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6.Interferon inducing activity of a 2'-modified double=~
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9.Influence of various 2- and 2'-substituted polyadenylic
acids on Murine leukemia virus reverse ‘transcriptase .
E.De Clercq,T.Fukui,N.Kakiuchi,M.Ikehara,M.Hattori
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UV absoxption spectrum of poly (Az) at pH7.0. CD spectrum of poly (Az} at pH 7.0
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Table II
A-U 0.04M[Na* 130min. 0.15M[Na* J1day
A-U 51 (2-1) 62 (351)
Af-U 49 (2=1) 64 (31}
Acl-U 46 (2-1) 56 (3-1)
Abr-U 45 (2-1) 53 (3-1)
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Table I
Interferon inducing activity of various 2'-azido analogues of _(A)n—(U)n and (I)n-(C)n
System polynucleotide interferon titer™
T 0.1 pg/m1.T pg/ml. 10 pg/ml.
Primary rabbit kidney cells . .
* superinduced” with cycloheximide (A)n-(U)n* 1ogyg(units/ml) 2.9
and actinomycin D ’ ' (A)n-(rT)n 3.3
(A)n-(Uz)n =<1.0
(Az)n-(U)n <1.0
(Az)n=-(rT)n <1.0
(Az)n-(Uz)n =<1.0
(I)n-(C)n 3.8
(I)n-(br5c) 3.9
(1z)n-(C)p 3.3
(1z)n-(br>C)n < 1.0
(I)n-(Cz) " < 1.0
Human skin fibroblast cells (I}n-(C)n~ 3.0 3.7 3.9
"primed" with interferon and {I)n=(brC)n 3.5 3.9 4.2
"superinduced" with cycloheximide (1z)n~(C)n 3.0 3.7 4.1
and actinomycin D (1z)n-(brC)n < 1.3 <1.3 <1.3
L-929 cells 'primed’ with interferon (I)n-(C)n 1.5 2.3 - 2.3
(I)n-(brC)n 1.5 1.8 2.0
(Iz)n-{C)n < 0.5 0.8 1.0
(1z)n-(brC)n <0.5 =< 0.5 < 0.5
Intact rabbits (I})n-{C)n - 3.8 4.7
(1)n-{brC)n 3.5 4.7
(1z)n-(C)n =< 1.0 1.7




Toable W

Interferon inducing activity of poly(dIf)-derived complexes in different systems
Interferon titer(log 10 units/ml) obtained at polynucleotide
Polyrucleotide concentration of
0.1 yg/ml. 1 ug/ml. 10 pg/ml.
1. Primary rabbit kidney cells™ superinduced " with cyclohexamide and actinomycin D.

POU(I)—poly(C)S 2.5 3.8 4.2
pely(1)-poly(broc) 2.2 2.2 3.0
po]y(If)-po]y(C)5 3.9 4.1 4.3
poly(If)-poly(broc) - 2.7 3.0 3.5
PO]y(A)-poly(U) ].7 3.2 3.4
po}ygﬁg-po}ygﬂ ) 3.5 4.2 - ?(9)
poiy{A)-poly(br-y '

poly(AF)-poly() ~ = 10 =i =19
poly(Af)-poly(rT : : ; <1.0

poly(Af)-poly(br y) o
2. Human skin fibloblast cells "primed with interferon and superinduced" with cyclohexamide
and Actinomycin D. S

poly{I)-poly(C)

poly(1)-poly(br>c) 2:13 2:} i
poly(If)-poly(C) 4. 4.2 4.3
o] (If) 1v(b 5 . . .
poly(If)-poly(br’c) 3'g 3.4 3.5
poly(A)-poly(U) 4.1 4.3 4.2
poly(A)-poly(rT 4.1 4.1 4.0
poly(A)-poly(br U) < 1.0
poly(Af)-poly(U) 1.9 2.9 2.9
poly(Af)-poly(rT) < 1.0 2.5 2.0
poly(Af)-poly(br y) ' < 1.0
3. Mouse L-929 cells pretreated with DEAE-dextran
poly(1)-poly(C)g 2.11 . 3.65 3.68
poly(I)-poly(br”C) < 0.5 : 2.29 3.66°
poly(If)-poly(C). < 0.5 < 0.5 < 0.5
poly(If)-poly(br’C)< 0.5 < 0.5 < 0.5
4. Mouse L-929 cells primed with interferon .
poly(1)-poly(C)s 1.32 1.67 2.00
poly(I)-poly(br’c) 0.84 1.03 1.32
- Poly(If)-poly(C)s  1.68 2.00 2.36
poly(If)-poly(br°C)< 0.5 < 0.5 < 0.5
' 5. Intact rabbits
oly(1)-poly(C) at 1 h, 2.2 2.5
POty at 2 h. 4.5 4.7
at 4 h. 3.3 3.3
_ at 7 h. 2.2 . }273
oly(If)-poly(C) at1 h. < 1.0 .
poly at 2 h. 3.5 3.7
at 4 h. 3.0 2.9
at 7 h. 2.2 2.2
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Table 5

£(P)x10- 4 at \max hypochromicity (%)
(a)polymer (b)monomer [1~(a)/(b)]x100

A 1.00 1.564 35
Af 10.97 1.43 32
Acl 1.05 1.54 32
Abr 1.07 1.50 29
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Table 6

polynucleotide .{9]2‘110_4
peakl (nm) trough (am) peak? (nm)
poly(A) 2.1 (220) ~4,1 (248) 5.2 (264)
poly(Af) 2.5 (220) -4.9  (248) 6.3 (264)
poly(Acl) 1.9 (218) -4.4 (248) 5.7 (264)
poly(Abr) 1.4 (217 -3.4 (249) 5.3 (264)
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Table 7
polynucleotide ~ p H t1/2 Tm at pH4.5

poly(a) 5.5 60
poly(Af) 5.2 . 37
poly(Acl) 5.5 63
poly (Abr) 5.0 56
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Table 8 : Tm

complex - 0.04M [Na+]_ 30mim, 0.15M{Na+} lday
poly (A).poly(U) 51°¢(2-1) 62°C(31)
poly(Af).poly(U) 49 64

poly(Acl) .poly (U) 46 | 56

poly (Abr) .poly(U) 45 53
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Table 9

7 ™m(°C)
complex 0.15M[Na'] 0.15M[Na']+10mM Mgcl
poly(A) .poly(U) 42 54
poly(Af).poly(U) 36 51
poly(Acl).poly () 36 49
poly(Abr).poly(U) 35 47
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Table 10

PEP (RmpA-A) PPC(RE)
pH 7.5 pH 3.5 c G M
I l.04  2.50 '0.07 0.34 0.32
1fDP 1.41 0.04 0.10 0.31
IclMp 1.10 2.70 0.12 0.31 0.45
TclDP 1.40 | 0.08 0.21 0.45
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Fig 55 Mixing curves of poly{lcl)
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Teble ie

interferon inducing acthty of various 2'-azido analogues of {(A)n-(U)n and (I)n-{C)n

- System polynucieotide interferon titers
- 0.7 ja/m1.T wg/mi. 10 ua/ni.

Primary rabbit kidney cells

* superinduced” with cycloheximide (A)n-(u)n* }ogw(unzts/m]) 2.9

and actinomycin D (An~(rT)n ) 3'4

' (A)n-(Uz)n <1.0

(Az}m(u)n =<1.0

{Az)n=-{rT)n =1.,0

{Az)n-{Uz}n <1.0

{I)n-(C)n 3.8

(A)n~(br59 3.9

(1z)n-(C)p 3.3

{Iz)}n-{br°C)n < 1.0

. {I)n-(Cz)" < 1.0

Human skin fibroblast cells {In-(C)n 3.0 3.7 3.9

"primed" with interferon and {I)n-(brl)n 3.5 3.9 4.2

“superinduced” with cycloheximide {1z)n-{C)n 3.0 3.7 4.1

and actinomycin D (1z)n-(brC)n < 1.3 <1.3 <1.3

L-929 cells 'primed’ with interferon (I)n~(c)n . 1.8 2.3 2.3

' I)n-{brC}n 1.5 1.8 2.0

§Iz Cin =0.5 0.8 1.0

(Izgn-ébrC)n =0.5 < 0.5 = 0.5

Intact rabbits {I)n-{C)n 3.8 4.7
(I)n-(brC)n 3.5 4.7

(Iz)n-{C)n <-1.0 1.7
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TohRa,

Interferon inducing activity of poly(dif)-derived complexss in different systems
Interferon titer{iog 10 units/mi) obtained at polynucleotide
Polynucleotide concentration of
0.1 yg/ml. V ug/ml. 10 pg/mi.
T. Primary rabbit kidney celis" superinduced " with cyclohexamide and actinomycin D.

poly{I)- poTy(C)5 2.5 3.8 4.2
pely(I)-poly(br’c} 2.2 2.2 3.0
poly(1f)- po1y(C)5 3.9 4.1 4.3
poly(I1f)-poly{br’c) 2.7 3.0 3.5
p01Y(A) po1y(rrg 3.5 4.2 - ?’g
poly(A)-poly(brU) _ 4 <1.0 =10
poly{Af)-poly(U) } ‘0 =10 1
poly(Af)- poiy(rTg : < 1.0

poly(Af)-poly(br’u :
2. Human skin f]blob}ast cells "primed with interferon and superinduced” with cyclohexamide
and Actinomycin D.

poly(I)-poly(C) 4.1 4
poly(1)-poly(br’c) 373 a1 4
poly(1f)-poly(C)g =~ 4.1 4.2 4.3
poly(1f)-poly(bric) 3’g 3.4 3.5
po]y{A)-po]y(U) 4.1 4.3 4.2
po]y(A)-poly(rTg 4.1 4. 4.0
poly(A}-poly{br-y = 1.0
pely{Af)-poly(u) = 1.9 2.9 2.9
poly(Af)-poly(rT) < 1.0 2.5 2.0
poly(Af)-poly(br’y) . =10
3, Mouse L-929 cells pretreated with DEAE-dextran
poly(I)-poly(C), 2.1 3.65 3.68
poly(I)-poly(br”C) =< 0.5 - 2.29 3.66°
poly{If)-poly(C). < 0.5 = 0.5 < 0.5
poly(If)-poly(brC)< 0.5 =< 0.5 < 0.5
4. Mouse L-929 cells primed with interferon .
poly(I)-p.o?y(C)s 1.32 1.67 2.00
poly(I)-poly(br°c)  0.84 1.03 1.32
poly(I1f)-poly(C)s  1.68 2.00 2.36
poly(1f)-poly(brC)= 0.5 =< 0.5 = 0.5
" 5. Intact rabbits
poly(I)-poly(C) at1lh 2.2 2.5
at 2 h 4.5 4.7
at 4 h 3.3 3.3
) at 7 h 2.2 ;.8
oly(If)-poly(C) at 1 h < 1.0 .7
P at2 h 3.5 3.7
at 4 h 3.0 2.9
at 7 h 2.2 2.2
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W acr
'-azido-2'-deoxyadenylic acid (Poly Az) was synthe-
Em 2’-azido-2'-deoxyadenosine diphosphate by poly-
phosphorylase. Poly (Az) has U.V. absorption
similar to poly (A) and hypochromicity .of 40% at
nd neutrality. CD curve also resembled to that of
poly (A), but has smaller ellipticity. Titration of poly (Az)
with HC1l gave a transition at pH 5.5, but exact structure of
the acid-form complex was not elucidated. Upon mixing with
poly (U}, poly (Az) forms a 1:1 and 1:2 complexes having Tm's
somewhat higher than that of poly (A&)- poly (U) complex in the
same condition.

A number of polynucleotides containing analogs of pyrimi-
dine and purine nucleosides have been reported{zv Among these
polynucleotides, ones which have 2’'-substituted nucleosides are
especially interesting because they have natural 3’-5'-phospho-
diester linkages and are suitable for elucidating physical and
biological properties of polynucleotides. However, up to the
present they have been limited to only 2’-substituted pyrimi-
dine nucleotides, 1i,e. 2'—halogeno--,3 azido—,4 methoxy—,5 and
ethoxy—,6 compounds. We have found a new method for the
synthesis of 2'-azido and 2'-amino-2’-deoxyadenosine and
guanosine7 by way of purine cyclonucleosides,8 which are
readily available from the naturally occurring nucleosides.

In this communication we report the synthesis of poly 2’-azido-
2’'~-deoxyadenosine (poly (Az)) and its physical properties, such
as UV, C.D., Tm and hybridization with poly (U).

MATERIAL AND METHODS
2’ -Deoxy-2'-azidoadenosine 5’-diphosphate

2'-Azido-2'-deoxyadenosine (Ia) (63 mg, 0.21 mmole) was
dissolved in a mixture of POCl3 (0.5 ml) and triethylphosphate
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ABSTRACT

Poly 2'-azido-2'-deoxyadenylic acid (Poly Az) was synthe-
sized from 2'-azido-2'-deoxyadenosine diphosphate by poly-
nucleotide phosphorylase. Poly (Az) has U.V. absorption
properties similar to poly (A) and hypochromicity -of 40% at
0.1 M Na and neutrality. CD curve also resembled to that of
poly (A), but has smaller ellipticity. Titration of poly (Az)
with HC1l gave a transition at pH 5.5, but exact structure of
the acid-form complex was not elucidated. Upon mixing with
poly (U), poly (Az) forms a 1:1 and 1:2 complexes having Tm's
somewhat higher than that of poly (Aa)- poly (U) complex in the
same condition.

A number of polynucleotides containing analogs of pyrimi-
dine and purine nucleosides have been reported{z. Among these
polynucleotides, ones which have-2'-substituted nucleosides are
especially interesting because they have natural 3’'-5’-phospho-
diester linkages and are suitable for elucidating physical and
biological properties of polynucleotides. However, up to the
present they have been limited to only 2’-substituted pyrimi-
dine nucleotides, i,e. 2’—halogeno—,3 azido-,4 methoxy—,5 and
ethoxy--,6 compounds. We have found a new method for the
synthesis of 2’-azido and 2'-amino-2’-deoxyadenosine and
guanosine7 by way of purine cyclonucleosides,8 which are
readily available from the naturally occurring nucleosides.

In this communication we report the synthesis of poly 2’-azido-
2’'-deoxyadenosine (poly (Az)) and its physical properties, such
as UV, C.D., Tm and hybridization with poly (U).

MATERIAL AND METHODS

2'~-Deoxy-2'—-azidoadenosine 5’-diphosphate

2'-Azido-2'-deoxyadenosine (Ia) (63 mg, 0.21 mmole) was
dissolved in a mixture of POCl3 (0.5 ml) and triethylphosphate
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(2 ml) with cooling to 0°. The solution was stirred for 2 hr
at 0° and poured in ice-water.9 The aqueous solution was
applied to a column of charcoal, which was washed with water
and eluted with 50% EtOH containing 5% conc. ammonia. Eluents
were evaporated in vacuo and the residue was dissolved in water.
The aqueous solution was applied to a column (1.5 x 15 cm) of
Dowex 1 x 2 (formate). After the water-wash the column was
eluted with 0.1N formic acid to give 2’-azido-2’-deoxy AMP
(2160 OD,,, units, 0.15 mmole) in a yield of 73%. UV: i RHg
257 nm, A REL2 259 nm. .

2’-Azido-2'-deoxy AMP (0.15 mmole) was dissolved in a
mixture of HZO (1.5 ml), t-BuOH (1.5 ml) and morpholine (0.058
ml, 0.6 mmole). A solution of dicyclohexylcarbodiimide (124 mg
0.6 ml1) in t-BuOH (2.25 ml) was added dropwise into the solu-

10 The refluxing was continued for 2 hr,

tion while refluxing.
the mixture was evaporated in vacuo, and the residue was
equilibrated in a H20—ether (1:1) mixture. 1Insoluble material
was filtered off and the aqueous layer was separated and
evaporated. The residue was azeotropically dried with pyridine
several times. To the residue, inorganic phosphate (0.04 ml,
of 95%), which was previously dried by azeotropical evaporation
with pyridine together with tri-n-butylamine (0.14 ml) and
dissolved in pyridine (1 ml), was added. The reaction mixture
was kept at 30° for 5 days. The reaction mixture was evapora=
ted in vacuo, the residue dissolved in HZO’ and applied to a
column of charcoal. The column was washed with H20 and eluted
with 50% EtOH containing 5% conc. ammonia. Eluents were
concentrated and applied to a column (1.0 x 17.5 cm) of DEAE-
Sephadex A 25. Elution was performed with 0.1-0.3 M triethyl-
ammonium bicarbonate buffer {(total 2 1) in a linear gradient
and 15 ml fractions were collected. Fractions No. 65-85 were
pooled and evaporated. 2’-Azido-2’-deoxy ADP (760 OD260 units,

35%) was obtained. UV : A g% 257 nm, l Bg; 259.5 nm,
A REX2 260 nm. Paper electrophoresis : R 1.44.

AMP
Pol (27 -azido-2 '—deoxyadenylic acid)
Y

2’~Azido-2'-deoxy ADP (4 mM), polynucleotide phosphorylase
(2.2 units /ml), Tris-HC1 (pH 8.5) 100 mM and MgCl2 or MnCl2
0.4 mM were adjusted to 0.25 ml with H,0 and incubated at 37°
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for 6 hrs. Pi release was 0.27 pmole (34%) or 0.33 pmole (41%)
in the presence of Mé+ or it respectively.

A large scale incubation was performed in a total volume
of 7.3 ml containing the same ingredients in same concentra-
tions. After 20 hrs the mixture was deproteinised with
isoamylalcohol-CHCl3 (1:3) and the aqueous layer was evapora+
ted. The residue was dissolved again in water and applied to
a column of Sephadex G-50. - Poly (Az) was eluted as a symme-~
260
units (5.5 pmoles, 18%). AzDP (17.2 pmoles, 57%) was recovered.
uv: A Bg;’o 256 nm (£ =8,900). This sample was completely
hydrolyzed with snake venom phosphodiesterase to give only
2'-azido-2'-deoxy A5'p. UV spectra were taken with a Hitachi
124 spectrophotometer in the presence of 0.1 M NaCl and 0.05 M
Na cacodylate (pH 9.0) at 12°, (D spectra were taken with a
JASCO ORD/UV-5 spectrometer equipped with a CD attachment in
the presence of 0.1M NaCl and 0.05M Na cacodylate (pH 7.0) at
16°. Melting temperature was measured in the presence of 0.1M
NaCl and 0.05M Na cacodylate at pH 7.0 with a Hitachi spectro-
photometer equipped with a thermostated cell. The temperature
inside the cell was measured with a thermocouple. Mixing
curves were obtained by measuring the absorbance of mixture
which contained 0.04 mM total concentration of poly (Az)
and poly (U) in the ratios indicated in Fig 6 . Salt concent-
ration was 0.1 M NaCl and pH was adjusted to 7.0 with 0.05M
Na cacodylate. -

Poly (U) was purchased from Miles Laboratories Ltd. Snake
venom phosphodiesterase was purchased from Boehringer Mannheim,
Ltd.

RESULTS AND DISCUSSION

As in the case with 2’-substituted pyrimidine nucleoside

5’-diphosphates4 the polymerization reaction of AzDp proceeds
better in the presence of mntt than in the presence of Mg++.
The large scale preparation was thus performed with Mn++ ion
and the time course is presented in Fig 1. The inorganic
phosphate liberated was more than 50% after 20 hrs incubation,
but the isolated yield of poly (Az) was only 18%. Probably
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Synthetic route to 2'-azido-2'-deoxyadenosine 5'-diphosphate
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Fig. 1. Time course of polymerization of AzDP

some of the material was lost during the deproteination,
because an intractable fluffy mass was observed between the
two phases.

UV _Absorption of Poly (Az)
UV absorption of poly (Az) is shown in Fig 2. At pH 7.0

in the presence of 0.15M Na+, it. shows Amax at 256 nm. A blue
shift of 4 nm of the A max compared to that of monomer was
observed. Hypochromicity at neutrality was calculated as

40% assuming &€ of the monomer, 2’'-azido-2'-deoxyadenosine as
14,800.7 This hypochromicity is larger than that of poly (A)
(37%) under the same conditions.11 It is also larger than
those of poly (2’-O-methyl A)l2 and poly (2’-0O-ethyl A).13
Since poly (dA) has hypochromicity of 41%}4 the effect of 2'-
substitution on hypochromicity follows the order, H> Ny> OH >
OMe ) OEt. This cannot be explained solely in terms of
sterical distorsion by 2'-groups of the vertial stacking
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Fig.2. UV absorption spectrum of poly Fig.3. Temperature-absorption profile
(Az) at pH 7.0. " of poly (Az) at pH 7.0.

of adjacent adenines.13 This tendency is in agreement with
that observed when comparing poly (U) and poly (Uz).4

A big increase in hypochromicity was observed from 9.2% for
poly (U) to 14.1% for poly (Uz). Therefore, influences of the
azido group on base stacking give rise to similar effects both
in pyrimidine and purine polynucleotides.

Temperance-absorbance profile
The temperature~absorbance profile of poly (Az) in neutral

conditions is shown in Fig 3. The UV absorption increased
gradually on heating from 0° to 80° without showing any steep
increase .indicative of cooperative melting. As was observed
for poly (A)11 and poly (mZA):,L5 this curve suggests a flexi-
ble structure of poly (Az), which is only stabilized by the

vertical stacking. This phenomena is in sharp contrast with
that observed for poly (Uz).4 In the latter case a steep rise
of the temperature~absorbance profile was observed and the
Tm was reported to be 12° in the presence of 0.01M MgCl

2°
This different influence of the azido group when introduced
to the 2'-position of polynucleotides of purine and pyrimi-
dine may be interpreted as indicating a difference in con-
formations of both types of polynucleotides stabilized by
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different stacking interactions.

CD spectra of poly (Az)
A CD curve was obtained in the presence of 0.15 M Na+

at neutrality and 16°. As shown in Fig. 4 , it shows a peak

o
0

20

Fig. 4 . CD spectrum of poly (Az) in the presence of 0.15M'Na+
at pH 7.0 and 16°. . . . .

at 268 nm ([8]1=39,000) and a trough at 248 nm {([6]1=30,000).
The cross-over. point was at 256 nm, close to the absorpton
maximum of poly (Az). Although the CD profile .itself is
very similar to those of poly (A)16, poly (m2A)12 and poly
(ae) 13, the molecular ellipticity [§] is significantly
different. The [G]peak
that of poly (A) and one half that of poly (m?A). It was
even somewhat smaller than that of poly (Ae). The magnitude
of the [e]trough also shqws theliame tendency.

As was discussed previously ', the magnitude of rotatory

of poly (Az) is.only two thirds

strngths reflects both the stacking tendency and direction
of adjacent bases. It may be deduced that in the molecule
of poly (Az), adjacent bases stack rather strongly, but
their arrangement is not similar to the case of poly (A).
This unusual stacking conformation might be ascribed to
sterical distorsion by azido groups.
Acid titration of poly (Az)

Poly (Az) was titrated with 0.1N HCl in the presence of
0.1 M sodium chloride (Fig. 5). Theuabsorption curve is
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Fig 5. Acid titration curve of poly (az).

almost flat at pH 4.2 to 5.3 and then a steep rise at pH 5.5
was observed. This hyperchromic change may indicate the
formation of an acid form complex similar to the case of poly
(A)lswhere a similar transition occurs at pH 5.

Hybridization experiments of poly (Az) with poly (U)

It is well known that poly (A) forms double or triple
stranded complexes, according to the salt concentration, upon

mixing with poly (U). Poly (dA), poly (Am) and poly (Ae) also
show similar complex formation.

We examined the complexing of poly (Az) with poly (U) by
the continuous variation method. 0.04 mM base concentrations
of poly (Az) and poly (U) were mixed in various ratios (as
indicated in Fig. 6 ) in the presence of 0.04M Na© at pPH 7.0.
The curves at 250, 260 and 270 nm clearly showed formation
of a 1:1 complex, poly (Az)-.poly (U) as in the case of poly
(A) -poly (U). Raising the Na+ concentration to 0.15M, in-
flection points were observed at the concentration of poly
(Az) : poly (U) equal to 1:2. (Fig.7 ) It seems therefore,
that a compiex, pdly (Az) -2poly (U) was formed in this con-
ditions.

As shown in Fig.8 , this complex formation by poly (Az)
and poly (U) was also supported by measurements of CD before
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Fig. 6. Mixing curves of poly (Az) and poly (U) at 0.04M Na+.
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Fig. 7. Mixing curves of poly (Az) and poly (U) at Na+ con-
centration of 0.15M,

and after the mixing of two components. The CD curve before

the mixing (----) showed a peak at 273 nm and a trough at
After the mixing the curve changed to a completely

246 nm.
), which had a peak at 263 nm and a

different one (
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trough at 242 nm. This fact suggested the formation of a
The overall shape of the CD curve resembled that of

complex.
poly (&)-2 poly (U), except that the trough has a much smaller
ellipticity.
el
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Fig.9. Temperature-absorption
profile of poly (Az). poly (U) in the
presence of 0, 15M Nat,

Fig.8. CD curves of poly (Az) plus
poly (U) before and after mixing at 0- 15
M Nat concentration.

M_elting of poly (Az)-poly (U) complexes
~ When the absorbance of poly (Az)- poly (U) complex was
measured at 0.04 M Na* concentration and pH 7.0, it rose

gradually from 20° to 43° and then steeply until 48°. The
The hyperchromicity reached

curve tapered off after 50°.
This melting curve gave a Tm value 46° for

around 40%.
As it was reported previously

. the poly (Az) poly (U) complex.
the poly (A)-+poly (U) complex has a Tm of 47° in the same
9, this value of poly (Az)-.poly (U) com-

salt concentrationl
In this comparison it may

pPlex seems to be reasonable.
be deduced that the effect of an azido group for the stabil-
ity of a double strand complex is same as an OH group.

The temperature-absorption profile of the poly (Az)-

I .
_ ‘ 2097
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2 poly (U) complex was then measured in the presence of )
0.15 M Na+Aand at pH 7.0 (Fig. 9 ). The .total concentration .
was again 0.04 mM. The absorbance gradually increased from

17° up to around 60°, rose steeply after 63° and reached a
palteau after 68°. This shows a Tm at 65° and a hyperchromi-
city as large as 46%. .

This Tm value of poly (Az)- 2poly (U) is somewhat higher
than that observed in poly(a)- 2poly(U) (60°).19 .
of poly (dAf- 2poly (U) was reported to be 465, a comparable
effect of 2’-substitution by OH or Ny for stabilization of
the complex can be noted. It is known that ‘the methyl or
ethyl group or the 2'-OH of poly (A) reduced the thermal
stability of heteroduplexes.l3 ‘Therefore,'not only the size
of the 2’-substituent, but also its hydrophilicity must
be taken into account for the’stabilization of the com?lex.

Since the Tm

Concluding Remarks
By the introduction of the azido group at the 2’-carbon

of‘2'-deoxyadenylic acid in the polynucleotide chain, it
becomes ﬁbssible to compare the nature of polynucleotides of
purine nucleotides with various 2’-substituents. The adenine
bases in poly (Az) are rather well-stacked in the neutral form
maybe because of the hydrophilic nature of this group. The
space which is filled by an azido group must be smaller than
an O-methyl or O-ethyl group and the sterical distorsion
might be comparable to that of a hydroxyl group.

Comparing the CD spectrum of poly (Az) with that of poly
(4), it may be éoncluded that the stacking arrangement of
bases in the former polynucleotides is somewhat different to
that of poly @a). If we‘adopt Tinoco's theory,17 the angle
between transition moments of adjacent bases may be smaller
in poly (Az) than in poly (A). Tilting of the base planes
may also account for this. '

When poly (Az) form a complex with poly (U), it forms a
1:2 complex in 0.15M Na+’solution. This complex has-a Tm
higher than that of poly (A)- 2poly (U). The stabilising
effect of the azido group seems to be invariable by complexing.
This may be bacuse 2’-substitutions are working as a hydrogen-
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bond acceptor by virtue of its polarizable nature.

Introduction of other 2’-substituents to the purine
polynucleotides may provide more information about the
factors which stabilise secondary structures of these poly-~
nucleotides and their complexes.
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ABSTRACT )

Poly (2'-amino-2'-deoxyadenylic acid) [poly (Aa)] was
prepared from chemically synthesized 2'-amino-2’'-deoxy-ADP
by the catalysis of polynucleotide phosphorylase. Poly (Aa)
showed a similar UV absorption spectra to poly(Ad), but
quite different CD spectra at pH 7.0 and 5.7. At the former
pH it showed a single negative Cotton band and at the latter
a curve with a large splitting of bands. Acid titration of
poly (Aa) suggested protonated form below pH 7.0. Temperature
absorption profiles and their dependency on sodium ion
concentration suggested an ordered structure for poly (Aa)
which is stabilized by stacking of bases and intrastrand
interaction between 2’-amino and internucleotidic phosphate
groups. Poly (Aa) forms a 1:2 complex with poly (U) at
neutrality and its Tm was 45° in the presence of 0.15M
sodium ion.

INTRODUCTION

Recently a versatile method for synthesizing 2'-azido-
and 2’-amino-2'-deoxyadenosine (Chart, X=N3 and_NHz) was
developed.2 Using this approach poly (2'-azido-2'-deoxyadeny-
lic acid) [poly{(Az)] has been synthesized3 and its properties
have been elucidated. It was found that poly(Az) showed

N NH,
<N
2N
N N
HOH,C 0
HO X

guite similar characteristics to poly(A) in UV and CD
spectroscopy, melting temperature (Tm) and complexing with
poly(U), in contrast to the previous observationll'5 that
introduction of an azido group in place of 2’-OH of poly (U)
enhanced its thermal stability significantly.
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We now wish to report on the synthesis and properties
of poly (2’-amino-2’'-deoxyadenylic acid) [poly(Aa)].
Interesting features such as the fact that poly(Aa) formed a
protonated ordered structure at pHs lower than 7.0 and a
triple stranded complex with poly (U) in contrast to its
pyrimidine counterpart poly (Ua),6’7 are described.

Materials and Methods

2’ -amino-2'-deoxyadenosine 5’-diphosphate

2’-Azido-2'-deoxyadenosine 5'—diphosphate3 (747 OD260
units, 49.5 umoles) was dissolved in a mixture of water (5 ml)
and acetic acid (1 ml). To the solution palladium charcoal
(10%, 20 mg) was added and the mixture was stirred under an
hydrogen atmosphere for 1 hr at room temperature.

The catalyst was removed by filtration and the filtrate was
evaporated in vacuo. Traces of acetic acid were removed

by azeotropic distillation with water several times.

The product showed one spot at Rf 1.07 on a paper electro-
phoretogram performed at pH 7.0. AaDP thus obtained was
applied to a column (1.7 x 20 cm) of DEAE-Sephadex A-25
(bicarbonate form) and eluted with triethylammonium bicarbo-
nate (0.15-0.25M, 11. each) in a linear gradient.

Fractions of 15 ml were collected every 1l min. AaDP was
eluted at the buffer concentration 0.2 M. The yield was 601
OD260 units (80 %). Paper electrophoresis: RpA 1.07 (at pH
7.5), RpA 1.00 (at pH 3.5). Hydrolysis of this sample with
alkaline phopshatase gave exclusively 2'-amino-2’-deoxyadeno-
sine and inorganic phosphate.

Poly (2'-amino-2’-deoxyadenylic acid) [poly (Aa)]

A solution(5 ml) containing 2’-amino-2’-deoxyadenosine
5'-DP 4 mM, MnCl2 2 mM, polynucleotide phosphorylase obtained
from Micrococcus 1uteu58 by a method described by Klee and
Singer9 45 units/ml and TrisHC1l (pH 7.5) 80 mM was incubated
at 37° for 20 hrs. The time course of the polymerization is

shown in Fig.l.

The viscosity of the solution increased significantly during
the incubation. The incubation mixture was extracted with

a mixture of isoamylalcohol-CHCl3(1:3, vol/vol) for
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Fig. 1. Time course of
RAaDP polymerization.
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deproteinization and dialyzed against water containing

0.01M Tris-HC1 buffer (pH 7.0). The dialyzed solution was
lyophilized, the residue dissolved in a small amount of water,
and applied to a Sephadex G-50 column. As shown in Fig.2,
poly (Aa) was eluted in the void volume. Yield was 32 OD260
units (15 % regardless of hypochromicity).

Physical measurements

UV spectra were taken with a Hitachi 124 spectrophoto-
meter and CD spectra were taken with a JASCO ORD/UV-5 spectro-
meter equipped with a CD attachment. Calibration was per-
formed with d-10-camphorsulfonic acid. Tmk were measured with
a Hitachi EPS-3T spectrophotometer equipped with a Komatsu
thermostated cell. Temperature inside the cell was measured
by a Cu-Constantan thermocouple. '

RESULTS AND DISCUSSION
UV spectrum of poly(aa)

The UV spectrum of poly(Aa) was recorded in the presence

Iy
o

Fig. 2. Sephadex G-50
column chromatography of
poly (aa).
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o

10 20
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of 0.1M NaCl and 0.05M sodium cacodylate (pH 7.0 and 6.3)

at 25°. As shown in Fig 3, poly(Aa) showed a spectrum

at neutrality having a single Al max at 258 nm andffequal

to 11,200. Although the maximum wavelength was almost
identical to that of poly(A)lO, ¢ was somewhat smaller.
Since the & value of 2’-amino-2’~deoxyadenosine was reported
to be 15,000 at 258.5 nm2, hypochromicity of poly(Aa) was
calculated to be 25%. This value is significantly smaller
than that of poly(A) which was reported to be 39% at 260 nm.
This unusually small hypochromicity and negligible hypso-

10

chromicity may be due to a structure of poly (Aa) with a
lower degree of stacking of adenine bases in the polynucleo-
tide array. At pH 6.3 poly(RAa) showed much lower ¢ value
presumably due to an acid form described below.

Acid titration of poly (Aa)

When poly (Aa) was titrated with 0.1N hydrochloric acid
in the presence of 0.15 M NaCl at 15°, the UV absorption
increased sharply at pH 6.7 and reached a plateau at pH 7.6
(see Fig. 4). The midpoint of the transition was at pH 7.0.
The A max 258 nm of the UV spectra did not change throughout

£-10"
10

05

Oy 2020 B0 30 2(m)

Fig. 3. UV absorption spectra of poly(Aa) ,— at pH 7.0, --- at
pPH 6.3.
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030

Fig. 4. Acid titration of
poly(aa).

ABSORBANCE (258nm)
S

Q
N

5 7 9 (pH)

the titration and below pH 5.5 a precipitation occurred,
which disturbed the UV measurements. These phenomena imply
that poly (Aa) must be completely protonated at the 2’—NH2
group at around pH 6.7 and stacking of bases may be increased,
despite the fact that no protonation at the Nl—atom of the
adenine ring as reported in the case of poly(a), occurred.ll

CD spectrum of poly(Aa)

As shown in Fig. 5, the CD spectrum of poly (Aa) taken
at pH 7.0 and 24° showed a simple curve resembling thatrof
monomer AaDP. If it was taken at pH 5.7 two troughs at
280 and 235 nm and a peak at 252 nm appeared. This fact may
suggest that poly (Aa) exists as a random coil structure
at pH 7.0 and at pH 5.7 it transformed to an ordered
structure upon protonation at the 2'—NH2 group. This type

()18

04

- 04

-08

\_/ AY

2%0 260 ~280 30 3Winm)

Fig. 5. CD spectra of AaDP and poly(Aa), poly (Aa) at pH 7.0.
---poly{(Aa) at pH 5.7, —+=--~ AaDP at pH 7.0.
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of structure has not been reported previously with pyrimidine
2’-NH2 polynucleotides.e’7
To examine the thermal stability of this ordered
structure of poly(Aa), CD spectra were recorded at 20°, 46
and 60° in the presence of 0.15M sodium ion at pH 6.3.

As shown in Fig 6, the curve at 20° closely resembled that
shown in Fig. 5, which had two troughs at 274 and 225 nm and
a peak at 252 nm. Raising the temperature to 46° this spect-~
rum changed to one resembling the monomer spectrum and

this is also the case for the 60° spectrum. Therefore, the

2’—NH2 protonated acid form of poly (Ra) at 20° decomposed

°

by thermal perturbation and a random structure might be
formed above 46°.
Temperature-absorption profiles of poly (Aa)

The temperature absorption profiles of poly(Aa) at

various pH's were recorded in Fig. 7. At pH 7.0 in the

()¢
04

-04

-08

20 %0 260 280 300 3200m

Fig. 6. CD spectra of poly(Aa) taken at 20°(—), 46°(-—-)
and 66° (=+—--— ).

E
5030

¥Fig. 7. Temperature-
absorption profile
of poly(aa) taken at
7.0.

ABSOR%ANCE (26
N
(31}

o
e

20 40 60 80(C)
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presence of 0.1M NaCl and 0.05M scdium cacodylate, the
absorption steeply increased at 20° and reached a pleteau at
24°, then it gradually increased up to 80°. This provides a
Tﬁ of 22° at least for the first melting step. When the pH
goes down to 6.3 (Fig. 8), poly(Aa) showed a similar type

of curve, though the transition point moved to 38°.

At pH 5.7 the curve (Fig. 9) showed a clear transition point
at 53-55° and about an 80% increase in absbrption.

This may account for the complete melting of poly (Aa) acid
form. At pH 5.0 the polymer precipitated presumably due to
double protonation both at the 2’-amino and Nl of the
adenine ring.

These facts imply that by the prdtonation of poly (aa)
initially at the 2'-amino group with decreasing pH a
partially protonated structure was formed and this structure
changed to a "fully protonated" one at pH 5.7. Since pK of

£
S 058
8 -

18]
2
5 054

@
8 Fig.8.Temperature—
2 050 absorption profile

- of poly(Aa) taken
at pH 6.3.
045

20 40 60 80 (°C)

260nm)

w062

2

<t

fnn: Fig. 9. Temperature-
C)QSS absorption profile of
(3 of poly(Aa) taken at
S% PH 5.7.

40 60 80 (°C)

E;g
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the adenine base is around 3.512

and the A max 258 of poly
(Aa) does not show any change in this pH area, the protona-
tion at the adenine base could be excluded.

Dependency of Tm on cationic concentration

As shown in Fig. 10 the Tm value at pH 7.0 was then
measured at various cationic strengths. At 0.04, 0.15 and
0.35 M sodium ion concentration Tm's were slightly lowered,
28°, 22° and 20°, respectively. This phenomenon is in
contrast to the fact that in other polynucleotides Tm increa-
sed with increasing cationic concentration.13

It may be deduced from this experiment that in the poly
(Aa) acid form the ordered structure is stabilized by intra-
molecular interaction between protonated 2" -amino group and
internucleotidic phosphate dissociation. This situation
could be observed in a Corey-Pauling-Koltun model of poly (Aa),
though the exact structure must await X-ray diffraction study.

(Nd)
10
PH70
05
PHE3
01
005
00l 10 20 30 40 5000
TEMPERATURE

Fig. 10. Depending of Tm of poly(Aa) on sodium ion
concentration.
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Complex formation of poly(Aa) with poly (U)
A mixing experiment of poly (Aa) with poly(U) was
performed at 0.15M sodium ion concentration and pH 7.0.

Polynucleotides of 0.04M concentration each were mixed in
various ratios, heated to 80° for 2 min and annealed at
20° for 15 hrs. As shown in Fig. 11, inflexion points
appeared at a ratio of 1:2 for poly (Aa) vs poly (U) at
wavelengths of 250, 260 and 270 nm. This indicated that
a three-stranded complex poly (Aa)-2poly(U) was formed in
these conditions as in the case of poly (A)-2poly(U).14
Separate experiments at 0.04M sodium ion concentration gave
fluctuating curves and no definite results could be obtained.
Formation of this type of complex was further supported
by the CD spectrum of poly (Aa) 2 poly (U) as shown in Fig. 12

0.6
w
8]
zZ 250 (]
D04
x n
z.(? w
02
poly (ACIS)O 20 40 60 80 100 (%)

poly (OO 80 60 40 20 0 (%)

Fig. 11. Mixing experiments of poly(Ra) with poly (U).

(8)x10%
20

1.0

%0 260 20 00 320(m).

Fig. 12. CD spectrum of poly(Aa)-2poly(U) complex.
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(solid line). The CD spectrum definitely differed from the
calculated sum of the CD curves of the component nucleotides
(dotted line).
Tm of poly (Aa)-2 poly (U)

Tm of poly (Aa)-2poly(U) complex was measured in the

presence of 0.15M sodium ion at pH 7.0. As shown in Fig. 13,
UV absorption steeply increased from 52° and reached a plateau
at 55°. From this curve a Tm of 54° was obtained. This value
is somewhat lower than that of poly (A)-2poly(U)15, which was
reported to be 60° in the same conditions. This melting curve
suggested a simultaneous dissociation of the two poly (U)
strands from the poly(A)-2poly (U) complex.

_DISCUSSION

From the experiments described above the following points
may be emphasized. Polymerization of 2’-amino-2’-deoxyADP
proceeds rather slowly relative to that of poly(A) and the
yvield of poly (Aa) was 15%. The UV spectrum of poly (Aa)
closely resembled that of poly (a), though its hypochromicity
is smaller. This may imply that the introduction of the
2’—NH2 group instead of OH of poly (A) inhibits to some
extent the stacking of bases.

80

040

[o2]
o

032

ABSORBANCE (257nm)
\ ~
o
(%) ALIDINOHHIY 34 AH

<)

024 0
0 20 40 60 80(C)
TEMPERATURE

Fig. 13. Temperature—absorption profile of poly(Aa)-2poly(U)
complex.
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Acid titration showed that poly (Aa) must be protonated at

pH lower than 7.0. Since the amino group in the carbohydrate
moiety has a pK value around 7-8 and that of adenine is
3.5-4, this protonation must occur on the 2’—NH2 group.

From the thermal stability measurement and examination of
dependency of Tm on cationic strength, it may be deduced

that this protonated form of poly (RAa) would be stabilized

by an intrastrand interaction of 2'—NH3+ and phosphate.
Therefore, the introduction of an amino group instead of a OH
to the 2’'-position of adenosine in the polynucleotide array
led to an unusual structure, which has not been reported
previously. In the previous reports of polynucleotides

6,7 this type of

containing 2'-éminopyrimidinenucleofides
stable structure has not been detected, presumably due to

the relatively weak nature of stacking interactions in
pyrimidines.

Poly (Aa) forms a 1:2 complex with poly (U) as in the
case of poly (A)-poly (U) interaction.- Its sharp melting
procesé and Tm value cldose to that of the poly (A)-2 poly (U)
case suggested a well-ordered three-stranded helical structure
probably stabilized by Watson-Crick-Hoogsteen type hydrogen
bonding. Again this is in sharp contrast with the fact
that poly (Ua) did not form any complexes with poly (A)7.

From these studies, together with results obtained with
poly (Az)3, it may be deduced that the effect of 2’-substi-
tuents in purine and pyrimidine polynucleotides is widely

different in nature and magnitude.
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ABSTRACT .

Poly (2'-azido-2'-deoxyinosinic acid), [p»nly (Iz)], was
synthesized from 2'-azido-2'-deoxyinosine diphosphate by the
action of polynucleotide phosphorylase. Poly (Iz) has UV ab-
sorption properties similar to poly (I) and hypochromicitx of
11% at 0.15M Nat and neutrality. In solutions of high Na’ ion
concentration, poly (Iz) forms a multi-stranded complex and its
Tm at 1.0M Nat ion concentration was 43°. Upon mixing with
poly (C), poly (Iz) forms a 1l:1 complex having a Tm lower than
that of poly (I)-poly (C) complex in the same conditions. The
effect of substitution at the 2'-position of 'the poly (I) strand
was discussed in relation to the interferon-inducing activity.

INTRODUCTION .

A number of polynucleotides containing analogues of pyri-
2) The need
to understand the way in which a substituent at the 2'-position

midine and purine nucleotides have been reported.

"of the ribose ring influences the structure and function of the

polynucleotides has led to the synthesis of a variety of com-
pounds of this type. Pyrimidins polynucleotides which contain

2'—halogeno3), —aiido4’51-amino5), -methoxys)and —ethoxy7)sub—
stituents have been reportedgz We have found a new method for

9)

the synthesis of 2'-N-substituted nucleosides by way of pur-
ine cyclonucleosides, which are readily available from the
naturally occurring nucleosides. We have previously repofted
the synthesis and properties of poly (2'-azido-2'-deoxyadenylic

acid)lo)

as the first purine polynucleotide having 2'-N-substi-
tuents. We found that it possessed unique stacking features
between adenine bases in the neutral form and in the case of
complexing with poly (U). ‘We have also synthesized poly(2'-
amino-2'-deoxyadenylic acid) and studied its physical proper-

ties. 1)

‘ 2
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In this paper we describe the synthesis of poly(2'-
azido-2’~deoxyinosinic acid) [poly(Iz)] catalyzed by E.coli
polynucleotide phosphorylase together with its physical
properties including UV, CD and Tm in neutral media and the
results obtained on mixing with poly(C). It has been found
that the introduction of the azido group at the 2’-position
of 2'-deoxyinosinic acid in the polynucleotide chain led to
the significant increase of the interferon inducing ability

of the complex with poly(C).lz)

Therefore, it seemed of
interest to obtain information on the structure-function
relationships of such an interferon inducer analogous to

poly(I) -poly(C).

Materials and -Methods

Synthesis of poly(2’'-azido-2’'-deoxyinosinic acid)

2’-Azido-2'~-deoxyinosine 5’~phosphate (II)

2'~-Azido-2'~deoxyadenosine 5’-phosphate lO)'(I, 5000 OD260
units, 0.33 mmol) and sodium nitrite (500 mg) was dissolved
in water (5 ml). Acetic acid (4 ml) was added to the solution

13) The solution wés absor-

which was kept at 37° overnight.
bed on charcoal, which was washed thoroughly with water.
Elution with 50% ethanol containing 5% conc. ammonia and
evaporation of the eluents gave crude 2'~azido-2'-deoxyinosine
5'-phosphate. The residue was dissolved in water and applied
to a column(12x20 cm) of Dowex 1x2 (formate form). Washing
with 0.175N HCOOH and elution with 0.3N HCOOH gave 2’-azido-

2'-deoxyinosine 5’-phosphate (II) (3640 OD units, 0.29 mmole,

250
87%). UV:},EE;'O 249 nm. Paper electrophoresis: Ramp 1.0.
el el an]
HOPO 0 HQPO HOPO HOEQSQ
0' (Oj 0
HO N3 HO N3 N3 HO N3
I I I v
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2’-pzido-2’-deoxyinosine 5’-diphosphate (IV)

2'-Azido-2’-deoxyinosine 5’-phosphate (3640 OD250 units,
0.29 mmole) was dissolved in water (3 ml) and t-butanol (3 ml).
After adding morpholine (0.14 ml, 1.2 mmoles) to the mixture,
a t-butanol (4.5 ml) solution of DCC (252 mg, 1.2 mmoles) was-

14) After refluxing for 4 hr,

added dropwise under reflux.
the mixture was evaporated in vacuo and the residue was
equilibrated in an Hzo—ether (1:1) mixture. Insoluble material
was filtered off and the agqueous layer was separated and
evaporated. The residue was azeotropically dried with
pyridine several times to give 2’'-azido-2'-deoxyinosine 5'-
phosphoromorpholidate (III) as a hard syrup. To the residue
inorganic phosphate (85% aqgueous solution 0.07 ml, 1.03 mmole) ,
which was previously dried by evaporation with pyridine
together with tri-n-butylamine (0.24 ml,1.0 mmole)and dissolved
in pyridine (2 ml), was added. The reaction mixture was
kept at 30° for 2 days. The reaction mixture was evaporated
in vacuo, the residue dissolved in water; and ‘applied to a
column of charcoal. The column was washed with water and
eluted with 50% ethanol containing 5% conc. ammonia.
Eluents were concentrated and applied to a column (1.7x20 cm)
of DEAE-Sephadex A25 (bicarbonate form). Elution was
performed with 0-0.25M triethylammonium bicarbonate buffer
(pH 7.5, total 4 1) in a linear gradient and 20 ml fractions
were collected. Fractions No 161-200 were pooled and
evaporated. 2’-Azido~2’-deoxyIDP (1575 OD250 units, 43%)
was obtainhed as an amorphous powder. -Paper electrophoresis:
RAMP 1.22. Ratio of base: labile phosphate: total phosphate,
1.0:1.1:2.1. ’

Polymerization of 2’-azido-2’-deoxyinosine 5’~diphosphate

The polymerization mixture (12.5 ml) contained Tris-HC1
(pH 8.5, 80 mM), MnClz(Z mM), 2'~azido-2'-deoxyIDP (4 mM),
and 2.4 units of polynucleotide phosphorylase per milliliter
of solution. Incubation was performed at 37°.
Progress of the reaction was followed by inorganic phosphate
analyses 15)on.aliquots (0.25 ml) removed at various time inter-
vals. (Fig 1) After 17 hrs the mixture was deproteinised with

isoamylalcohol—CHCl3 (1:3 v/v). The organic-phésesvwere'
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combined and extracted with water. The resulting aqueous
solutions were combined and lyophilized to dryness. The
residue was dissolved ir water and applied to a Sephadex G50
column (1.7x110 cm) which was eluted with water. The polymer
was eluted in the void volumn. The appropriate fractions
containing polynucleotide were combined and dialyzed against
5 1 of 0.01M EDTA-0.01M Tris-HCl (pH 7.0) and then against
5 1 of water. The resulting agueous solution was lyophilized.
Usually IzDP (50 /{moles) was polymerized as described above.
After purification, the yield of poly(Iz) was 75 OD250 units
(7.04 ﬁmoles, 14%). UV: ]| max 247 nm (¢ 10,950) at 18° in
0.10M NaCl-0.05M Na cacodylate (pH 7.0).
Physical Measurements

UV spectra were taken with a Hitachi 124 or 200 spectro-

photometer in the same conditions described above.

The extinction coefficient of poly(Iz) was determined by in-
organic phosphate analysis after digestion with acid as descri-
bed by Howard et al. 16)
determinations gave 10,950 at ,lmax for poly (Iz).

CD spectra were taken with a JASCO ORD-UV-5 spectrometer
equipped with a CD attachment in the presence of 0.1M NaCl
and 0.05M Na cacodylate (pH 7.0). Melting temperature was

An average value for the three Pi

measured with a Hitachi spectrometer equipped with a thermos-
tated cell. The temperature inside the cell was measured with
Sibaura thermister Model MGB-III type 218. Mixing curves were
obtained by measuring the absorbance of mixtures which
contained 0.04mM total concentration of poly(Iz) and poly(C)
in the ratios indicated in Fig. 5. Salt concentration was
0.1M NaCl and pH was adjusted to 7.0 with 0.05M Na cacodylate.

RESULTS AND DISCUSSION

IzDP was a substrate for polynucleotide phosphorylase

from E.coli on incubation at pH 8.5 in the presence of Mn2+
10)

ions. Fig.l shows the time course. As in the case of AzDP,
IzDP was a very poor substrate. The organic phosphate

liberated was 40% after 17 hrs incubation, but the isolated
yield of poly(Iz) was only 1l4%.
UV and CD spectra of poly(Iz)

UV absorption of poly(Iz) is shown in Fig 2a. Poly(Iz)
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Pi RELEASE (pmole)

05— 812 16{hours)

Fig. 1 Time course of polymerization of 2'-azido-2'-deoxy-
inosine 5'-~diphosphate

showed A max 247 nm (£ 10,950) as compared with A max 249 nm
(¢ 12,500) for IzMP. A blue shift of 2 nm of the A max
compared to that of the monomer was observed. The magnitude
of this shift was the same as that obsérved for poly(I)..
Hypochromicity at.neutrality in the presence of 0.15M Nat was
calculated as 11% assuming £ of the monomer equal to 12,500.

¥

Y

220 20 260 280 300 (hm)

Fig 2 U.V. and C.D. spectra of poly(Iz) anQ,poly(I) in
neutral solution containing 0.15M Na .
- poly(Iz),f—--poly(I)
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This hypochromicity is smaller than that of poly(I) (15%)
under the same conditions.

The CD spectra of poly(Iz) and poly(I) at 8° in 0.10M
MgCl-0.05M Na cacodylate (pH 7.0) are shown in Fig. 2b.
The CD spectrum of poly(Iz) did not show any positive band
in the UV region (210-320 nm). A trough appeared at around
240 nm ([®]-5,300). . This suggests,a stacked random coil
structure which was less stable than poly(I) for poly(Iz) in
the neutral solution in the presence of 0.15M Na+.

17 poly(I) associates under appropri-

According to Rich
ate environmental conditions to form a three-stranded helical
complex with three hydrogen bonds involved in stabilization
of each hypoxanthine triplet. Recently Arnott et al, presen-
ted a dquadruplet structure for this complex. 18)

As shown in Fig.3, the optical density of poly(Iz) was
decreased by changing the solvent from 0.05M to 0.95M Na' ion
concentration. On going from 0.05M to .0.95M, the optical
density at 248 nm was descreased by 19%. This fact suggests
that, while poly(Iz) exists as a random coil structure in
the 0.05M Na+ solution, on increasing the salt concentration
to 0.95M Na+, the polymer associated to an ordered structure

as was found in the case of poly(I).

ABSORBANCE (250nm)

Fig.3 U.V. absorption of poly(Iz) at various Na+ ion
concentration. ——— 0.95M, === 0.51M, —+~—.— 0.35M
—+e—e.— 0,05M
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Fig.4 Tm of poly(Iz)
0.95M Na,,
----- 0.15M Na

ABSORBANCE (250nm)

20 40 60 80(0)

Temperature-absorbance profile

" The temperature-absorbance profile of poly(Iz) in
neutral conditions is shown in Fig. 4. While the UV absorp-
tion at 0.15M Nat ion increased gradually on heating from 0°

to 80° without showing any steep increase indicative of
cooperative melting, the curve taken with 0.95M Na+ ion
showed a sharp transition at 43°. The Tm (43°) for poly(Iz)
is the same as the Tm (43°) of poly(I). The melting profile
for poly(Iz) is somewhat less cooperative and its hyper-
chromicity on melting is smaller than that of poly(I) (18%),
These facts suggest that the thermal stability 6f the multi-

stranded complex of poly(Iz) is almost the same as the poly (I)

quadruplex. Therefore, we concluded that the stability
of the three(or four)-stranded complex of polymer is not
affected by substitution of the hydroxyl group by the azido
group at the 2’-carbon of inosinic acid in the polynucleotide
chain.

Hybridization experiments of poly (IzZ) with poly(C)

It is well known that poly(I) forms a double-stranded
complex upon mixing with poly(C). Poly(dIl) also shows
similar complex formation with poly(C) or poly(dC).

We examined the complex of poly(Iz) with poly(C) by the
continuous variation method. Poly(Iz) and poly(C) at 0.04 mM
base concentrations were mixed in various ratios as indicated
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in Fig.5 in the presence of 0.15M Na+ at pH 7.0.
The curves at 250 nm, 260 nm and 270 nm clearly showed
formation of a 1:1 complex, poly(Iz)-poly(C), as in the case
of poly(I)-poly(C).

As shown in Fig. 6, this complex formation by poly(Iz)
and poly(C) was also supported by measurements of CD before
and after the mixing of two components. The CD curve before

Q
&

ABSORBANCE

o
N

poly(C)

0 20 60 80 100(°%)
poly(12)100 80 40 0

20

88

Fig.5 Mixing experiment of poly(Iz) and poly(C)
(8)-10*
30

20

-1.0

Fig. 6 CD spectra of poly(Iz) and poly(C) (lflz
before and after nixing ---== before mixing,
after mixing
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the mixing showed a peak at 277 and a trough at 235 nm.

After the mixing the curve changed to a completely different
one, which had two peaks at 277 nm and 245 nm, and a trough
at 262 nm. The amplitude of the long wavelength CD band
descreased as compared to that before mixing, and its shorter
wavelength CD band was reversed in sign with an increase in
magnitude. These changes indicate complex formation in the
mixture.

Thermal stability of the poly(Iz)-poly(C) complex

The temparature-absorption profile at various ionic
+
strengths are recorded. The Tm was 41° at 0.15M Na
ion concentration, 51° at 0.15M Na+ ion concentration, 58°

at 0.35M Nat ion concentration, 61° at 0.55M Na' ion concentra-
tion and 64° at 0.95M Na' ion concentration. The Tm of poly
(Iz)-poly (C) complex was 11° lower than that the Tm of poly (I)
.poly(C) reported to be 62.5° at 0.15M Na+ ion concentration.
These Tm's showed a linear relationship with the ionic
concentration as shown in Fig.7.

It has become evident that the presence, absence, or
modification of the 2’-hydroxyl group of polynucleotides

(Nd
10

01

00— =258 (0O

Fig.7. Relationship of Na' concentration and Tm of
poly(Iz).poly(C) ( — ), Poly(I)-poly(C)( === }
and poly(dI) poly (C) ( — - — - — ).
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results in significant differences in the conformation and
relative stabilities of the ordered structures of such poly-
nucleotides. Generally, double-stranded homopolymer pairs
seem to follow a trend that the ribose duplexes have a higher
Tm than the deoxyribose duplexes as well as the hybrid

19} We have reported prev1ouslylo) that the poly (Az)
forms a 1:2 complex with poly(U) in 0.15M Na' solution and

. duplexes:

this complex has a Tm higher than that of poly(A)-2poly(U) or
poly(dA)-Zpoly(U).zo)
duplex, as described above, this complex has Tm's lower than
those of the ribose duplex, poly(I)-poly(C), but has Tm's
higher than those of the hybrid helix, poly(dI)-poly(C), at
Nat ion concentrations between 0.05 and 0.96M. These results

In the case of the poly(Iz)-poly(C)

suggest that, not only the size of the 2’-substituent, but
also its interaction with solvent molecules must be taken into
account for the stabilization of the complex.

In conclusion it might be emphasized that the introduction
of the azido group to the 2’-position of purine nucleotides in
polymer chains caused rather small changes in the physical
properties as compared to ribopolynucleotides. The enchance-
ment of interferon-inducing activity by the 2’-azido group
may be ascribed to resistance of poly(Iz) to enzymatic

degradation.
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ABSTRACT

Poly (2'-chloro-2'-deoxyadenylic acid) and poly (2'-bromo-
2'-deoxyadenylic acid) were synthesized from the corresponding
diphosphates with the aid of polynucleotide phosphorylase from
E. coli. UV, CD, acid titration and mixing with poly (U) were
investigated. Comparing these properties with those of poly
(A) and poly (2'-azido-2'-deoxyadenylic acid), it was found
that 2'-substituents exert significant effects on the thermal
stability of these polynucleotides, though the overall con-
formational structure was not greatly changed.

INTRODUCTION
Recently we have developed a versatile method for syn-

2.3 2° -a_mino2 ’ :,)’ 2" —chloro3 and 2! —bromo4-

thesizing 2'-azido
2'-deoxyadenosine starting from 8,2'—O-cycloadenosine.5 Using
these 2'-substituted 2'-deoxyadenosines as starting materials,
poly (2'-azido-2'-deoxyadenylic acid) [poly (Az)]6, poly (2'-~
amino-2'-deoxyadenylic-acid) [poly (Aa)]7 and poly(2'-azido-
2'-deoxyinosinic acid) [poly (Iz)]8 were synthesized.
NH.
/N ‘ <N

HORC

HO Ci(Br)

From studies of the physical properties of these poly-
nucleotides, it was found that the 2'-azido-~polynucleotides
showed only small differences in physical properties to those
of poly (A)in contrast to pyrimidine 2'-azido-polynucleotides
which showed marked increases in thermal stability relative
to their 2'-OH counterparts. Furthermore, the poly (Iz)-poly

(C) complex showed an enhanced interferon inducing activity
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relative to the known poly (I)-poly (C).9

In this paper we report synthetic methods for the prepa-
ration of poly (2'-chloro-[poly (Acl)] and 2'-bromo-2'-deoxy-
adenylic acid) [poly (Abr) ] and physical properties of these
polynucleotides in comparison to those of poly (A) and poly
(Az). It is concluded that 2'-halogeno substituents exert
significant effects on the thermal stability although overall

conformations are not greatly affected.

MATERIAL AND METHODS

General Procedure

UV absorption spectra were taken with a buffer contain-
ing 0.1M NaCl and 0.05M Na Cacodylate (pH 7.0) at 24-26° with
a Hitachi Model 200-10 spectrophotometer. The concentrations
of nucleotides were determined by phosphate analysis and are
presented as per residue values. Hypochromicity was obtained
by measuring UV absorption at Amax before and after the
digestion of polynucleotides. CD spectra were taken with
a JASCO ORD/UV-5 spectropolarimeter equipped with a CD attach-
ment using 10 mm path-length cell. The concentration of
nucleotides was 0.5-1.0 OD260'
NaCl and 0.05M Na Cacodylate (pH 7.0) and was measured at 24-

The solution contained 0.1M

26°. Mixing curves and Tm's were measured with a Hitachi 124
spectro-photometer equipped with a Komatsu thermostated cell
SPD-H-124. The temperature inside the cell was measured with
a Cu-constantan termocouple. Solutions containing 0.04M or
0.15 M NaCl, 0.05M Na Cacodylate (pH 7.0) and each component
polynucleotide were heated once at 60° for 10 min after mixing
and measured at 30 min (in case of 0.09M Na+) to 10 hrs (in
case of 0.15M Na+) after cooling to 24-26°.

Poly (A) and poly (U) were purchased from Miles Labora-
tories.

Paper-chromatography (PPC) was performed in solvent sys-
tems : A, isopropanol-conc. ammonia-water (7:1:2); B, n~buta-

nol-acetic acid-water (5:2:3); C, sat. (NH SO4—wateraisopro—

)
4° 2
panol (79:19:2); D, n-propanol-conc. ammonia-water (55:10:35),
by the descending technique. Paper electrophoresis was perfor-

med in 0.05M triethylammonium bicarbonate buffer (pH 7.5) at
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900V/40 cm. Migration ratios are presented by Roa_ar

which corresponds to migration distance divided by distance
between adenosine (0.0) and adenosine 5'-phosphate (1.0).
2'-Chloro-2'-deoxyadenosine 5'-phosphate

2'-Chloro-2'-deoxyadenosine (32.1 mg, 0.11 mmole) was dis-
solved in a mixture of POCl3 (50 pl, 0.54 mmole) and triethyl
phosphate (2 ml) at 0°. The reaction mixture was stirred at
0° for 6 hrs. The mixture was poured in ice-water and absorbed
on a column of charcoal. The column was washed thoroughly
with water and eluted with 50% EtOH containing 5% ammonia.
Eluents were evaporated in vacuc and the residue was dissolved
in water (20 ml), and applied to a column of Dowex 1x2 (for-
mate form). After a water-wash, the column was eluted with

0.1N HCOOH. The yield of Acl 5'-MP was 1012 OD5y60 (613).
uv: AH8® 259 nm. PPC: RE (A) 0.17, RE (B) 0.35. PEP:
R 0.96. This sample was hydrolyzed . completely with snake

PA-A
venom 5'-nucleotidase to give Acl and inorganic phosphate.

2'-Bromo-2'~-deoxyadenosine 5'-monophosphate

2'-Bromo-2'-deoxyadenosine (27.4 mg, 83 Pmoles) was treat-
ed with POCl3 (0.1 ml, 1.1 mmole) in triethyl phosphate (1 ml)
as described above. Yield of Abr 5'-MP was 790 0D, (63%).
uv: ARER 259 nm. PRC: RE (B) 0.28, Rf (C) 0.54. PEP: Ron-a
0.96. This sample was hydrolyzed completely with sanke venom
5'-nucleotidase to give Abr and inorganic phosphate.

2'—Ch10ro—2'—deoxyadenosine 5'-diphosphate

Acl 5'-MP (61 pmoles) was dissolved in a mixture of H20
(1 ml), t-BuOH (1 ml) and morpholine (30 pl, 0.35 mmole). The
solution was heated at refluxing temperature and a solution of
DCC (72 mg) dissolved in t-BuOH (1.5 ml) was added dropwise
in 40 min. Refluxing was maintained for 2 hrs and dicyclohexyl
urea was filtered off. Water and ether were added to the filt-
rate and water-layer was evaporated in vacuo. The residue
was rendered anhydrous by evaporation several times with added
pyridine. To the residue a pyridine solution (1 ml) of 80%
H3PO4 (0.018 ml, 0.26 mmole) and (nBu)3N (0.062 ml, 0.26 mmole)
were added. The solution was evaporated and the residue was
dissolved in pyridine (1 ml). The reaction mixture was kept
at room temperature for 3 days. The reaction was gquenched by
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the addition of water, the solvent was removed by evaporation
in vacuo, and the residue was dissolved in water. The aqueous
solution was brought to ca. pH 5 and applied to a charcoal
column. The nucleotidic material was eluted with 50% EtOH
containing 5%'conc.NH40H and evaporated in vacuo. The residue
was taken up in water and applied to a-:column (1.7x15 cm) of
DEAE-Sephadex A-25(bicarbonate form). Elution was carried out
with 0-0.25 triethylammonium bicarbonate buffer (2 1+2 1) in
a linear gradient. The yield of Acl 5'-DP was 330 OD 0 (35%) .
PPC: Rf (B) 0.08, Rf (D) 0.54. PEP: RpA—A 1.25.
2'-Bromo-2'-deoxyadenosine 5'-diphosphate

Abr 5'-MP (790 OD260)
dissolved in t-BuOH (1 ml) and water (1 ml) and DCC (176 mg,
0.86 mmole) in t-BuOH (1.5 ml) as described above. After the
appropriate work up, the residue was allowed to react with 80%
H,PO, (30 pl, 0.4 mmole) and (n—Bu)3N (0.1 ml, 0.4 mmole) in

3774
DMF (1 ml). After 3 days at room temperature the reaction mix-

26

was treated with morpholine (75 pl)

ture was applied to a column of DEAE-Sephadex A-25 as described
above. The yield of Abr 5'-Dp was 377 OD 0 (48%). PPC: REf
(B) 0.05, Rf (C) 0.50. PEP: RpA—A 1.27.
Poly (2'-chloro-2'-deoxyadenylic acid)

A solution (4.5 ml) containing Acl 5'-DP (4 mM), MgCl2
(2.2 mM), Tris-HC1l (pH 8.5, 66mM) and E.coli polynucleotide
phosphorylaselo(3.9 units/1 ml) was .incubated at 37° for 24 hrs.

The mixture was deproteinized with isocamyl alcohol-chloroform

26

(1:3, vol/vol)mixture and the water-layer was lyophilized. )
The residue was dissolved in water and filtered through a colu-

mn (2.6 x 80 cm=425 ml) of Sephadex G-50 gel. The flow rate

was 5 ml/20 min/fraction. The polynucleotide was eluted in the

void volume and the yield was 45 OD260 (25 %, ignoring hypochro-
micity). The fact suggests that the poly (Acl), thus obtained,

has a chain length greater than 50 nucleotide units.
Poly(2'-bromo-2'-deoxyadenylic acid)

A solution (6 ml) containing Abr 5'-DP (4 mM), MgC12(2 M) ,
Tris-HC1 (pH 8.5, 80 mM) and E. coli polynucleotide phosphory-
lase (4.5 units/ml) was incubated at 37° for 24 hrs.

After deproteinization with isoamyl alcohol-chloroform (1:3,

col/vol), the polynucleotide was subjected to gel filtration
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through a column of Sephadex G-50 as described above.
The yield was 33 OD260 (13%, ignoring hypochromicity).
Enzymatic digestion of polynucleotides

i)} Polynucleotides (ca. 2 OD260) were incubated with ribo-
11 (2 mg/ml) 2 ul in water 50 ul containing 1M NH4OAc
(pH 7.5) 2 ul at 37° for 150 min. While poly (A) was hydroly-
zed completely in these conditions, poly (Acl) and poly (Abr)

nuclease M

were resistant to hydrolysis. This fact confirms that nucleo-
sides in poly(Acl) and poly(Abr) were substituted at their
2'-positions.

ii) Polynucleotides (ca. 2 OD ) were incubated with

snake venom phosphodiesterase (5 mgﬁgl) i ul in water 50 ul
containing 1M Tris-HCl (pH 8.5) 3 ul at 37° for 30 min. While
poly (A) was completely hydrolyzed after 30 min, poly (Acl) and
poly (Abr) were only hydrolyzed to extents of 8% and 9% to give
Acl 5'-MP and Abr 5'-MP, which were identified directly with
authentic samples, after 2 hrs incubation. This fact suggests
that large electronegative substituents inhibit hydrolysis

catalyzed by snake venom phosphodiesterase to some extent.

RESULTS AND DISCUSSION
UV absorption properties

The UV absorption spectra of poly (Acl) in the presence
of 0.15M Na+ at 24-26° are shown in Fig. 1. The spectrum
at pH 7.0 showed a maximum at 257 nm smilar to that of poly
(A) in the same conditions in our hands. For poly(Abr) also,
the same pAmax at 257 nm was found. Amin's were 230 nm for
both 2'-halogenated polynucleotides.
Molecular extinctions (¢) at A max were 10,500 and 10,700
for poly(Acl) and poly(Abr), respectively. These values are
in the same range as that for poly(A)(10,000). Hypochromicity
obtained by the digestion of polynucleotides were 32% and 29%
for poly (Acl) and poly (Abr), respectively. This may suggest
that stacking tendency of poly(Acl) is somewhat larger than
that of poly(Abr) as Alderfer et al.12 suggested with 2'-0-
alkylated poly(A) analogous that the degree of hypochromicity
was inversely proportional to the size of 2'-substituents.
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Fig. 1. UV absorption spectra of poly (Acl). at pH 7.0.
eoec0--0 at pH 4.5, —.-.- Acl 5'-MP.
CD spectra

CD spectra of poly(Acl) and poly(Abr) are illustrated
in Fig. 2. together with that of poly (A). Although the
overall shapes of the curves are very similar to each other,
the magnitude of [e]maX at long wavelengths and [e]min are
different in each polynucleotide (Table I).

If we compare the [£] max at around 263-265 nm, which
could presumably be assigned to a positive splitting band of
B2u transition,l3 the order of magnitude is Acl) Abr > A »Az.
In the [e]min at around 237-238 nm assigned to the negative
splitting bands the order is Acl) A Abr>Az. Alderfer et
al.12 showed in the case of 2'-0O-alkylated polyriboadenylic
acid that the amplitude of [6]max increased with hypochromicity
and deduced that the hypochromicity would reflect the
degree of stacking of bases. However, in the case of the poly
(A) analogs shown here the order of magnitude of hypochromi-
city is not always paralleled to the magnitude of the 181
value. Although among polynucleotides with the halogenated 2's~
position, Acl and Abr, this relationship held good, intro-
duction of the extremely polarized N3 group changed the nature
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20
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Fig. 2. CD Spectrum of Poly (Acl), Poly (Abr) and Poly(A).

Poly (A), —-—~- Poly (Acl), —.—.— Poly (Abr).

Table I Molecular Ellipticity of Polynucleotides

Polynucleotides [ e]max [ e]min Total
Poly (A) 52,000 41,000 93,000
Poly (Acl) 57,000 44,000 101,000
Poly (abr) 53,000 34,000 87,000
Poly (az)® 31,000 26,000 57,000

of the stacking interaction which was manifested in exceptio-

nally small [@] values in poly (Az).6

Protonated Forms of Poly (Acl) and Poly (Abr)
If we titrated poly (Acl) and poly (Abr) with 0.1N HC1
in the presence of 0.15M Nat at 24-26°, transition points

from the random single stranded form to the protonated,
double stranded, acid form as was observed in poly (A),14
were observed. As summarized in Table II, pH values of the

transition were in the range of 5.0-6.0 and increased with
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Table II Acid Titration of Polynucleotides

Polynucleotides Transition pH Tm at pH 4.5
Poly (A) 6.0 80°
Poly (Acl) 5.5 63°
Poly (Abr) 5.0 56°
Poly (Az) 5.5 38°

decreasing size of the 2'-substituent, except for the azido
group, which showed again an abnoramality reflecting its un-
usual properties. The thermal transition temperatures of
these polynucleotides measured at pH 4.5 in the presence of
0.15M Na' are included in .Table II. Tm's increased in the
order of Az{ Abr{ Acl{ A, the same order as for the transi-
tion pH's, again with Az as an exception. Although at the
present stage it is difficult to draw any conclusion, the
thermal stabilities of 2'-substituted polyribonucleotides

in the acid form again seem to reflect the size of the 2'-
substituents except for the azido group. Alderfer et al.12
suggested that stacking forces in the single stranded forms
of ribopolynucleotides work as negative factors as regards the
stability of double-stranded forms. In the present case,
however, the order of stability is parallel in both single-
and double - stranded forms.

Formation of Complexes with Poly (U)

The fbrmation of double- and triple-stranded complexes
of Poly (Acl) and poly (Abr) with poly (U) was investigated
using continuous variation method.

As shown in Fig. 3a, poly (Acl) clearly showed inflection
points at a ratio of poly (Acl) : Poly (U) equal to 1l:1 in
the presence of 0.09M Na+ ion as observed at 250, 260 and 270
nm. This fact suggests the formation of a complex, poly (Acl).
poly (U) as was found in the case of poly (A)-poly (U).15
However, after the prolonged storage of this mixture at room
temperature these mixing curves changed to more complicated
ones, suggesting partial transition from the 1:1 to 1:2
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Fig. 3. Complex Formation of Poly (Acl) with Poly (U).

complex described below.

As shown in Fig. 3b, at ionic concentration of 0.15M
poly (Acl) showed inflection points at a ratio of poly (Acl)
: poly (U) equal to 1:2 as observed at 250, 260 and 270 nm,
suggesting the formatian of 1:2 complex between them.

Fig. 4a and 4b show the same type of complex formation between
Poly (abr) and poly(U). At Na* ion concentration of 0.09 M
(Fig. 4a) they showed the formation of a 1:1 complex, poly
(Abr) -poly (U) and at 0.15M a triple-stranded complex, poly
(Abr) -2 poly (U) was formed. These facts indicate that
2'-substituents such as halogen did not change the complex

forming properties as compared to that of poly (A&).

Thermal Transition of Complexes
The thermal transition points (Tm) of these 1:1 and

1:2 complexes between poly (Acl), poly (Abr) and poly (U)

are summarized in Table III.

It is observed that the Tm's of double helical complexes in-
crease in the order Abr< Acl=Az {A. This tendency is more
clearly observed in the case of triple-stranded complexes as
Abr { Ac1{ A {Az. Therefore, we may conclude that the thermal
stability of complexes such as poly (A)-poly (U) or poly (A)-
2 poly (U) is determined by the size of 2'-substituent atoms
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Fig. 4. Complex Formation of Poly (Abr) with Poly (U).

Table III. Thermal Transition Points of Complexes.

Polynucleotides Tm (°C)

At 0.09M Na't at 0.15M Na'®
Poly (A)-poly (U) 51 62 ‘
Poly (Acl)-poly (U) 46 56
Poly (Abr)-poly (U) 45 53
Poly (Az)-poly (U) 46 65

as observed in the case of acid duplex forms. Again poly
(Az) behaves exceptionally presumably due to high polarity of

the azido group.

CONCLUSIONS

From the experiments described in this paper, several
interesting points may be emphasized.

The hypochromicity of poly (A) analogs should reflect the
tendency for overlapping and stacking interaction of adenine
bases. Comparing poly (Acl) and poly (Abr), the hypochromi-
city is larger in the former polynucleotide presumably because
of a smaller substituent in the 2'-position. Since the hydro-
xyl group in poly (A) and the azido group in poly (Az) are
polar groups, the stacking may be enhanced by these groups
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to bring about the larger hypochromicities of poly (A) and
poly (Az) when compared to poly (Acl) and poly (Abr). Ob-
serving the CD spectra it is also reasonable to state that

‘poly (Acl) has a more strongly stacked conformation than that

of poly (Abr), but the stacking of poly (A) seems to be inter-
mediate between them. However in the case of poly (Az), the
magnitude of [§] is extremely small and association of solvent
molecules to the polar azido group which labilize the
stacking conformation of poly (Az), may be the reason.6

Poly (A) is known to form the so~called acid structure
at pHs below 4.5.14 The transition pHs (5.5-6.0) to form
the acid structure of the polynucleotides discussed here
are in almost the same range and it may be deduced that 2'-~
halogeno or azido substituents do not significantly affect
the pK values of these polynucleotides. However, as regards
their stability these substituents have large effects. For
2'-halogeno compounds the decrease in thermal stability re-
lative to poly (A) is in the range of 20-25° and for poly (Az)
it is more than 40°. This destabilizing effect may be due
to size and polarity of these substituents.

In the case of the complexes formed between poly (U) and
these poly (A) anﬁlogs, again the 2'-substituents did not
inhibit the formation of double- ot triple-stranded complexes,
though the thermal stability was affected. The Cl, Br and
N3 substituents at the 2'-position significantly lowered the
thermal stabilities of the double helical complexes, poly
(Acl) -poly (U), poly (Abr)-poly (U) and poly (Az) -poly (U), to
the extent of 5-6°. This tendency was also observed in the
case of the triple-stranded complexes, poly (Acl)-2poly (U)
and poly (Abr)-2poly (U). However, in the case of poly (Az) -
2 poly(U), the T™m was increased 3° relative to poly (A)-2poly
(U). It seems reasonable to assume that theése substituents
in the 2'-position may affect the thermal stability of poiy—
nucleotides not only for steric xeasons,; but also by
their polarizability causing association of solvent molecules.
These effecté in the anti-parallel double stranded poly (A) -
poly (U) analogs and Watson-Crick-Hoogsteen (antiparallel)
arrangements in poly (A)-+2 poly(U) type complexes may be some-
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what different from case to case. i
The fact that poly (2'-azido—2'—deoxyinosinh:acid)8'16and
poly (2'-chloro-2'-deoxyinosinic acid)lG, when complexed with
poly (C), are active as interferon inducers is a very in-
teresting reflection of the structure-function relationship

of such polynucleotides.
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ABSTRACT

2'-Deoxy-2'-fluoroadenosine was chemically transformed to
its 5'-diphosphate and polymerized with polynucleotide phospho-
rylase to give poly(2'-deoxy-2'-fluoroadenylic acid) [poly(Af)].
Polymerization proceeded smoothly as in the case of poly (A) and
the yield of the polymerization was 55%. The UV absorption
spectra of poly(Af) closely resembled those of poly (A) and the
hypochromicity was 32% at pH 7.0. The CD profile at 25° and
neutrality showed similar pattern to that of other poly(2'-
deoxy-2'-halogenoadenylic acids) with somewhat larger [©] val-
ues both in the positive and negative maxima. Acid titration
of poly(Af) showed a transition point at PH 5.2 and the Tm of
the acid form was 37° which was significantly lower than that
of poly(Aa), but similar to that of poly(2'-azido-2'-deoxyade-
nylic aicd). Poly(Af) formed 1:1 and 1:2 complexes+with poly-
(U) having Tm of 49° and 62° at 0.04M and 0.15M Na concent-
ration, respectively. Poly(Af) also formed a 1:2 complex with
poly(I) and its Tm was 36° at 0.05M Na concentration. These
data showed that poly(Af) has rather similar properties to
those of poly(A),but not to poly(dA).

INTRODUCTION

Recently we have reported the synthesis and properties of
poly‘(Z'—deoxy—2'-azido—2, chloro—3 and bromoadenylic acid) .3
The general feature on introducing aprotic and polarizable
group such as'azido, chlorc or bromo at the 2'-position instead'
of the OH of poly(A) is that the physical properties of these
pPlynucleotides are rather similar in spite of their lacking
proton donors, which are thought to stabilize ribopolynucleo-

tide conformations.4’5

Moreover, it was found that poly(2'-
azido-2'~deoxyinosinic acid)6 was active aé an interferon in-
ducer when complexed with poly(C) .7

In this paper we report a method for synthesis of poly(Af)

from 2'--deoxy—2'—fluoroadenosine8 and data on its physical pro-

© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England 1877



Nucleic Acids Research

N
~"N
< T
N 2'-Deoxy-2'-fluoro-

HO H2C O adenosine

HO F

perties such as UV and CD spectra, Tm, acid titration of single
stranded form and formation of complexes with poly(U) and poly-
(1) .

MATERIALS AND METHODS
2'-Deoxy-2'~fluoroadenosine 5'-monophosphate

2'—Deoxy-2'—fluoroadenosine8 (40.3 mg, 0.15 mmole) was

stirred with POCl3(0.l ml, 1.1 mmole) and (EtO)3P0 (1 ml) at

0° for 3 hrs. The mixture was poured in ice-water (ca. 200 ml)
and the solution was applied to a column of charcoal (ca. 2 ml)
After the water-wash the nucleotide was eluted with a mixture
of EtOH—Hzo—c.NH4OH(50:50:1,vol/vol, 50 ml) and eluents were
evaporated in vacuo. The residue was dissolved in H20 and ap-
plied to a column of Dowex 1x2 (formate form, 2 ml). After

the water-wash, elution with 0.1N formic acid gave a peak of
Af 5'-MP. The yield was 1607 A260
chromatography : REf(A) 0.23, Rf(C) 0.13. Paper electrophore-
sis (at pH 7.5):RA_pA 1.04. When Af5'-MP(3 A,
incubated with 0.1M MgCl2 S_Pl, 1M Tris.HC1l (pH 8.5) 4 pl,
crude snake venom (10 mg/ml) 30 upl and H,O 10 pl at 37° for

4 hrs, it was completely dephosphorylated. Thus the position

(0.11 mmole, 76%). Paper

units) was

of phosphorylation was confirmed as 5'.
2'-Deoxy~-2'-fluoroadenosine 5'-diphosphate
Af 5'-MP (1600 A260'
1.1 mmole) were dissolved in t-BuOH (1.5 ml) and H20 (1.5 ml).
While this solution was refluxed, DCC(235 mg) dissolved in t-
BuOH (2 ml) was added dropwise in 40 min. After 1.5 hrs re-

0.11 mmole) and morpholine (0.1 ml,

fluxing, morpholine (0.1 ml, 1.1 mmol) and DCC (235 mg) were
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added and the refluxing was continued far a further 2 hrs. H.0O

(ca. 20 ml) was added, dicyclohexylurea was removed by filtrE
ation, and the solution was extracted with ether (10 ml x 3).
The aqueous solution was evaporated in vacuo and evaporated
three times with added pyridine. Inorganic phosphoric acid
(80%, 40 pl, 0.58 mmole) and (n—But)3N (0.14 ml, 0.58 mmole)
were rendered anhydrous by evaporation three times with pyri-
dine. Both residues were dissolved in DMF (1 ml) and kept at
31° for 3 days. HZO (ca. 60 ml) was added and the acidic solu-
tion was applied to a column of charcoal (20 ml). After a
water-wash, the nucleotide was eluted with methanolic ammonia
(50 ml) as was described before. Eluents were evaporated in
vacuo and the residue applied to a column (1.5 x 38 cm) of
DEAE-Sephadex A-25 (bicarbonate form). Elution with triethyl-
ammonium bicarbonate buffer of 0M to 0.3M in a linear gradient
gave three peaks. The last peak which eluted at 0.15M buffer
concentration was pooled and evaporated in vacuo. The yield
was 705 A260 (0.05 mmole, 46%). Paper chromatography : Rf (A)

0.13, Rf(B) 0.44. Paper electrophoresis (at pH 7.5) : RA—pA

1.35.
Poly(2'-deoxy-2'-fluorocadenylic acid) [poly(Af)]

A solution ( 5 ml) containing 2'-deoxy-2'-fluoroadenosine
5'-DP 4 mM, MgC12_2 mM, Tris.HC1 (pH 8.5) 100 mM and E. coli
polynucleotide phosphorylase 4.5 units/ml was incubated at 37°
for 24 hrs. Inorganic phosphate (0.68 Pmol/O.ZS ml of the in-
cubation mixture) was liberated. The mixture was extracted
with i—AmOH—CHCl3 (1:3, vol/vol) mixture and the water-layer
was lyophilized. The powder thus obtained was filtered through
a column (2.7 x 95 cm) of Sephadex G-50 (540 ml). The material
wich was excluded in the void volume was collected. The yield
was 108 A26O (0.011 mmole, 55% regardless of hypochromicity) .
Digestion of this polynucleotide with snake venom phosphodi-
esterase showed only Af 5'-P and 2'-deoxy-2'-fluoroadenosine
was not detected on a paper chromatogram of the digest. This
means that the chain length of the polynucleotide is greater
than 100 nucleotide units.

Physical measurements

U.V. absorption spectra were taken with a Hitachi 124
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spectrophotometer equipped with a thermostated cell. CD spec-
tra were measured with a JASCO ORD/UV-5 spectropolarimeter
equipped with a CD attachment. Tm was measured with a Hitachi
124 spectrophotometer equipped with a themostated cell. The
temperature inside the cell was measured with a thermocouple.
Paper chromatography and electrophoresis

Paper chromatography was performed in solvent systems: A,
n—BuOH—AcOH—HZO (5:2:3) and B, i—PrOH-conc.NH4OH—H20 (7:1:2)by
the descending technique. Paper electrophoresis was performed
in 0.05M triethylammonium bicarbonate buffer (pH 8.5) at 900 V/
20 cm for 1 hr.

Enzymes

Polynucleotide phosphorylase was prepared by the method
described by Williams and Grunberg-Manago.9 Crude snake wvenom
was a gift from Kagoshima Prefecture Hygienic Institute to
~ which our thanks are due. Purified snake venom phosphodiester-
ase was purchased from Worthington Biochem. Co.

RESULTS AND DISCUSSION
Polymerization of AfDP catalyzed by polynucleotide phosphoryl-

ase

The polymerization of AfDP using E. coli polynucleotide
phosphorylase proceeded smoothly to the extent of 65% in 24
hrs. This rate is comparable to that of ADP plymerization,
while AzDPZ, AchP3 and AerP3 polymerlzed in the same con-
ditions to extents of only 13-25%. This may mean that the con-~
formation of AfDP in the incubation mixture is very similar to
that of ADP. It is wothwhile mentioning that in spite of the
small size of the 2'-~fluoro atom, AfDP completely mimics ADP
rather than dADP, which is known to be an inhibitor of the
polymerization.10
U.V. absorption properties of poly(Af)

The U.V. absorption spectrum of poly(Af) at pH 7.0 and 25°
is shown in Fig. 1 together with that of Af 5'-MP. The spec—
trum of poly(Af) has ) max at 255 nm and the € max Was 9,700.
The hypsochronic shift (4 nm)is significantly larger than that

of poly(A) and { value is smaller than that of poly (A) measured
in the same conditions (Table I).
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Fig. 1 U. V. absorption spectra of poly(Af) and Af 5'-MP.
Poly (Af) , Af=5'=MP ——=m,

These facts may indicate that in poly (Af) the adenine re-
sidues stacked more strongly than in poly(A), presumably because
of the large polarity and small size of fluorine atom at the
2'-position. The hypochromicity calculated from the ¢ value of
the monomer is 32%, which is also somewhat smaller than that of
poly(A). This is in accordance with our previous findingsz’3
that the size and polarity of 2'-substituents influence the UV
spectral properties of polynucleotides.

CD spectrum of poly(Af)

The CD spectrum of poly(Af) is shown in Fig. 2 together
with that of poly(Acl) and poly(Abr). The shape of the spectra
closely resmble each other and that of poly(A), suggesting
that these 2'-hogenated polynucleotides are in very similar
conformations in solution at pH 7.0, which is analogous to that
of poly(A). The [e]peak of poly(Af) at 264 nm is 6,3000 and
[9]trough at 248 nm is -49,000 (see Table II).

Comparing these values with those of poly(Acl) and poly-

(abr), it was shown that the total [®] values are in the order

Table I : -
Polynuclotide E (,\nﬁx) {Monomer ( Anax) Hypochrom—
icity (%)
Poly (A) 10,000 (257 nm) 15,400 (259 nm) 35
Poly (Af) 9,700 (255) 14,300 (259.5) 32
Poly (Acl) 10,500 (257) 15,500 (259) 32
Poly (Abr) 10,700 (257) 15,000 (259) 29
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40

Fig. 2 CD spectra of poly(Af), poly(Acl) and poly (Abr).
Poly (Af) , poly(Acl) ----, poly(Abr)—.—.—.

Af > Acl> Abr, which is inversely parallel to the size of the
2'-substituents. This fact may indicate that, if the nature
of the substituents is similar, the size of the 2'~atom is an
important factor for determining [®] values in CD spectra,
which are caused by coupling of transition momentsll of adenine
bases stacked one on another in the polynucleotide array.
Acid titration of poly(Af)

When poly(Af) was titrated with 0.1N HC1l at 25° in the

+ . . . -
presence of 0.15M Na , a titration curve having a transition

point at pH 5.2 was obtained. Thia fact indicated that poly-
(Af) changed from its neutral form to an acid form as has been
found in the case of poly(A).12 As shown in Fig. 3, the CD
curve of poly(Af) acid form showed a curve of similar shape,

but different [6] values to that of poly(A) acid form.
This may indicate that the introduction of the strongly

electron-withdrawing fluoro atom at the 2'-position instead of
OH, changed the stacking conformation of the acid form signi-
ficantly. This may be seen in Table III by comparing the Tm

Table iI
Polynucleotide [e]peakI(nm) [e]trough(nm) [e]peakII(nm)
Poly (Af) 63,000 (264) -49,000 (248) 25,000 (220)
Poly(Acl) 57,000 (264) -44,000 (248) 19,000 (218)
Poly (Abr) 53,000 (264) -34,000 (249) 14,000 (217)
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Fig. 3 CD spectra of poly(Af) and poly(A) acid form.
Poly (Af) , poly(a) —---—-.

values of the acid form of poly(Af) with that of other poly-
nucleotides. Introduction of aprotic substituents such as
halogen or azido groups markedly decreases the Tm of the acid
forms by as much as 20-40°. This may suggest that the proton
at 2'-OH plays an important role in stabilizing the conform-—
ation of the poly(A) acid form.

Complex formation of poly(Af) with poly (U)

As all 2'-substituted polynucleotides so far examined
formed two- and three-stranded com.plexesz’3 with poly(U) as
in the case of poly(A),13 the complex formation of poly(Af) was
studied.

In conditions of 0.15M Na+ concentration, pH 7.0 and 25°
poly (Af) formed a three-stranded complex with poly(U) as in-
dicated by the continuous variation curves shown in Fig. 4.
Measurement of U.V. spectra at percentages from 0-30% poly (Af)
showed isosbestic points at 232, 283 and 300 nm, while at per-
centages between 40-100% isosbestic points were observed at
222, 281 and 300 nm. This suggests that only one three-strand-
ed complex is present in this solution.

Table III

Polynucleotide Tm at pH 4.5 in the presence of
0.10M NaCl(at 24-26°)

Poly (&) over 80° }

Poly (Af) 37°

Poly (Acl) 63°

Poly (Abr) 56°

Poly (Az) 38°
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Mixing curves of poly(Af) with poly(U) measured at 25°
in the presence of 0.10M NaCl and 0.05M Na Cacodylate
(pH 7.0). .
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Fig. 5 Mixing curves of poly(Af) with poly(U) in the presence

of 0.04M Na Cacodylate (pH 7.0) at 25°.
At 250 nm x-x-x, 255 nm s-e-e, 260 nm o-o-oO.

At Na© concentration of 0.05M mixing curves (Fig. 5)showed
1:1 complexing of poly(Af) and poly(U) only after 30 min an-
These curves gradually changed to those of a 1:2
Therefore, the 1:1 complex is

(-

nealing.
complex after 7 days at 25°.
relatively unstable in this condition and gradually rearranges
to the 1:2 complex even in these low salt conditions.

CD curves before and after the mixing of poly(Af) and poly-
(U) showed significant changes (data not shown) and the complex
formation has been substantially confirmed.

The Tm's of A-U complexes of various 2'-halogeno poly-

nucleotides are summarized in Table IV. It is shown that the
sizes of Tm values are inversely parallel to those of the

halogen atoms in the order of F, Cl > Br for both 1:1 and 1:2
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Table IV
Polynucleotide Tm at 0.04M Na+ Tm at 0.15M Na+
Poly (Af) +poly (U) 49° 64°
Poly (Acl)+poly (U) 46° 56°
Poly (Abr) +poly (U) 45° 53°

complexes. Again the size of 2'-substituents semms to in-
fluence the Tm of the hetero complexes. Electronegativity of

the halogen atoms might also be a consideration of the stacking

conformations.

Complex formation of poly(Af) with poly (I)

Poly (A) was reported to form a triple stranded complex
with poly(I).14 When poly (Af)-poly(I) complexing was tested
by the continuous variation method, curves as shown in Fig. 6
were obtained. These curves clearly showed inflection points
at poly (Af) :poly(I) ratios equal to 33:67 indicating that a
1:2 complex was formed. U. V. absorption curves measured in
poly (Af) concentration ranges 0-30% showed isosbestic points
at 227, 260 and 300 nm and those between 40-100% showed iso-
sbestic points at 246, 283 and 300 nm. These facts indicated
that only a 2:1 complex was present in the mixture.

Fig. 7 shows the melting curves of various complexes of

poly (A). analogs with poly(I). All these complexes had sharp
transition points and hypochromicities before and after the

melting are of the same order. As summarized in Table V, the

Abs.

o]\,
w O\

O/

015

PolyAf0 20 40 60 80 100C/)
PO(IN00 80 60 40 20 0 Cl)

Fig. 6 Mixing curves of poly(Af) with poly(I) in the presence
of 0.10M NaCl and 0.05M Na Cacodylate (pH 7.0) at 25°.

At 250 nm x-x-x, 255 nm e~e—-e, 260 nm o-o-~o.
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Fig. 7 Melting profiles of poly(A)-poly(I)complexes measured
in the presence of 0.10M NaCl, 0.05M Na Cacodylate
(pH 7.0) and 10mM MgClz. )
Poly (Af) -2poly(I) e-e-8, poly(A) -2poly(I) o-o-o, poly-
(Abr) *2poly (I) x-x-x, poly(Abr) .2poly(I)4-2-A,

Table V
Complex Tm at 0.15M Na ' +10m4 Mg2T
Poly (A) -2poly (1) 42° 54°
Poly (Af) -2poly (I) 36° 51°
Poly (Acl) - 2poly (I) 36° 49°
Poly (Abr) -2poly (I) 35° 47°

Tm differences among the 2'-halogeno polynucleotide complexes
are rather small and somewhat lower than that of poly(A) *2poly-
(I). However, in the presence of 10mM Mgz+ in addition to
0.15M Na+, the differences increased and the order of Tms was
Af DAcl > Abr. The tendency for a decrease in thermal stability
with size of the substituents was again observed in these

three-stranded, all purine polynucleotide complexes.

CONCLUDING REMARKS
We have presented evidence that poly(A) analogs having

2'-halogen atoms instead of OH show quite similar physical
properties to those of poly(A). Even when the size of the
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halogen is very small (as in the case of F), the polynucleo-
tide poly(Af) showed similar properfies to poly(rA) rather

than poly(dA). These facts cleérly demonstrate that 2'-sub-
stituents of nucleosides in polynucleotides must be involved
as governing factor (s) of polynucleotide conformation and the
size as well as polarity of these substituents have influence
on their stability. If the nature of the 2'-substituents is
similar, for instance halogen atoms, the conformational stabil-

ity decreases as the size of the substituent increases.

Although the true mechanism by which 2'-substituents exert
their stabilization effects must await further investigations,
some involvement of solvent molecules cannot be excluded.
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Although the presence of free 2'-hydroxyl groups in both strands of a double-stranded
RNA complex has been recognized as one of the major requisites for the interferon inducing ac-
tivity of double-stranded RNA's, we have found a particular analog of (1), - (C),,, in which the 2'-
hydroxyls of the purine strand were replaced by azido groups [(dIz),. - (C).], to be exquisitely ef-
fective in inducing interferon. Various other 2'-azido analogs, Ze. (dlz)-(brC),, (I),‘(dCz),,
(dAz), (U)., (dAz),-(rT), and (dAz),-(dUz), were inactive as inducers of interferon. Thus
we come to the conclusion that the interferon inducing system recognizes total three-
dimensional conformation of the double-stranded RNA.

Keywords——interferon induction; poly (2'-azido-2'-deoxyinosinic acid); double-
stranded complex ; primary rabbit kidney cells; human skin fibroblast cells

INTRODUCTION

The presence of intact 2"-hydroxyl groups in
both strands of the disSRNA (double-stranded RNA)
complex has been considered as an absolute
requirement for the interferon inducing ability of
synthetic polynucleotides.”” Indeed, various at-
tempts to replace the 2’-hydroxyl group in either
strand of (I),.-(C),. or (A),-(U), by one or another
substituent have invariably produced duplexes with
little, if any, interferon inducing activity. The lack
of interferon inducing activity of the 2'-modified
RNA complexes could be interpreted to mean that
the cellular receptor site for interferon induction
specifically recognizes the 2'-hydroxyl groups of the
dsRNA molecules. Alternatively, the presence of
the 2’-OH groups may generate a particular steric
configuration which allows the dsRNA to interact
with the interferon-inducer receptor system.

MATERIALS AND METHODS
Polynucleotides ——(I). - (C), (A)n- (U), and

other complexes employed in the interferon in-
duction assays were constituted with homo-
polymers obtained from P-L Biochemicals
(Milwaukee, Wisconsin). The sedimentation
values (520, W) of (I)., (C)., (A)., and (U), were
9.4, 10.0, 9.8 and 7.0 S, respectively. The com-
plex (I),-(brC), and (A).-(rT), have been
described previously.?? The origin of the 2'-azido
polynucleotides was as follows: (dUz),*, (dCz),,
(dAz),® and (dlz),.” The latter preparation [(dIz). ]
was further purified by gel filtration on a Sephadex
G-100 colum (2X25 cm, 0.04m NH,HCO,, pH
7.5). Only the polymer that eluted in the void
volume was pooled and lyophilized to dryness.
Interferon Induction —— The production of
interferon was measured in four systems: (i)
primary rabbit kidney (PRK) cells ‘‘superinduced’’
with cycloheximide and actinomycin D; (ii) human
skin fibroblast (HSF) cells (VGS strain) ‘‘primed"
with human fibroblast interferon and ‘‘superin-
duced’’ with cycloheximide and actinimycin D;
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TABLE L

63

Interferon Induction by Various 2°-Azido Analogs of (A). - (U). and (1), - (C), in Primary

Rabbit Kidney Cells *‘Superinduced’’ with Cycloheximide and Actinomycin D

Polynucleotide® Interferon titer? (units/ml)

Average Range

(A + (U)n 750 600—1000

A), - (D) 2400 2000—3000

(A), - (dUz), 10 <10—20

(dAz).. - (U)n <10

(dAz), - (rT), <10

(dAz), - (dUz), <10

Dn - (O 6000 3000—10000

D, - (brC), 8000 6000—10000

D). - (dC2), 10

(dlz). - (), 1900 1000—3000

(dlz), - (brC), <10

a) Applied to the cells at 10 ug/ml (—2.5X10°M in duplex).
b) For at least 3 separate determinations (up to_10 separate determinations for these polynucleot1des

for which the range of activity is indicated).

(iii) mouse L-929 cells ‘‘primed’” with mouse in-
terferon; and (iv) intact rabbits weighing approxi-
mately 1 kg. The exact methodology for monitor-
ing interferon production in these systems has been
described ®

RESULTS
When assayed in primary rabbit kidney cells
“‘superinduced’”> with cycloheximide and ac-
tinomycin D, none of the 2"-azido polynucleotides
[(dAz),, (dCz),, (dlz),, (dUz),] or their complexes
except (dlz)-(C).,., proved active as an interferon in-
ducer (Table I). The interferon inducing ability of
(dlz), - (C). was confirmed at different occasions
with different preparations of polynucleotide:
(dIz),, *(C),, was almost active as (A),-(rT), and
only 3 times less active than (I),-(C),. Unlike
(dlz), - (C),., (dlz),-(brC), failed to stimulate the
production of interferon in rabbit kidney cells. The
' inactivity of (dlz),-(brC), is quite unexpected, as
other (I),-(C), analogs, wviz. (c’I),-(C). and
(D). (C), itself become more potent interferon in-
ducers upon substitution of a bromine at C-5 of the
pyrimidine ring.2? When mixed with (I),,
(dIz), - (brC), attained the level of interferon in-
| ducing activity normally observed for (I), - (brC),

(8000 units/mli, Table I), suggesting that under
mixing conditions employed, the following
displacement reaction® occurred:

(dlz),, - (brC), + (1), = (D) - (brC), +(12)...

With (dlz), - (C), and (dlz),. (brC),, additional
interferon induction tests were run in human
diploid cells “‘primed’’ with interferon and
“‘superinduced’” with cycloheximide and actino-
mycin D. In this highly sensitive induction system
which is generally applied for the large-scale"
production of human fibroblast interferon,
(dlz),. - (C), and (1),. - (C),, proved equally effective in
inducing interferon, irrespective of the doses at
which they were tested (Table II).

The efficacy of (dlz),-(C). as an interferon in-
ducer in rabbit and human cell cultures prompted
the extension of our intefferon induction studies
with (dlz), -(C), to other assay systems: mouse L-
929 cells (‘‘primed’’ with interferon) and intact
rabbits. In the first system a close-response relation-
ship was established for the amounts of interferon
produced, whereas in the second system interferon
production was followed as a function of time. In
both test systems, (dlz), :(C), was less active than

D+ (O
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TABLE Il

Interferon Induction by (dIz), - (C).,

Interferon Induction by (dlz), - (C), and (dlz), - (brC), in Human Skin Fibroblasts ‘‘Primed’’

with Interferon and *‘Superinduced’’ with Cycloheximide and Actinomycin D

Interferon titer (log,, units*/ml) obtained with

Polynucleotide pg/ml of polynucleotide®’

0.1 1 10
D - (C). 3.0(2.8—3.5) 3.7(3.6—3.8) 3.9(3.7—4.0)
D. - (brC), 3.5(3.4—3.7) 3.9(3.9—4.0) 4.2 (41—4.4)
(dlz), - (C). 3.0(2.8—3.2) 3.7(3.5—3.8) 4.1 (4.0—4.4)
(dlz), - (brC), <1.3 <1.3 <1.3

@) Mean values for 3 or 4 determinations. Range of individual values is indicated in parentheses.

DISCUSSION

The most remarkable feature of the results
reported herein is the interferon inducing activity
of (dIz),.-(C), which equalled that of (I),-(C),, at
least in human diploid cell cultures (Table II).
(dlz), - (C). represents the first 2'-modified double-
stranded RNA (with all 2"-hydroxyl group sub-
stituted in one strand of the duplex) which has been
found to be an effective interferon inducer. The in-
terferon stimulating ability of (dIz), - (C), indicates
that (i) the presence of free 2'-OH groups in both
strands is not an absolute requirement for the in-
terferon inducing capacity of doublestranded RNA
complexes and (ii) the receptor site for interferon
induction does not specifically recognize the 2'-
OHs per se, but rather the steric configuration con-
ferred by the presence of these hydroxyls. Ap-
parently, the steric configuration resulting from
substitution at 2"-azido for 2"-OH in the (I), strand
is also recognized by the interferon induction recep-
tor. Our results reinforce the concept that in-
terferon induction by double-stranded polycleotides
is dependent on the recognition of a particular con-
formation rather than the binding of specific func-
tional groups such as 2"-OH or purine N-7.2> The
double-strand character of (dfz), - (C), was suggest-
ed by UV absorption-mixing curves and
monophasic melting curves.” In view of the in-
terferon inducing potency of (dlz),-(C), the inac:
tivity of (dlz), - (brC), is quite unexpected, the more
so as the Tm of (dIz)-(brC), is about 25° higher
(results not shown) than that of (dlz), - (C),.

While (dlz),.- (C), was effective as an interferon
inducer, (I), -(dCz), was not (Table I). A low ther-
mal stability could not be held responsible for the
lack of the activity, since its Tm was almost iden-
tical to that of (I),-(C), and considerably higher
than that of (dlz),-(C).. The difference in ‘in-
terferon inducing activity between these complexes
suggests that the interferon stimulating potency is
more tolerant to substitutions at C-2’ of the (I),
strand than it is to similar modifications of the (C),
strand. However, other modifications such as
strand interruption by unpaired bases or bond
breakage, are better tolerated by the (C), strand
than by the (I), strand.*"!

Considering these results it may be deduced that
the interferon inducing system recognizes the total
three-dimensional conformation of the double-
stranded polynucleotides. This point may be
clarified by X-ray fiber diffraction studies of the ap-
propriate polynucleotide complexes.
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SUMMARY

Poly(2'-deoxy-2'-fluoroinosinic acid) [poly(If)] was syn-
thesized by polymerization of 2'-deoxy-2'-fluoroinosine 5'-
diphosphate catalyzed by EscheXichia coli polynucleotide phos-

" phorylase. Although the UV absorption properties of poly(If)
clgsely resembled those of poly(I), thermal melting curves at
Na' concentrations of 0.15M and 0.75M suggested two ordered
structur$s for poly(If) neutral form. CD psectra taken at
0.15M Na concentration showed rather large amplitudes in both
a peak at 273 nm and a trough at 246 nm, suggesting rather
strong vertical stacking of bases. When complexed with poly-
(C), poly(If) forms a double-stranded complex, poly (If)-poly-
(C) which has Tm's higher by 10-20° than those of poly(If)-
poly (C) measured under the same conditions. The CD spectrum
of this complex resembled that of poly(I)-poly(C). The ef-
fect of the fluorine atom at the 2'-position on thermal stab-
ility of polynucleotides is discussed.

INTRODUCTION

We have reported the synthesis and properties of various

2-6

2'-substituted 2'-deoxypolynucleotides. A general feature

of these polynucleotides is that though they lack 2'-~OH groups

2,4 5

and have substituents such as azido ’ chloros, bromo
6

and
fluoro~ atoms at the 2'-position, these polynucleotides re-
vealed rather similar physical and biological properties to
those of polyribonucleotides. Poly(2'-azido-2'~deoxyinosinic
acid), for example, had a strong interferon inducing ability
when complexed with poly(C) .4' Moreover, poly(2'-fluoro-2'-—
deoxyadenylic acid) serves as a good template for viral re-
verse transcriptase ? and as a messenger for protein synthesis}o

In this paper we report the synthesis of poly(Z'-flubrd—
2'—deoxyinosinic acid) [poly(If)] and some of its phy'sical
properties.

© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England
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MATERIALS AND METHODS

General procedure

The general procedures used in this study were essential-
ly the same as reported previously4, except that paper chrom-
atography solvent systems were as follows : A, i-ProH-conc.
NH4OH—H20 (7:1:2); B, n-BuOH—AcOH—H20 (5:2:3); C, n-PrOH-
conc. NH4OH-H20 (55:15:35).

Synthesis of poly(If)

If 5'-MP-—— 2'-Deoxy-2'-fluoroadenosine 5'—monophosphate6
(2,000 A260’ 0.14 mmole) was dissolved in 30% AcOH (1.5 ml)
and NaNOz»(0.3g) was added. The solution was kept at 37° for
20 hrs. H20 (ca. 100 ml) was added and the mixture was ap-
plied to a column of active charcoal. The column was thorough-
ly washed with H,0 and eluted with EtOH-H,0-conc. NH4OH (50:
50:1) mixture (ca. 50 ml). Eluents were evaporated in vacuo,
the residue dissolved in H20, and applied to a column of
Dowex 1x2 (formate form, 20 ml). After the water-wash, elu-
tion with 0.3N formic acid gave two peaks. Fractions in the
second peak were pooled and evaporated in vacuo. Traces of
formic acid were removed by evaporation several times with
added watef. The yield of 2'-deoxy-2'~fluoroinosine 5'-mono-

phosphate was 1,290 A (0.11 mmole, 76%). Paper chroma-

tography : Rf(A) 0.07?ng(B) 0.34,‘Rf(C) 0.32. Paper electro-
phoresis : RA—pA 2.5 (at pH 3.5) and 1.04 (at pH 7.5).

If 5'-DP —-— If 5'-MP (1,290 BAysgr
in a mixture of HZO (1.5 ml) and t-BuOH (1.5 ml) with mor-
pholine (1.1 mmole). Into the solution DCC (235 mg, 1.1 m—

mole) dissolved in tBuOH (2 ml) was added dropwise during 1

0.11 mmole) was refluxed

hr. The refluxing was maintained for 3.5 hrs and the cooled
solution was extracted with ether (3 ml x 3). The water-
layer was evaporated in vacuo and the residue was rendered
anhydrous by evaporation three times with added pyridine.

80% phosphoric acid ( 40 Pl’ 0.58 mmole) and n-Bu3N (0.14 mil,
0.58 mmole) were rendered anhydrous by evaporation three
times with added pyridine, the residue taken up in pyridine,
and added to the anhydrous morpholidate. The mixture was

further evaporated three times each with added pyridine and toluene. The
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residue was dissolved in DMF (1 ml) and kept at 30° for 2 days. H20 (100
ml) was added and the solution was made slightly acidic with 1IN HCl. The
solution was applied to a colum (1.4 x 8 cm) of DEAE-Sephadex A-25 (12
ml, bicarbonate form). The column was eluted with a linear gra-
dient of 0 to 0.3M triethylammonium bicarbonate. Three peaks
were eluted at buffer concentrations of 0.03M, 0.13M and 0.19
M, respectively. Peak I contained IfDP in a yield of 745
A250 (59%). Paper chromatography : Rf(A) 0.04, Rf(B) 0.10.
Paper electrop@oresis : RA—pA 1.41 (at pH 7.5). Peak II and
III were confirmed to be 5'-5' pyrophosphate and the unreacted
morpholidate.’ ) v
Poly(If) ---—-— An incubation mixture (7.5 ml) containing IfDP
4 mM, Mgclé 2 mM, Tris-HCl (pH 8.5) 100 mM and g,‘ggli poly—

nucleotide phosphorylase11

5.8 units/ ml was incubated at
37° for 24 hrs. The mixture was extracted,five‘times with an
i—AmOH—CHCl3 (1 : 3) mixture and lyophilized. Filtration
through a column ( 2,7 x 95 = 540 ml) of Sephadex G-50 gave
poly (If) as a single peak, which was eluted at the void vol-
ume, indicating that this poly(If) had a chain length of at

least 50 nucleotide units. The yield was 35 A ( 3.6 pmole,

250
12%). Digestion of this sample ( ca. 5 RA,reg units) with snake
venom phosphodiesterase gave only IfMP as examined by paper

chromatography.

RESULTS. AND DISCUSSION
UV spectra of poly (If)

The UV absorption spectra of poly(If) taken at pH 7.0 in
the presence of 0.15M Na® are shown in Fig. 1 .together with
that of If 5'-MP. At 20° the curve has a maximum at 245 nm . -
having " £ of 9,800 and a shoulder at around 273 nm. -The
hypochromicity calculated from ¢ (12,500) of the monomer; If
5'-MP was 20%.° These values were comparable to those of poly
(I), except that the shoulder at 273 nm is smaller in poly(I).
At 40° the spectrum of poly(If) changed slightly to that-
shown in Fig. 1. This curve had a maximum at 246 nm and the

shoulder at 274 nm disappeared. The hypochromicity calculated
from £ value . of the monomer was 12%.
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Fig. 1. UV spectrum of poly(If) and If 5'-MP at pH 7.0 in
' the presence of 0.15M Nafion. +
Fig. 2. UV spectrum of poly(If) in the presence of 0.75M Na.
When the UV spectra of poly(If) were taken at neutrality
in the presence of 0.75M Na+, the curves shown in Fig. 2 were
observed. At 30° the curve had Amax at 247 nm as in the
case of 0.15M Na+, but the ¢ value decreased to 8,650. On
raising the temperature to 52° some hyperchromic change was
observed as indicated in Fig. 2 (dotted line). As discussed
later, these two types of poly(If) neutral form may be the
result of differing salt. concentrations of 0.15M and 0.75M

and are corresponding to those of poly(I) neutral forms.lz'13

Thermal melting of poly(If)

In the presence of 0.15M Na+, the melting curve of poly-
(If) shows an abrupt increase at 27° (see Fig. 3, lower line).
This may indicate that poly(If) has a semistable ordered form
at this Na+ concentration. The thermal melting curve taken
in the presence of 0.75M Na+ (Fig. 3, upper curve) shows a
steep increase between 40° and 52° and a Tm of 47° was ob~
tained. However, these two states of the poly(If) ordered
forms cannot be identical, because a graph of the relation-
ship between Tm and Na*t (Fig. 4) does not give a straight
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Fig. 3. Thermal melting profiles of poly(If) at Na© concent-
ration of 0.15M and 0.75M. +
Fig. 4. Relationship of Tm of poly(If) and poly(I) to. Na
concentration.
line, but tends towards relatively higher Tm's as Na+ con-
centration is increased. It may be noted that in the case
of poly(I) this curve is almost straight (see Fig., 0-0-0)
and the effect of salt concentration on thermal stability is
much larger in poly(If) than in the case of poly(I). Further-
more, the Tm of the high salt form of poly(If) is higher by
4° than that of the poly(I) four-stranded form.12

CD spectra of poly(If)
CD spectra of poly(If) taken at neutrality with 0.15M

Na+ are shown in Fig. 5. Curves taken below 20° have two

maxima at 274 nm and 223-224 nm and a large trough at 246 nm.
This spectrum is significantly different from that of poly(I)
neutral form which has three peaks at . 282, 254 and 223 nm
and two troughs at 267 and 238 nm in the same conditions}4
Moreover, the [8] values are much smaller in poly(I) than
those of poly(If). The spectra taken at 25° and 27° showed
half melting of the ordered form and finally the spectrum
taken at 40° showed complete breakdown of this form. Whén
the CD of.poly(If) was measured in the presence of 0.75M Na+

at pH 7.0,the curve at 30° showed a similar features to those
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Pig. 5. CD spectra of poly(If) at 0.15M Na+ concentration.

with 0.15M Na+, but its amplitudes were somewhat smaller.
On heating this solution to 40°, the curve changed to one
which resembled that observed in Fig. 5 at high temperature.
We may conclude, therefore, that poly (If) has two types
of ordered structure according to the Na+ concentration, one
observed at the low Na+ concentration (0.15M) and one observed
at high (0.75M) Na+ concentration. Although the latter may
have the same guadruple-stranded form as that observed in the
case of poly(I) at high salt concentratlon, the structure
which is present at 0.15M Na concentration may be a semi-~
stable structure stabilized by vertical stacking of neighbor-
ing bases. Considering that the same base moiety, hypoxan-
thine is present in both poly(I) and polY(If), this effect of
enhanced stébility must be due to the 2'-fluoro atom.

Complex formatlon of poly(If) with poly (C)

Poly(I) is known to form a 1l:1 complex with poly(C) and
the poly(I)*poly(C) complex is widely used as an inducer of
interferon in mammalian cells.16 Recently we found that poly-
(2'-azido-2'-deoxyinosinic acid) formed a complex with poly(C)
and exerted the first non-ribo type polynucleotide interferon
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Fig. 6. Mixing curves of poly(If) and poly(C).

inducing activity.

When poly(If) was mlxed w1th poly(C) in various ratios
and the UV absorbance of these mixtures measured at 245, 260
and 270 nm were plotted, we observed inflection points at
ratios of 50:50 for poly(If) and éoly(C) (Fig. 6). This in-
dicates the formation of ayl:l complex, poly(If).poly(C). The
CD spectrum of this complex was as shown in Fig. 7. and the
overall profile of this curve closely resembles that of poly-

17 Theée facts suggest that poly(If)-

(I)-poly(C) complex.
poly(C) has a similar conformation to that of poly(I)-poly(C)
which is believed to be RNA-11 fold helixl8, but not to that
of poly(dI) -poly(C).

The thermal melting curves of the complex, poly(If)-poly—
(C) measured with various Na+ concentrations. are summarized
in Fig. 8. The Tm at [Na 1 = 0.15 was 75° which is higher by
12¢° than that of poly(I).poly(C) in the same conditions. This
tendency may be seen in the Tm vs. [Na+] curves shown in Fig.
9. In the range of [Na+] of 0.01-0.35M, poly(If)-poly(C) has
higher Tm values than those of poly(I)-poly(C) and poly(dI)-
poly(c). Even at very low salt concentration the poly (If)-
poly(C) complex has considerable thermal stability. ‘

3321



Nucleic Acids Research

ek
20

10¢

0 20 %0 20 300(m)

Fig. 7. CD spectrum of poly(If) -poly(C) complex.

Comparison of the Tm's of double-stranded complexes of
other 2'-fluoro polynucleotides sﬁow that of poly(A) .-poly (Uf)
is higher by 15-20° than that of poly(A)-poly(U)lg, whereas
poly(I)’poly(Cf)20 has a somewhat lower Tm than that of poly-
(I).poly(C). Furthermore, poly(Af)-poly(U)6 has aimost the
same Tm as that of poly(A)-poly(U). (Table I) From this com-
parison it emerges that the stabilization of ordered structure

by the introduction of F atom instead of OH in ribopolynucleo-

(Nd)
050
A0 (dO)
035
/ (IfXC)
010 f
ow =z
005 /
]
. |
0D 20 40 60 80(C) 001 L ’
! 20 L0 8 & 60

Fig. 8. Temperature absorbance profiles of poly(If).poly(C)
at various Nat concentrations.

Fig. 9. Relationship between Tm of various double-stranded
complexes and Na concentration.
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Table I. Melting temperature of various double-stranded com-
plexes { ° Q).

: 0.10M Na' 0.15M Na '
" Poly(a) -poly (U) 57 62
Poly (Af) -poly (U) 64
Poly (A) -poly (Uf) 75.2
Poly (I} -poly(C) 60.2 63
Poly(If) -poly(C) 72 75
Poly(I) -poly(Cf) 57-58

tides may be different in strands having C=0 groups at the
hydrogen-bonding site (6-position of purines or 4-positions
of pyrimidines) to those bearing NH, groups in the same posi-
tion. If the F atom is introduced to a C=0 containing strand,
as in the case of poly(If) or poly(Uf), the stability of the
complex is increased. 1In contrast, if the F atom is intro-
duced to an NH, containing strand, as in poly(Af) and poly-
(Cf), the stability of complexes decreased relative to their
ribo counterparts. Thus the F atom when introduced to the
2'-position, exerts its effects by strong electron-withdrawal
which favors solvation as hydrogen-bonding acceptor and de-
creases base pKa through bonds or solvent moleculés. Recent
finding that in 2'-fluoro-2'-deoxyadenosine the 2'<carbon is

more axial than in the case of ribo-adenosine as studied

1 21

by “H~-NMR coupling of Hl' and H2. may be relevant to these

facts.
Thus far it was found that the introduction of fluorine
atoms to the 2'-position of polynucleotides altered their pro-

perties and may be interesting in biological studies.
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Interferon Induction by a 2’-Modified Double-Helical RNA,
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Although the presence of free 2’-hydroxyl groups in both strands of a double-stranded RNA
complex has been recognized as one of the major requisites for the interferon-inducing activity of
double-stranded RNAs, we have found a particular analogue of (I), - (C), in which the 2'-hydroxyls
of the purine nucleotide strand were replaced by azido groups, (dIns), - (C),, to be highly effective in
inducing interferon. Various other 2’-azido analogues of (I), - (C), and (A), - (U),, i.e. (dIns), - (br’C),,
(D~ (dCn3)s, (dAn3),-(U)s, (A)n-(dUnsz)s, (dAnz),-(1T), and (dAns),-(dUns),, were inactive as
inducers of interferon. In human fibroblast cultures, the interferon-inducing activity of (dIns), - (O™
equalled that of (I), - (C)n. In other interferon-induction systems (primary rabbit kidney cells, mouse
L-929 cells, intact rabbits), (dInz),- (C), was less active than (I),- (C),. As assessed by both radio-
chemical and biological means, (dIns),-(C), was more susceptible to degradation by pancreatic
ribonuclease and-human serum nucleases than was (I),-(C),. The tn of (dIns), - (C), was 52.5 °C,
as compared to 62.5 °C for (I),-(C),, both determined in 0.15M Na*, pH 7.0. Under the same
conditions, (dIns), - (br*C), had a # of 77 °C and (I),- (br®C), had a 1, of 87 °C. The reactivity of
(dInz), - (C), and (dIns),- (br’C), towards antibodies to double-stranded RNA was evaluated by
quantitative complement fixation, counterimmunoelectrophoresis and competitive radioimmuno-
assay. In these tests, (dIns), - (C), and (dIns), - (br’C), showed an immunoreactivity pattern compar-

able to that of (1), - (C), and (), - (br*C),.

The presence of intact 2’-hydroxyl groups in both
strands of the dsSRNA (double-stranded RNA) com-
- plex has been considered as an absolute requirement
for the interferon-inducing ability of synthetic poly-
nucleotides. Indeed, various attempts to replace the
2"-hydroxyl group in either strand of (I), - (C), or
" (A - (U), by one or another substituent have invari-
ably produced duplexes with little, if any, interferon-
inducing activity. Modifications thus far executed
include: 2"-hydrogen in the (I), strand of (I), - (C),
[1—3], 2"-hydrogen in the (C), strand of (I), - (C).
-[1,2,4,5}, 2"-fluoro in the (U), strand of (A), - (U), [6],

Abbreviations. Abbreviations for synthetic polynucleotides con-
form to the recommendations of the IUPAC-IUB Commission
on Biochemical Nomenclature [Eur. J. Biochem. 15, 203—208

- (1970)]. Less commonly used abbreviations are: (dIns),, poly(2'-
azido-2'-deoxyinosinic acid; (dCns),, poly(2’-azido-2'-deoxycyti-
dylic acid); (dAns)., poly(2’-azido-2’-deoxyadenylic acid); (dUns),,
poly(2’-azido-2'-deoxyuridylic acid); (tT)s, poly(ribothymidylic
acid); (br*C),. poly(5-bromocytidylic acid); (¢I),, poly(7-deazaino-

“sinic acid); (s°C),, poly(2-thiocytidylic acid); zm, temperature at
the midpoint of the absorbance change obtained when heating the
polynucleotide.

2’-chloro in the (U), strand of (A), - (U), [5], 2'-chloro
in the (C), strand of (I). - (C). [S], 2'-azido in the (U),
strand of (A), - (U), [7], 2’-O-methyl in the (U), strand
of (A), - (U)s [4], 2'-O-methyl in the (I), strand of
(Dn - (C)x [8], 2"-O-methyl in the (C), strand of (I), - (C),
[4,8], 2"-O-ethyl in the (A), and (U), strands of
(A)n - (U)s [91, and 2'-O-acetyl in the (A), strand of
(A)n - (U), and in the (I), and (C), strands of (1), - (C),
[10]. The lack of interferon-inducing activity of the
2"-modified RNA complexes could be interpreted to
mean that ‘the cellular receptor site for interferon
induction specifically recognizes the 2’-hydroxyl
groups of the dsRNA molecules. Alternatively, the
presence of the 2"-OH groups may generate a partic-
ular steric configuration which allows the dsRNA to -
interact with the interferon-inducer receptor system.
If this is the case, there may exist 2’ substituents which

imitate the effect of 2’-OH on the overall conformation .

of the double helix, and, accordingly, do not annihilate
the interferon-inducing potency of the complex. In
this report we describe such a complex, (dIns), - (C),,.

an analog of (I).- (C), in which 2’-OH of the (I),
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strand is replaced by a 2’-azido group. (dIns), - (O),
was found to induce significant amounts of interferon
in both primary rabbit kidney and human skin fibro-
blast cultures. Under the same conditions, other
2’-azido substituted polynucleotide complexes, viz.
(dInz)s - (br°C)y, (D - (ACn3)s, (dAns), - (U)y, (A
« (dUn3),, (dAns), - (dUns), and (dAns), - (tT), were
ineffective as inducers of interferon.

MATERIALS AND METHODS
Polynitcleotides

Dn - (Chuy (A)n- (U), and other complexes em-
ployed in the interferon-induction assays were con-
stituted with homopolymers obtained from P-L Bio-
chemicals (Milwaukee, Wisconsin). The sedimentation
values (520, w) Of (D, (Cn, (A)n and (U),-were 9.4, 10.0,

9.8 and 7.0S, respectively. The *H-labelled (C),
(s20,w = 6.58) was obtained from Miles Labora-
tories (Elkhart, Indiana). Its specific activity was
65.6 Ci/mol P or 1 Ci/6.1 g polymer. The complexes
(Dn - (br°C),, and (A), - (rT), have been described
previously {11,12]. The origin of the 2’-azido poly-
nucleotides was as follows: (dUn;),[13], (dCn,),[14],
(dAns), [15] and (dIns), [16]. The latter preparation,

(dIns),, was further purified by gel filtration on a

Sephadex G-100 column (2x 25 cm, 0.04 M NH;-
HCOs, pH 7.5). Only the polymer that eluted in the
void volume was pooled and lyophilized to dryness.
A portion of this material was degraded overnight
at 37 °C with a mixture of snake venom phospho-
diesterase and bacterial alkaline phosphatase. The
product was applied onto a silica gel GF thin-layer
plate and developed with isopropyl alcohol/0.1 M
boric acid/water (80/10/10, v/v/v). Under these condi-
" tions, the R of 2’-azido-2'-deoxyinosine (dIns) was
0.47 whereas the Ry of inosine was 0.37. The enzymatic

hydrolysate contained dIns as the only detectable -

~ nucleoside (under ultraviolet light). On this basis, it
was estimated to contain > 959, dins.

Antisera to Double-Stranded RNA

These were obtained from New Zealand white
rabbits immunized with complexes of (A), - (U), or
(D - (br°C), with methylated bovine serum albumin
{17]. Antiserum to (A), - (U), was absorbed with (A),
and antiserum to (I), - (br’C), was absorbed with (I),
to remove small amounts of antibodies that reacted
with the single homopolymers. The antibodies were
immunospecifically purified by dissociation of precip-
itates formed with (1), - (C), [18]. '

Ultraviolet Spectroscopic Measurements

" Temperature absorbance (melting) profiles were
determined as described previously [13].

- Poly(2'-azido-2"-deoxyinosinic acid)

Interferon Induction

The production of interferon was measured in four
systems: (a) primary rabbit kidney cells ‘superinduced’
with cycloheximide and actinomycin D; (b) human
skin fibroblast cells (VGS strain) ‘primed’ with human
fibroblast interferon and ‘superinduced’ with cyclo-
heximide and actinomycin D; (c) mouse L-929 cells
‘primed’ with mouse interferon; (d) intact rabbits
weighing approximately 1 kg. The exact technique for
monitoring interferon production in these systems has
been described [12,19,20].

Ribonuclease Susceptibility

The sensitivity to degradation by pancreatic ribo-
nuclease (bovine pancreatic ribonuclease A, crystal-
lized five times, 80 Kunitz U/mg, Sigma Chemical Co.,
St Louis, Missouri) and human serum (nucleases) was
determined by measuring either residual interferon-
inducing activity (in human skin fibroblasts, as indi-
cated above) or acid-insoluble radioactivity [21].

' Quantitative Complement Fixation

" This was performed according to the method of .
Wasserman and Levine [22], in a buffer of 0.14 M
NaCl, 0.01 M Tris - HCl, pH 7.4, 0.5mM MgCl,,
0.15mM CaCl; and 0.1% gelatin (total volume of
reaction mixture 1.4 ml).

Competitive Radioimmunoassay

Binding of the labelled polynucleotide [**C]-
D - (C), was performed in a buffer containing 0.14 M
NaCl, 0.01 M Tris - HCI, pH 8.0 and 0.29 gelatin
[23]. To determine the competitive effect of other
double-stranded RNAs, 100 ul of the antiserum dilu-
tion was heated for 15min at 56 °C to inactivate non-
specific binding proteins, then incubated for 30 min
at 37 °C with 100 pl of a solution containing various
concentrations of the (unlabelled) inhibiting poly-
nucleotide. Finally, 0.3 pg of [**CJ(D), - (C). (in 50 pl)
was added, and the mixtures were incubated for
45 min at 37 °C. Upon addition of 0.5 ml buffer, the
reaction mixtures were filtered through Whatman
GF/C glass fiber filters. The filters were washed three
times with 1 ml buffer (at room temperature), dried
and counted in a toluene-based ‘scintillant.

Counterimmunoelectrophoresis

This was performed with 0.8 agar in 0.05M
Tris - HCI, pH 8.0 on 5 x 7.5-cm glass slides. Antigen
wells containing 0.5 pg of polynucleotide in 50 pl
were placed opposite a trough containing 150 pl of
the antiserum dilution. Electrophoresis was carried

_out at 250 V (14 mA per two slides)'for 1h.
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Table 1. Thermal transitions of various 2'-azido analogues of (A)a - (U}n and (I)a- (C)n

Polynucleotide tm Nature Medium References
of transition
: °C .
(A - (U 48.5 2->1 0.04M Na*, pH 7.0 ) 241
49 2-3 0.15M Na*, 1mM Mg?*, pH 6.95 - [12]
62 31 0.15M Na*, 1mM Mg?*, pH 6.95 [12]
(A)r - (1 T)s 62 2-3 0.05M Na*, pH 7.0 {251
53 23 0.15SM Na*, 1mM Mg**, pH 6.95 [12]
76 31 0.45M Na*, 1mM Mg®*, pH 6,95 [12]
(A)s - (dUns), 59 21 ] S .
. 59 351 0.21M Na*, pH 7.0 , ‘ [13]
- (dAns), - (U 46 2—1% 0.04M Na*, pH 7.0 - [15]
©. 65 351" 0.15M Na*, pH 7.0 . [15]
~ (dAn3), - (tT)s 84 —c 0.15M Na*, 1mM Mg?*, 1mM Ca’>*, pH 7.0 - this report
(dAn3), - (AUns), 55 —° 0.15M Na*, 1mM Mg?*, 1mM Ca®*, pH 7.0 this report
D (O 57 21 0.1M Na*,pH 7.5 ) [26]
62.5 21 0.15M Na*, pH 7.0 [27,16]
D, - brC) . 87 21 0.15M Na*, pH 7.0 ) 271
(D), - (dCn3), 56 21 0.1M Na*,pH 7.5 [14]
“(dIng)y - (Chu 51 2-1 0.1SM Na*, pH 7.0 [16]
52.5 21 0.15M Na*, pH7.2 this report
(dIns), - (br°C)n 71 21 0.15M Nat, pH 7.2 this report

2 Possibility of triple-stranded intermediate has not been eliminated.
® Possibility of double-stranded intermediate has not been eliminated.

¢ Exact nature of transition remains to be established.

‘RESULTS

Thermal Stability of 2'-Azido Analogues
of (A)n- (U)nand (I)a- (C)a

The t,, values of the various 2'-azido analogues of
(A), - (U), and (1), - (C), are reviewed in Table 1.

As assessed previously [13], (A), can form 1:1
and 1:2 complexes with (dUns),, i.e. (A), - (dUns).
and (A), - 2(dUns),. Both complexes undergo mono-
phasic transitions directly to the constituent homo-
" polymers (2—1 and 3—1, respectively) [13]. Like-
wise, (dAns), forms 1:1 and 1:2 complexes with (U),
- [15]. Both complexes may melt out directly to the
constituent homopolymers, although prior rearrange-
ments (2 — 3 or 3 - 2) have not been ruled out. The
values of (A), - (AUns), and (dAny), - (U), are remark-
ably similar to that of (A), - (U), (Table 1), suggesting
that introduction of an azido group into the C-2’
position of either (U), or (A), does not significantly
" affect the thermal stability of the (A), - (U), duplex.

- An equimolar mixture of (dAns), and (rT), gave
‘rise to a complex which melted over a wide range with
tm ® 84 °C in Dulbecco’s phosphate-buffered saline
(data not shown). Complex formation was also
observed for an equimolar mixture of (dAns), and
(dUns),. This complex exhibited a biphasic transition

in Dulbecco’s phosphate-buffered saline (NaCl/P;)
with t,, = 55 °C for the first transition and ¢, & 60 °C
for the second transition (data not shown). The exact
nature of the complexes formed between (dAns), and

“(rT), or (dUn;), remains to be determined.

The thermal stability of (I), - (C), was not markedly
altered upon substitution of 2’-azido for 2"-OH in the
(O), strand of (I), - (O). [14,26]. However, introduc- -
tion of an azido group into C-2’ of the (I), strand
destabilized the (I), - (C), structure by approximately

10 °C [16]. The melting profile obtained for an equi-

molar mixture of (dInz), and (C), showed but one
transition with midpoint (¢n) = 52.5 °C in NaCl/P;
(without Ca?* or Mg?*) (Fig. 1). Under the same con-
ditions (I), - (C), had ., = 62.5 °C. Likewise, an equi-
molar mixture of (dInz), and (br’C), showed a single
transition at t, = 77 °C (Fig.1) (in NaCl/P; without
Ca?* or Mg?"). Under the same conditions (1), (br’C),
had tm = 87 °C. Thus, (dIns),-(br’C), also was de-
stabilized by 10 °C compared to its parent (I), - (br’C),.

Intefferon Induction by 2'-Azido Analogues

“0f (A)a- (U)o and (I)a- (C)a

When assayed in priméry rabbit kidney cells ‘super-
induced” with cycloheximide and actinomycin D, none
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of the 2-azido polynucleotides, (dAns),, (dCns),,
(dIn3), and (dUns)s,, or their complexes except
(dIns), - (C),, proved active as an interferon inducer
(Table 2). The interferon-inducing ability of
(dInz), - (C), was confirmed at different occasions
with different preparations of polynucleotide; (dIns),
- (C), was almost as active as (A), - (fT), and only
three times less active than (I), - (C), (Table 2). Unlike
(dIn,), - (C)s, (dIny) - (br°C), failed to stimulate the
production of interferon in rabbit kidney cells. The
inactivity of (dIns), - (br°C), was quite unexpected,
as other (I), - (C), analogues, viz. (¢'I), - (C),, become
more potent interferon inducers upon substitution
of a bromine at C-5 of the pyrimidine ring [11]. When
mixed with (I),, (dIn3), - (br’C), attained the level of
interferon-inducing activity normally observed for
(Dx - (br’C), (8000 units/ml, Table 2), suggesting that,
under the mixing conditions employed, the following
displacement reaction occurred:

(dIns)s - (br*C), + (D —> (D - (brC)s + (dln)a.

Table 2. Interferon-inducing activity of various 2'-azido analogues of (A)n - (U)n and (I)n- (C)a

All data represent average values for at least three separate determinations, except for the L-929 cells and rabbits (only two determinations).
The range of individual values is indicated in parentheses. For the intact rabbit experiments the polynucleotide concentrations indicated
correspond to the doses injected per rabbit. Serum interferon titers were measured at the peak of the interferon response [19], thatis 2 h

after intravenous injection of the polynucleotide

System Polynucleotide Interferon titer at polynucleotide concn of:
0.1 pg/ml 1 pg/ml 10 pg/ml
logio (units/ml)
Primary rabbit kidney cells A - (U)n - 2.9 (2.8-3.0)
‘superinduced’ with cycloheximide (A),- (tT)x - - 3.4(3.3-3.5)
and actinomycin D (A), - (dUny), - —_ <10
(dAns), - (U), — - < 1.0
(dAns), - () - - <10
(dAn;), - (dUns), — - < 1.0
@ - (O)s - - 3.8 (3.5-4.0) .
(Dr - (br’C), - - 39(3.8—-40)
(dIns), - (C). - - 3.3(3.0-3.5)
(dIn3)n . (brSC)nv - - . <10
(). - (dCn3). - - <10
Human skin fibroblast cells (D - (O) 3.0(2.8-3.5) 3.7(3.6—3.9) 3.9(3.7—-4.0)
‘primed’ with interferon (Dx - (br°C), 3.53.4-37 -3.9(3.9-4.0) 4.2(41-4.4)
and ‘superinduced’ with cyclo- (dInz)s - (O 3.0(2.8-3.2) 3.7(3.5-3.8) 4.1(4.0—-4.4)
* heximide and actinomycin D (dIns), - (br’C), <13 <13 <13
1-929 cells ‘primed’ M - (O 1.5 23 23
with interferon Da - (br°C), 1.5 1.8 2.0
(@dins), - (C)s <0.5 0.8 1.0
(dIn3), - (br°C), <05 < 0.5 <05
Intact rabbits De - (C)a - 38 4.7
D - (br*’C), - 3.5 4.7
(dInz)s - (C)s — <1.0 1.7
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This displacement reaction, as many other displace-
ment reactions established previously {27], is directed
towards the formation of the double helix with the
higher t;,.

With (Dn + (O, (Dn - - (br*C),, (dIns),, (C), and
(dIn3), - (br’C), additional interferon-induction tests
were run in human diploid cells ‘primed’ with inter-
feron and ‘superinduced’ with cycloheximide -and
actinomycin D. In this sensitive interferon-induction
system [20], which is generally applied for the large-
scale production of human fibroblast interferon,
(dIns), - (C), and (1), - (C), proved equally effective
in inducing interferon, irrespective of the doses at
which they were tested (Table 2); (dIns), - (br°C),,
however, was entirely ineffective in'inducing inter-
feron in human cells.

The efficacy of (dInz),- (C), as an interferon
inducer in rabbit and human cell cultures prompted
the extension of our interferon-induction studies with

(dIns), - (C), to two other assay systems: mouse L-929

cells (‘primed’- with interferon) and intact rabbits
(Table 2). In both test systems, (dIn3z), - (C), was con-
siderably less effective than (I), - (C), (Table 2).

Sensitivity of (dInz) -
by Nucleases

(C)n to Degradation

: The relatively poor interferon-inducing behavior
- of (dIni), - (C), in intact rabbits (Table 2) could

obviously be attributed to premature degradation of
the polynucleotide by nucleases present in the plasma
(serum). Sera indeed contain a ribonuclease activity
that specifically degrades double-stranded RNAs [28,
29]. On the other hand, substitution of 2’-azido for
2’-OH markedly decreases the susceptibility of (C),
and (U), to various nucleases (¢.g. snake venom phos-
phodiesterase) [14], and both (U), and (A),- (U):
become totally resistant to pancreatic ribonuclease A
upon introduction of 2’-azido in the (U), strand [7, 14].
However, (dIns), - (C), proved considerably more

susceptible to degradation by pancreatic ribonuclease’

_ A than did its parent compound (I), - (C),, whether
- the integrity of the polymers was monitored by acid-
insoluble radioactivity or interferon-inducing activity
(Fig.2). (dins), - (C), was also more susceptible to
degradation by nucleases present in human serum
than was (1), - (C). (Fig.3). Whereas (dInz), - (O).
- showed a partial loss in interferon-inducing activity
after incubation with rabbit serum, (D), - (C), proved
completely resistant to the inactivating effect of rabbit
serum (Fig.3). The latter observations may, at least
- partially, explain the differences in serum interferon
titers obtained when (I), - (C), and (dIns), - (C). are
administered intravenously to rabbits (Table 2).
In view of the relatively low thermal stability of
“(dInz), - (O)y, i.€. tm = 52 °C (Fig.2) as compared to
62.5°C for (1), - (C), when determined under similar

100 4
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Interferon titer (log,, units /ml) Acid-Insoluble radloactivity (%)

0001 00t [eX) 1 10 100
Pancreatic ribonuclease (pg /ml)
Fig.2. Sensitivity of (dInz ) - (C)n (O) and (l},. (C)n (@) 10 degrada-
tion by pancreatic ribonuclease A, as monitored by ( A ) residual acid-
insoluble radioactivity or ( B) interferon-inducing activity of the poly-
nucleotide-enzyme mixtures. The polynucleotide-enzyme mixtures
which were assayed for acid-insoluble radioactivity (A) contained,
per 1 ml of Eagle’s minimum essential medium, 0.1 ug of either
(dIns), - PHI(C), or (). - PH(C). (approximately 6500 counts/min)
and varying concentrations of pancreatic ribonuclease A (as indi-
cated). The sensitivity of PH)(C), (0.05 pg/ml) to degradation by
pancreatic ribonuclease was also determined (x ). The polynucleo-
tide-enzyme mixtures which were assayed for interferon-inducing
activity (B) contained, per 1 ml of Eagle’s minimum essential
medium, 1 pg of either (dIn3), - (C)x or () - (C). and varying con-
centrations of pancreatic ribonuclease A (as indicated). All mixtures
were first incubated for 1 h at 37 °C and then assayed for acid-
insoluble radioactivity or interferon-inducing activity. The inter-
feron-inducing activity was assessed in human skin fibroblasts
‘primed’ with interferon and ‘superinduced’ with cycloheximide

and actinomycin D -

conditions (Table 1), the differences in the suscepti-
bility of (dIns), - (C), and (I), - (C), to degradation
by nucleases (such as pancreatic ribonuclease A) are
not unexpected. One may assume that pancreatic
ribonuclease first denatures the double helix before
it digests the single strand, (C),.

Immunoreactivity of (dIns)n - (C)n
and (dIns)q - (br°C)a :

As determined with a quantitative complement
fixation assay, both (dIns), - (C), and (dIns), - (br’C),
were readily recognized by specific antibody to double-
stranded RNA (Fig.4).- However, full dose response
curves could not be obtained and indexes of dis- .
similarity [30] could not be calculated, since (dIns).
-(C), and (dIns), - (br’C), were anticomplementary
(in the absence of antibody) at low concentrations.

Next, the immunoreactivity of (dInz), --(C), and
(dIns), - (br5C) was measured in a radioimmunoassay
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in which" they competed with the binding of [**C]-
(D. - (C), to antibodies directed to double-stranded
RNA. With antibodies induced by (A), - (U), and
purified from a precipitate with (I), - (C), (Fig.SA),
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Fig.3. Sensitivity of (dins)n- (C)n (O) and (I).- (C)a (®) to0
degradation by ( A) human serum and ( B) rabbit serum, as monitored
by residual interferon-inducing activity. The polynucleotide-serum
mixtures contained 1 pg of polynucleotide and varying concentra-
tions of (A) human or (B) rabbit serum (as indicated) per ml Eagle’s
minimum essential medium. The mixtures were incubated for 1 h
at 37 °C and then assayed for interferon. induction in human skin

fibroblasts ‘primed” with interferon and ‘superinduced’ with cyclo-

heximide and actinomycin D

Poly(2’-azido-2'-deoxyinosinic acid)

or with whole antiserum to (A),-(U), (data not
shown), (dInz), - (br’C), competed more effectively
than did (dIns), - (C).. Their reactivity was similar to
or greater than that of (I), - (br’C),, but smaller than
that of (I), - (C)x (Fig.5A) or (A), - (U), (not shown).
Competitive radioimmunoassays were also per-
formed with antisera induced by (I), - (br’C),, (kindly
provided by M. 1. Johnston). Binding of [**C}(D), - (C)»
to these antibodies was inhibited most effectively by
(dIns), - (C), in terms of the amount of inhibitor
required, but this inhibition did not exceed a maximum
of about 859 (Fig.5B). For (1) - (C)», (dInz), - (br’C),
and (I), - (br’C),, 3—6-fold higher amounts of inhib-
itor were required, but inhibition reached 1009

 (Fig.5B). ,

The reactivity of (dIns), - (C), and (dIns), - (br°C),
with antibodies to double-stranded RNA was much
stronger than the reactivity of other 2'-modified
D+ (C)a o1 (A) - (U)n analogues such as (A), - (Um),,
(Um), being poly(2'-O-methyluridylic acid). In coun-

~ terimmunoelectrophoresis, (A), - (Um), gave a very

weak reaction with undiluted antiserum to (A),-(U),

 and no reaction at all with a 1/3 antiserum dilution.

Both (dIns), - (C), and (dInsz),- (br’C), gave a distinct
precipitation at a 1/12 antiserum dilution; the
(dInz), - (br’C), precipitation line was more intense
than the (dInz),- (C), line (Fig.6, upper part). At a
1/40 serum dilution, (A), - (U), and (I), - (C), were
still reacting, while the two 2’-azido complexes were
not (data not shown).

Similar results were obtained if the counterim-
munoelectrophoresis assays were performed with anti-
serum to (I), - (br’C),. At a 1/5 serum dilution
(A). - (Um), did not show any reaction, whereas both
(dIns), - (C), and (dIns), - (br’C), gave distinct precip-

- itation lines (Fig. 6, lower part).

Complement fixation (%)

&

-

10 01 1 10

Polynucleotide amount {ng)

Fig.4. Quantitative complement fixation of (dIns)u -+ (C)a (), (dInz)s - (br°C)a (A) and (1) - (C}a (O) with antibody to (A)q - (U)a. The
antibodies had been purified with (I), - (C). and were used at 1/1500 dilution (A) or 1/3000 dilution (B) from stock. Because of the anti-
complementary activity of (dIns), - (C). ‘and (dIns). - (br’C), at amounts higher than 1 ng, the exact amounts of (dIns),- (C), and
{dIns), - (br’C), required for maximal complement fixation could not be determined. The complement fixation values obtained at doses
at which (dIn;), - (C). and (dIns), - (br’C), showed partial anticomplementary activity are indicated in brackets
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Fig.5. Inhibition of bindings of [**C](I)a- (C)a to antibodies to double-stranded RNA by (dlnz), -
(I)a-(C)a (O) and (1) - (br’C)y (@), as detérmined w
nucleotide). Amount of inhibiting polynucleotides as indicated. Source of antibodies to double-
purified with (1), - (C)n; (B) antibodies to (), - (br*C),.. Control binding in the absence of inhibiti
respectively. Control negative serum binding: 0.1%

from stock (B)

Inhibition (%)
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of 1;12 and 1/5. respectively (150 pl/trough). The antigen wells contained 0.5 g of polynucleotide in 50 ul )
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- DISCUSSION

The most remarkable feature of the results re-
ported here is the interferon-inducing ability of
(dIns), - (C), which equalled that of (I), - (C), at
least in human diploid cell cultures (Table 2).
(dInz), - (C), represents the first 2"-modified double-
stranded RNA (with all 2"-hydroxyl group substituted
in one strand of the duplex) which has been found
to be an effective interferon inducer. The interferon-

- stimulating ability of (dIns),-(C), indicates that .

(a) the presence of free 2'-OH groups in both strands
is not an absolute requirement for the interferon-
inducing capacity of double-stranded RNA com-
plexes and (b) the receptor site for interferon induction
does not specifically recognize the 2’-hydroxyls per se,
but rather the steric configuration conferred by the
presence of these 2’-hydroxyls. Apparently, the steric
configuration resulting from substitution of 2’-azido
for 2-OH in the (I), strand of (I),-(C), is also recog-
nized by the interferon-induction receptor. Our results

reinforce the concept that interferon induction by

-double-stranded polynucleotides is dependent on
the recognition of the overall conformation of the

polynucleotide rather than on the binding of specific -

functional groups such as 2’-OH or purine N-7 [31].
Studies of Fukui et al. [16] have indicated that there
is a close resemblance in the circular dichroism spectra
of (dIns), - (C), and (), - (O),.

The double-stranded character of (dIns), - (C).
was suggested by ultraviolet absorbance mixing curves
[16] and the monophasic melting profile (Fig.1). It
was further ascertained by the reactivity of (dIns), - (C),
towards antibodies to double-stranded RNA
(Fig.4—6). In three different immunological assays
. (complement fixation, counterimmunoelectrophoresis

and competitive radioimmunoassay) (dIns), - (C),
reacted as a true.double-stranded RNA. Similar
immunoreactivity was noted for (dIns), - (br’C), but
this complex was inactive as an interferon inducer.
It is at present unclear why (dIns), - (br’C),, unlike
(dIns), - (C),, failed to stimulate the production of
interferon. There may be some differences in the con-
formation of (dIns), - (br’C), and (dIns), - (C),, as
revealed by competitive radioimmunoassays (Fig. 5).
X-ray diffraction and circular dichroism studies need
to be undertaken to further explore conformational
differences between (dIns), - (C), and (dIns), - (br*C),.
While (dlIns), - (C), was effective as an interferon
inducer, (I), - (dCns), was not (Table 2). The differ-
ences in interferon-inducing activity between these
two complexes, as well as those noted previously for
a series of partially 2’-O-methylated derivatives of
(Dx - (C)u [8], suggest that the interferon-stimulating
“.potency of (I), - (C), is more tolerant to substitutions
~at C-2' of the (I), strand than it is to similar modi-
fications of the (C), strand. However other modifica-

Poly(2’-azido-2'-deoxyinosinic acid)

tions, such as strand interruption by unpaired bases
or bond breakage, are better tolerated by the (C),

-strand than by the (I), strand [32].

The interferon-inducing activity of (dIns), - (C),
varied considerably from one assay system to another.
In human fibroblast cultures which had been ‘primed’
with interferon and were ‘superinduced’ with metab-
olic inhibitors, (dIns),-(C), proved as active as
(Dn - (C)s (Table 2); in mouse L-929 cells which had
also been ‘primed’ with interferon, (dIns), - (C), was
definitely less active than (D - (C), (Table 2). The
latter is not surprising, as various other double-
stranded RNAs which are nearly as effective as

“{Dn - (C)n in inducing interferon in the human fibro-

blast assay, i.e. (A): (U, (A @T)n, (Dr - ($*Cha
[33] (I)z 5 (C)13 2 and (I)z 5 - (C)3 1 (where the sub-
scripts refer to the 5,0, values of the homopolymers)
show little, if any, interferon-inducing activity in
interferon-primed L-929 cells [20,34]. Hence, one
should be cautious in defining the structural require-
ments of a polynucleotide inducer of interferon, if
these requirements are deduced from one particular

‘assay system. These requirements may not necessarily

apply. to other interferon-induction systems.
Does (dIns), - (C). conform to the premises of a

potentially useful interferon inducer? Provided that

the time required for triggering the interferon response
is sufficiently different from the time required to induce
the other, often noxious, physiological responses, as
suggested by Ts’o et al. [35] and Carter et al. [36],
one should be able to develop an interferon inducer
more efficient than (I), - (C),. This (I). - (C), analogue
should persist in biological fluids, so as to trigger the
interferon response, but it should not persist too long,
so as not to induce the undesirable physiological
responses. (dInz), - (C), may fulfil the second con-
dition, in as far as it is degraded more readily by
human serum than (I), - (C), (Fig.3). Whether it is
also less toxic than (1), - (C),, remains to be estab- -

" lished.
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nylic acid) ((azazA)n] and poly(2-azainosinic acid

wly synthesized analogues of (A)n and (I)n, in which CH-2
is replaced by a nitrogen atom, have been evaluated in
assay systems. (Aza?A)n formed a complex with (U)n and
i vsuy aua taza-I)n formed a complex with (C)n and (br3C)n, but these
complexes were markedly destabilized relative to the corresponding (A)n or
(I)n complexes. The (aza?A)n- and (aza?I)n-derived complexes failed to
stimulate the production of interferon in primary rabbit kidney cells and
human diploid fibroblasts, under conditions (A)n.(U)n, (I)n.(C)n and

(I)n. (br>C)n induced high amounts of interferon. Both (aza2A)n and (aza?I)n
exerted a marked inhibitory effect on the endogenous RNA directed DNA poly-
merase (reverse transcriptase) activity associated with murine leukemia
virus. They caused a relatively mild inhibition of complement activity in
an hemolytic assay system.

q OB %W

INTRODUCTION

The interferon inducing capacity of double-stranded polyribonucleoti-
des ((I)n.(C)n, (A)n. (U)n, ...] depends on a number of structural determi-
nants one of which is the presence of intact purine~pyrimidine base pairs
in the interior of the double helix. Substitution of CH for either N-1,
N-3, N-7 or N-9 of the purine moiety of (A)n or (I)n leads to a dramatic,
if not complete, reduction of the interferon inducing ability of (A)n.(U)n
and (I)n.(C)n (1-5). The lack of interferon inducing activity of some of
these analogues, e.g. (c’A)n. (U)n, may seem related to the rather low Tm
(thermal stability) of the complex (1), but this conténtion does not hold
for most other analogues of (A)n.(U)n and (I)n.(C)n. For example, (cA)n.
(br°W)n and (L)n.(brSC)n fail to stimulate interferon production, although
they possess a sufficiently high Tm (72°,'0.15M Na+, pH 7) (1;3). For other
(I)n. (C)n analogues, e.g. (c7I)n.(br5C)n, the high Tm (86°, 0.2M Na+, pH 7)

is associated with a significant interferon inducing ability.

© information Retrieval Limited 1 Falconberg Court London W1V 5FG England 3643
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ABSTRACT

Poly(2-azaadenylic acid) ((azazA)n) and poly(2-azainosinic acid
((aéazl)n), two. newly synthesized analogues of (A)n and (I)n, in which CH-2
of the purine ring is replaced by a nitrogen atom, have been evaluated in
various biological assay systems. (Aza?A)n formed a complex with (U)n and
(brSU)n, and (aza?I)n formed a complex with (C)n and (br3C)n, but these
complexes were markedly destabilized relative to the corresponding (A)n or
(I)n complexes. The (aza2A)n- and (aza?I)n-derived complexes failed to
stimulate the production of interferon in primary rabbit kidney cells and
human diploid fibroblasts, under conditions (A)n.(U)n, (I)n.(C)n and
(Dn. (br>C)n induced high amounts of interferon. Both (aza?A)n and (aza?I)n
exerted a marked inhibitory effect on the endogenous RNA directed DNA poly-
merase (reverse transcriptase) activity associated with murine leukemia
virus. They caused a relatively mild inhibition of complement activity in
an hemolytic assay system.

INTRODUCTION

The interferon inducing capacity of double—stranded polyribonucleoti-
des ((I)n.(C)n, (A)n. (Wn, ...] depends on a number of structural determi-
nants one of which is the presence of intact purine—pyrimidine base pairs
in the interior of the double helix. Substitution of CH for either N-1,
N-3, N-7 or N-9 of the purine moiety of (A)n or (I)n leads to a dramatic,
if not complete, reduction of the interferon inducing ability of (A)n.(U)n
and (I)n.(C)n (1-5). The lack of interferon inducing activity of some of
these analogues, e.g. (c’A)n.(U)n, may seem related to the rather low Tm
(thermal stability) of the complex (1), but this contention does not hold
for most other analogues of (A)n.(U)n and (I)n.(C)n. For example, (c7A)n.
(br®n and (L)n.(br>C)n fail to stimulate interferon production, although
they possess a sufficiently high Tm (72°,'0.15M Na+, pH 7) (1,3). For other
(I)n.(C)n analogues, e.g. .(c’I)n.(br3C)n, the high Tm (86°, 0.2M Na+, pH 7)

is associated with a significant interferon inducing ability.

© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England 3643
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While ineffective as interferon inducers (upon annealing to (C)n), N-
substituted analogues of (I)n may exhibit other biological activities, in-
cluding anti-complement and anti-reverse transcriptase activity. Two such
analogues, (c3I)n and (c’I)n have indeed been shown to inhibit complement
activity in an hemolytic assay system and to reduce the in vitro reverse
transcriptase (RNA directed DNA polymerase) activity of oncornaviruses (5-
7). '

Herein we describe the biological implications of another nuclear mo-
dification, substitution of nitrogen for CH-2 in the purine ring of (A)n
and (I)n. The resulting (aza?A)n and (aza?I)n were examined for both anti-
complement and anti-reverse transcriptase activity. Their complexes with
(U)n and (C)n were assayed for interferon inducing capacity. As complexes
of (A)n or (c’A)n with (br®U)n and complexes of (I)n, (c¢’I)n, (c3I)n or
(IL)n with (br3C)n have a markedly higher Tm than the corresponding com—
plexes with (U)n and (C)n (1—3,5), complexes have been prepared of (azaZA)n
with (br®U)n and of (aza?I)n with (brC)n. It was reasoned that, if
(aza2A)n. (U)n and (aza?TI)n. (C)n would not show interferon inducing activity
by virtue of their low Tm, (aza?A)n.(br°U)a and (aza2I)n. (br3C)n might be

able to do so.

MATERIALS AND METHODS

The synthesis and physicochemical properties of (aza?I)n and (aza?A)n
have been described recently (8); (br°C)n and (brSU)n were prepared as re-
ported before (2,9). (I)n.(C)n, (A)n.(U)n and other complexes employed in

our interferon induction assays were constituted with homopolymers obtain-—

Abbreviations

(A)n, poly(adenylic acid); (C)n, poly(cytidylic acid); (I)n, poly(inosinic
acid); (Mn, poly(urldyllc acid); (G)n, poly(guanylic a01d), (X)n, poly-
(xanthyllc acid); (aza A)n, poly(2-azaadenylic acid); (aza I)n, poly(2-
azainosinic acid); (c3 I)n, poly(3-deazainosinic acid); (c’A)n, poly(7-
deazaadenylic acid); (c I)n, poly(7-deazainosinic acid); (L)n, polylaurusin
or polyformycin B; (ms2I)n, poly(2-methy1th101n051n1c acid); (dUz)n, poly-
(2'-azido- 2'—deoxyur1dy11c acid); (br°C)nm, poly(5-bromocytidylic acid);
(brSU)n, poly(S—bromourldyllc ac1d) MulV (Monoley), Moloney strain of
murine leukemia virus; PRK, primary rabbit kidney; HSF, human skin fibro-
blast; MEM, minimal essential medium (Eagle's); PBS, phosphate buffered
saline (Dulbecco's); Tm, temperature of thermal transition.

Note : since the IUPAC-IUB Commission on Biochemical Nomenclature has al-
ready designated the "n'" notation for amino, poly(2—azaadenylic acid) and
poly(2-azainosinic ac1d) are abbreviated to (aza’A)n and (aza?I)n, and not
to (nzA)n or (n2I)n. The latter abbreviations might be reserved for poly-
(2-aminoadenylic acid) and poly(2-aminoinosinic acid).
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ed from P-L Biochemicals (Milwaukee, Wisconsin). The sedimentation values
(SZO,W) of these homopolymers were as follows : 9.4 S for (I)n, 10.0 S for
(C)n, 9.8 S for (A)n and 7.0 S for (U)n. The homopolyribonucleotides em—
ployed in the reverse transcriptase and complement assays were purchased
from Miles Laboratories (Elkhart, Indiana). The sedimentation values
(SZO,W) of these homopolymers were as follows : 4.8 S for (IDDn and 5.5 or
8.9 8 for (A)n. Ultraviolet spectra and melting profiles were determined as
described previously (10). Interferon production was measured in (i) PRK
(primary rabbit kidney) cells "superinduced" with cycloheximide and actino-
mycin D, and (ii) HSF (human skin fibroblast) cells (VGS strain) "primed"
with human fibroblast interferon and "superinduced" with cycloheximide and
actinomycin D. The exact methodology for monitoring interferon induction in
PRK and HSF cultures has been described (4,5,11). The techniques for evalu-
ating the inhibitory effects of the compounds on complement activity and
reverse transcriptase activity have also been described (6,12). The Moloney
strain of murine leukemia virus (MuLV (Moloney)) (Electro-Nucleonics Labo-
ratories, Bethesda, Maryland) served as source of both the reverse trans—

criptase and its template.

RESULTS AND DISCUSSION

Poly(2-azainosinic acid).poly(5-bromocytidylic acid). As revealed by

mixing curves comstructed at 10° (in 0.15M Na+), (aza?I)n forms a I:1
stoichiometric complex with (C)n (8). The Tm of this complex is ~15° in
Dulbecco's PBS (Fig. 1). Introduction of bromine at C-5 of (C)n has been
shown to increase the Tm of the complexes of (C)n with (Dn, (c7I)n, (c¢3Dn
or (L)n by 20-30° (1-3,5). Thus, as expected, (aza?I)n was found to inter-
act with (br°C)n to give a complex that had a Tm of ~40° in PBS (Fig. 2).
(Aza’I)n itself underwent a broad hypochromic change with a mid-point of
~70° in PBS (Fig. 2).

Poly(2-azaadenylic acid).poly(5-bromouridylic acid). (AzazA)n alone

showed a rather clear transition point at v36° in Dulbecco's PBS (Fig. 3).
A similar cooperative melting has been observed with (aza?A)n at about 20°
in 0.15M Na© (0.1M NaCl + 0.05M sodium cacodylate, pH 7.0) (8). In the
latter solution, (aza?A)n is assumed to form a 1:2 stoichiometric complex
with (U)n, the Tm of which is 41° (8). For an equimolar mixture of
(aza?A)n with (br)a, a biphasic melting profile was obtained (Fig. 3).
The first transition corresponded to the melting of the (aza?A)n homopoly-—

mer. The second, rather broad, transition with Tm %65° could be attributed
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Figure 1.

Melting profile for an
equimolar mixture of
(aza?I)n + (C)n in
Dulbecco's PBS.

Figure 2.

Top : melting profile for
an eguimolar mixture of
(aza®I)n + (br3C)n in
Dulbecco's PBS.

Bottom : melting profile for

the (azaZI)n homopolymer in
Dulbecco's PBS.
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to the melting of the (azazA)n.(brsU)n duplex (or triplex). The biphasic
melting behavior of (azaZA)n.(br>U)n may suggest that no complex formation
with (br®U)n occurs until the self-structure of (azaZA)n is destroyed. This
possibility may be further examined when greater amounts of (aza2A)n will

become available.

Interferon Induction. In contrast with (A)n.(U)n and (I)n.(C)n which

induced up to 10,000 units/ml of interferon when exposed to PRK cells at a
concentration of 10 i duplex per ml, the (aza?A)n- and (aza?I)n-derived
complexes were devoid of any interferon inducing ability (Table 1). Even
complexes which were relatively stabilized by the introduction of a bromine
at C-5 of the pyrimidine strand ((azazA)n.(brsU)n, (azaZI)n.(brSC)n) failed
to trigger an interferon response. The 1:2 mixture of (aza2A)n with (U)n
was also ineffective, which is not unexpected in view of the well-establi-
shed inadequacy of triple-stranded complexes to induce interferon (1,9).
Although (aza?I)n.(C)n and (aza2I)n.(br°C)n were entirely inactive in
inducing interferon, they attained the level of activity characteristic for
(I)n.(C)n and (I)n. (br3C)n after they had been mixed with (I)n (Table 1).

These data suggest that, under the mixing conditions employed, the initial
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TABLE 1. INDUCTION OF INTERFERON IN PRK CELLS SUPERINDUCED
WITH CYCLOHEXIMIDE AND ACTINOMYCIN D

b’[:’.xtur:e"t Interferon titer (units/ml)
Compl_ex+ Homopolymer Average§ Range§
(aza®A)n. (U)n MEM <10
(aza?A)n. (U)n (&)n 60 30-100
(aza2A)n.2(V)n MEM <10
(azaZa)n. (2(U)n (A)n <10
(A)n. (Nn MEM 750 600~1000
(A)n. (U)n (aza?A)n 95 80-100
(&)n. (U)n (aza?I)n 15 10-30
(&)n. (U)n B)n 350 200-600
(A)n. (U)n (I)n 20 10-30
(A)n.2(U)n MEM <10
(A)n.2(W)n (aza?A)n <10

..‘)

(aza2A)n. (br°W)n . MEM <10
(azaZa)n. (brsU)n (A)n <10
(&)n. (br3v)n MEM <10
(azazl) n. (C)n MEM <10
(aza?I)n. (C)n (Dn 7000 6006-10000
(I)n. (C)n MEM 6500 6000-10000
(Dn. (C)n (aza’I)n 6500 6000~-10000
(azaZI)n. (br3c)n MEM <10
(aza?I)n. (br3C)n (I)n 8000 6000-10000
(I)n. (br3C)n MEM 8000 6000-10000

+ Final concentration of each homopolynucleotide in the assay mix-
ture was 5 pg/ml. All mixtures were prepared in (Eagle's) MEM,
incubated for 1 hr at 37°C and applied onto the cells immediate-—
1y thereafter or after an additional incubation period of 1 week
at 4°C. Quite similar results were obtained with mixtures which
were tested immediately and mixtures which were incubated at
4°C for an additional week.

+ Complexes refer to 1:1 or 1:2 stoichiometric mixtures of the
homopolymer components. The exact nature of the complex (whether
duplex or triplex) formed under our experimental conditions was
not verified. )

§ TFor 3 to 6 separate determinations.

complexes dismutated according to the following reaction schemes :

i)  (aza?Dn.(C)n + (In » (aza?D)n + (I)n.(C)n

ii) (aza?D)n.(br5C)n + (Dn > (aza?Dn + (I)n. (br3C)n
(I)n. (C)n retained its full interferon inducing capacity in the presence of
(aza?I)n, suggesting that (aza2I)n did not displace (I)n from its complex
with (C)n. The reactions i and ii obey the general rule established before
(13) that polynucleotide displacement reactions are invariably directed
towards the formation of the helix with the higher thermal stability.

In analogy to (I)n, (aza?I)n brought about a significant (50-fold)
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decrease in the interferon inducing capacity of (A)n.(U)n (Table 1). For
(I)n the reason of the decreased interferon response was determined to be
the formation of the triple-helical complex (A)n.(Mn.(I)n (14). A similar
triplex might be formed if (azaI)n is mixed with (A)n.(U)n, according to
the following reaction scheme :

iii) (aza?I)n + A)n. (U)n > (A)n.(U)n.(aza2I)n

Upon mixing with (A)n, the interferon inducing activity of (aza2A)n.
(U)n increased, but not up to the level normally observed for (A)n.(U)n
(Table 1). Concomitantly, (aza2A)n caused a partial (v8-fold) reduction in
the interferon response to (A)n.(U)n. According to the Tm rule (13),
(aza?A)n should not displace (A)n from its complex with (U)n. How could
(aza?A)n inhibit the induction of interferon by (A)n.(Un ? Theoretically
(15), (aza2a)n may inhibit interferon induction through one of the follo-
wing machanisms : (a) formation of a triple-stranded complex with the indu-
cing molecule ((A)n.(U)n], (b) inhibition of cellular RNA and protein syn-
thesis (as has been noted for (¢’A)n and (c’Dn (7)), or (c) an hitherto
undefined mechanism (similar to the mechanism involved in the antagonizing
effects of high salt concentrations and single-stranded polynucleotides at
4° (16)). Further studies are needed to distinguish between these possibi-
lities.

No increase in interferon production was observed if (A)n was mixed
with (azazA)n.(br5U)n (Table 1). Whether or not (A)n displaced (azazA)n
from its complex with (br°U)n could not be ascertained from our interferon
induction data. Even if (A)n. (br3U)n was formed in the (azazA)n.(brSU)n +
(A)n mixture, it could not be detected due to its lack of interferon indﬁ—
cing activity (Table 1) (see also ref. 1).

In addition to the (aza?A)n- and (aza®?I)n-derived complexes listed in
Table 1, various mixtures of (aza2A)n or (aza?I)n with either (Dn, (A)n,
(Mn, (C)n, (X)n or (G)n were evaluated for interferon induction in PRK
cells superinduced with cycloheximide and actinomycin D. None of these mix-
tures exhibited any interferon inducing activity when assayed at 10 Pg/ml.
(Aza?A)n alone and (aza?I)n alone were also ineffective as inducers of
interferon. They failed to induce direct resistance to (vesicular stomati-
tis) virus infection in PRK cell cultures when applied to the cells at
10 Pg/ml 24 hr before virus challenge. In this aspect, (azaZA)n and
(aza?I)n differed from (¢’A)n and (¢7I)n which were found to inhibit viral

cytopathogenicity at a concentration of 0.3 and 10 Pg/ml, respectively (7).
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Interferon induction tests have also been performed with human diploid
cells "primed" with human fibroblast interferon and "superinduced" with
cycloheximide and actinomycin D (Table 2). In this highly sensitive induc-—
tion system (11), synthetic homopolyribonucleotide duplexes such as (I)n.
(C)n, (A)n.(U)n and (I)n. (br3C)n readily induce interferon titers of
10.000-20.000 units/ml. When assayed under similar conditions, (aza?I)n.
(C)n, (aza?D)n. (br3C)n and (aza?A)n. (br3U)n proved unable to induce any
interferon at all (Table 2).

Anti-complement Activity. (I)n is a potent inhibitor of complement

(6). This anti-complement activity is fully retained upon substitution of
CH for N-7 and only slightly reduced upon substitution of CH for W-3 (5).
As shown in Table 3, (aza2?I)n also inhibited complement activity, albeit

to a lesser extent than (I)n. Even (aza?A)n displayed a slight anti-comple-
ment activity (Table 3). This contrasts with (A)n which is known not to

affect complement activity at concentrations up to 400 Fg/ml (6).

Inhibition of Reverse Transcriptase Activity. In a standard reverse

transcriptase assay, which has been employed before (7,12,17) to demonstra-
te thebinhibitory effects of (I)n, (c7I)n, (dUz)n and (@s2I)n on MulV
(Moloney) DNA polymerase activity, both (aza?A)n and (aza?I)n caused a
distinct inhibition of DNA synthesis (Fig. 4). (Aza2I)n was more inhibitory
than (aza?A)n (Fig. 4A and B). The inhibitory activity of (aza?I)n was
dose-dependent, at least in the range of 2.5 to 160 Pg/ml (Fig. 4B) and
compared favorably to the inhibitory activity of (In (Fig. 4A). Yet, (I)n
is considered to be a relatively strong inhibitor of reverse transcriptase

activity in assays in which the DNA polymerase is directed by an exogenous

TABLE 2. INDUCTION OF INTERFERON IN HSF CELLS PRIMED WITH
INTERFERON AND SUPERINDUCED WITH CYCLOHEXIMIDE AND
ACTINOMYCIN D

Complex Interferon titer® (units/ml)
Complex added to the cells at ... Pg/ml

0.01 0.1 1 10 100
(aza2A)n. (brU)n ves <10 <10 <10 .
(aza’I)n. (C)n <10 <10 <10
(aza2I)n. (br3C)n <10 <10 <10 cee
(A)yn. (W)n e 300 2500 10000 15000
(In. (C)n 30 600 5000 10000 20000
(I)n. (br3C)n 1000 2500 8000 15000 e

% Average values for 3 separate determinations.
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TABLE 3. ANTI-COMPLEMENT ACTIVITY

Polynucleotide Hemolytic complement titer

(complement diluted 1/10 in PBS, incubated
for 1 hr at 37°C in the presence of ...
Pg/ml of the polynucleotide)

0 10 20 40 100
(&)n 160 160 160 160 160
(aza?A)n 160 160 160 160 80
(In 160 160 80 20-40 10-20)
(aza?I)n 160 160 160 80-160 40-80)
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Figure 4. Effect of (aza2A)n and (aza?I)n on DNA polymerase activity of
MuLV (Molomey). A : DNA synthesis measured at different times of incubation
of the assay mixture. Final concentration of the polymers in the assay mix-
ture : 70 pg/ml. B : DNA synthesis measured at different concentrations of
the polymers in the assay mixture. Incubation time of the assay mixture :
60 min. e-—we : control; o---o0 : (A)n; A-—-A : (I)n; o—o : (aza®A)n;
A—A (azaZI)n.

template:primer such as poly(A).oligo(dT) (18,19).

The inhibition of MuLV (Moloney) reverse transcriptase activity by
(azaZI)n showed a dose-response relationship (Fig. 4B) which was almost
identical to that obtained previously for (ms?I)n (17). The latter (I)n
analogue not only inhibited the in vitro reverse tramscriptase activity of
murihe leukeﬁia and sarcoma viruses but also their replication in vivo, in

cultured cells (17).
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CONCLUSTONS

(Aza2A)n formed a complex with (U)n and (br>n, and (aza?I)n formed
a complex with (C)n and (br>C)n. Neither of these complexes proved capable
of inducing interferon in PRK or HSF cell cultures. The inactivity of the
(aza?I)n-derived complexes may be ascribed to the low Tm of these com~
plexes, insuring that they would not remain intact under physiological
conditions. The inactivity of the (aza?A)n.(U)n complex (presumably tri-
plex) may be attributed to the low Tm and/or triple—helical structure of
the complex. The lack of ability of the (aza?A)n. (br°U)n complex to induce
interferon cannot be ascribed to a low Tm. Whether the inactivity of
(aza?A)n. (br5U)n may be rationalized by assuming a conformational shift
(as postulated for (A)n. (brSU)n (1)) is not clear yet.

The inhibitory effects of (aza?I)n and (aza2A)n on complement and
reverse transcriptase activity may be related to the ordered structures
formed by these homopolymers in solution. It should be pointed out that
several polyribonucleotides (e.g. (I)n, (G)n and (X)n) which have been
reported to inhibit complement (6) and reverse transcriptase activity (18-
20), all exhibit a high tendency toward self-aggregation.

The complexes formed between (aza?A)n or (aza?I)n and their comple-
mentary polynucleotides are markedly destabilized relative to the parent
(A)n or (I)n complexes (by up to 50° for the (aza?I)n series]. The origin
of this destabilization is unclear but may be related to one or more of
the following considerations :

(2) the decreased basicity of 2-azaadenosine and 2-azainosine relative to
adenosine and inosine (as reflected by the precipitous drop in pKa of

N-3 : 6.8 for 2-azainosine compared to 8.9 for inosine (21));

(b) repulsive forces involving the lone-pair electrons of N-2 of the
purine ring;
(c) changes in base-stacking interactions, as a result of electronic alte-

rations (e.g., in dipole moment) caused by introduction of N at C-2

of the purine ring.

Laboratory of Chemistry, National Institute of Arthritis and Metabolism
and Digestive Diseases, National Institutes of Health, Bethesda, Mary-
land 20014, USA.

+ TFaculty of Pharmaceutical Sciences, Osaka University, 133-1 Yamada—Kami,
Suita, Osaka 565, Japan.
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Summary -

Chemically synthesized 2-azaadenosine 5'-diphosphate (n?ADP) and 2-aza-
inosine 5'-diphosphate (n?’IDP) were polymerized to yield poly(2-azaadenylic
acid), poly(n®A), and poly(2-azainosinic acid), poly(n?I), using Escherichia coli
polynucleotide phosphorylase. In neutral solution, poly(n*A) and poly(n?I)
had hypochromicities of 32 and 5.5%, respectively.’ Poly(n*A) formed an
ordered structure, which had a melting temperature (T,.) of 20°C at 0.15 M
salt concentration. Upon mixing with poly(U), poly(n®A) formed a1 : 2 com-
plex with T, of 41°C at 0.15 M salt concentration. Poly(n*A) and poly(n’I)
formed three-stranded complexes with poly(I) and poly(A), respectlvely
Poly(n®A) : 2poly(I), poly(A) - 2poly(n®l), and poly(n2A) - 2poly(n?l) com-
plexes had Ty, values of 23, 48 and 31°C at 0.15 M salt concentratlon respec—
tively.

Poly(n®I) formed a double-stranded complex with poly(C), but its T was
very low.

Introduction

Synthesis of ribopolynucleotides from naturally occurring ribonucleotide
diphosphates 4s well as from a variety of analog diphosphates catalyzed. by
polynucleotide phosphorylase [2] has been extensively investigated [3—5].

We have reported the synthesis and properties of polynucleotides containing

c'A [6], c®A [6], ¢"’A'[7] and "L [8 9] In these polynucleotldes lacklng the

* A previous paper in this series (Ikehara, M., Limn, W. and Fukui, T. (1977) Chem. Pharm. Bull 25,
1702--2707) was recently. published. .
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1-, 3-, or 7-N atomes, we found unique features in their complex formation
with poly(U) and poly(I).

In this paper we describe the synthesis of poly(2-azaadenylic acid) poly-
(n*A), and poly(2-azainosinic acid), poly(n®I), catalyzed by polynucleotide
phosphorylase and their properties as studied by ultraviolet absorption, circular
dichroism, thermal melting and mixing experiments with poly(U), poly(I), and
poly(C). Because of the anti-leukemic activity of 2-azaadenosine [10], and the
anticancer activity of 2-azainosine [11], the properties of these polynucleotides
may be interesting with regard to nucleic acids containing 2-azanucleotide. Fur-
thermore, the fact that poly(n?A) and poly(n?I) act as inhibitors of tumor virus
reverse transcriptase [12] is extremely interesting.

Materials and Methods

Preparation of substrates. n?ADP and n’*IDP were prepared in 60—65% yield
from n?AMP [13] and n?IMP, respectively by the phosphoromorpholidate
method described by Moffatt and Khorana [14]. ’ '

Enzymatic polymerization of diphosphates. The polymerization mixture
contained Tris - HC1 (pH 8.5, 0.1 M), MgCl, (2 mM), nucleoside diphosphate
(4 mM) and 2 units of E. coli polynucleotide phosphorylase [15] per milliliter
of solution. Polymerization of n?ADP was performed at 37°C for 7.5 h and
that of n’IDP for 21 h. The mixture was deproteinized by extraction with
CHCl;/isoamyl alcohol (3 : 1, v/v) and the water layer was lyophilized. The
residue was dissolved in 2 ml of water and applied to a column of Sephadex
G-50 (1.7 X110 cm). Elution with water gave poly(n?A) (yield was 110A252
units, 30%), and poly(n®I) (yield 70 A2%° units, 31%), which were eluted in the
void volume. These facts proved that chain length of these polynucleotides
must be over-50 nucleotide units. .

Physical methods. Ultraviolet melting curves were measured with a Hitachi
124 spectrophotometer, as described in a previous report [6].

CD spectra were taken with a JASCO ORD/UV5 spectrophotometer
equipped with a CD attachment. The temperature of the measurements was
20—25°C and calibration was performed with d-10-camphorsulfonic acid.

Results

Polymerization of n?ADP and n*IDP

n*ADP and n’IDP were substrates for polynucleotide phosphorylase from
E.coli on incubation at pH 8.5 in the presence of Mg?*. The rates of reaction
were retarded and the yields of polymers decreased in comparison with the
cases of ADP and IDP, respectively. After 7.5 h incubation at 37°C the amount
of inorganic phosphate liberated was 55% of the initial n?ADP. The yield of
poly(n®A) was 30%. In the case of n*IDP, the amount of inorganic phosphate
liberated after 21 h incubation at 37°C was 54% of the initial amount of
diphosphate. The yield of poly(n%I) was 31%.

Ultraviolet absorption spectra of poly(n2A) and poly(n?I) . :
Ultraviolet-absorption spectra taken at pH 7.0 in the presence of 0.1 M NaCl
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Ultra violet spectrum of poly (n2A)
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Fig. 1. Ultraviolet absorption and CD spectra of poly(n2A). , poly(n2A) at 0.1 M Na* and 0.05M
sodium cacodylate, pH 7.0;------ , n2 AMP under the same conditions.

and 0.05 M sodium cacodylate are shown in Figs. 1a and 2a together with those
of the monomers. Comparing Ay.x of monomer and polymer, a significant red
shift of Apnax at around 300 nm was observed in the case of 2-azaadenosine.
Hypochromism observed at 254 nm was 32% and at 302 nm was 35%. These
high hypochromicities suggest that poly(n?A) exists in a highly stacked confor-
mation in the present conditions. In the case of poly(n®I), a significant shift
was not observed and hypochromism observed at 288 nm was only 5.5%.

Circular dichroism ofpoly(nzA) and poly(n?l)

CD spectra of polynucleotides in 0.1 M NaCl and 0.05 M sodium cacodylate
(pH 7.0) solution are shown in Figs. 1b and 2b. It is known that a helical poly-
nucleotide can give two Cotton effects of equal magnitude and opposite sign
centered at the Ap.x value corresponding to an absorption band[16].

This splitting of the Cotton effects is typically observed in oligo(A) and .
poly(A)[17]. In this case of poly(n%A), two well resolved absorption bands,
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Fig. 2. Ultraviolet absorption and CD spectra of poly(}l2I). - . po_ly(n2l) at 0.1 M Na'* and 0.05 M
sodium cacodylate, pH 7.0;------ . n? IMP under the same conditions.

around 255 and 300 nm, were observed in the longer length region, as shown
in Fig. 1b.

The CD spectrum again suggests the existence of base stacking of poly(n®A)
in neutral solution. From the splitting pattern of the Cotton effects, a helical
structure similar to that of poly(A) seems suggested.

The CD spectra of poly(n®I) is shown in Fig. 2b. Peaks appeared at 320, 282,
and 249 nm, and throughs at 263 and 302 nm. These bands suggest the occur-
rence of stacking of adjacent bases, though this may not be strong.

Thermal denaturation inneutral solution

Poly(A) is known to show a non-cooperative melting curve in neutral solu-
tion. The absorption of poly(A) increased gradually from 10 to 90°C and
showed no clear transition point [18]. The temperature-absorption profiles of
poly(n?A) and poly(n®) in neutral solution containing 0.15 M Na* are shown
in Fig. 3. In the case of poly(n®A), a cooperative melting was observed at about
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Fig. 3. Thermal melting of poly(n?A) and poly(n?I).
------ . poly(n?'l) under the same conditions.

20°C. This result suggested that an ordered structure different from that of
poly(A) may exist in neutral solution. In the case of poly(n?I), the absorbance
at 287 nm increased gradually with increasing temperature and hyperchro-
micity at 287 nm was bout 7% on heating from 24 to 65°C. This fact suggests
that poly(n®I) exists in a random coil structure in the 0.15 M neutral salt solu-

tion as found in the case of poly(I) [19].

Complex formation of poly(n?4) with poly(U)

Poly(A) forms complexes with poly(U) in ratios of 1 : 1 or 1 : 2 according
to the ionic strength or presence of divalent cations [20,21]. When poly(n?A)
was mixed in various ratios with poly(U) at the same salt concentration, we ob-
tained a mixing curve as shown in Fig. 4. This curve clearly showed thata 1 : 2

Mixing curves for poly(n?A)and poly (U)
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\
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CD spectra of poly(n2A)«poly(U) (1:2) complex

(8)x16°
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20
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Fig. 5. CD spectra of poly(n2A)-poly(U) (1: 2), measured in the presence of 0.15 M Na* (pH 7.0).
, observed curve;------ , calculated curve from CD curves of components.

complex was formed in these conditions. As shown in Fig 5, this complex for-
mation was also supported by measurements of CD before and after mixing of
the two components. The CD curve before mixing showed two peaks at 273
and 315 nm, and a trough at 295 nm. After mixing the curve changed to
a completely different one, which had a peak at 267 nm and a trough at
300 nm. The thermal transition curves of the poly(n?A) - 2poly(U) complex
(Fig. 6) in the presence of 0.15 M Na” at pH 7.0 showed a Ty, of 41°C. The T
for the poly(A) - 2poly(U) complex in these conditions was reported to be
60°C [22]. The T, of the poly(n2A) - poly(U) (1 : 2) complex was thus 9°C
lower than the T,, of the poly(A) - poly(U) (1 : 2) complex. These results sug-
gest that a threestranded complex of poly(n®A) and poly(U) has low thermal
stability.

100

80

Hyperchromicity (%)

Temperature (°C)

Fig. 6. Thermal melting of poly(n2A) - poly(U) (1 :2) complex. Poly(nZA) - poly(I) (1 : 2) complex,
poly(n2I) - poly(A) (1:2) complex and poly(n2A)- poly(n2I) (1:2) complex. ------ , poly(n2A)-
poly(U), measured at 260 nm; , poly(n2 A)-poly(I), measured at 249 nm; — - — - —, poly(n21)-
poly(A), measured at 260 nm; — - — - —, , poly(n2 A)-poly(n2I), measured at 250 nm.
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Complex formation of poly(n2I) with poly(C)

Poly(I) is known to form a double-stranded complex with poly(C) at 0.15 M
Na' concentration and pH 7.0 [23,24]. On the other hand, poly(msI),
poly(m®G), and poly(m3G) could not form a double-stranded complex with
poly(C) [27,29]. When poly(n®l) was mixed at 10°C in various ratios with
poly(C) at the same concentration, ultraviolet absorption linearly changed with
variation of the ratio at various wave lengths, and the CD spectrum of this 1 : 1
mixture showed little difference when the calculated sum of each component
and the observed curves were compared (data were not shown). Therefore, it
would be concluded that poly(n®l) and poly(C) could not form the double-
stranded complex in the present condition.

Complex formation of poly(n®A) or poly(A) with poly(I) or poly(n®l)

It was reported that poly(I) forms a triple-stranded complex with poly(A)
[23]. We tested the complex formation of poly(n®A) with poly(I). Results in
the mixing experiment are shown in Fig. 7. This curve clearly showed that
poly(n?A) complexed with poly(I) in a 1: 2 ratio in the presence of 0.15 M
Na* at pH 7.0. In Fig. 8 is shown the observed CD spectrum of the 1 : 2 com-
plex and the calculated sum of the spectra of its component polynucleotides.
The thermal stability of the complex was studied and the temperature-hypo-
chromicity profile is recorded in Fig. 6. The T,, was 23°C at 0.15 M Na' con-
centration. The T, of the poly(n?A) - 2poly(I) complex was 17°C lower than
the T, of poly(A) - 2poly(I) which was reported to be 40°C at 0.15 M Na* con-
centration. .

In order to test the ability of poly(n®l) to form a ¢omplex with poly(A),
poly(n?l) was mixed in various ratios with poly(A) in the presence of 0.15 M

Mixing curves for poly (n2A)
and p%ly(I) poly

Absorbance

o
N

0
poly A (%) 0 20~ 40 80 80 100
polyl(%) 100 80 60 40 20 0

Fig. 7. Mixing curve of poly(n2A) and poly(I). X- - - -- - X, absorbance at 260 nm; ® e, at 250 nm.

nm.
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-3 CD spectra of poly{(n2A)-poly(I){1:2) complex
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Fig. 8. CD spectra of poly(n2A) - poly(I) (1 : 2) complex, Measured in the presence of 0.15 M Na* (pH
7.0). , observed curve;------ , calculated curve from CD curves of components.

Na’ at pH 7.0. As shown in Fig. 9, inflections occurred at the points of 2 : 1
ratio in the mixing curve at 255, 270, and 285 nm. This suggested that poly
(n®I) and poly(A) formed a triple-stranded complex as observed in the case of
poly(n®A) - poly(I). The CD spectrum of this 2 : 1 complex is shown in Fig. 10.
The observed curve was clearly different from the curve obtained from the cal-
culated sum of poly(n®I) and poly(A) in a 2 : 1 ratio. Therefore, it seems that
these two polynucleotides actually formed a 2 : 1 complex as was observed in
the case of poly(A) and poly(I). The temperature-absorption profile of this

Mixing curvesfor
poly (n21 ) and poly (A)

CD spectra of the 2:1 mixture
of poly(n?l) and poly(A)

©
10 T4 8
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I Y L
¥ ! \ 8
© -
—_ s Kel
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B Mole %% poly n2]
100 50 0
%0 300 350nm) Mole % poly A

Fig. 9. Mixing curve of poly(n2I) and poly(A). ®
Xmomaans X at 285 nm.

®, absorbance at 255 nm; ¢———=@, at 270 nm,

Fig. 10. CD spectra of poly(n2I) - poly(A) (2 : 1) complex. Measured in the presence of 0.15 M Nat (rH
7.0). , observed curve;------ , calculated curve from CD curves of components.
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Mixing curves for poly (n?A) and poly(n?1)

0.4
250nm
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8oly m (21,1100 80 60 40 20 0

iz, 11, Mixing curve of poly(n2A) and poly(n2I). O———0, absorbance at 250 nm; X - - - - - X, at 260
nm,

complex is shown in Fig. 6, from which the T, at 0.15 M Na" concentration
was shown to be 48°C. The Ty, of the 2poly(nI) - poly(A) complex was 8°C
higher than the Ty, of 2 poly(I) - poly(A).

We tested the complex formation of poly(n?A) with poly(n?I). Results of
the mixing experiment are shown in Fig. 11. This curve also showed that poly-
(n?A) complexed with poly(n®I) in a 1:2 ratio in the presence of 0.15 M Na*
at pH 7.0. In Fig. 12, the CD spectrum of this 1 : 2 complex is shown. The ob-
served curve was clearly different from the curve obtained from the calculated
sum of poly(n’l) and poly(n?A) in a 2 : 1 ratio. The temperature-absorption
profile of this complex is shown in Fig. 6. The T,, at 0.15 M Na* concentration
was 31°C, which is 9°C lower than the T, of poly(A) - 2poly(I). These results
showed that poly(n®A) formed a 1 : 2 complex with poly(I) or poly(n2I) and
poly(n®I) formed a 2 : 1 complex with poly(A) or poly(n?A). Poly(n2A) had a
low thermal stability in the triple-stranded complex with poly(I). Poly(n?I),
however, had a higher thermal stability in the triple-stranded complex with
poly(A) than the poly(A) - poly(I) (1 : 2) complex. Therefore, the replacement
of the C, atom of the adenine ring by the N atom had a tendency for destabili-

(8)10* 5 .
10} CD spectrum of poly (n2A) « 2 poly (n?1) complex

-1.0t

250 300 350(nm)

Fig. 12. CD spectra of poly(n2I) - poly(n2I) (1 : 2) complex. Measured in the presence of 0.15 M Na™
(pH 7.0). , observed curve;------ , calculated curve from CD curves of components.
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zation whereas in the case of the hypoxanthine ring, a stabilizing effect upon
replacement of C, atom by N, could be observed.

Discussion

The use of any modified polynucleotides in determining the effect of the
specific structural feature in physicochemical or biological systems is worthy of
investigation. 2-Azapurine nucleosides are known to be active against cancer
cells [11,22] and studies of ribopolynucleotides containing these nucleoside
phosphates are interesting to denote their roles in biological activities. As the
neutral molecule poly(n®A) revealed a different feature for that of poly(A)
showing a rather clear melting curve. This may be due to stabilization of an
ordered structure by water molecules associated to N,-atom. In the case of
poly(n®I) this stabilization effect might be cancelled by a lower pK value of the
2'-azahypoxanthine base.

The continuous variation method in construction of mixing curves leads to
the conclusion that poly(n?A) can form triple-stranded complexes with poly(U)
or poly(I), and poly(n®I) can form triple-stranded complexes with poly(A) or
poly(n?A). It appears that in these triple-stranded complexes the melting pro-
ceeds directly to the constituent homopolymers. The T, values of the triple-
stranded complexes of poly(n%A) with poly(U) or poly(I) are lower by 17—
19°C compared to the corresponding poly(A) - 2poly(U) complex (T, = 60°C)
and poly(A) - 2poly(I) complex (T, = 40°C).

In contrast to the case of poly(n2A), poly(n®l) can form a triple-stranded
complex with poly(A) which shows a significantly elevated T, value (48°C)
when compared to the poly(A) - 2poly(I) triplex (40°C). In the case of the
triple-stranded complex of poly(n?A) with poly(n®l), its Ty, 31°C is lower by
9°C as compared to that of poly(A) - 2poly(I). These results suggested that the
replacement of the C, atom of the adenine ring by an N, atom had a tendency
to destabilize the complex but in contrast, in the case of the hypoxanthine ring
a tendency to stabilize the complex appeared. These phenomena may be inter-
preted in terms of a lower basicity of 2-azaadenosine relative to adenosine and
a higher basicity of 2-azainosine relative to inosine [11].

It has been shown previously [25,28], that bulky groups such as NHMe,
NMe,, SMe, or Me at position 2 of purine polynucleotides were sterically unfa-
vorable for the formation of a Watson-Crick type double-helical complex with
pyrimidine polynucleotides having 2-keto groups, presumably because of steric
distortion. We conclude that poly(n®I) can not form a double-stranded complex
. with poly(C), because of repulsion between the lone pair electrons of the 2-N=
of poly(n?l) and 2-C=0 group of poly(C). In addition, the same steric distor-
tion could be involved in the case of the poly(n?A)-poly(U) interaction. In the
former case the distortion caused by interacting 2-C=C and 2-N atoms may
overcome the stabilizing effect of the basicity change. These facts may imply
that the altered properties of RNA containing 2-azapurines from that of natural
RNA may be relevant to the cause of anticancer activities of 2-azapurine nu-
cleosides. ’
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