poly(2-methylthio-7-deazainosinic acid), Sodium Salt. The

reaction mixture contained 360 ul (375 A7, units, 30 umol) of compound 1c,
70 11 of 1 M Tris-HC1l (pH 8.3), 70 pl of 0.1 M MgCl,, and 0.8 mg (4 units) of
polynucleotide phosphorylase in 200 pl of water. The mixture was incubated
for 18 h at 37 °C, diluted with 1 ml of water, cooled to 0 °C, and extracted
twice with chloroform/isoamyl alkohol (5:3, v/v) and once with ether. The
polymer was dialyzed against 1 1 changes of 1 mM EDTA/0.1 M NaCl (pH 7.0),
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1 M NaCl and several times against distilled water. The aqueous solution was
then lyophylized, yielding 6.17 mg (54%) of the colorless amorphous polynuc-
leotide (data see table).

RESULTS AND DISCUSSION

Enzymatic Synthesis of Poly(mszc7I) with Polynucleotide Phosphorylase.

The synthesis of the homopolymer poly(mszc71) was accomplished by enzymic
polymerization of the nucleoside diphosphate 1c by polynucleotide phosphoryl-
ase from M. luteus'®. The starting material for polymer synthesis was compound
1la which has been recently prepared from benzyl protected halogenose and the

1%/16  prom the nucleoside

protected nucleobase by a phase-transfer technique
the monophosphate 1b was obtained by phosphorylation with POCl3 in triethyl
phosphate following a procedure of Yoshikawal?. The conversion of the mono-
phosphate into the final product lc was accomplished by activation of 1b with
1,1'-carbonyl diimidazole by the method of Hoard and ott®, The structure of
the diphosphate 1c was confirmed by phosphate analysis and 31p NMR spectro-
scopy. Compound lc exhibited doublets at -7.91 and -10.40 ppm with coupling
constants of 22 Hz.

In contrast to poly(c7I) which has been described by Torrence et al.®
and Ikehara et al.!? poly(mszc7I) aggregates strongly in aqueous solution and
could not be separated from the monomeric material by gel permeation chromato-
graphy. However, separation from monomers was achieved by thorough dialysis.
The total yield of polymer was 54% which is similar to that found in polymer-
ization of poly(c’I) (50%).

UV Spectra, Hypochromicities, and pK Values of Poly(mszc7I), Poly (I),

and Analogues. The homopolymer poly(mszc71) exhibits a UV spectrum with an
absorption maximum at 273 nm under neutral conditions (pH 7.0), which is
bathochromically shifted with respect to poly(c’I) and the corresponding pu-
rine homopolymers (table). An additional bathochromic shift is observed in the
spectrum recorded under alkaline conditions. This shift is almost undetectable
in the case of poly(c7I) and implies that deprotonation of N-3 in the methyl-
thio polymer is much easier than in poly(c7I). Therefore the pK value of
poly(mszc7I) was determined and compared with those of poly(c7I), the corre-
sponding purine compounds, and the nucleoside constituents (table). In order
to get an idea of pk changes between the nucleoside constituents and of the
polymers in which they are incorporated, we measured first the pK values of
the monomers la and 7-deazainosine and compared them with literature values

of corresponding purine compounds. As can be seen from the table c’1 shows
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Fig. 1: UV absorbance-temperature profiles of polg(mszc"I) (271 nm, —),
poly(c7I) (260 nm, +++), and poly(I) (248 nm, ---) in 0.07 M Soeren-
sen phosphate buffer, pH 8.5, being ImM in EDTA. A, /A; is the ratio
of absorbance at a given temperature (t) to that at the initial tem-
perature.

the highest pK for deprotonation of N-1 (pK >11). The substitution at the C-2
position with a methylthio group decreases the pK value strongly (pK 9.5).
Compared to literature values of the corresponding purine compounds this
change is more pronounced in the pyrrolo[2,3-dlpyrimidine than in purine
nucleosides.

A good indicator of the stability of a polynucleotide structure is its
hypochromicityu'n. The hypochromicity of poly (ms2c”1) was determined by
phosphate analysis using the molybdenum blue method according to Chen et al1.®t
and by cleavage of the polynucleotide by phosphodiesterase. Both methods re-
sulted a hypochromicity of 26% which is comparable to those of poly(I) (28%)
and poly(mszl) (24%; ribonuclease M%). In comparison, poly(c7I) showed a sig-
nificantly lower hypochromicity (20%) indicating a less ordered structure.
Thus, the presence of a methylthio group at the C-2 position seems to compen-
sate the loss of stability caused by the lack of N-7.

Thermal Melting, CD Spectra, and Secondary Structure of Poly(mszc7I).

Under low salt conditions (0.15 M Na*/Kk*) at pH 7.0 the homopolymer
poly(mszc71) was stable against thermal denaturation up to 99 °C. After in-
creasing the pH to 8.5 - the nucleoside has a pK of 9.5 - cooperative melting
of the polynucleotide was observed giving a Ty of 38 °C. Furthermore the ther-
mal hypochromicity of poly (ms2c’1) is much higher than that of poly (c’1) or
even poly(I) (table). Neither poly(c’I) nor poly(I) showed sigmoidal melting
under these conditions (fig. 1). Poly(c’I) did not exhibit cooperativity in
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a) b) c)

Fig. 2: Space-filling models of possible base arrangements in poly(mszc7I)
strands.

thermal denaturation even at high salt. However, the melting of poly(I) be-
comes cooperative at higher salt concentration (2.0 M Na‘, pH 7.0) indicating
the presence of a highly ordered rigid structure now'?.

It is generally accepted that poly(I) forms a fourfold helix with paral-

20,21 consider-

lel strands and only one hydrogen bond between adjacent bases
ing the melting behaviour of poly(mszc71) it should also have a very rigid,
ordered structure. From CPK model building (fig. 2) it can be clearly shown
that a planar base paired arrangement of four ms2c’I residues in a tetraheli-
cal fashion is impossible for poly(mszc7I) because of a steric repulsion of

the 2-methylthio groups with the neighbouring base (fig. 2c). The highly order-
ed structure of poly(mszc71) cannot therefore be due to a fourfold helix as
proposed for poly(I). Because of the bulkiness of the methylthio groups the
formation of a triple, double, or a strongly stacked single helix is proposed
for poly (ms2c’1).

From the small lobes in the CD spectra of 7-deazainosine compared to ino-
sine?? it can be concluded that this alteration is due to the following: De-
creased UV absorbance of the 7-deazapurine nucleoside, an altered transition
moment due to the lack of N-7, and a less hindered rotation of the nucleobase
around the N~glycosylic bond. If c’1 is incorporated into a polynucleotide the
molar ellipticity i« still low (fig. 3), whereas the hypochromicity indicates
(table) that the molecule has some order due to stacking interactions. The dif-
ferences of the CD spectra of poly(c’I) compared to poly(I), both under condi-
tions where a regular helix is not formed imply that the overlapping of two
neighboured bases (degree of winding) may be also different. The distinct CD
spectrum of poly(mszc71) indicates that this molecule is highly ordered com-
pared to poly(c’I). Similar observations are reported for poly(mszI) and
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Fig. 3: CD spectra of poly(mszc71) (ee°), poly(c7I) (---), and poly(I) (—)
in 0.1 M TRIS-HCl, pH 7.5, containing 0.2 M NaCl. Measurements were
made in an l1-cm cell at 25 °C and at a nucleoside residue concentra-
tion of 100 uM.

poly(I)s. Due to the hydrophobic 2-methylthio groups the nucleobases are
strongly stacked and the winding of base pairs generates the CD spectrum de-
picted in fig. 3. Moreover from enzymatic cleavage by single-strand specific
nucleases (figs. 6,7) it is likely that poly(mszc71)~forms a multistranded
helix, which could influence the CD spectrum additionally. UV and CD data
confirm that a 2-methylthio group in purines as well as in pyrrolo[2,3-d]-
pyrimidines stablilizes internucleotide stacking and generates a more ordered
helical secondary structure.

Complex Formation of Poly(ms?c’I) with Poly(A) and Poly(c’A). Poly(I) is

known to form a double stranded complex with poly(C) and a triple stranded
with poly(A) under appropriate environmental conditions?3~2®_ This is also

yio, However, poly(mszc7I) did

true for its 7-deazapurine analogon, poly(c’I
not show complex formation with complementary poly(C). The same was found for
poly(mszl)a. Therefore, a methylthio group introduced at the C-2 position of
purines or 7-deazapurines hinders Watson-Crick base pairing due to the bulki-
ness of this group which interferes with the oxygen of the other heterocyclic
base.

From the mixing curves (fig. 4) it is evident that poly(ms?c’I) is able
to form a 2:1 complex with poly(A) and a 1:1 complex with poly(c7A). In that
case the bulky 2-methylthio group has space enough due to the small substi-
tuent (-E) at C-2 of the complementary bases. Furthermore, also Hoogsteen
base pairing could take place via the N-7 of poly(A)'°+2®  fThe same situation
has been observed with poly (ms?I).
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Fig. 4: Mixing curves of poly(mszc71) with poly(A) (250 nm) and poly(c7A)
f1g. 92
(300 nm) in 0.1 M TRIS-HC1l, pH 7.5, containing 0.2 M NaCl and 1 mM
MgCl,.

Information on the strength of the complexes can be obtained from the
thermal melting profiles. In TRIS-HCl buffer, pH 7.5, and in the presence of
EDTA 2poly(I) *poly (A) showed a monophasic melting?® with a T, of 44 °C whereas
2poly(c7I) *poly (A) was denaturated stepwise showing Tps of 30 °C and 49 °C
(fig. 5a). The stepwise denaturation of the 2poly(c7I) *poly(A) complex showed
that in this case the formation of a double strand is possible although this

10 ’ 3‘0 S‘o 70 10 0 50 70 90 0
Temperature [°Ci Temperature [°C]
a) b)

Fig. 5: Melting profiles of (a) 2poly(I)-epoly(A) (254 nm; ---), 2poly(c7I)-
poly(A) (261 nm; +++), and 2poly(ms2c’I)+poly(A) (264 nm; —) in
0.1 M TRIS-HC1l, pH 7.5, containing 0.2 M NaCl and 0.1 mM EDTA; (b)
2poly(mszc7I) *poly(A) (264 nm; —) in 0.1 mM EDTA. At/Ai see fig. 1.
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was not observed in the mixing curve.

It has been reported by Ikehara and Hattori that the ZPoly(mszl)'poly(A)
complex is more stable than 2poly(I)°poly(A)3. As expected from these results,
the complex of 2poly(mszc7I)°poly(A) did not melt at all under the conditions
mentioned above (T, >99 °C; fig. 5a). This clearly demonstrated that the
‘methylthio group stabilizes the Watson-Crick as well as the Hoogsteen base
pairs. We suggest that the water molecules are hindered by this bulky hydro-
phobic moiety to attack the hydrogen bonds of the base pairs and subsequently
to solvate the bases. When the denaturation experiments were carried out in
the presence of EDTA and in the absence of salt a biphasic melting profile
for 2poly(mszc7I)~poly(A) was obtained with T, values of 78 °C and 94 °C
(fig. 5b).

Enzymatic Hydrolysis of Poly(mszc71) and Related Polynucleotides. A basic

requirement for the activity of synthetic polynucleotides in biological sys-
tems, e. g. for interferon induction, is their stability against premature
cleavage by cellular nucleases®r2®, The substitution of the common bases by
modified ones is a promising approach to prevent the enzymatic hydrolysis of
polynucleotides. On the one hand, the recognition of synthetic nucleosides by
the enzymes may be reduced or even got be lost, or on the other hand, the
structure itself of the new polynucleotide may inhibit digestion. Therefore,
we investigated the enzymatic hydrolysis of poly(mszc7I) and its parent ana-
logues poly(c7I) and poly(I) by nuclease S; and ribonuclease T;.

Nuclease S; is an endonuclease specifically recognizing and hydrolyzing
the phosphodiester internucleotide bonds of single-stranded nucleic acids and
of unpaired regions in double-stranded DNA or RNA such as loops or nicks2%s3°,
As we were able to show recently the N-7 in purine bases has nothing to do
with their susceptibility to nuclease 515'5. Quite on the contrary the homo-
polynucleotides containing 7-deazapurine moieties are hydrolyzed on a much
higher rate than their purine containing analogues. Thus, the structure of
the nucleic acids gives rise to the pronounced differences in the digestion
rates. As expected from the melting profile that indicated a highly ordered
structure poly(mszc7I) had a very low susceptibility to nuclease S;. In con-
trast, the related compounds poly(c’I) (fig. 6) and poly(c7Gf which are singly
stranded were cleaved very rapidly. The latter result with the polymer con-
taining c’G, the parent compound of the nucleoside Q, shows that binding of
the polynucleotide to the enzyme is not hindered by steric repulsion of a
substituent at C-2. Thus, the stability against digestion by the single-strand
specific nuclease S; had to be caused by aggregation of poly(mszc7I) to a
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Fig. 6: Cleavage of the polynucleotides indicated by nuclease S) at pH 5.5 at
37 °C. The reaction mixtures were 0.1 mM in nucleotide residue,
0.29 M in NaCl, 1 mM in ZnSOy, 0.03 M in sodium acetate, and contain-
ed 2000 units of the enzyme.

multistranded structure.

We also investigated the interaction of polynucleotides with ribonuclease
T2. This enzvme is said to split all phosphodiester bonds in RNA31732, The
purine N-7 is not necessary for the activity of this enzyme (fig. 7) and simi-
lar structure dependence as for nuclease S; is reported for this enzymeu'“.
As fig. 7 demonstrates the cleavage rate of poly (mszc7I) by ribonuclease T3
was also very low as found similarly for nuclease S;. Thus, both digestion

100
/ polyle) o

— 80 polyl) k-1

£ / poly(ms2c?1) f—]

8 ]

260 / —

&

5

Fig. 7: Cleavage of the polynucleotides indicated by ribonuclease T, at
PH 4.7 at 37 °C. The reaction mixtures were 0.1 mM in nucleotide
residue, 0.05 M in sodium acetate, and contained 0.01 units of the
enzyme.
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experiments imply that poly(mszc71) forms a multistranded, presumably a

double- or triple-stranded, structure.

SUMMARY

In conclusion our results show that a methvlthio group located at posi-
tion C-2 of a 7-deazapurine polynucleotide as poly(mszc7I) stabilizes the
secondary structure of the polynucleotide. The hydrophobicity of the methyl-
thio group implies that this stabilization is mainly caused by hydrophobic
forges. Due to steric repulsion a Watson-Crick complex between poly(mszc7I)
and poly(C) is not formed. However, poly(A) forms Watson-Crick and Hoogsteen
complexes with poly(mszc7I) which are again stabilized by the hydrophobicity
of the methylthio group. .
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