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DIFFERENTIAL INHIBITION OF REVERSE TRANSCRIPTASE AND 
VARIOUS DNA POLYMERASES BY DIGALLIC ACID 

AND ITS DERIVATIVES 
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AEsTucT.-Digallic acid (gallic acid 5 ,6-dihydroxy-3-carboxyphenyl ester) 143 was 
found to be a potent inhibitor of the activities of the reverse transcriptases from murine leukemia 
virus (ML.V) and human immunodeficiency virus (HIV). Under the reaction conditions specified 
for each ofMLV and HIV reverse transcriptases, both enzymes were inhibited by approximately 
90% in the presence ofO. 5 pg/ml digallic acid. Under the same conditions, however, gallic acid 
had no effect on the reverse transcriptase activity. The mode of the inhibition by digallic acid 
was partially competitive with respect to the template.primer, (rA)n*(dT)12-18f, and noncom- 
petitive to the triphosphate substrate, d’LTP. The Ki value of digallic acid for HIV-reverse 
transcriptase was determined to be 0.58 pM. Examination of several derivatives of digallic acid 
have shown that all three hydroxyl groups at the 3 , 4 ,  and 5 positions seem to be required for the 
inhibitory activity of these compounds. Besides reverse transcriptase, DNA polymerases a and 
p were moderately inhibited by digallic acid, whereas DNA polymerase y, terminal deoxynu- 
cleotidyltransferase, and E. coli DNA polymerase I were virtually insensitive to inhibition by 

this compound. 

Inhibitors of reverse transcriptase play an important role in the chemotherapeutic 
approaches to acquired immune deficiency syndrome (AIDS). The replicative cycle of 
human immunodeficiency virus (HIV), the causative retrovirus of AIDS, is interrupted 
by a reverse transcriptase inhibitor, leading to the arrest of progeny virus production. In 
fact, various reverse transcriptase inhibitors have been described to inhibit HIV pro- 
duction in vitro and/or in vivo: i.e., hexasodium sym-bis(m-aminobenzoy1-m-amino-p- 
methylbenzoyl- l-naphthylamino-4,6,8-trisulfonate) carbamide (trivial name: suramin) 
(1,2), ammonium 2 1-tungsto-9-antimoniate [heteropolyanion 23 (HPA23)} (3), 3’- 
azido-3‘-deoxythymidine (UT) (4,5) and various 2’,3’-dideoxynucleosides (6-17). 
2’,3’-Dideoxynucleosides should, however, be phosphorylated by host cell kinase sys- 
tem to the active triphosphate form for the inhibition of reverse transcriptase. 

1 R = H  
2 R= -CH2CH20CH2CH20CH3 
3 R=-CH,CH,OCH2CH,OCH,CH,OCH3 

OH 

c-1 4 R,=R,=R3=H 
5 R,=-CH2CH20CH,CH20CH3, R,=R3=H 
6 Ri=-CH,CH,OCH,CH,OCH,CH,OCH,, R,=R,=H 
7 R,=R,=H, R,=-CH,CH,OCH&H,OCH, 
8 R I =R2=H, R, = - CH,CH,OCH&H,OCH, 
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We have been looking for natural substances that have inhibitory activity to the re- 
verse transcriptase, and we found that some plant extracts (18,19), as well as a flavonoid 
(20), had strong inhibitory effects on murine leukemia virus (MLV) and HIV reverse 
transcriptases. Extensive surveys of various kinds of natural compounds have revealed 
that gallic acid 5,6-dihydroxy-3-carboxyphenyl ester (digallic acid) 141 is also a potent 
inhibitor of HIV reverse transcriptase. Furthermore, several derivatives of digallic acid 
were examined to discover the structure-activity relationship, and two compounds 
(methoxyethoxyethyl m-digallate 151 and methoxyethoxyethoxyethyl m-digallate) [61 
were also shown to be strong inhibitors of the reverse transcriptae. This paper describes 
the details of these findings. 

EXPERIMENTAL 
DIGALLIC ACID AND ITS DERIVATIVES.&lk acid [I], digallic acid [4],  and their derivatives, 

i.e., methoxyethoxyethyl gallate @I, methoxyethoxyethoxyethyl gallate tal, 2,4-dihydroxy-2-(3',4'di- 
hydroxybenzoyloxy)-benzoic acid [91, methoxyethoxyethyl mdigallate [SI, methoxyethoxyethoxyethyl 
mdigallate [61, 3,4dihydroxy-S-(3',4'dihydroxy-S'-methoxyetho~ethoxybenzoyloxy)-be~oic acid 
[q, 3,4dihydroxy-5-(3' ,5 '-dihydroxy-4'-methoxyethoxyethoxybe~oyloxy)-benzoic acid [SI, were the 
products of Fujirebio, Tokyo, Japan. 

OTHER CHEMICALS.+~H)~?TP and [3H]dGTP were from Amersham Internationl (Amersham, 
England); unlabeled deoxynucleoside triphosphates, poly(rA), oligddA), aligddT) from P-L Biochemi- 
cals (Milwaukee, Wisconsin); activated calf thymus DNA from Worchingtor! Biochemical (Freehold, New 
Jersey); and DEAE-cellulose paper disc (DESI, diameter 23 mm) from Whatman (Springfield Mill, 
Maidstone, Kent, England). 

ENmMEs.-buscher murine leukemia virus (R-MLV) was collected from the culture medium ofan 
established vim-producing cell line, R-17, and purihed by ultracentrifugation in a sucrose gradient as 
described previously (2 1). The reverse transcriptase [deoxynucleoside-triphosphate: DNA deoxynucleoti- 
dyltransferase (RNAdincted); EC 2.7.7.491 was purified on a DEAE-Sephadex A-50 column, as previ- 
ously described (2 1). HIV reverse transcriptase was purified from Esrherirhiu coli harboring an expression 
plasmid for the precise coding sequence of the enzyme. The purified enzyme was a gift from Dr. S.H. Wil- 
son, NIH. 

DNA polymerases [deoxynucleoside-triphosphate: DNA deoxynucleotidyltransferase (DNA-di- 
recred); EC 2.7.7.7) a, p, and y were purified from KBIII cells as previously described for DNA 
polymerases u (22), (231, and y (24). with some modifications. Terminal deoxynucleotidyltransferase 
(EC 2.7.7.3 1) was purified from calfthymus, as described previously (25). Highly purified preparations of 
E. coli DNA polymerase I were purchased from P-L Biochemicals (Milwaukee, Wisconsin). 

&.SAYS FOR REVERSE TRANSCRIPTASE AND VARIOUS DNA POLYMERASES.-Reverse tranxrip- 
tase and DNA polymerases p and y were assayed with (rA),*(dT),2-,8 as the template.primer. DNA 
polymerase a and E. coli DNA polymerase I were assayed with activated DNA as the templateeprimer, and 
terminal deoxynucleotidyltransfe~e was assayed with (dA)12-,8 as the primer. All assay conditions were 
optimized with respect to the ratios and concentrations of all the template.primen used as well as to pH 
and divalent and monovalent cation concentrations, as described previously (26). For reverse transcriptase 
assay, however, the concentration of (rA)n*(dT)12-18 (base ratio, 1: 1) was 4 pg/ml. The concentrations of 
t3H]dNTP or templateeprimer and digallic acid inhibitors varied in experiments designed to determine 
the Km and Ki values. All incubations (50 pI) were carried out at 37" for 30 min, and the reaction was 
stopped by adding 20 ~ 1 0 . 2  M EDTA and immersing the mixture in ice. Then, 50 p1 of the mixture was 
transferred to a DE81 filter paper disc and processed for measurement of radioactivity as described previ- 
ously (27). 

RESULTS 

EFFECTS OF DIGALLIC ACID ON THE ACTIVITIES OF MLV AND HIV REVERSE 
TRANSCRIPTASES.-The effects of digallic acid 141 on the activities of MLV and HIV 
reverse transcriptases were examined under the conditions described in Materials and 
Methods. When examined with (rA),-(dT),,-,8 as the templateeprimer, the activities 
of MLV and HIV reverse transcriptases were inhibited by more than 70% in the pres- 
ence of 0.2 pg/ml digallic acid (Figure 1). The inhibition by digallic acid was dose-de- 
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FIGURE 1. Effects of gallic and digallic acids on the activities of 
MLV and HIV reverse transcriptases. Reverse trans- 
criptase activity was measured under the conditions 
described in Materials and Methods in the presence 
of various concentrations of gallic acid [1] or digal- 
lic acid 14) as indicated in the figure, by determin- 
ing the incorporation of [3H]dTMP (400 cpml 
pmol) with (rA),*(dT),2-,8 as the templateaprimer. 
The reverse transcriptases tested were from 
Rauscher murine leukemia virus (0) and human 
immunodeficiency virus (A, CD ). The compounds 
tested were gallic acid (A) and digallic acid (0, @ ), 
The 100%values(pmol)were2.5(0), and45.0(A, 
Q ). 

pendent, and both enzyme activities were almost completely inhibited at a concentra- 
tion of 1 pg/ml. On the other hand, gallic acid [l] had no inhibitory effect on the en- 
zyme activity at concentrations up to 10 pg/ml. 

CONSTANTS.-The inhibition was analyzed kinetically by changing the concentration 
of either the template-primer or the triphosphate substrate with HIV reverse transcrip- 
tase. A typical example is shown in Figure 2. Digallic acid inhibited HIV reverse trans- 
criptase activity by partially competing with the templateeprimer, (rA)n*(dT)1Z-18 
(Figure 2A), for the same binding site, but not with the triphosphate substrate, dTTP 
(Figure 2B). The Ki value of digallic acid for HIV reverse transcriptase was determined 
by replotting (Dixon plot) the data in Figure 2A and is described in Table 1 in compari- 
son with other Ki’s of digallic acid derivatives. 

AsEs.-The effects of digallic acid on the activities of various DNA polymerases were 
emmined under the conditions described in Materials and Methods. As shown in Fig- 
ure 3, digallic acid was found to inhibit differentially all the polymerases tested. Be- 
sides the reverse transcriptase, DNA polymerase a was fairly sensitive to inhibition by 
this compound (more thao 90% inhibition was observed in the presence of 1 kg/ml di- 
gallic acid). DNA polymerase p was moderately inhibited by this compound, whereas 
DNA polymerase y, terminal deoxynucleotidyltransferase, and DNA polymerase I 
were virtually insensitive to this compound (Figure 3). These results are summarized in 
Table 2 with the Ki values of DNA polymerases a and p. 

ANALYSIS O F  THE MODE O F  INHIBITION AND DETERMINATION OF KINETIC 

EFFECTS O F  DIGALLIC ACID ON THE ACTIVITIES O F  VARIOUS DNA POLYMER- 
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FIGURE 2. Analysis of the inhibition of HIV reverse transcriptase by digallic acid [4]. 
Reactions were carried out under the conditions described in Materials and 
Methods, except that various concentrations of (rA)n.(dT’)12-i8 (A) and 
E3H]dTTP (400 cpdprnol) (B) were used as the template*primer and the 
triphosphate substrate, respectively, in the presence of various concentra- 
tions of digallic acid as indicated in the figure. Digallic acid concentrations 
were 0 (a), 0.2 (A), 0.4 (O), and 0.6 ( X )  pg/ml. The figure represents 
double reciprocal plots. 

EFFECTS OF DIGALLIC ACID DERIVATIVES ON THE REVERSE TRANSCRIPTASE 
AcrIvIn.-Five derivatives 5 9  of digallic acid E41 and two derivatives 2 and 3 of 
gallic acid E11 were tested for the ability to inhibit the reverse transcriptase activity. 
Neither gallic acid nor either of its derivatives with modified carboxyl group were in- 
hibitory to the enzyme (data not shown), whereas compounds 5 and 6, two of the five 
derivatives of digallic acid, were found to be strongly inhibitory to the enzyme activity 
(Figure 4). Both of them have the same structure as that of digallic acid, except that the 
carboxyl group was modified with a methoxyethoxyethyl or a methoxyethoxyethoxy- 
ethyl group. Neither 7 nor 8 had inhibitory effect on the enzyme activity, indicating an 
important role of 4’,5’-hydroxyl and probably also 3’-hydroxyl groups in the inhibi- 
tion of reverse transcriptase. Also, 9 was ineffective for the inhibition of the reverse 
transcriptase activity. 

DISCUSSION 

Some plant extracts and plant-derived compounds have previously been shown in 

Digallic acid [41 . . . . . . . . . . , . . . . . . . 

Methoxyethoxyethyl m-digallate 151 . . . . . . . . . 

Methoxyethoxyethoxyethyl m-digallate [6] . . . . . . 

mixed-type to (rA)n*(dT)12-18 
noncompetitive to dTTP 

competitive to (rA)n.(dT)12-,8 
noncompetitive to dTTP 

mixed-type to (rA),,.(dT)i2-i8 
noncompetitive to dTTP 

0.58 

0.12 

0.39 



1238 

, competitive to activated DNA 
- noncompetitive to dNTP 
Competitive to (rA)n*(dT)12-18 

noncompetitive to d l T P  
NI' 
NI 

Journal of Natural Products Wol. 53, No. 5 

0 0.5 1.0 
Digalllc acid (pglml) 

FIGURE 3.  Effects of digallic acid 141 on the activities of various 
DNA polymerases. DNA polymerase activities were 
measured under the conditions described in Materials 
and Methods in the presence ofvarious concentrations 
of digallic acid as indicated in the figure. DNA 
polymerases a (0). p 0. and y (A), terminal deoxy- 
nucleotidyltransferase (a), Edurichk coli DNA 
polymerase I (a), and Rauscher MLV reverse tran- 
scriptase (e). Specific radioactivity (cpdpmol) of 
E3H]dTTP was 1000 (O), 400 w, 6000 (A), 400 
(O), and 400 (O), and that of13H1dGTP was 400 (I). 
The 100% values (pmol) were 37.5  (O), 6.4 (A), 3.6 
(A), 35.0 (a), 190.4 (O), and 16.3 (0). 

our laboratories to have inhibitory effects on the activity of reverse transcriptase (18- 
20). Digallic acid is also a plant-derived compound originally isolated from Aleppo gal- 
lotannin and Chinese gallotannin. This compound proved in this study to be effective 
in inhibiting the activities of the reverse transcriptases from MLV and HIV. It inhib- 
ited the enzyme activity by partially competing with the templatemprimer, 
( r A ) , , ~ ( d ~ 1 2 ~ ~ 8 ,  for the same binding site on the enzyme but not with the triphosphate 

TABLE 2. Characterization of Inhibirion of various DNA Polymerases by Digallic Acid [4] .  
I 

DNA polymerase 
Inhibition 

I 
Mode 

Eukaryotic 
a . . . . . . . . . . . . . . . . . . . . . . . .  

p . . . . . . . . . . . . . . . . . . . . . . . .  

y . . . . . . . . . . . . . . . . . . . . . . .  
Td'P . . . . . . . . . . . . . . . . . . . . .  

Bacterial 
PolIb . . . . . . . . . . . . . . . . . . . . . .  NI 

T d T ,  terminal deoxynucleotidyltranferase. 

'NI, no inhibition. 
b ~ o ~  I, DNA polymerase I. 
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FIGURE 4. Effects of digallic acid derivatives on the reverse transcriptase activity. Re- 
verse transcriptase activity was measured under the same conditions as in 
Figure 1, in the presence of various concentrations of digallic acid deriva- 
tives as indicated in the figure. The reverse transcriptases were from 
Rauxher MLV (A) and HIV (B). Digallic acid derivatives were 
methoxyethoxyethyl m-digallate 151 (A) and methoxyethoxyethoxyethyl 
m-digallate E61 (0). Digallic acid (0). The 100% values (pmol) were 15.8 
(A) and 19.6 (B). 

substrate, dTTP (Figure 2). The Ki value was determined to be as low as 0.58 kM, 
which is in a similar order of magnitude as those of baicalein (20), quercetin, and quer- 
cetagetin (28). It was unfortunate, however, that the highly purified reverse transcrip- 
tases used in the present study could transcribe only (rA),,*(dT)12-18, and, therefore, we 
could not test whether digallic acid is also inhibitory with other template-primers. 

Several derivatives of digallic acid and gallic acid were examined to study the struc- 
ture-activity relationship in the inhibition of the reverse transcriptase activity by this 
class of compounds. As shown in Figure 1, neither gallic acid 111 nor its two derivatives 
2 and 3 inhibited the enzyme activity, indicating the requirement of the digallic acid 
structure for the inhibition. On the other hand, the digallic acid derivatives modified 
on the carboxyl group have been shown to have strong inhibitory activity to the en- 
zyme, indicating that this carboxyl group had no role in inhibiting the enzyme activity 
(Figure 4). In contrast, methoxyethoxyethylation of the hydroxyl group on either the 4’ 
or 5’ position greatly reduced the inhibitory potencies of these compounds, suggesting 
an important contribution of these two hydroxyl groups in the inhibition of the reverse 
transcriptase by digallic acid. 

Digallic acid is also inhibitory to DNA polymerase a .  The activity of a-polymerase 
was almost completely inhibited in the presence of 1 pg/ml digallic acid. On the other 
hand, DNA polymerase p was moderately inhibited, whereas DNA polymerase y, ter- 
minal deoxynucleotidyltransferase, and DNA polymerase I were not inhibited by this 
compound at concentrations up to 1 kg/ml. Insummary, the fact that the inhibition by 
digallic acid at its lower concentrations (<0.5 kg/ml) is relatively specific for reverse 
transcriptase may indicate that the compound is not toxic for the retrovirus-infected 
host cells at low concentrations. Further testing with HIV-infected cultured cells will 
answer this question and determine possible use of this compound as an antiretroviral 
agent. 
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