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All known DNA ligases catalyze the formation of a phosphodiester linkage between adjacent termini in
double-stranded DNA via very similar mechanisms. The ligase family can, however, be divided into two classes:
eubacterial ligases, which require NAD1 as a cofactor, and other ligases, from viruses, archaea, and eu-
karyotes, which use ATP. Drugs that discriminate between DNA ligases from different sources may have
antieubacterial activity. We now report that a group of arylamino compounds, including some commonly used
antimalarial and anti-inflammatory drugs and a novel series of bisquinoline compounds, are specific inhibitors
of eubacterial DNA ligases. Members of this group of inhibitors have different heterocyclic ring systems with
a common amino side chain in which the two nitrogens are separated by four carbon atoms. The potency, but
not the specificity of action, is influenced by the DNA-binding characteristics of the inhibitor, and the
inhibition is noncompetitive with respect to NAD1. The arylamino compounds appear to target eubacterial
DNA ligase in vivo, since a Salmonella Lig2 strain that has been rescued with the ATP-dependent T4 DNA
ligase is less sensitive than the parental Salmonella strain.

DNA ligation is an important step in a number of cellular
processes, including replication, recombination, and repair of
damaged DNA (8, 14, 15). As a consequence, DNA ligase is an
essential enzyme in every organism. Its key role in living or-
ganisms is evidenced by the facts that eukaryotic cells encode
up to five isoenzymes (40) and that many viruses encode their
own DNA ligase (13, 28). Studies of conditionally lethal and
null mutants of DNA ligase genes (2, 8, 22) indicate that the
single DNA ligase of bacteria is an essential enzyme. In eu-
karyotic systems, disruption of LIG1, which encodes the major
DNA ligase of proliferating cells, prevents normal cell growth
and differentiation (1, 23).

All of the DNA ligases studied to date catalyze the joining of
ends of nicked double-stranded DNA by similar processes that
involve adenylation of a critical lysine residue within the active
site (14, 15). The ligases can be divided, however, into two
separate families. In the highly conserved eubacterial family of
DNA ligases, NAD1 functions as the adenyl donor (27, 35, 38,
44), while in the much more variable family of ligases from
viruses, archaea, and eukaryotes (13, 28, 41, 42), the adenyl
moiety is donated by ATP. One exception to this rule is Hae-
mophilus influenzae, which appears to make use of both
NAD1-dependent and ATP-dependent ligases (2).

Amino acid sequence comparisons suggest that the NAD1-
dependent DNA ligases are phylogenetically unrelated to the
ATP-dependent DNA ligases (13). Only one motif (K-X-D-G)
is shared by the two families of enzymes (13, 31), and the
presence of this motif may reflect convergent rather than di-
vergent evolution (13). The ATP-dependent ligases are more
varied in sequence but nevertheless appear to belong to a
nucleotidyltransferase superfamily (29). Enzymes within this
superfamily are characterized by a set of six short motifs con-
taining conserved residues that are critical for covalent nucle-
otide transfer (9, 34).

The structure of an ATP-dependent DNA ligase has been
reported (34), and very recently the structure of the NAD1-
binding domain of a bacterial DNA ligase has also been de-
termined (30). The crystallographic data indicate that while
there is some structural similarity between the two families of
enzymes, the nature of some of the residues lining the active
cleft and the spatial organizations of the two domains of the
ligases may differ significantly. The differences between the two
families of enzymes and the high degree of conservation of the
eubacterial DNA ligases (2, 14) have led to the suggestion that
the NAD1-dependent ligase may be a potential target for new
bactericidal drugs (30).

A number of effective inhibitors of DNA ligases have pre-
viously been described (3, 19, 20), but none of them appears to
be capable of discriminating between DNA ligases from dif-
ferent sources (21). We now report the identification of a series
of compounds that are the first reported specific inhibitors of
Escherichia coli DNA ligase. We also demonstrate that the
endogenous eubacterial DNA ligase can be targeted in vivo by
some of these compounds, thereby providing the first practical
demonstration that DNA ligase inhibitors do indeed represent
a novel class of agents with antimicrobial activity.

MATERIALS AND METHODS

Cells and chemicals. The LT2 wild-type strain of Salmonella typhimurium (22),
its DNA ligase-minus (null) derivative which was constructed in the presence of
the T4 Lig1 plasmid pBR313/598/8/1b (TT15151 [43]), the conditional lethal (8)
mutant strain of E. coli lig-7(ts) supF (TT6508), and its derivative E. coli lig-7(ts)
supF (UAG, Ty8) pBR313/598/8/1b (TT8352), harboring the gene for T4 DNA
ligase (T4 Lig1 [43]), were all kindly provided by J. R. Roth (University of Utah,
Salt Lake City). Doxorubicin and hydroxychloroquine were gifts from Farmitalia-
Carlo Erba (Milan, Italy) and Sanofi Winthrop (Newcastle upon Tyne, United
Kingdom), respectively. The 2-amino-5-diethylaminopentane was purchased
from Aldrich, Castle Hill, Australia. [3H]dTTP was obtained from Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, United Kingdom. Meflo-
quine was kindly donated by Hoffmann-La Roche, Basel, Switzerland. N,N9-
bis[4-((4-(Diethylamino)-1-methylbutyl)amino)-quinolin-6-yl]sebacamide(6bisQ8)
and other bisquinolines were synthesized as described previously (25). T4 DNA
ligase was purchased from Sigma Chemical Co., St. Louis, Mo. E. coli DNA
ligase and exonuclease III were from Boehringer Mannheim, Castle Hill, Aus-
tralia. Human recombinant DNA ligase I was purified as described elsewhere (7).
Due to the difficulty of isolating large quantities of active human DNA ligase, the
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more extensive studies of inhibition of ATP-dependent ligase were performed
with the T4 DNA ligase. Nutrient broth and nutrient agar were supplied by
Oxoid Pty. Ltd., West Heidelberg, Australia. All other drugs and chemicals were
from Sigma Chemical Co.

DNA ligase assays. DNA joining activity was measured by determining the
extent to which nicked [3H] poly(dA-dT) became resistant to degradation by
exonuclease III, using a modification of the method of Modrich and Lehman
(18). The E. coli DNA ligase reaction mixture (50 ml) contained 30 mM Tris-HCl
(pH 8.0), 4 mM MgCl2, 1.2 mM EDTA, 1 mM dithioerythritol, 0.026 mM NAD,
50 mg of bovine serum albumin/ml, and 2 nmol of [3H]poly(dA-dT) (ca. 60
cpm/pmol). The bacteriophage T4 DNA ligase and human recombinant DNA
ligase I reaction mixtures (50 ml) contained 50 mM Tris-HCl (pH 7.5), 10 mM
MgCl2 1 mM dithioerythritol, 1 mM ATP, and 2 nmol of [3H]poly(dA-dT) (ca.
60 cpm/pmol). Upon addition of enzyme, the reaction mixture was incubated for
30 min at 37°C, then boiled for 3 min. After the reaction mixture was chilled, 50
ml of a solution containing 80 mM Tris-HCl (pH 8.0), 5 mM dithioerythritol, 30
mg of bovine serum albumin/ml, and 15 U of exonuclease III was added. After
incubation for 30 min at 37°C, 80-ml samples were spotted onto Whatman GF/C
filters and the filters were batch washed three times with 5% (wt/vol) trichloro-
acetic acid, two times with ethanol, and once with acetone. At the concentrations
used in the present work, none of the test compounds interfered with the action
of the exonuclease III or caused breakdown of the ligated polymer upon boiling.
For experiments examining the effect of NAD1 on the inhibition of DNA ligase
activity by chloroquine (CQ), NAD1 (0.026 to 1 mM) was included in the E. coli
DNA ligase reaction mixture.

Drug-DNA interactions. The interaction of CQ (50 mM) with DNA (100 mM)
in 30 mM Tris-HCl, pH 8.0, was determined by monitoring the absorbance of CQ
at 343 nm with a Shimadzu spectrophotometer as described by Cohen and
Yielding (4).

Growth inhibition assays. For studies of inhibition of growth in liquid me-
dium, log-phase cultures of S. typhimurium were incubated at 37°C in the pres-
ence of CQ as suspensions in either saline (0.85% NaCl) or nutrient broth. After
treatment, cell cultures were diluted appropriately and plated on nutrient agar.
The resulting colonies were counted after overnight incubation of the plates at
37°C. For studies of growth inhibition on solid medium, log-phase cell cultures
were deposited as small drops (10 ml of the appropriate dilution) on nutrient agar
plates supplemented with the required amount of CQ and the plates were
incubated overnight at either 37°C (in the case of the S. typhimurium strains) or
30°C (in the case of the temperature-sensitive E. coli strains).

RESULTS

Doxorubicin inhibits ATP-dependent and NAD1-dependent
DNA ligases with similar efficiencies. The antitumor drug
doxorubicin has previously been shown to be a potent inhibitor
of ATP-dependent DNA ligases (19). Using a slightly modified
assay of poly(dA-dT) joining activity, we confirmed that doxo-
rubicin inhibits the ATP-dependent DNA ligase of bacterio-

phage T4 and showed that it inhibits the NAD1-dependent
DNA ligase of E. coli with a similar potency (Table 1).

Arylamino compounds are specific inhibitors of E. coli DNA
ligase. In the course of a search for specific inhibitors, we have
identified several representative arylamino compounds that
inhibit NAD1-dependent ligases preferentially (Fig. 1 and Ta-
ble 1). CQ, a known antimalarial and DNA-binding agent (4,

FIG. 1. Inhibition of DNA joining activity of DNA ligases. The circulariza-
tion of [3H]poly(dA-dT) substrate by the DNA ligase of E. coli (NAD1 depen-
dent) (filled symbols) or the DNA ligase of the T4 bacteriophage (ATP depen-
dent) (open symbols) was monitored in the presence of increasing concentrations
of quinacrine (squares) or CQ (circles) (A) and of 6bisQ8 (diamonds) or 2-ami-
no-5-diethylaminopentane (triangles) (B). Data represent the averages of values
determined in at least two separate experiments.

TABLE 1. Drug concentrations required to inhibit the activities of DNA ligases from E. coli, T4 bacteriophage,
and humans (type I) by 50%, and specificity factors

Druga
IC50 (mM) for:

SFa

E. coli ligase T4 ligase Human ligase I

Doxorubicin 1.3 6 0.3 2 6 0.4 1.8 6 0.4 1.5
CQ 53 6 3 .1,500 720 6 80 .28
Hydroxychloroquine 63 6 6 .2,000 NDb .31
Quinacrine 1.5 6 0.2 23 6 5 ND 16
6bisQ0 2.6 6 0.4 14 6 2 16 6 2 5.4
6bisQ6 2.2 6 0.3 18.2 6 2 14.8 6 3 8.3
6bisQ8 1.8 6 0.2 16.8 6 2 12.8 6 2 9.3
8bisQ0 10.2 6 2 33 6 3 49 6 9 3.2
8bisQ4 9 6 2 44 6 5 43 6 7 4.9
N,N9-bis[4-Chloroquinolin-8-yl]succinamide .2,000 .2,000 .2,000 ND
Quinine .2,000 .2,000 .2,000 ND
Cinchonidine .5,000 .5,000 .5,000 ND
2-Amino-5-diethylaminopentane 2,100 6 180 .16,000 ND .7.6
Spermidine 5,000 6 580 23,000 6 3,800 ND 4.6
Putrescine 9,200 6 950 .20,000 ND .2.2

a SF, specificity factor (ratio of IC50s of drug for T4 and E. coli DNA ligases).
b ND, not determined.
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26), is a much more effective inhibitor of the NAD1-depen-
dent DNA ligase of E. coli than of either the bacteriophage T4
DNA ligase or the human recombinant (7) DNA ligase I (Fig.
1A and Table 1). The specificity factor, i.e., the ratio of the
50% inhibitory concentration (IC50) for the T4 ligase to the
IC50 for the E. coli ligase, is .28. The closely related quinoline
derivative hydroxychloroquine, which is widely utilized as a
nonsteroidal anti-inflammatory drug (17), was also shown to be
a specific inhibitor of the E. coli DNA ligase (Table 1). The
quinoline ring structure does not seem to be necessary for
activity, since quinacrine, a 9-aminoacridine that binds to DNA
even more tightly than CQ (4, 26), was also a more potent
inhibitor of the E. coli DNA ligase (Fig. 1A and Table 1).
Members of a series of novel bisquinoline compounds (25)
were also examined. 6bisQ8, which has an eight-carbon linker
(25), showed good activity against the NAD1-dependent E.
coli ligase while retaining reasonable specificity of action (Fig.
1B and Table 1). Two other members of this 6-linked bisquino-
line series, for which the number of carbons in the linker was
either zero or six, showed very similar inhibitory characteris-
tics. A member of a related 8-linked bisquinoline series, N,N9-
bis[4-((4-(diethylamino)-1-methylbutyl)amino)-quinoline-8-
yl]adipamide (8bisQ4 [25]) (Fig. 2A), also showed good activity
and some specificity (Table 1). Thus, we have identified a

number of arylamino compounds that are efficient inhibitors of
a bacterial DNA ligase but are less active against ATP-depen-
dent ligases from viral and human sources.

A common structural feature of the compounds that display
specificity of action is the presence of an amino side chain
(with four carbons separating the nitrogens) attached to a
heterocyclic ring system (Fig. 2A). Quinoline compounds that
lack the diamino side chain (i.e., quinine, cinchonidine, and a
bisquinoline compound with no side chain, N,N9-bis[4-chloro-
quinolin-8-yl]succinamide [Fig. 2C]) showed no measurable
inhibitory activity against either type of DNA ligase (Table 1).
We have further shown that the free side chain of CQ, 2-ami-
no-5-diethylaminopentane (Fig. 2B), is sufficient to inhibit the
activity of E. coli DNA ligase, albeit at very much higher
concentrations. By contrast, 2-amino-5-diethylaminopentane
enhanced the activity of the ATP-dependent T4 DNA ligase at
concentrations above 2 mM (Fig. 1B). Similarly, putrescine
(Fig. 2B), the simplest molecule with a NCCCCN structure,
preferentially inhibited E. coli DNA ligase, with no significant
inhibition of the T4 ligase being observed at the highest con-
centration examined (Table 1). Stimulation of ATP-dependent
DNA ligases by polyamines has been described previously (24,
36). These data indicate that a structure with four carbon
atoms separating two nitrogens is the minimum inhibitory el-
ement and that this particular inhibitory moiety can be pre-
sented on a variety of scaffolds without losing its capacity for
specific inhibition of the eubacterial ligase.

To determine whether inhibition of the E. coli DNA ligase
by the range of arylamino compounds under investigation in-
volves a direct interaction with the NAD1 recognition site of
the enzyme, we examined the effect of varying the concentra-
tion of NAD1 from 0.026 to 1 mM. Using CQ as an inhibitory
compound, we found that NAD1 did not relieve the inhibition
of the enzyme. For example, 100 mM CQ was associated with
76% 6 5% and 74% 6 4% (means 6 standard deviations)
inhibition of the E. coli DNA ligase activity in the presence and
absence of 1 mM NAD1, respectively. This indicates that the
inhibitory effects are unlikely to involve direct binding of the
arylamino compounds to the cofactor recognition site of the
enzyme.

Effect of protonation state on inhibition of DNA ligases. To
obtain additional information about the mechanism(s) of inhi-
bition of the DNA ligases by different compounds, we analyzed
the inhibitory effects of CQ at different pH values. Chloro-
quine is a diprotic weak base (pKa1 5 8.1, pKa2 5 10.2), and its
protonation state is readily modulated by altering the pH (11).
In agreement with a previous report (33), we found that the
activities of both the NAD1-dependent and ATP-dependent
DNA ligases increased as the pH increased (Fig. 3). For the
ATP-dependent ligase, the residual activity (in the presence of
800 mM CQ) also increased with increasing pH (Fig. 3B). This
suggests that the degree of protonation of CQ has little effect
on the inhibition of the ATP-dependent ligase. By contrast, the
residual activity of the NAD1-dependent ligase (in the pres-
ence of 110 mM CQ) decreased as the pH was increased from
6.2 to 8.2 (Fig. 3A). The ratio of the activities in the presence
and absence of CQ increased from 1.5 to 4.3 (r 5 0.972, P 5
0.0002). Hence, monoprotonated CQ may be a significantly
more effective inhibitor of the NAD1-dependent ligase than
diprotonated CQ. These findings suggest that the effect of CQ
on the NAD1-dependent ligase involves a mechanism which is
quite different from that which is responsible for its weaker
effect on the ATP-dependent ligases.

The DNA-binding properties of the arylamino compounds
affect the potency but not the specificity of inhibition of NAD1-
dependent DNA ligase. Quinoline antimalarial agents (4, 26)

FIG. 2. Structures of some compounds examined in this work. (A) Com-
pounds showing potent and specific activity against eubacterial DNA ligase. (B)
Simple diamino compounds that retain specific activity against E. coli DNA
ligase. (C) Related aminoquinoline compounds that lack specific inhibitory ac-
tivity against eubacterial DNA ligase. (D) Doxorubicin, a previously identified
inhibitor of DNA ligases which lacks specificity against E. coli DNA ligase.
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and polyamines (16) have previously been shown to interact
with DNA. Moreover, quinacrine, which is a more potent
DNA-binding agent than CQ (4, 26), is also a much more
potent inhibitor of the E. coli DNA ligase than is CQ (Fig. 1A).
This could mean that these inhibitors of DNA ligases exert
their activity via an interaction with DNA. To investigate this
possibility further, we examined the effect of Mg21 concentra-
tion on the inhibitory effect of CQ. In agreement with a pre-
vious report (4), we found that CQ binds maximally to DNA in
the absence of divalent cations and shows little binding to
DNA at Mg21 concentrations above 10 mM (Fig. 4B). Indeed,
CQ has previously been shown to have little effect on DNA
polymerase at Mg21 concentrations above 2 mM (5). We ex-
amined the effect of different Mg21 concentrations on the
activities of the NAD1- and ATP-dependent ligases in the
presence of a CQ concentration which gave about 70% inhi-
bition under standard assay conditions (Fig. 4A). For the E.
coli DNA ligase, the inhibitory effect of CQ (at 0.1 mM) was
weakened at higher Mg21 concentrations; however, CQ was
still partially effective as an inhibitor even at 20 mM Mg21 (Fig.
4A). The divalent-cation concentration had no effect on the
inhibition of the T4 ligase by 2 mM CQ (Fig. 4A). These data
provide further support for the suggestion that the molecular
basis of the activity of CQ against the NAD1-dependent ligase
probably is different from that of its (weaker) effect against the
ATP-dependent ligases. The data also indicate that while the
ability of CQ and other arylamino inhibitors to bind DNA does
contribute to their potency against the NAD1-dependent li-
gase, DNA binding is not a critical determinant of the speci-
ficity of action.

Arylamino compounds target eubacterial DNA ligase in
vivo. To determine whether these arylamino compounds might
have potential as lead structures for novel eubactericidal
agents, we examined the abilities of the arylamino compounds
to inhibit the growth of bacteria. We used CQ for these studies
since it showed the highest specificity factor in vitro. CQ was
shown to exert both cytostatic and cytotoxic effects. When an
aliquot of a log-phase culture of a wild-type S. typhimurium

strain (LT2) was transferred to medium containing CQ, the
colony-forming ability of the culture decreased with time (Fig.
5A). Cell survival of this wild-type strain of Salmonella was
decreased to 50% of control levels by a CQ concentration of
about 25 mg/ml (Fig. 5B). A cytostatic effect of CQ was ob-
served when log-phase S. typhimurium LT2 cultures were
plated on solid medium containing CQ (Fig. 6a and b, right
sides of plates). At CQ concentrations above 15 mg/ml, the
growth of the bacterial colonies was substantially inhibited,
indicating that CQ may be able to target the DNA ligase in
vivo. The concentration of CQ that was required to inhibit
bacterial growth in vivo was very high compared with the IC50
of CQ for the E. coli DNA ligase (i.e., 53 6 3 mM or 27 mg/ml
[Fig. 1A]), presumably due to poor uptake of CQ by bacteria
(32).

To investigate the specificity of action of CQ in vivo, we
compared the sensitivity of the wild-type strain of Salmonella
(LT2) with that of a DNA ligase-minus (null) derivative
(TT15151) which had been “rescued” with a plasmid (pBR313/
598/8/1b) encoding the T4 DNA ligase gene. The wild-type
LT2 strain was significantly more sensitive to CQ than the
mutant strain, which expresses only the ATP-dependent T4
DNA ligase (Fig. 5). Similarly, when the two Salmonella strains
were plated on solid medium in the presence of CQ, wild-type
bacteria expressing an NAD1-dependent ligase were found to
be significantly more sensitive to CQ than bacteria expressing
the ATP-dependent T4 DNA ligase (Fig. 6).

We also examined the sensitivity of the two Salmonella
strains to the bisquinoline compound 6bisQ8, which shows
specific activity against the E. coli DNA ligase. The wild-type
Salmonella strain was sensitive to 6bisQ8 at 2.3 mg/ml, while
the Lig2(T4 Lig1) partial diploid was resistant to 6bisQ8 at
this concentration (data not shown). By contrast, the two Sal-

FIG. 3. Effect of pH on the inhibition of NAD1- and ATP-dependent DNA
ligases by chloroquine. (A) The DNA joining activity of E. coli DNA ligase was
monitored as a function of pH in the absence of CQ (filled symbols) or in the
presence of 110 mM CQ (open symbols). (B) The DNA joining activity of human
recombinant (rec.) DNA ligase I was monitored as a function of pH in the
absence of CQ (filled symbols) or in the presence of 800 mM CQ (open symbols).
poly d(AT), poly(dA-dT).

FIG. 4. Effect of Mg21 concentration on inhibition of NAD1- and ATP-
dependent DNA ligases by chloroquine. (A) The DNA joining activities of E. coli
DNA ligase in the presence of 100 mM CQ (filled squares) and of T4 DNA ligase
in the presence of 2 mM CQ (open squares) were monitored as a function of
increasing Mg21 concentration. The enzyme activities are presented as percent-
ages of activity in the absence of CQ at the same Mg21 concentration. (B) The
interaction of CQ (50 mM) with DNA (100 mM) was determined by monitoring
the change in absorbance of CQ at 343 nm.
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monella strains were equally sensitive to quinine and cincho-
nidine, which show no specificity of action against the NAD1-
dependent DNA ligase, and the Lig2(T4 Lig1) strain was
slightly more sensitive to doxorubicin (data not shown). The
apparent resistance of the Lig2(T4 Lig1) strain to these
arylamino compounds is not due to overexpression of the T4
ligase, since the wild-type and rescued strains have previously
been shown to possess similar overall levels of DNA ligase
activity (22). The difference in the sensitivities of the two bac-
terial strains to CQ is relatively modest, indicating that there
are other targets for CQ in the bacteria. Further studies using
more-readily permeating arylamino compounds would be use-
ful to confirm the importance of DNA ligase as a target in vivo.
Nonetheless, these studies indicate that, under the conditions
of these experiments, CQ and similar compounds can inhibit
bacterial growth by directly targeting the eubacterial DNA
ligase.

To obtain further information about the role of DNA ligase
as a target for CQ in vivo, we compared the sensitivity of the
conditional lethal (8) mutant strain of E. coli lig-7(ts) supF,
TT6508, with that of its E. coli lig-7(ts) supF (UAG, Ty8)
pBR313/598/8/1b derivative, TT8352, harboring the gene for
T4 DNA ligase (T4 Lig1 [43]). The parental E. coli lig-7(ts)
strain TT6508 was sensitive to CQ when grown at the permis-

sive temperature of 30°C on solid medium (Fig. 6c to f, right
sides of plates). The T4 Lig1 strain TT8352, which expresses
both a temperature-sensitive NAD1-dependent and an ATP-
dependent DNA ligase, showed a somewhat increased level of
resistance to CQ (Fig. 6c to f, left sides of plates). The less
dramatic level of resistance to CQ of the E. coli strains har-
boring the T4 Lig1 plasmid [compared with the Lig2(T4 Lig1)
Salmonella strain] may be due to the presence of the endoge-
nous NAD1-dependent enzyme. This endogenous enzyme
may compete for binding to substrate or for interaction with
proteins of the replicative apparatus (22).

The enhanced resistance of the bacterial strains expressing
an ATP-dependent DNA ligase strongly suggests that the
NAD1-dependent DNA ligase of eubacteria is a target of the
arylamino compounds in vivo.

DISCUSSION

Eubacteria possess an NAD1-dependent DNA ligase en-
zyme that is quite distinct from the ATP-dependent ligase

FIG. 5. Cytotoxicity of chloroquine against S. typhimurium in liquid culture.
(A) Log-phase wild-type S. typhimurium LT2 (filled circles) or S. typhimurium
TT15151 (lig-2::Mu dJ/pBR313/598/8/1b [T4 Lig1] AMPr [43]) (open circles)
was incubated at 37°C in the presence of chloroquine at 42 mg/ml. At the
indicated time points, aliquots were removed and plated on nutrient agar after
appropriate dilution. (B) Log-phase wild-type S. typhimurium LT2 and strain
TT15151 cells were incubated at 37°C in the presence of increasing concentra-
tions of CQ. After 1 h, aliquots were removed and plated on nutrient agar after
appropriate dilution. The resulting colonies were counted after overnight incu-
bation at 37°C. Data are mean values 6 standard errors of the means. Student’s
t-test analysis indicates a significant difference between the growth of the two
strains of bacteria in the presence of 125 and 250 mg of CQ/ml, with P values of
,0.01, ,0.01, ,0.001, and ,0.02, respectively.

FIG. 6. Chloroquine inhibition of bacterial growth on a solid medium. Log-
phase wild-type S. typhimurium LT2 cells (right sides of plates) or S. typhimurium
TT15151 (Lig2/T4 Lig1) cells (left sides of plates) were plated at dilution ratios
of 1023 (bottom rows), 1024 (middle rows), and 1025 (top rows) on nutrient agar
containing no drug (a) or 15 mg of CQ/ml (b), and the plates were incubated
overnight at 37°C. Log-phase cells of a conditional lethal mutant strain of E. coli,
TT6508 [lig-7(ts) supF] (right sides of plates) or of its lig-7(ts) supF (UAG, Ty8)
pBR313/598/8/1b derivative, E. coli TT8352, harboring the gene for T4 DNA
ligase (T4 Lig1 [43]) (left sides of plates), were plated at dilution ratios of 5 3
1023, 5 3 1024, 5 3 1025, and 5 3 1026 (from bottom to top rows) on nutrient
agar containing no drug (c), 30 mg of CQ/ml (d), 40 mg of CQ/ml (e), or 45 mg
of CQ/ml (f), and the plates were incubated overnight at 30°C.
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enzymes employed by other organisms. The crystal structure of
an ATP-dependent DNA ligase from bacteriophage T7 is
available, having been solved at 2.6 Å resolution (34). The T7
enzyme contains a core structure conserved in all ATP-depen-
dent ligases (28). The T7 DNA ligase has a markedly asym-
metric structure, comprising two domains divided by a deep
basic cleft, which presumably accommodates the DNA duplex.
The ATP-binding site is located at the base of this cleft (34,
41). ATP binding appears to be stabilized by a number of
interactions with the protein, in particular with Lys-34, which is
positioned adjacent to the a-phosphate group of the bound
ATP (34).

Recently, structural information relating to the NAD1-de-
pendent ligase from Bacillus stearothermophilus has also be-
come available (30, 39). This enzyme also appears to consist of
two domains; however, these domains are more biochemically
independent than the two domains of the ATP-dependent
DNA ligase. The crystal structure of the N-terminal domain of
B. stearothermophilus has been solved at 2.8 Å resolution (30).
Despite the lack of sequence homology with ATP-dependent
ligases, the central core of this domain shows significant struc-
tural homology with the equivalent region of the ATP-depen-
dent enzyme, and some key residues in the adenylation domain
are retained in equivalent positions. Nonetheless, there appear
to be a number of structural differences, since the ATP-depen-
dent enzyme needs to undergo a transition from an open to a
closed conformation for adenylation to occur. This requires
the participation of both the N-terminal and C-terminal do-
mains. By contrast, the N-terminal domain of the NAD1-
dependent enzyme can be efficiently adenylated in the absence
of the C-terminal domain (30). Thus, the fine structures and
topologies of the cofactor-binding cavities may be quite differ-
ent. The arylamino compounds identified in this study presum-
ably interfere specifically with the NAD1-dependent DNA
ligase by interacting with residues that lie adjacent to the ad-
enylation site, since our results indicate that CQ does not
compete directly for binding to the NAD1-binding site.

We have shown that a diamino side chain (NCCCCN) is
necessary for the specific inhibitory activity of arylamino com-
pounds but that this moiety can be presented on either a
quinoline or an acridine nucleus. The differential interactions
of polyamines (24, 36) with the two families of DNA ligases
may have similar molecular bases. Hydroxylation of the termi-
nal tertiary amine of the diaminopentane side chain (as in
hydroxychloroquine) did not appear to affect the potency of
inhibition, but quinolines bearing amino alcohol side chains
(e.g., quinine and cinchonidine) were extremely weak inhibi-
tors. The DNA-binding ability of the ring system, to which the
diamino side chain is attached, appears to enhance the potency
of an inhibitor but is not a critical determinant of its specificity.

Eubacteria would be expected to be sensitive to significant,
or even partial, inhibition of their DNA ligase activities. Stud-
ies of temperature-sensitive DNA ligase mutants have revealed
some important effects of defective DNA ligase genes on cel-
lular growth and DNA repair (8). Two mutants (one with a
lig-7(ts) mutation and the other with a lig4 mutation) that
express DNA ligase at 15 to 20% of wild-type levels, as as-
sessed by their ability to sustain phage replication, were stud-
ied in some detail (8). These DNA ligase mutants showed both
DNA replication and repair defects when grown at nonpermis-
sive temperatures (8), suggesting that DNA ligase is a suitable
target for novel antibacterial agents.

While some of the aminoquinoline compounds identified in
this study (e.g., CQ, quinacrine, and 6bisQ8) were reasonably
potent inhibitors of NAD1-dependent DNA ligase in vitro,
they were .1,000-fold less active in vivo. This is presumably

due to the fact that basic drugs, such as CQ, are actively
excluded by bacteria (32), so the intracellular concentration of
the aminoquinolines is likely to be very low. If the aminoquino-
lines could be modified to enhance uptake, they might have
potential as bactericidal drugs.

We suggest that inhibition of DNA ligase can account for
the previously reported antibacterial activity of CQ against
both spore outgrowth and vegetative multiplication in Bacillus
species (32). Ligase inhibition may also help to explain the
ability of CQ to induce frameshift mutations in E. coli and S.
typhimurium (37). By contrast, it seems unlikely that inhibition
of DNA ligase underlies the antimalarial activities of CQ and
quinacrine, since partial sequencing of a Plasmodium falcipa-
rum DNA ligase gene indicates that it is a typically eukaryotic
ATP-dependent enzyme (14a).

The arylamino compounds identified in this study appear to
be the first examples of specific inhibitors of eubacterial DNA
ligases identified to date. Our data indicate that a structure
with four carbon atoms separating two nitrogens is the mini-
mum element with specific inhibitory activity. This class of
inhibitors is therefore unusual in that a small inhibitory moiety
can be presented on a variety of scaffolds without losing its
specificity of action. We believe that the arylamino compounds
identified in this work will prove useful as tools for further
studies of mechanisms of bacterial mutagenesis and DNA li-
gase action. In addition, we believe that the identification of
even more-potent and more-specific inhibitors of NAD1-de-
pendent DNA ligases will allow the detection and development
of potent, broad-spectrum, eubactericidal drugs. If compounds
that are efficiently accumulated by bacteria can be identified,
they may well prove to be of assistance in our ongoing struggle
with bacteria that show resistance to some of the currently
available and clinically useful antibacterial agents.
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