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ABSTRACT
The IC NMR spectra of poly(adenosine diphosphate ribose), ribosyl

adenosine 5', 5"-bis(phosphate) and related compounds were analyzed. The
structure of the ribose-ribose linkage was determined as a-(1"÷+2')ribofuranosyl
ribofuranoside, from the '3C chemical shifts of methyl-a- and methyl-O-D-
ribofuranosides, and from the downfield displacements of 13C NMR signals by
glycosidic bond formation.

INTRODUCTION

Nuclei of animal cells contain a unique enzyme which polymerizes NAD to
a nucleic acid-like biopolymer, poly(ADP-Rib), in which the ADP-Rib moieties of
NAD are polymerized through ribose-ribose glycosidic bonds with concomitant
release of nicotinamide moieties.1. There is some evidence that synthesis of
poly(ADP-Rib) is related to DNA synthesis,2-4 mitosis5 and cell differentiation.6
Moreover, an antibody against this biopolymer is found in the sera of patients
with systemic lupus erythematosus.7 The studies reported here show that poly-
(ADP-Rib) is a polymer of (1"+2')-a-D-ribofuranosyl-adenosine-5', 5"-bis(phos-
phate).

MATERIALS AND METHODS

Poly(ADP-Rib) was synthesized using calf thymus nuclei and NAD .1 It was
purified by hydroxylapatite column chromatography essentially as described by
Sugimura et al.8 A sample of 51 mg of poly(ADP-Rib) was digested with 0.1 mg/ml
of snake venom phosphodiesterase at 37°C for 2 hrs, and fractionated by Dowex 1
column chromatography as described previously.9 The yield of Ado(P)-Rib-P was

41 mg. The mobilities of the compound on paper chromatography were as reported
previously.9 The Xmax and Xmin for Ado(P)-Rib-P at pH 2, 7 and 12 are the same

as for 5'AMP. Ado(P)-Rib-P yielded 5'AMP, Rib5P and adenine on incubation in
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0.5N HCl in absolute methanol at 25°C for 20 hrs.
ADP-Rib, 5'AMP and Rib5P were purchased from Sigma Chemical Co., St.Louis,

Mo., USA. Rib was obtained from E. Merck, Darmstadt, Germany. Poly(A) was from
Miles Laboratories, Kankakee, Ill., USA.

Sample was dissolved in deuterium oxide (40 mg/ml) and was contained in a

tube (outer diameter = 10 mn) with a teflon vortex plug. 13C NMR spectra were
recorded by a JEOL PFT-100/EC-100 pulsed Fourier transform spectrometer operating
at 25.03 MHz. Spectra were usually recorded using 8K data points and a spectral
width of 4KHz. IC Chemical shifts were expressed in parts per million down-
field from tetramethylsilane used as an external standard.

RESULTS

Assignment of 13C NMR peaks of ADP-Rib, Rib and Rib5P
Figure 1 shows the 13C NMR spectra of poly(ADP-Rib), Ado(P)-Rib-P, ADP-Rib

and poly(A). The 13C peaks of ADP-Rib were assigned by comparing them with
those of 5'AMP,10 and also by the fact that there are two sets of peaks for the
carbons of the ribose due to the presence of a- and 8-anomeric species (Table I).
Rib in aqueous solution is known to consist of four tautomeric forms: 56% 0-
ribopyranose, 20% a-ribopyranose, 18% 0-ribofuranose and 6% a-ribofuranose.11
Thus the 13C signals of a- and 8-ribofuranoses can be assigned on the basis of
their relative intensities (Table I and footnote h. For the major tautomeric
forms, a- and 8-ribopyranoses, see references 12 and 13.). The C-5' signals of
ADP-Rib and Rib5P are displaced downfield by 2.5 ppm due to the presence of a
phosphate group.10

Assignment of 13C NMR peaks of poly(ADP-Rib) and Ado(P)-Rib-P
As expected, ten peaks appear for the two kinds of ribose moieties in poly-
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Figure 1. 13C NMR spectra of poly(ADP-Rib), Ado(P)-Rib-P, ADP-Rib and
poly(A)(40 mg/ml in 2H20, pD 7). Spectral width, 4 KHz, 8K data
points(repetition time 1.1 sec). A. Poly(A), 900 pulse, 26,000
transients. Two peaks with cross sign(x) are due to impurities.
B. Poly(ADP-Rib), 90° pulse, 41,749 transients. C. Ado(P)-Rib-P,
450 pulse, 50,473 transients. D. ADP-Rib, 450 pulse, 40,982
transients.

(ADP-Rib) or Ado(P)-Rib-P. The 13C resonance peaks from poly(ADP-Rib) and Ado-
(P)-Rib-P are very similar to each other. From the spectra produced by improved
digital resolution, the pairs (C-4'/C-4", C-5'/C-5", and C-3'/C-3") are easily
differentiated by taking account of the 31p-13C spin-spin couplings.10 As these
pairs of peaks are found to coincide with each other, presumably due to dissoci-
ation of base-base stacking at elevated temperature (Figure 2A and Table I), the
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Table I 1C Chemical Shifts of Poly(ADP-Rib) and Ado(P)-Rib-P and Related Compounds(in2H20)a

Reference compounds
ra-anomer--, r - -anomers Hexa-N- '

Methyl-c-D- Methyl-B-D- Ribo- acetyl-
Poly(ADP-Rib) Ado(P)-Rib-P ADP-Rib Rib5P Ribb SSAMPC ribofurano- ribofurano- stamy- neoncin

side sided cne B

C-6 156.0 ( N.O.)9 154.4 156.5 156.0
C-2 153.6 (153.8) 152.3 153.8 153.4
C-4 149.1 (149.7) 149.7 150.0 149.6
C-8 140.4 (140.8) 141.3 140.7 140.8
C-5 119.2 ( N.O.) 119.5 119.5 118.8

C-l"12.7(02.7) 03.0 102.lh 102 0h 101 ahC-1 102.7 (102.7) 103.0 a 97.3h 97.2h 97 1n 104.2 109.0 109.1 109.3

C-1' 87.5 ( 87.3) 87.0 87.8 88.1
C-41 85.2 ( 84.8) 85.5 84.9 85.0

C-4" 84.4 ( 84.4) 85.3
8 83.0 83.5 83.4 85.5 83.9 83.4 82.4a 82.1 82.9 83.9

C-2' 80.7 ( 80.4) 81.0 75.3 75.4
C-2" 72.4 ( 72.5) 72.4 76.2 76.3 76.1 72.1 75.3 75.7 74.5
C-3' 70.9 ( 70.6) 71.5 71.4 71.4

C-3" 70.6 ( 70.6) 70.9 a 71.7 71.6 71.3 70.8 70.8 70.5 77.210 71:1 71.2 70.9
C-5' 66.7 ( 66.4) 65.9 67.4 65.3

C-5" 66.0 ( 66.0) 65.7 o 66.6 65.4 63.4 62.6 63.9 62.6 62.280 66.2 64.6 62.2
a: ppm from external TMS. Carbons of ribose linked to an adenine moiety are designated as prime. Other ribose
carbons are shown as double-prime("). b: Only o- and 8-ribofuranose tautomers are shown. c: Assignment based on
Ref.10. d: Ref.14. e: Ref.18. f: Ref.19. g: at 780C. N.O.: not observed. h: The ratio of the 0-anomer to
the a-anomer: 2.2(ADP-Rib), 3.0(Rib5P), and i.5(Rib). i: Glycosidic bond at this carbon.

peaks which exhibit temperature dependence are ascribed to the ribose moiety
directly linked to the adenine (C-3', C-4' and C-5'). The remaining resonances

(C-1', C-l", C-2' and C-2") can be assigned unambiguously by reference to the
data of ADP-Rib, 5'AMP, methyl--a-D- and methyl-O-D-ribofuranosides.14915

The 13C resonances of ribose linked to the adenine are very similar to

those of 5'AMP except for C-2'. Downfield displacement (ca. 5ppm) with respect
to 5'AMP and ADP-Rib of the C-2' signals of poly(ADP-Rib) and Ado(P)-Rib-P,
together with slight upfield shifts14 of the adjacent C-l' and C-3' signals,
shows that the glycosidic- bond is formed at the C-2' position of the AMP moiety.
These data are consistent with the conclusion of Doly and Petek from methylation
analysis that poly(ADP-Rib) has I"+2' ribose-ribose bonds.16 The involvement of
a ribofuranose-type sugar structure is further supported by 1H NMR data: the
proton spin-spin coupling constants of the AMP moiety of Ado(P)-Rib-P are found
to be J112. 5.4 Hz, J2'31 4.6 Hz, and J3.4, 3.7 Hz, which are very similar to

those of 5'AMP.17

a-Anomeric configuration of the ribofuranose-ribofuranose linkage
Methyl-a-D- and methyl-8-D-ribofuranosides are excellent reference compounds

for determination of the anomeric configuration, since the 13C chemical shifts
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of methyl-O-D-ribofuranoside are very similar to those of naturally occurring

ribofuranosyl components in ribostamycinn8 and hexa-N-acetyl neomycin B19
(Table I), both of which contain a s-linked ribofuranosyl moiety.20 In poly-

(ADP-Rib) and Ado(P)-Rib-P, it was found that the positions of C-l", C-2", C-3",
C-4" and also C-S" (in view of the effect of 5"-phosphate described above) were

very close (less than 1.5 ppm) to those of methyl-a-D-ribofuranoside (not to

those of methyl-8-D-ribofuranoside).
Furthermore, the C-l" peaks of poly(ADP-Rib) and Ado(P)-Rib-P appear down-

field with respect to that of ADP-Rib due to glycosidic bond formation, the
differences being 0.6-0.9 ppm (from the a-anomer of ADP-Rib) and 5.4-5.7 ppm

(from the a-anomer). Generally, a downfield displacement in the range of 5-7 ppm

due to glycosidic bond formation or 0-isopropylation (a better model for the

glycosidic bond than 0-methylation ) is noted for various pentoses and
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hexoses.21'22 Therefore, on the basis of the 13C shift of ADP-Rib, the lowest

peaks of sugar moieties at 102.7 and 103.0 ppm (5.4-5.7 ppm downfield shift)
can be assigned with certainty to the C-1" of the a-linked ribofuranoside
moiety of poly(ADP-Rib) and Ado(P)-Rib-P, respectively.

Thus, the glycosidic bond between the two ribofuranosyl residues is

concluded to be an a-(1"+2')-linkage (Figure 3). The finding of [a]D= +37° for

ribosyl adenosine, which is the hydrolysis product of Ado(P)-Rib-P by E. coli

alkaline phosphatase, is also consistent with the presence of an a-linkage of

the ribose-ribose bonds.

Conformation of poly(ADP-Rib) and poly(A)
Poly(ADP-Rib) shows 10% hypochromicity of the UV spectrum indicating some

base-base stacking, but base-base stacking of poly(ADP-Rib) is probably less

than that of poly(A), which shows around 30% hypochromicity.23 Poly(A) exists
as a single-stranded helix at ambient temperature (pD 7) and undergoes confor-
mational transition to random coil at a temperature around 500C.24 At ambient

temperature, the 13C signals of carbons directly linked to hydrogen (C-2, C-8,

and ribose carbons) of poly(A) are very broad compared to those of poly(ADP-Rib),
reflecting the slow molecular motion of the polymer chain due to the helical

conformation. Figure 2B shows the temperature dependence of 13C signals of
poly(A) (The same result was obtained by Dr. I. C. P. Smith and Dr. P. Colson.
Personal communication.). The downfield displacements of C-4 and C-8 of the

NH2

HO- 5-H2 N

4!V

3' 2'

OH 0 0

1" O EHH-0- -OH

Figure 3. Structure of Ado(P)-Rib-P, the monomer form of poly(ADP-Rib)
( see INSET ).
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purine moiety of poly(A) at elevated temperature (Figure 2B) are explained by
the dissociation of base-base stacking as a result of conformational transition.
Similar shifts of C-4 and C-8 are noted for poly(ADP-Rib) (Figure 2A), but the
magnitudes are one third to one forth of those of poly(A). Furthermore, the
peak positions of C-4 and C-8 of poly(A) at 78°C are very close to those of
poly(ADP-Rib). Accordingly it might be concluded that poly(ADP-Rib) does not
adopt such an ordered conformation as poly(A), but essentially a random-coil
conformation.

DISCUSSION

As far as we know only the following compounds are known to have ribose-
ribose linkages: polyribophosphate possessing a ribose-ribose S-(l+l) linkage
in addition to 3-*5 phosphodiester bonds25; ribosyl adenosine from yeast tRNA26;
and ADP-ribosyl NAD in which the ribose in the Rib5P moiety of ADP-Rib is
bound to the ribose in the NMN moiety of NAD .27 Recently, Suhadolnik et al.
reported a ribose to 2'-deoxyribose I"y3' glycosidic linkage.28 Nothing is
known about the anomeric forms of these three compounds.

This is the first report of an a-linkage of a ribose moiety to a sugar.
This clearly requires anomerization of ADP-Rib during cleavage of the nicotin-
amride-ribose bond of a-NAD+ during formation of poly(ADP-Rib) by the chromatin-
associated enzyme. This possibility is consistent with the findings that a-NAD+
inhibits the enzymatic synthesis of poly(ADP-Rib).29

Poly(ADP-Rib) glycohydrolase,30'31 an enzyme that specifically cleaves this
ribose-ribose linkage in poly(ADP-Rib),is also found in the nuclei and this
enzyme is shown by this work to be an a-(1"+2') glycohydrolase of poly(ADP-Rib).
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phate ribose; Ado(P)-Rib-P, ribosyl adenosine 5', 5"-bis(phosphate); Rib5P,
ribose 5-phosphate; Rib, ribose; NMR, nuclear magnetic resonance; NMN,
nicotinamide mononucleotide.
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