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Dimethyl sulfoxide (DMSO), a solvent popularly used for dissolving water-insoluble com- 
pounds, is a weak inhibitor of poly(ADP-ribose) synthetase, that is a nuclear enzyme producing 
(ADP-ribose), from NADf. The inhibitory mode and potency depend on the concentration of 
substrate, NAD+, as well as the temperature of the reaction; at micromolar concentrations of 
NAD+, the inhibition by DMSO is biphasic at 37"C, but is monophasic and apparently com- 
petitive with NAD' at 25°C. DMSO, on the other hand, diminishes dose-dependently and 
markedly the inhibitory potency of benzamide and other inhibitors. Other organic solvents, 
ethanol and methanol, also show a biphasic effect on the synthetase activity at different 
concentrations. 

Keywords: Poly(ADP-ribose) polymerke; ADP-ribosyltransferase; NAD'; Benzamide; 
1,5-Dihydroxyisoquinoline; 6(5H)-Phenanthridinone 

Abbreviations: DMSO, dimethyl sulfoxide; ADH, alcohol dehydrogenase; ACh, acetylcholine: 
AChE, acetylcholinesterase; ICs0, the concentration to cause 50% inhibition 

INTRODUCTION 

Poly(ADP-ribose) synthetase [also termed poly(ADP-ribose) polymerase] 
[NAD+:poly(adenosine-diphosphate-D-ribosyl)-acceptor ADP-D-ribosyl- 
transferase] (EC 2.4.2.30) is a nuclear enzyme that catalyzes a transfer of 
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240 M. BANASIK A N D  K. UEDA 

the ADP-ribose moiety of NAD' to an acceptor protein (initiation), and 
then to this protein-bound ADP-ribose (elongation) to form a chain of 
(ADP-ribose), [ poly(ADP-ribose)] with occasional branching.'..' The enzy- 
matic activity is unique in its absolute dependency on the presence of DNA 
with strand termini. Various nuclear proteins, including histones, nonhistone 
proteins, and the enzyme itself (automodification), serve as acceptors of 
poly(ADP-ribose) in virro as well as in viva.? -' Biological roles suggested for 
poly(ADP-ribose) or poly(ADP-ribosy1)ation of proteins include implica- 
tions in DNA r e ~ a i r , ~ , ~  cell differentiation,8- ' cell cycle contr01, '~"~ trans- 
f ~ r m a t i o n , ' ~ . ~ '  trans~ription,'~,' '  alteration of chromatin 
and apoptotic (or non-apoptotic) cell death of neurons21-28 and other 
cells.''- " However, more recent data obtained with the synthetase gene- 
knocked out mice show that this enzyme may not be indispensable for DNA 
repair and a p o p t o ~ i s . ~ ~ . ~ '  

Inhibitors of poly(ADP-ribose) synthetase have played a critical role in 
these studies on biological functions. However, most of previously known 
inhibitors are accompanied by various side actions in v i ~ o , ~ , ~ 3 ~ ~  and their use 
has left more or less inconclusiveness to interpretation of the results. There- 
fore, we made a large-scale survey of more than 500 compounds for the inhib- 
itory activity, and found a number of specific and potent inhibitors with a 
variety of chemical structures. ' One technical difficulty in dealing with 
many of these inhibitors is their low solubilities in the aqueous milieu. We 
have overcome this difficulty by dissolving them in dimethyl sulfoxide 
(DMSO) and mixing the solution into the reaction mixture. DMSO dissolves 
practically all compounds of interest to us and is completely miscible with 
water. The advantage in the use of this organic solvent as a sole vehicle is 
that we can divide all compounds into only two groups, water-soluble and 
DMSO-soluble. which makes a comparison easier. The disadvantage in the 
use of DMSO is that it has its own inhibitory, though weak, effect on poly- 
(ADP-ribose) s y n t h e t a ~ e . ~ " ~ ~ . ~ ' . ~ '  In this paper, we report in more 
details in vitro effects of DMSO on poly(ADP-ribose) synthetase in the light 
of interaction with other inhibitors. Effects of DMSO on another ADP-ribo- 
syltransferase, arginine-specific mono(ADP-ribosy1)transferase A (EC 
2.4.3.31). are also discussed briefly. 

MATERIALS AND METHODS 

Enzyme preparations. assays. and kinetic studies of poly(ADP-ribose) syn- 
thetase were as described previously.3"."'' Briefly. the standard assay mixture 
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POLY(ADP-RIBOSE) SYNTHETASE AND DMSO 24 1 

contained 200 pM [aden~sine-~~C]NAD+ (2680 cpm/nmol), 33 pg/ml DNA 
(calf thymus), 10 mM MgC12, 5 mM dithiothreitol, and 100 mM Tris/HCl 
(pH 8.0). The mixture was incubated for 10 min at 37"C, and, after the addi- 
tion of ice-cold 20% trichloroacetic acid, protein-bound ['4C](ADP-ribose), 
was collected on a Millipore filter, and the acid-insoluble 14C was quantified 
with liquid scintillation. Mono(ADP-ribosy1)transferase A, purified from 
turkey  erythrocyte^,^^ was a kind gift of Dr. J. Moss (NIH, USA). The assay 
of mono(ADP-ribosy1)transferase A was performed by incubating the mix- 
ture containing 100 pM [adeno~ine-'~C]NAD+ (12750 cpm/nmol), 250 pg/ml 
histone f2b (mainly H2B, calf thymus, Sigma: type VII-S, H-4255), and 
50mM potassium phosphate (pH 7.0) with enzyme for 30min at 30°C, and 
quantifying 14C incorporated into acid-insoluble material as described 
above. The pH of buffers was adjusted in 1 M stock solutions at 20°C. 

NAD', DMSO, and other chemicals were of the best quality commer- 
cially available, as described earlier.40 

RESULTS 

Inhibition of poly(ADP-ribose) synthetase by DMSO depended on the con- 
centration of substrate, NAD+ (Figure 1). DMSO at concentrations of 0.2- 
10% (v/v; ca. 28-1400mM) inhibited weakly the enzyme activity under the 
standard conditions of 200pM NAD+, and more strongly at 1 and 

0 2 4 6 8 LO 

DMSO (%) 

FIGURE 1 
carried out at 37°C and 200 pM (m), I .O pM (@), or 0.1 pM (V) NADI. 

Inhibition of poly(ADP-ribose) synthetase activity by DMSO. The reaction was 
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242 M. BANASIK AND K .  UEDA 

0.1 pM NAD'. The IC50 values of DMSO in the latter conditions were 6% 
and 4%. respectively. 

The inhibition by DMSO, under the standard conditions, did not show a 
simple dependency on concentrations, but rather a complex, almost biphasic, 
effect (Figure 2). The enzyme activity was weakly (up to ca. 20%) inhibited 
by low concentrations (around 5%) of DMSO, partly recovered at  inter- 
mediate concentrations (10-25%), and strongly inhibited at higher concen- 
trations (> 30%). At the concentration of 50%, the inhibition by DMSO was 
98%. Other organic solvents. ethanol and methanol, also showed a biphasic 
effect on the synthetase activity. Ethanol and methanol showed maximal 
activation of 212% and 182% at 15% and 20%, respectively, whereas both 
solvents inhibited markedly the synthetase activity at 30% or higher con- 
centrations. This result is in general agreement with a previous report of 
marked stimulation (337%) of poly(ADP-ribose) synthesis by 7% ethanol 
and inhibition at concentrations above 15% in permeabilized L cells.46 

The inhibitory effect of DMSO was significantly stronger at lower tem- 
peratures. At 25°C for example, 2%, lo%, and 20% DMSO caused 22%, 
39'10, and 55% inhibition, respectively; the concentration dependency was 
monophasic in  this condition (Figure 2). 

Kinetic analysis, carried out by assays at 25°C for 30s, revealed that 
DMSO is a competitive inhibitor of poly(ADP-ribose) synthetase with 

0 10 20 30 40 50 

Concentration (%) 

FlCiURE 2 Effects of DMSO (m. A). ethanol (0).  and methanol (V) on the activity of 
poly(AI)P-ribose) synthetase. The reaction was carried out at 37°C for 10rnin (m. 0 ,  V) or at  
75 C' for 30 s (A ), 
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20 

2 0.8- 

2 

0 

0 I I I I 

0 0.002 0.004 0.006 0.008 

l/[NAW] (1IpM) 

l/[NAD+ J (l/nM) 

FIGURE 3 Mode of inhibition of poly(ADP-ribose) synthetase activity by DMSO at (A) 
micromolar or (B) nanomolar concentrations of NAD+. The reactions were carried out at 
25°C for 30 s. 

respect to NAD' at micromolar concentrations (126-501 pM; cf. K,= 
61 pM) (Figure 3A). DMSO inhibited the enzyme activity also at nano- 
molar concentrations (14-100 nM) of NAD+ (Figure 3B), indicating the 
action at the initiation step of poly(ADP-ribose) synthesis.47 Under these 
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244 M. BANASIK A N D  K. UEDA 

conditions, the poly(ADP-ribose) synthesis obeyed first-order kinetics, 
thereby Lineweaver-Burk or any other plot failed to give information 
about the mode of action of DMS0.40 

The presence of DMSO diminished effects of all other inhibitors tested on 
poly(ADP-ribose) synthetase (Table I). The diminishing effect was remark- 
able under certain conditions; for example, 1 mM 1 ,Cbenzoquinone exhib- 
ited 78% inhibition in a purely aqueous medium, but only 2 %  inhibition in 
the presence of 10% DMSO. Furthermore, the effect of DMSO was dose- 
dependent; for example, the IC5,, value of 6( 5H)-phenanthridinone was 
0.16pM in the presence of 0.2% DMSO, but was 0.3 pM or 5.2pM at 2% 
or 10% of DMSO, respectively. IC50 values of water-soluble inhibitors also 
differed approximately 2- and 10-fold in the milieu containing 2% or 10% 
DMSO, respectively (Table I). Thus, a comparison of various inhibitors is 
feasible only when they are tested at a constant and minimal concentration 
of DMSO and a fixed concentration of NAD+. 

TABLE I Effect of DMSO on I C S ~  values of various inhibitors of poly(ADP-ribose) 
synthetase 

Inhibitor" ICso (pM) at DMSOb 

0 % 0.2% 2 Yo 10% 

DMSO-soluble 
4-Amino- I ,I-naphthalimide 
6( 5H)-Phenanthridinone 
1 .X-Naphthalimide 
Luminol 
Phthalhydrazide 
ni-Phthalamide 
3-Bromobenzamide 
2-Fluorobenzamide 
5-Chlorosalicy lamIde 
Xanthurenic acid 
4-Fluorobenzamide 

5-Nitrouracil 
6-Arninocoumarin 

3-Fluorobenzamide 
3-Chlorobenzamide 
Benzamide 
3-Nitrobenzamide 
Nicotinarnide 
4-Chlorobenzamide 
1.4-Benzoquinone 
Cyclo hexanecarboxamide 

n-Tetrdlone 

Water-soluble 
20 
22 
2 2  

160 
210 
300 
400 
620 

- 

210 
.- 

0.18 
0.30 
1.4 
23 
30 
50 
55 
I20 
190 
190 
200 
310 
430 
X 50 

55 

400 
- 

- 

0.87 
5.2 
4.4 
130 
150 
210 
2x0 
360 

800 
940 
1400 
950 
3300 

- 

230 
220 
200 
1200 

2900 
5000 
3300 

- 

.' DMSO- and water-soluble inhibitors are arranged in order ofthe lCso values at 2% or 0% DMSO, respec- 
tibelg. hCnnrrols contain the same concentrations of DMSO. Not determined. 
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POLY(ADP-RIBOSE) SYNTHETASE AND DMSO 245 

I I I I 1 
0.05 0.1 0.15 0.2 0.25 

Benzamide (mM) 

FIGURE 4 Effect of benzamide on the activity of poly(ADP-ribose) synthetase in the 
absence (M) or the presence of 2% (0)  or 10% (V) QMSO. The reaction was carried out at 
37°C for 10min. 

Figure 4 shows changes in inhibition by increasing concentrations of benz- 
amide, a well-known inhibitor, in the absence and presence of 2% or 10% 
DMSO. IC50 values calculated from this plot for benzamide were 37 and 
127pM in 2% and 10% DMSO, respectively. These values are lower than 
those given in Table I; the controls in this case were without DMSO. IC50 
values thus calculated might be more useful for estimation of in vivo effects 
than those based on DMSO-matched controls, because the former values 
reflect the real degrees of inhibition in the presence of DMSO. Although 
inhibition by benzamide was reduced by DMSO at benzamide concentra- 
tions higher than 8- 10 pM, the inhibition was rather enhanced at lower con- 
centrations of benzamide by DMSO. This indicates that the interaction of 
DMSO and other inhibitors with poly(ADP-ribose) synthetase is not simply 
a competition for binding at the same site(s) on the enzyme molecule. 

Effects of DMSO on various inhibitors of other ADP-ribosyltransferases 
remain to be investigated. A preliminary analysis indicated that IC50 values 
of several inhibitors of arginine-specific mono(ADP-ribosy1)transferase A 
from turkey erythrocytes also depend on the concentrations of NAD+ as 
well as DMSO (Table II).42 Again, a comparison of their effects on this 
ADP-ribosyltransferase could be done only by using specified concentra- 
tions of NAD+ and DMSO. 
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246 M .  BANASIK A N D  K. UEDA 

TABLE 11 Effect of NAD‘ concentration on ICso values of various inhibitors of 
mono( ADP-ribosy1)transferase A 

30 100 200 

DM SO-sol uble” 
16 47 

6(5H)-Plienanthridiione~’ - 17 

1 .i-Dihqdrox) isoquinohne 37 I30 250 
Novobiocin 290 3 70 390 

1 -Hydroxyisoquinoline 520 1400 

6( 5H)-Phenanthridinoneh ~ c 

- 

Water-soluble 

4-Hydroxyquindzoline 320 I000 ~ 

- 

“Controls contain the wine concentrations of DMSO. ’In 2% DMSO. ‘Not determined. In 10% DMSO. 

DISCUSSION 

DMSO has been shown to affect activities of many enzymes in vitro, and a 
variety of biological actions have been assigned to DMSO (for review, see 
Ref. [48-511). In most of these cases, the molecular bases of the effects have 
not been well understood. and this lack of knowledge hinders its wider use 
in in vivo experiments. 

DMSO is known to inhibit horse liver alcohol dehydrogenase (ADH or 
LADH),” or molluscan53 acetylcholinesterase (AChE), and 
cytochrome P-450 isozyme LM3aS5 The Ki value of DMSO reported for 
LADH is 5mM.” The inhibition is of a competitive type, and DMSO is 
assumed to compete with the substrate. butyrylaldehyde, for binding at the 
carbonyl group. The carbonyl binding site harbors a zinc atom, and DMSO 
is known to form a complex with zinc at its oxygen atom,56 suggesting 
that DMSO reacts with the zinc atom to form an LADH-NADH-DMSO 
ternary complex. Poly(ADP-ribose) synthetase is another zinc-containing 
enzyme;” i t  possesses two zinc atoms in a pair of finger structures in the 
DNA binding domain. and both zinc atoms are necessary for the activity.58 
We previously observed that, 5 mM 1.10-phenanthroline (in 2% DMSO), a 
chelator of divalent cations including zinc,59 inhibited the enzyme activity in 
the absence of Mg”, but activated it in the presence of Mg2t.40 The fact 
that DMSO inhibits the synthetase activity in the presence of Mg2+ is not 
compatible with a view of interaction between DMSO and the zinc atom(s). 

In another study, the ICsO value of DMSO for AChE from oyster heart 
\vas determined to be 18.2 mM and that for AChE purified from electric eel 
to be 10 pl,’nil or I ( c Y ~ .  140 mM).j3 The active site of AChE consists of 
two distinct subregions: an anionic site to bind the -Nf(CH3)3 portion and 
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POLY(ADP-RIBOSE) SYNTHETASE A N D  DMSO 241 

an esteratic site to split the >C=O (carbonyl) ester bond in the acetylcho- 
line (ACh) molecule. The authors noticed a structural resemblance between 
DMSO and ACh, and postulated that DMSO competes with the substrate 
ACh either by binding to the anionic site at its =S(CH3)2 group or by bind- 
ing to the esteratic site at the >S=O (sulfinyl) group. The ICS0 value of 
DMSO for poly(ADP-ribose) synthetase is about 34% (ca. 4760mM) at 
200pM NAD+ (Figure 2). This value is much higher than the Ki or ICso 
values reported for LADH or AChE, indicating that the effect of DMSO 
on poly(ADP-ribose) synthetase is very weak. In view of the fact that a 
common structural feature shared by substrate, NAD+, and many strong 
inhibitors of poly(ADP-ribose) synthetase is a carbonyl group,4o it seems 
possible that the sulfinyl group of DMSO mimics the carbonyl group in 
the interaction with the enzyme molecule. The same structural feature is 
shared by two other competitive and weaker inhibitors, 5-nitrouracil and 
xanthurenic acid.40 

The present study showed that the inhibition by DMSO is apparently 
competitive with NAD+, suggesting more or less interaction of DMSO with 
the NAD+ binding site. The very high ICso value of DMSO and the strong 
inhibition by ethanol and methanol at similar concentrations (> 30%) indi- 
cate that DMSO most probably induces a conformational change in the 
enzyme molecule. This change might modulate the activity directly or indi- 
rectly around the catalytic site, and also affect the action of other inhibitors. 
The effects of DMSO on a variety of enzymes reportedly depend on the 
structure and function of individual enzyme proteins,60p72 for many of 
which conformational changes have been ~ u g g e s t e d . ~ ~ - ' ~  

DMSO and inhibitors of poly(ADP-ribose) synthetase are known to 
induce differentiation of several tumor cells, including murine erythro- 
leukemia  cell^,^,'^ teratocarcinoma cells," and HL-60 ~ e l l s . ~ ~ , ~ '  Although 
the molecular mechanism of their actions is not clearly understood, the inhi- 
bition of poly(ADP-ribose) synthetase appears to be, at least, partly 
involved in the mechanism. In fact, the activity of poly(ADP-ribose) synthe- 
tase markedly decreases in cells induced to differentiati~n,",'~ and the 
amount of poly(ADP-ribose) decreases to 15% in DMSO-treated HL-60 
cells in 14 h and remains at this low level until the third day.'9 An idea that 
the action of DMSO on the poly(ADP-ribose) level might be through ADP- 
ribosyl protein lyase or poly(ADP-ribose) glycohydrolase rather then poly- 
(ADP-ribose) synthetase which is only weakly inhibited by DMS044 needs 
be tested by taking the possibility into account that the effect of DMSO 
could be stronger in the cell under certain conditions, particularly at low- 
ered NADf concentrations (Figure 1). At present, no data is available for 
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248 M. BANASIK AND K. UEDA 

NAD' levels in cells before and after differentiation. The observation that 
the degree of cell differentiation induced by 1.5% DMSO together with 
another inhibitor of the synthetase, nicotinamide, at 5-20 mM, is greater 
than the sum of individual effectss7 may or may not support our view of a 
common mechanism for DMSO and the synthetase inhibitors; in our in vitro 
assays, 2% DMSO could modulate the inhibitory effect of nicotinamide 
either negatively or positively at different concentrations (data not shown, 
cf. Figure 4). 

It is our current view that any in vivo effect of DMSO, in combination 
with or without other inhibitor of poly(ADP-ribose) synthetase, should not 
be simply assigned to the action on a specific enzyme such as the synthetase, 
but could be most properly assigned to combined actions on multiple 
enzymes by referring to actual concentrations of DMSO, inhibitor, if any, 
and substrate(s) such as NAD' in the cell. 
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