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Abstract - N-methy! isatin-p-thiosemicarbazone {M-IBT) and cupric ions form a stable complex with
which nucleic acids associate firmly. A 50 uM M-IBT--Cu complex can bind 3-3 uM nucleic acid as
nucleotide (11 pg/ml). The thiosemicarbazide side chain possesses full activity. Substitution of phenyl
groups at the N-1 or N-4 positions of thiosemicarbazide does not interfere with nucleic acid binding
ability. Of those cations tested. cupric ions are the most effective in complex Tormation. but ferrous
ions are also active at high concentrations. Single- and double-stranded DNA and single- and double-
stranded RNA are equally susceptible; there is no nucleotide base specificity. Aurin tricarboxylic acid
is the most cfiicient agent which interferes with the association of the M-IBT copper complex with
DNA. Other chelating agents such as EDTA. Tris-hydroxyaminomethane. 2-mercaptocthanol. histidine
and diphenyl thiocarbazone inhibit the association also. The reaction between the chelate complex
and the DNA occurs rapidiy. is insensitive to ionic strength and temperature, and is optimal at pH
80. Nucleic acid association is reversed in the presence of organic solvents such as dimethyl sulfoxide.

dimethyl formamide and dioxane.

Thiosemicarbazones possess a wide spectrum of anti-
viral, antibacterial, antifungal, and antitumor cell ac-
tivity [17. In view of this, their mode(s) of action is
of considerable interest. The pyridine and isoquino-
line derivatives of x-(N)-heterocyclic carboxaldehyde
thiosemicarbazones inhibit ribonucleotide reductase,
which may account for their antitumor cell activity
[2]. However. the mechanism of action of N-methyl
isatin-f-thiosemicarbazone (M-IBT). which is valu-
able in the treatment of some complications of small-
pox vaccination and in the prophylaxis of smalipox
in exposed persons, is unclear [1]. Since the drug has
no significant effect in vaccinia virus DNA synthesis
[3]. it appears that ribonucleotide reductase is not
the principal target in the inhibition of vaccinia virus
replication. Late, but not early, protein synthesis is
inhibited, which is correlated with a decreased half-
life of virus-specific polysomes at the late stage of
replication [4]. No effect on cellular processes is
detected at virucidal concentrations, although higher
concentrations inhibit DNA and RNA synthesis pri-
marily.

In addition to the intracellular inhibition just de-
scribed. M-IBT can inactivate some viruses on direct
contact. It has been shown that Rous sarcoma virus
(RSV). other RNA tumor viruses, and herpesvirus are
inactivated in vitro [5-7). This inactivation appears
to be a function of the chelating ability of the drug.
since EDTA prevents the inactivation and the addi-
tion of cupric ions enhances it [6]. The loss of the
ability of RSV to transform chick fibroblasts is prob-
ably due to the inhibition of the RNA-dependent
DNA polymerasc of the virus [6]. Since the activity
of purified RNA-dependent DNA polymerase of RSV
is inhibited by M-IBT. the locus of action of the drug
appears to be either the nucleic acid template or the
enzyme. In this paper, we report that nucleic acids
directly associate with complexes of M-IBT and

cupric¢ ions. This teraction may be important in the
chemotherapeutic activity of this group of drugs.

MATERIALS AND METHODS
Reagents and solutions

Drug stock solutions were prepared at millimolar
concentration in 100°, dimethylsulfoxide (DMSO)
and applied at 1:500 dilution to minimize linal
DMSO content. The stock solutions were kept
frozen: daily preparation of fresh solutions as pre-
viously recommended [4] was not necessary  for
reproducible results. Double-glass-distilled water was
used to make the agucous solutions.

The materials and the companics from which they
were purchased are as follows: 2-keto-3-cthoxybutyr-
aldehyde  bis(thiosemicarbazone)  (KTS),  2-kcto-
3-ethoxybutyraldehyde bis(N-4-methylthiosemicarba-
zone) (KTSM), pyruvaldehyde bis(thiosemicarbazone)
(PTS) and pyruvaldehvde bis(N-d-methylthiosemi-
carbazone) (PTSM) were from Nutritional Biochemi-
cals. N-methylisatin-beta-thiosemicarbazone (M-1BT)
was from K & K Laboratories. Semicarbazide (SC),
thiosemicarbazide (TSC). 1-phenylthiosemicarbazide
{1-¢TSC), 4-phenylthiosemicarbazide (4-¢TSC) and
4-methylthiosemicarbazide  (4-MeTSC)  were  from
Eastman Kodak. Aurin tricarboxylic acid (ATA) was
from  Fisher  Scientific.  Diphenylthiocarbazone
(DPTC) was from J. T. Baker. (DMSQ) (spectro-
quality) was from Matheson, Coleman & Bell. 1-
Formylisoquinoline  thiosemicarbazone (1Q-1).  2-
formylpyridine  thiosemicarbazone  (PyTSC)  and
S-hydroxy-2-formyl  pyridine  thiosemicarbazone
(5-OH Py TSC) were kind gifts of Dr. Frederick
French. Palo Alto. Calif. Preformed  purified
M-1BT-Cu complex was prepared by Dr. William
Kaska. University of California. Santa Barbara.
2-Mercaptocthanol (BME) and piperazine-N N-bis-(2-
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ethane sulfonic acid) (PIPES) buffer were from Cal-
biochem. Nitrocellulose filters (0-45 pm pore) were
from Millipore. The tritiated compounds, uridine.
thymidine and ribo-homopolymers. were  {rom
Schwartz Mann. Unlabeled ribohomopolymers. poly-
vinyl sulfate and calf thymus DNA were from Sigma.

Nucleic acid hinding assays

Filtration. The drug, metal ion and nucleic acid to
be tested were added to 0-5ml bufier and incubated
at 0 for 10min. The reaction mixture was diluted
with 3ml buffer and passed through a (-43-pm pore
nitrocellulose filter. After washing with [0mi bufler.
the filters were dried and the radiolabeled nucleic acid
content was determined by liguid scintillation. A typi-
cal reaction contained M-IBT. CuSQ, and [*H]thy-
midine-labeled  HeLa  double-stranded DNA  in
0-05 M phosphatc buffer. pH 80, incubated for 10 min
prior to filtration. One hundred per cent retention

of DNA on the filter represents 95-100 per cent of

acid-precipitable counts.

Low-speed  centrifugation. M-IBT, CuSO, and
[*H]thymidine-labeled DNA were added to buffer
and incubated at 0 for 10 min. A sample was applicd
to a glass-fiber filter und the remaining solution was
centrifuged for 30 min at 4500 ¢. Another sample was
taken near the top of the tube, applied 1o a glass-fiber
filter. dried and counted by liquid scintillation. Cen-
trifugation assays were done with 2-ml volumes in
narrow tubes to allow a separation of the precipitate
from the sampling zones: no dilution of the original
reaction solution was made. Filter retention and cen-
trifugation assays gave identical results in all cases.
The centrifugation assay was emploved particularly
with a solvent which damaged the filter, such as
DMSO in high concentrations, and with a nucleic
acid which bound strongly to nitrocellulose. such as
single-stranded DNA.

RESULTS
Complex formation by M-IBT and CuSO,

Optical ¢ffects. The spectrum of M-IBT in agueous
solution is shown in Fig. 1. Upon addition ol cupric
ions. the spectrum shifts from a discrete maximum
at 354nm to a broad maximum between 420 and
460 nm. Visually, a bright vellow color develops in
contrast to the faint yellow color of the original
50 M solution. Similar spectra are seen in 507,
DMSO. in which nucleic acid association. as judged
by pelleting of DNA in the centrifugation assay. does
not occur (sce below).

Crystal formation. Microscopic examination of the
solution containing both M-IBT and CuSO, reveals
yellow crystals 1- 2 ym in diameter. These can be sedi-
mented (7000 ¢) and recovered as large aggregates
ranging to more than 50 um in diameter. On filt-
ration. the aggregates are seen as a yellow precipitate
on the filters. Addition of DNA (550 ng/ml) did not
change the appearance of the aggregates. 1Q-1 and
CuSOy4 form similar aggregates.

Association of DN A with copper complexes of M-IBT

and other thiosemicarbazones

Various thiosemicarbazide derivatives were tested
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Fig. 1. Absorption spectrum of  N-methyl isatin-fi-thio-

SCMICArbazone (2, — 334 nmjat 25 in 05 M phosphate

bufter. pH 8:0. (A) 30 M M-IBT: (B) 50 M M-1IBT with

SO M CuSOy. Identical patterns were obtained in 50¢,
DMSO.

lor their ability to form complexes which cause the
retention of DNA on a filter. M-IBT, 1Q-I. the TSC
side  chain alone  and  side  chain - derivatives
1-phenyITSC, 4-phenvITSC and 4-methyITSC were
shown to be active at approximately equal concent-
rations using S0 M CuSOy, (Table 1) No retention
of DNA by 50 uM CuSOy alone was observed (Table
2). The nucleic acd binding activity of 1-phenylTSC
alone may be due to the presence of metal 1ons in
this drug preparation. since the addition of 400 (M
EDTA caused a reversul of nucleic acid binding. An
atomic adsorption spectrophotometric analysis for
copper revealed approximately one molecule of cop-
per:10.000 molecules of 1-phenyl TSCL It appears un-
likely, therefore. that copper is the adventitious metal
ion. The preformed. purificd M-IBT Cu complex 18
active at 40 M. which indicates that the DNA reten-
tion is duc to the complex per se rather than to the
M-IBT and the copper acting synergistically but sep-
arately. The addition of 400 M EDTA interferes with
the activity of the preformed complex. The kethoxal
and  pyvruvaldchyde-bis-(thiosemicarbazone)s  and
their 4-methyl derivatives were active only when the
cupric ion concentration was increased 10-fold to
300 M CuSOy.  Semicarbazide,  2-formylpyridine
TSC and 3-OH-2-formylpyridine TSC were inactive
at the highest cupric ion concentration. which did not
by itself precipitate DNAL Inactive drugs were ulso
tested with ferrous ions. the only other metal 1on
which formed active complexes with M-IBT  (see
below). but ferrous ions did not activate any com-
pounds which were inactive with cupric tons. The
strong Co~" binding properties of 5-OH-2-formyl-
pyridine TSC [&} prompted an examination of nucleic
acid binding with this complex. 2-Formylpyridine
TSC. but not the 3-OH derivative. showed appreci-
able nuclele acid hinding activity at 160 tM concent-
rations with 300 M CoCl, (data not shown).

The formation of a chelate precipitate is not suthi-
cient for the retention of nucleic acids. Both diphenyl-
thiocarbazone (DGTCY and aurin tricarboxylic acid
(ATA) form stable, visible precipitates with cupric
ions, but nucleie acids are not removed from solution
by them. This indicates that the retention of the DNA
on the filter 1s not due to nonspecific trapping in the
precipitate.

The dependence of DNA retention on the coneent-
ration of M-IBT is tHustrated m Fig. 2. In the pres-
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Thiosemicarbazone copper complexes bind nudeic acids

Table 1 Effeet of thiosemicarbazone-copper complexcs on DNA*

Concn CuSO, Retention of DNA
Compound (M) {(1:M) ")
1. M-IBT 30 1Y)
30 50 100
2 M-IBT -Cu complex {purifiedy 40 100
+ 400 M EDTA. pH &0 40 20
3 Semicarbazide 400 15
(SC) 400 5000 5
4. Thioscmicarbaride 20 5
(TSCy 20 50 60
40 50 100
5. 4-MethyiTSC 20 10
20 S0 83
6. {-PhenvITSC 20 100
20 S0 100
-+ 400 1M EDTA, pH 80 20 20
7. 4-PhenviTSC 20 10
20 50 100
8. 2-Formylpyridine 80 S
TSC 80 50 5
80 500 10
80 5000 10
9. 5-Hydroxy-2-formyl-pyridine TSC 80 5
80 300 5
80 S000 10
10, 1-Formylisoquinoline 40 5
TSC (1Q-1) 40 50 85
it Kethoxal bis{thiosemicarbazone) 60 0
(KTS) 60 300 60
[&)] S000 100
{2, 4'Methyl KTS 60 0
(KTSM) 60 500 70
60 3000 100
13 Pyruvaldehyde 60 0
Bisithiosemicarbazone) 60 500 80
(PTS) 60 5000 100
14, &'Methyl PTS 60 0
(PTSM) 60 500 40
60 3000 100

* Reactions contained 500 ng "H-DNA‘m{ in 0-05 M phosphate buffer, pH 7:0: drugs and
CuSO, were added and the solution was passed through (-45-um pore nitrocellulosc filters,
dried and counted in a Beckman liquid scintillation spectrometer, CuSO, alone did not
cause DNA retention at the highest concentration used. One hundred per cent retention
of DNA on the filter represents 95 100 per cent of acid-precipitable counts.

Table 2. Effeet of various metal ions on DNA retention by M-1BT*

DNA DNA retention

Concen retention with 50 ¢M M-IBT
Metal ion (M) ") )
L. Cu* 10" 0 0
10-*F 0 100
1o+ 0 100
to-? 0 100
2 Fe * 107* O 13
1077 0 60
107 0 30
3 Fet* 104 0 0
4, Ca®" 107° 5 10
5. Mg** 1073 0 ha
6. Mn?* T 0 15
7. Zn*" 1073 0 10
8, Co?~ 1073 0 15
9, Nij? - 10-*? 0 25

* Reactions contained 550 ng DNA/ml in 0-05 M phosphate buffer, pH 84,
Metal jons and M-IBT were added and the solution was passed through
0-45-um pore nitroccliulose filters. IBT (50 M) alone causes 1015 per cent

DNA retention.
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Fig. 2. Formation of a nucleie acid binding complex by

N-methyl isatin-f-thiosemicarbazone. Association of nuc-

leic acid with the complex was measured by retention of

*H-thymidine-labeled DNA on a 045 gm pore filter. (A)

M-IBT with 10 4M CuSO,: (B) M-IBT without purpose-

fully added metal jons. Reactions contained 550 ng'ml of
DNA in 005 M phosphate bufler. pH 8.

ence of 10xM  CuSO, (empirically  derived: sce
below), 30 uM M-IBT is required (or the retention
of a maximum amount of DNA. The level of retention
is the same for any order of M-IBT, CuSO,4 or DNA
addition.

Metal ions effective for nucleic acid association

The concentration of cupric ion required to form
an active chelate complex was investigated. Using the
filter retention assay, 6 uM CuSOy vielded a complex
with 50 M M-IBT which could completely remove
550 ng DNA/ml from solution (Fig. 3). In subsequent
experiments, 10 uM CuSOy was generally used as the
minimum concentration.
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Fig. 3. Effect of CuSO; on the ability of  N-methyl

isatin-f-thiosemicarbazone to form a nucleie acid binding

complex. Nucleic acid association with the complex was

measured by retention of *H-thymidine-labeled DNA on

a 045 pm pore filier. (A) CuSO,4 with 30 M M-IBT: (B)

CuSOy alone. Reactions contiained 350 ngml of DNA in
0-05 M phosphate buffer. pH 8:0.

As can be scen in Table 2. increasing the copper
concentration as high as 10 *M did not result in
the formation of another tvpe of M-IBT complex
which was unable to cause retention of DNA. In addi-
tion. it was of interest to determine whether other
metal ions, particularly those of the lirst transition
series. could combine with M-IBT and cause filter
retention of DNA. Using a standard concentration
of M-1BT and DNA. metal ions were tested over the
range of concentrations which did not by themselves
retain the DNA. Only lerrous jon (10 # M) caused
significant DNA retention in the presence of 50 (M

M-IBT. Other metal ions including Fe''. Ca®
Mg Mn* . Zn* . Co”" and Ni* were ineflective
at concentrations ranging from 10 ° o 10 *M

(Table 2).

Table 3. Effect of competing chelating agents on DNA retention by M-IBT and CuSO,*

Retention

Conen M-IBT CuSO, of DNA
Compound (M) (1tM) (1M) [N
1. Control phosphate. pH 80 005 M 30 [0 160
2 Tris. pH &0 001 M S0 10 100
002 M S0 10 8]
KR EDTA. pH 80 400 10 0
10 S0 10 too
20 50 10 (
+ 2-Mercaptocthanol 280 10 0
(BML) 20 S0 [0 100
10 30 10 10
S Diphenylthiocarbazone 10} 100 0
(DHTC) 10 S50 10 6()
30 50 10 0
6. Aurintricarboxylic acid 200 S0 0
(ATA) ! S0 1) 100
4 50 10 16
7. Hisudine 2000 10 0
20 S0 1o S0
S0 50 10 S

* Reactions contained 5350 ng DNAml in 0-05M phosphate buffer. pH 80, The order

of addition to the DNA solution was: competing agent. CuSO,, M-IBT.
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Effect of competing chelating agents on retention of
DN 4

[t was of interest to determine whether certain che-
lating agents, which by themselves or with added cop-
per had no ability to cause DNA retention, could
inhibit the activity of the M-IBT-Cu complex. As can
be seen in Table 3, Tris, EDTA. BME, D¢TC, ATA
and histidine can prevent the effect of the M-IBT -Cu
complex. None of the compounds either alone (data
not shown) or with 10 uM CuSQy can cause retention
of DNA on the filter. The effect of histidine was
tested, since it had been observed previously that his-
tidine can prevent the inactivation of herpesvirus by
M-IBT [9].

In addition to these chelating agents. the effect of
poly rA and poly vinyl sulfate (PVS) on DNA reten-
tion was determined. It was found that 250 ng poly
rA added to the M-IBT—copper complex prior to
*H-HeLa cell DNA inhibited over 90 per cent of the
binding of DNA to the filter (data not shown). The
addition of 400ng PVS inhibited the filter binding
of the DNA by 50 per cent. Surprisingly. the addition
of more PVS, up to as high as 4 ug. did not signifi-
cantly decrease the filter binding below 50 per cent
(data not shown). The finding that PVS compctes
with DNA in this reaction indicates that the purines
and pyrimidines in DNA do not play a major role;
rather, it appears that the charged backbone is more
important.

Nucleic acids which associate with the M-1BT Cu
complex

In order to characterize the nature of this interac-
tion more fully, we tested a variety of nucleic acids
for their ability to associate with the M-IBT-Cu com-
plex. The data in Table 4 indicate that single- and
double-stranded HeLa cell DNA. poliovirus RNA,
which is predominantly single stranded. and Rous
sarcoma virus tRNA [10], which has a significant
amount of double-stranded structure, are retained on
filters in the presence of the complex. However, oligo
dC (12--18 nucleotides) and deoxynuclcoside triphos-
phates are not retained. There does not appear to
be any base specificity, since homopolymers of rA,
rl, rC and rU are equally retained. Reactions were
also carried out with limiting concentrations of
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Fig. 4. Nucleic acid binding capacity of an N-methyl
isatin-f-thiosemicarbazone and CuSO, complex. Nucleic
acid association was measured by retention of *H-thymi-
dine-labeled DNA on a 045 um pore filter. (A) 50 uM
M-IBT with 10 gM CuSOy; (B) 10 uM CuSOy alonc. Reac-
tions were performed in 0-05 M phosphate buffer. pH &0.

M-IBT and copper in order to detect small differences
in affinity among the various nucleic acids used, but
none was observed.

The stoichiometry of the association was investi-
gated also. As depicted in Fig. 4, it was found that
a mixture of 50 uM M-IBT and 10 M CuSOy4 can
bind a maximum of 3-3 4M DNA (calculated as nu-
cleotide) or 11 ug/ml The addition of larger amounts
of DNA did not reduce the amount of DNA bound:
the addition of CuSO, over a wide range of concent-
rations (10-5000 M) did not alter the interaction.

Effect of pH., ionic strength, solvent, temperature and
time on the association of DN A

Variations in some of the environmental factors
which might affect the interaction of M-IBT, CuSO,
and nucleic acid were studied to evaluate the basis
of the association. Filter retention of DNA was opti-
mal at pH 8-0 (Fig. 5). Appreciable retention was seen
at pH 7 to 12: efficiency decreased steadily below
pH 7. The correlation between the loss of nucleic acid
association below pH 7 and the pK of 6-5 for the
secondary phosphoryl group indicates that this group
may be the site of interaction.

Retention of DNA occurred in H,O, phosphate
and other weak Cu™* chelating buffers such as PIPES

Table 4. Effect of M-IBT-copper complexes on different nucleic acids*

Nucleic acid

Polymer size

Nucleic acid association
with 50 uM IBT-Me + 10 M CuSO,
")

1. Hela dsDNA Large 100+
2. HeLa ssDNA Large 100%
RN Polio ssRNA 7000 Nucleotides 1007
4. Polyv(rA); poly(rU}: 300 Nucleotides 100+
poly(rC): polyv(rl)
5. RSV 4s RNA 75 Nucleotides 100+
6. Oligo(dC) 12-18 Nucleotides 07
7. dATP; dTTP: Mononucleotide 0
dCTP: dGTP

* Reactions contained 500 ng nucleotide/ml or less in 0-05 M phosphate buffer, pH §-0.

+ Filtration assay.
T Centrifugation assay.
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Fig. 5 Effect of pH on association with an N-methyl

isatin-fi-thiosemicarbazone and CuSO, complex. Nucleic

acid association was measured by retention of *H-thymi-

dine-labeled DNA on a 045 m pore filter. (A) 50 M

M-IBT with 50 uM CuSOy: (B) 50 uM M-IBT alone: (C)

SO M CuSOy alone. Reictions contained 550 ng/mi of
DNA in 0:05 M phosphate buffer.

and barbital. Tris buffer must be specifically excluded
due to its strong binding of cupric ions (Ref. 11 and
Table 3). Salt neither facilitated nor impeded the as-
sociation of DNA with the M-IBT-Cu complex up
to 1'5M NaCl, which indicated that the involvement
of salt linkages is unlkely.

The pelleting of DNA in the centrifugation assay
was sensitive to the presence of several organic sol-
vents. Assays pertormed with DMSO  (25°, viv)
dimethylformamide (25", v/v) and dioxane (10°, v/v)
prevented pelleting of the DNA. These concentrations
of solvents solubilized the M-IBT -Cu complex, since
no yellow precipitate was seen at the bottom of the
tube. The M-IBT-Cu complex was not dissociated
in the solvents, since the absorption spectrum resem-
bled that of the complex described in Fig. 1. The as-
sociation of DNA with the M-IBT-Cu complex
oceurred to the same extent at 0 and 37, The inter-
action was rapid and complete within 5 min. the shor-
test time possible for the filtration assay.

Binding of M-IBT to DN A

Although M-IBT alone does not cause appreciable
filter retention of DNA (Table 1), it was of interest
to determine whether binding of M-IBT to DNA
occurred. We tested this possibility by exposing col-
iphage /-DNA to **S-labeled M-IBT and centrifuging
the DNA in a ratc zonal 5-20°, sucrose gradient, at
270.000 ¢ for 2-5 hr in an SW 41 rotor. No *S-M-IBT
associated with the 2-DNA. In addition, we could
demonstrate no change either in sedimentation rate
of *H-2-DNA or in the density (in 17 g/ml of CsCl
cquilibrium gradients run at 147000¢ for 64 hr in
an SW 50-1 rotor) of *H-HeLa cell DNA treated with
30 M M-IBT or with 50 uM CuSOy. It appears that
M-IBT alone neither associates with nor significantly
affects the structure of DNA. In contrast, when either
*H-/-DNA or *H-HeLa cell DNA was cxposed to
both M-IBT and copper. and centrifuged in sucrose
or CsC1 gradients. respectively. both DNA's pelleted.
However, when treated *H-HeLa cell DNA was cen-
trifuged in CsCl gradients containing 7°, dioxane, the
DNA did not pellet. but banded at the same density
as did the untreated sample.

P. E. MikeLENS, B. AL WoonsonN and W, E. Livinsox

DISCUSSION

We have demonstrated that M-1BT. thiosemicarbi-
zide and several thiosemicarbazide dervatives [orm
stable complexes with cupric ions. with which nucleic
acids ussociate firmly. The activity of the side chain.
TSC.alone is in accord with the previous observation
that it possesses the activity to inactivate RSV {6}
An carlier report by Bhuvan and Bets [12] indicated
that 2-keto-3-cthoxybutyvraldehvde-his(thiosemicarba-
rone) (KTS) and its copper complex did not associ-
ate with nucleie acids. However, this study uatilized
Tris buffer. which adversely affects association of
complex to DNAL This muay explain why no associ-
ation was scen. Even if a nonchelating bufler had been
used. mteraction with nucleic acids may not have
been detected. since w high concentration of copper
15 required for this compound (Table 1)

It 1s nteresting that the purified, preformed
M-IBT -Cu complex and the M-IBT and CuSOy solu-
tion are cqually active, This indicates that the M-IBT
and the copper act as a chelate complex. The alterna-
tive hypothesis that the two compounds act in
sequence. perhaps even at different sites, appears (o
be incorrect.

The evaluation of the results presented in this
paper. especially regarding the requirements of differ-
ent drugs for exogenous copper. must take into con-
sideration the possible presence of copper in the ex-
perimental svstem itself. For example. the finding that
I-phenyl TSC alone causes retention of DNA can be
explained by the presence of metal ions in the drug
preparation. Other components. such as nucleic acids.
particularly those 1solited from natural sources.
buffers and laboratory-distilled water. are possible
sources of metal ions.

The cffectivencss of EDTA in preventing and
reversing RSV inactivation and nucleic acid retention
indicates that the continued presence of a divalent
cation is required and that the binding aflfinity for
the cation to EDTA is greater than that for M-IBT.
Since BME has the same effect as EDTA in this
regard and since BME is known to chelate heavy
metals such as copper [13]. we believe that BME s
acting as a competing chelating agent rather than s
a reducing agent. which might change M-1BT to an
inactive form.

The feature common to the nucleie acids tested
which is responsible for their interaction with the
drug metal complexes s unclear. 1t appears that
binding is not due to a specific nucleotide base com-
position or to the tyvpe of sugar residue. An interac-
tion with phosphate groups in the nucleic acids may
be significant. since a decrcase in binding at hyvdrogen
ion concentrations below the pR o (6-5) of the second-
ary phosphoryl group wus observed. The competition
observed with polyvinyl sulfiate supports this possibi-
lity. However, since the salt concentration could bhe
varied without influencing retention, it seems unlikely
that only salt linkages arc involved. The inhibition
of filter retention by solvents which weaken hydrogen
and hydrophobic bonds suggests that these bonds
may play a role. The finding that the homopolyvmer
oligo dC (12 18 nucleotides) was not retained  vet
transfer RNA and the homopolymer poly rC (300 nu-
cleotides) were, implies that chain length is an impor-
tanteriterion, perhaps through multiple weak bonds.
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The strength of Cu?* binding by TSC (K.
=10"'Y and by KTS (Kg. = 107'%) has been
reported [14.15]. No simtlar information is available
for M-IBT. In view of the lack of correlation between
Ko and nucleic acid binding activity for TSC and
KTS. we speculate that, while a strong copper binding
activity is desirable. the insolubility of the chelate
complex is of greater importance. However, the in-
solubility of the complex is not the sole determinant,
since the ATA copper complex precipitates but does
not cause binding of DNA to the filter. A specific
interaction between complex and nucleic acid must.
therefore. oceur. We view nucleic acid binding by che-
late complexes to be the result of the formation of
chelate “lakes’ or aggregates. If this is correct, the
complexes could be acting as a resin for nucleic acid
binding through multiple weak bonds yielding the
nucleic acid precipitate.

In view of the ability of 40 uM preformed M-1BT-
copper complex to interact with DNA (Table 1) and
its ability to inhibit the RNA-dependent DNA poly-
merase of Rous sarcoma virus as well as M-IBT itself,
¢.g. by greater than 90 per cent at that concentration
(Ref. 6 and W. E. Levinson, unpublished results). we
hypothesize that the mode of inhibition of the enzyme
activity is due to the binding of the ligand-metal com-
plex to the nucleic acid rather than to the enzyme.
It is known that the RNA-dependent DNA polymer-
ase ol avian tumor viruses is a zinc metalloenzyme
[16.177. which has led to the proposition that chelat-
ing agents such as [,10-phenanthroline inhibit enzyme
activity by binding to the zinc in the active site
[16-18]. However, the stability constants at pH 7-4
of the KTS-copper complex is 10'*°, whereas for the
KTS zinc complex it is 10%" [19]. The extraordi-
narily greater stability of the thiosemicarba-
zone: copper complex makes it unlikely that the
ligand in the complex would bind to the zinc in the
enzyme. In view of this and the evidence for nucleic
acid interaction reported herein. we propose that the
nucleic acid, not the enzyme, is the site of inhibition.
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