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RNA synthesis in yeast is rapidly inhibited by 8-hydroxyquinoline and the phenazine anti-
biotic lomofungin (5-formyl-1-methoxycarbonyl-4,6,8-trihydroxyphenazine). It is shown
that lomofungin, like 8-hydroxyquinoline, is a chelating agent for bivalent cations. The
mechanism of inhibition of RNA synthesis by lomofungin and 8-hydroxyquinoline was
investigated in experiments with isolated Escherichia coli RNA polymerase. The results
show that both inhibitors are capable of inhibiting polymerase activity solely by
chelating the dissociable cations Mn?* and Mg?2*. Evidence is presented which shows
that inhibition may occur in the absence of any direct contact between the RNA
polymerase or DNA template and the inhibitor. The possibility that inhibition might also
occur by chelation of the Zn?*, which is tightly bound to the polymerase, is discussed:
it is concluded that lomofungin or 8-hydroxyquinoline is likely to inhibit the enzyme
by removal of Mn?* and Mg?* before chelating the Zn?*. On the basis of inhibition by
chelation of Mn?* and Mg?*, explanations are proposed for why lomofungin and
8-hydroxyquinoline inhibit synthesis of ribosomal and polydisperse RNA more than that
of 5S RNA and tRNA, and for why protein synthesis is not immediately inhibited in the
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intact yeast cell.

Lomofungin (5-formyl-1-methoxycarbonyl-4,6,8-
trihydroxyphenazine) is an antibiotic from Strepto-
myces lomodensis (Johnson & Dietz, 1969). It rapidly
inhibits RNA synthesis in yeast, but has no
immediate effect on cell growth or protein synthesis
(Gottlieb & Nicolas, 1969; Lampen et al., 1973;
Fraser et al., 1973 ; Cannon et al., 1973). Lomofungin
is proving useful in studies of yeast RNA meta-
bolism and enzyme synthesis, as other antibiotics
such as actinomycin D fail to inhibit yeast RNA
synthesis or do only at extremely high concentrations
(Hartwell & McLaughlin, 1968; Soskova et al.,
1970; Medoff et al., 1972; Mitchison et al., 1973;
Tonnesen & Friesen, 1973). An interesting feature of
lomofungin action on yeast is that it strongly inhibits
the synthesis of rRNA and polydisperse RNA, but
has comparatively less effect on synthesis of 5S RNA
and tRNA (Fraser et al., 1973; Cano et al., 1973;
Cannon & Jimenez, 1974).

In the present paper we report experiments on the
mechanism of inhibition of RNA synthesis by
lomofungin. Cano et al. (1973) found that lomofungin
inhibited the synthesis of RNA ir vitro in systems
using RNA polymerases extracted from Saccharo-
myces cerevisiae and Escherichia coli, and suggested
that the RNA polymerase was the site of action of the
antibiotic.

We found that 8-hydroxyquinoline has effects
on RNA synthesis in yeast similar to those of
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lomofungin (Fraser & Creanor, 1974). This, together
with certain similarities in the molecular structures
of lomofungin and 8-hydroxyquinoline, suggested
a common mode of action of the inhibitors. 8-
Hydroxyquinoline is a chelating agent for bivalent
cations (Hollingshead, 1954). This suggested that
lomofungin and 8-hydroxyquinoline might inhibit
RNA synthesis by chelating bivalent cations required
for RNA polymerase activity.

Two distinct types of bivalent cations are known
to be involved in RNA polymerase activity: the
dissociable cations Mn?* and Mg?* (Roeder &
Rutter, 1969; Burgess, 1971; Ponta ez al., 1971),
and Zn2*, which is tightly bound to the enzyme
(Scrutton et al., 1971; Valenzuela et al., 1973).
Pavletich et al. (1974) have suggested that lomofungin
acts by chelating the Zn?*. In the present paper we
show that lomofungin can chelate Mn?* and Mg3*.
We report that lomofungin and 8-hydroxyquinoline
are capable of inhibiting RNA polymerase solely by
chelating the Mn?* and Mg?*, and that inhibition of
enzyme activity can occur in the absence of direct
contact between inhibitor and enzyme. The question
of whether inhibition of RNA polymerase activity
in vivo is a consequence of chelation of dissociable
bivalent cations or Zn?* is discussed. The knowledge
that 8-hydroxyquinoline and lomofungin inhibit by
chelation permits interpretation of some other
aspects of their effects on yeast.
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Materials and Methods

Lomofungin

Lomofungin was a gift from Dr. G. B. Whitfield
of the Upjohn Co., Kalamazoo, Mich., U.S.A. It
was purified from a contaminant, probably a bivalent
or tervalent cation: the lomofungin was dissolved
at 300ug/ml in 10mMm-Tris adjusted to pH7.95 at
20°C with 1M-HCI. Insoluble material was removed
by centrifugation for 1min at 12000g (r.,. 4.5cm).
8-Hydroxyquinoline was added to Smwm, then (with
any chelates formed) removed by chloroform extrac-
tion. The pH of the aqueous phase was lowered to 3.5
by addition of acetic acid. Most of the lomofungin
precipitated was collected by centrifugation as above
and dried under vacuum.

RNA polymerase assay

RNA polymerase (RNA nucleotidyltransferase,
EC 2.7.7.6) from E. coli strain M.R.E. 600 was
purchased from Boehringer Corp. (London), London
W.5, UK.

RNA polymerase activity was measured by the
incorporation of [PH]CTP radioactivity into tri-
chloroacetic acid-insoluble material. The standard
incubation mixture contained, in a total volume of
0.5ml, 50mMm-Tris-HCl buffer, pH7.95 at room
temperature (20°C); 1.5mM-MnCl,; 1.0mM-MgCl,;
1.0mM-2-mercaptoethanol; SOmm-KCl; 0.1 mm each
of ATP, GTP and UTP; 0.025mmMm- [*H]CTP (5 uCi)
(The Radiochemical Centre, Amersham, Bucks.,
U.K.); 42ug of denatured calf thymus DNA as
template. The reaction was started by addition of
5ug of RNA polymerase. After various times of
incubation at 37°C, 20ul samples were withdrawn
and mixed with 40ug of yeast non-radioactive
carrier RNA and 0.5ml of ice-cold 10% (w/v)
trichloroacetic acid containing 40mM-sodium
pyrophosphate. The precipitate was collected by
filtration on Whatman GF/A glass-fibre paper,
washed three times with ice-cold 10 9; trichloroacetic
acid-40mMm-sodium pyrophosphate and twice with
809% (v/v) ethanol containing 0.1M-NaCl. The
filters were dried and incorporation of radioactivity
into acid-insoluble polynucleotides was determined
by counting in Sml of 0.5% butyl-PBD [5-(4-
biphenylyl)-2-(4-t-butylphenyl) -1 -oxa- 3,4 -diazole}-
toluene scintillator in a Packard liquid-scintillation
counter. Counting efficiency was approx. 10%.
At least 1000 counts above background were
collected for each sample.

Single-point assays of enzyme activity were
carried out by incubating 100ul reaction mixtures
for 5min. The final concentrations of all the
constituents were as described above. Carrier RNA
(40 «g) and 0.5ml of trichloroacetic acid were added
to the entire reaction mixture to stop the reaction,
and total incorporation was determined as above.
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DNA-independent incorporation was measured
in assays lacking DNA.

Purified lomofungin was dissolved directly in
the polymerase reaction mixture before addition of
polymerase, to give the required final lomofungin
concentration.

8-Hydroxyquinoline was dissolved in ethanol at
100 times the required final concentration, and
0.01vol. was added to the reaction mixture before
addition of polymerase. Control experiments showed
that 1 % ethanol had no effect on polymerase activity.

U.v.-absorption spectra

U.v-absorption spectra of lomofungin and 8-
hydroxyquinoline were measured in a Unicam SP. 800
recording spectrophotometer, in 10mm path-length
cells.

Results

Evidence that lomofungin is a chelating agent

The structural formulae of lomofungin (I) and
8-hydroxyquinoline (II) are shown. 8-Hydroxy-

OH CO,CH;,
94
HO SN
CHO OH

(I) Lomofungin

_ O
NN
OH
(II) 8-Hydroxyquinoline

quinoline is able to chelate bivalent cations because
of the location of the hydroxyl group relative to the
ring nitrogen. The hydroxyl group acts as an acid;
as the pH rises it dissociates to —O™, Bivalent cations
are bound by the dissociated acid group and the lone
pair of electrons borne by the nitrogen atom
(Hollingshead, 1954).

The structural formula of lomofungin shows two
possible chelating sites, namely where the hydroxyl
groups at positions 4 and 8 are located relative to
ring nitrogen atoms (as in 8-hydroxyquinoline).
Four lines of evidence confirm that lomofungin can
chelate bivalent cations.

(1) 8-Hydroxyquinoline chelates of certain metal
cations, such as Mn?*, are insoluble within certain
pH ranges (Hollingshead, 1954). Addition of Mn?+
(1.5mMm) to lomofungin solution (1.25mM in 10mmM-
Tris-HCI buffer at pH7.95) caused formation of a
heavy precipitate.
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Fig. 1. U.v.-absorption spectra of 8-hydroxyquinoline and
lomofungin

(@) 0.035mMm-8-Hydroxyquinoline in 10mm-Tris-HCI
buffer, pH7.95, alone (——) and with 5Smm-MgCl,
(-——-). (b) 0.025mm Purified lomofungin in 10 mM-Tris—
HCl buffer, pH 7.95, alone (—) and plus 0.05 mM-MnCl,
(—=--) or 0.1mM-MgCl, (- ---). (¢) 0.012mMm Purified
(—) and commercial (-—--) lomofungin in 20mMm-
sodium acetate adjusted to pHS5.5 with 1m-acetic acid,
and purified lomofungin plus 0.05mM-MgClL, (- - - -).

(2) Chelation of bivalent cations by 8-hydroxy-
quinoline results in a change in the u.v.-absorption
spectrum (Fig. 1a). Fig. 1(b) shows the u.v.-absorp-
tion spectrum of purified lomofungin. Addition
of Mn?* or Mg?* caused changes in the absorp-
tion spectrum, with increased extinction in the 265-
275 and 295-315nm regions. Univalent cations
(Nat, K*) did not cause a change in the absorption
spectrum. The absorption spectrum of the lomo-
fungin-plus-bivalent-cation form could be restored
to the free-lomofungin form by addition of EDTA
to a concentration exceeding that of the bivalent
cation.

(3) Fig. 2 shows the pH-dependence of the change
in extinction of lomofungin at 308nm caused by
extinction of lomofungin at 308 nm caused by addi-
tion of Mn?+, Taking the change in extinction
at 308 nm as a measure of the amount of chelation,
the results indicate that chelation commenced at
about pH4.5, and that chelation capacity increased
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up to about pH7. These results are consistent
with a dependence of chelation on dissociation of
acidic hydroxyl groups, and suggest that half of the
hydroxyl groups are dissociated and available for
chelation at pH5.6. The pK, for the dissociation
of the hydroxyl group of 8-hydroxyquinoline is
5.5 (Hollingshead, 1954; O’Sullivan, 1969).

(4) We attempted to measure the stoicheiometry of
chelation of bivalent cations by lomofungin, by
measuring the change in u.v. absorption when
increasing amounts of Mn?* or Mg?*+ were added to
lomofungin solutions. The measurements were made
at pH7.95, where almost all the hydroxyl groups
should be dissociated. Fig. 3 shows that with
0.025mMm-lomofungin, a maximum increase in the
extinction at 308nm was obtained with 0.05mMm-
Mn?+, These data suggest that at saturation, two
Mn?* cations are bound per molecule of lomofungin,
aresult consistent with the two binding sites suggested
by the structural formula. The slight decline in
the extent of the change in extinction at 308 nm at
higher concentrations of Mn?* was caused by some
precipitation of the lomofungin-Mn?* chelate.

A rather higher concentration of Mg?* (0.1 mm)
was required to produce the maximum change of
extinction of 0.025mMm-lomofungin (Fig. 3). This
result could mean that lomofungin can bind more than
two Mg2?* cations per molecule, but is more likely
to mean that the stability constant of the lomofungin—
Mg?* chelate is comparatively low, and that higher
Mg?* concentrations are required to ensure complete
occupation of the available chelating sites. It is
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Fig. 2. pH-dependence of chelation of Mn** by
lomofungin

Changes in the extinction at 308nm caused by adding
0.05mM-MnCl, to 0.025mMm-purified lomofungin, at
various pH values. Solutions were buffered by 20mm-
sodium acetate adjusted with 1M-acetic acid to pH values
between 3.7 and 6.0, by 20mMm-2-(N-morpholino)
ethanesulphonic acid adjusted with 1M-NaOH to pH6.6
or 7.2, or by 20mm-Tris—HCI buffer, pH7.95.
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Fig. 3. Stoicheiometry of chelation of Mn** () and Mg+
(2) by lomofungin

Various concentrations of MnCl, or MgCl, were added to
0.025mM-lomofungin in 10mMm-Tris-HCI buffer, pH7.95.
Chelation was measured by the change in extinction at
308nm (Mn2*) or 303nm (Mg?*).

consistent with this explanation that 8-hydroxy-
quinoline also binds Mn2?* more strongly than
Mg?* (O’Sullivan, 1969).

Purification of lomofungin

The experiments in this paper were carried out
with lomofungin purified from the commercial
sample. The absorption spectrum of commercial
lomofungin (Fig. 1¢) was similar to that obtained
when bivalent cation was added to purified lomo-
fungin. The absorption spectra shown in Fig. 1(c)
were measured at pHS.5, as the contaminant-lomo-
fungin complex is more soluble at pHS5.5 than at
pH7.95.

The absorption spectrum of commercial lomo-
fungin could be shifted to the purified lomofungin
form by addition of EDTA. These data therefore
suggest that the commercial lomofungin contained
a bivalent (or tervalent) cation as impurity. This
impurity was found to inhibit RNA polymerase
activity under certain circumstances, for example
in the presence of very high concentrations of
Mn2* and Mg?+ (Fig. 7), which presumably liberated
the impurity from lomofungin by competition for the
chelating sites. At the normal bivalent cation con-
centration of the standard polymerase reaction mix-
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ture, the impurity remained bound to the lomofungin,
and RNA polymerase activity was affected similarly
by commercial and purified lomofungin, as shown in
Fig. 6.

The purification scheme for lomofungin described
in the Materials and Methods section attempted to
remove the contaminant in three ways: by dissolving
the lomofungin at high pH and high concentration,
and removing insoluble chelates; by competing for
cations with relatively high concentrations of
8-hydroxyquinoline, and by decreasing the pH to
3.5, where lomofungin does not chelate (Fig. 2), and
where the antibiotic is insoluble, leaving the liberated
cations in solution.

RNA polymerase assay

Fig. 4 shows a time-course of the incorporation of
[BHICTP radioactivity into acid-insoluble poly-
nucleotide by E. coli RNA polymerase. Depending
on the batch of enzyme used, incorporation was

16 T T T

10-2x Radioactivity incorporated (c.p.m.)
[--]

1 L 1
0 2 4 6 8
Time (min)

Fig. 4. Kinetics of incorporation of [*HICTP by isolated
E. coli RNA polymerase

A, DNA-independent incorporation; m, DNA-dependent
incorporation, found by subtracting DNA-independent
incorporation from total incorporation; [J, DNA-
dependent incorporation in an incubation to which
1.0mMm-lomofungin was added after 3.5min and an
additional 1.5mM-MnCl; and 1.0mM-MgCl, were added
after 6min.
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Fig. 5. Bivalent-cation requirements of E. coli RNA polymerase

m, DNA-dependent incorporation; A, DNA-independent incorporation in a Smin incubation. (a) Incubations containing
no EDTA and various concentrations of bivalent cation in the molar ratio 1.5MnCl,: 1.0 MgCl,. (b) Incubations containing
no bivalent cation and various concentrations of EDTA. (c) Incubations containing 1.5mm-MnCl;, 1.0mm-MgCl, and

various concentrations of EDTA.

linear with time for 7 to 40min. Also depending
on the batch of enzyme, between 10 and 309, of
total incorporation was found to be independent
of a DNA template. Negligible amounts of
radioactivity were rendered acid-insoluble when no
enzyme was present.

Fig. 5 shows the bivalent-cation requirements for
enzyme activity. DNA-independent incorporation
was relatively independent of bivalent cation con-
centration (Fig. 5a) and also continued in the complete
absence of bivalent cations (Fig. 5b). The cause of
this DNA-independent incorporation is not fully
understood.

To test whether lomofungin was capable of
inhibiting RNA polymerase activity solely by remov-
ing bivalent cations, it was necessary to correct
for this amount of bivalent cation-independent
DNA-independent incorporation. This was done by
running each assay in parallel, with and without
DNA. The amount of DNA-dependent incorpora-
tion was found by subtracting DNA-independent
incorporation from total incorporation.

DNA-dependent incorporation did not occur in
the absence of bivalent cations (Fig. 5b); it rose to
a maximum at a total Mn?*+Mg2* concentration
of 1.5mm (Fig. 5a), then remained fairly steady with
increasing bivalent cation concentration over the
range tested. In the presence of 1.5mmM-Mn2?* and
1.0mM-Mg?*, DNA-dependent RNA polymerase
activity could be decreased by addition of EDTA.
At low concentrations of added EDTA, up to 0.5mm,
enzyme activity was increased with some
batches of enzyme (Fig. 5¢). This was presumably
by removal of traces of toxic metal-cation con-
taminants in the assay mixture,
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Effects of lomofungin and 8-hydroxyquinoline on
RNA polymerase activity

As agents chelating Mn?+ and Mg?*, lomofungin
and 8-hydroxyquinoline would be expected to
inhibit DNA-dependent RNA polymerase by decreas-
ing the concentrations of these cations to values
insufficient for enzyme activity (Fig. 5a). However,
this does not exclude the possibility that lomofungin
and 8-hydroxyquinoline might inhibit the enzyme
activity in another way, possibly by binding to the
DNA, by direct interaction with the polymerase as
suggested by Cano et al. (1973), or by chelating the
Zn?* tightly bound to the polymerase (Pavletich
et al., 1974). If lomofungin and 8-hydroxyquinoline
are capable of inhibiting RNA polymerase by chela-
tion of the dissociable bivalent cations, three
predictions should be fulfilled. (1) The concentration
of inhibitor giving complete inhibition of polymerase
activity should be that required to lower the Mn?*+
Mg?* concentration to a value insufficient for enzyme
activity. (2) The inhibition of polymerization should
be reversed by addition of more Mn2* and Mg?*.
(3) Inhibition should occur in the absence of direct
contact between inhibitor and DNA or polymerase.
These predictions have been tested experimentally.

(1) The effects of various concentrations of
lomofungin or 8-hydroxyquinoline on DNA-depen-
dent DNA polymerase activity are shown in Fig. 6.
The two dose-response curves share certain features.
At low concentrations of lomofungin or 8-hydroxy-
quinoline, there was no inhibition of enzyme activity;
indeed, with some samples of enzyme, a small stimu-
lation was found. Inhibition commenced at con-
centrations of 0.2mm-lomofungin and 1,0mm-
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Fig. 6. Effects of various concentrations of (a)
8-hydroxyquinoline and (b) lomofungin on DNA-dependent
RNA polymerase activity

Continuous lines and solid symbols show results obtained
when 8-hydroxyquinoline or lomofungin was present
during the enzyme assay. The different solid symbols
represent results from different batches of enzyme. For
lomofungin, results shown by (A) were obtained with
‘commercial lomofungin; those shown by (@, m, v) were
obtained with purified lomofungin. The broken lines and
open circles show results obtained when 8-hydroxy-
quinoline or lomofungin was removed from the
incubation before addition of DNA and RNA
polymerase, as explained in the Results section. All data
are expressed as percentages of activity in control
cultures containing no inhibitor. The incubation time
was Smin.

8-hydroxyquinoline, and was complete at about
1.25mMm-lomofungin and between 3 and S5mMm-
8-hydroxyquinoline.

The total bivalent cation concentration of the
reaction mixture was 2.5mMm (1.5mM-Mn?*+1.0mM-
Mg?*). The concentration of 8-hydroxyquinoline
required for complete chelation of the Mn?* and
Mg?* is SmM, since each bivalent cation can bind two
molecules of 8-hydroxyquinoline in the chelate
(Hollingshead, 1954). The data of Fig. 3 suggest that
1.25mMm-lomofungin should chelate most of the
2.5mM bivalent cation, as each lomofungin molecule
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binds two Mn2* ions or rather less than two Mg2*
ions at pH7.95.

As both lomofungin (Fig. 3) and 8-hydroxy-
quinoline (O’Sullivan, 1969) bind Mn?* more
strongly than Mg?*, it is likely that Mn?* would be
removed more effectively than Mg?* when the total
chelator concentration is less than required for
complete chelation of Mn?* and Mg?*. Mg?* alone
is much less effective as an activator of RNA poly-
merase than Mn2*+Mg?*. Pavletich et al. (1974)
reported maximum RNA polymerase activity with
15-20mM-Mg?+, whereas maximum activity was
obtainable with 1.5-2.5mm of the combined cations
(Fig. 5a). The concentrations of lomofungin and
8-hydroxyquinoline required to give near-complete
inhibition of RNA polymerase activity (Fig. 6)
were thus slightly less than those necessary for
complete removal of all Mn?* and Mg2*. However,
these inhibitor concentrations should have removed
practically all of the Mn?* and much of the Mg?*,
leaving the polymerase with too little Mg?** for
significant activity.

(2) Inhibition of RNA polymerase activity by
8-hydroxyquinoline could be prevented by adding
extra Mn2t+Mg?* to the incubations (Fig. 7a).
At the highest inhibitor concentration, it was not
possible to get complete reversal of inhibition.

It proved less easy to demonstrate reversibility
of inhibition by lomofungin. With the unpurified
lomofungin, addition of extra Mg2?* and Mn2*
typically increased the inhibition of RNA polymerase
activity (Fig. 7b), probably by releasing the
presumed toxic contaminant from lomofungin (Fig.
1¢). Very high concentrations of extra Mn?* and
Mg?* gave some reversal of inhibition (Fig. 7b).
The inhibition of RNA polymerase by purified
lomofungin was readily reversible by addition of
extra Mn?* and Mg?*.

The experiments described in Figs. 6 and 7 were
carried out by adding polymerase to incubation
mixtures already containing lomofungin or 8-
hydroxyquinoline and bivalent ' cations. Fig. 4
shows that when purified lomofungin was added to
an incubation in which the polymerase was already
in action, inhibition occurred immediately. Poly-
merase activity recommenced immediately on addi-
tion of extra Mn?*+Mg?2* to the incubation.

(3) As a check on the ability of 8-hydroxyquinoline
and lomofungin to inhibit the polymerase solely by
chelation of Mn2+ and Mg?+, polymerase activity was
assayed in reaction mixtures from which lomofungin
or 8-hydroxyquinoline had been removed before
addition of DNA and enzyme.

Incomplete polymerase-assay mixtures were pre-
pared, containing the normal final amounts of Tris
buffer, KCl, mercaptoethanol and bivalent cations,
but lacking DNA, nucleoside triphosphates and
RNA polymerase. 8-Hydroxyquinoline or lomofungin
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Fig. 7. Reversal of inhibition of RNA polymerase by
8-hydroxyquinoline or lomofungin

Bivalent cations in the molar ratio 1.5Mn2*: 1.0Mg?*
were added to various final total concentrations before
addition of RNA polymerase to reaction mixtures
containing lomofungin or 8-hydroxyquinoline. (@) A,
DNA-dependent RNA polymerase activity in control
incubations containing no inhibitor, and polymerase
actlvity in the presence of (@) 2mMm-, (O) 3mM- and
(o) 4mm-8-hydroxyquinoline. (b)) RNA polymerase
activity in incubations containing 1.0mMm purified (O)
or commercial (W) lomofungin. All data are expressed as
percentages of incorporation in a control assay with
2.5mMm total bivalent cation. The incubation time was
Smin.

was added to various concentrations. 8-Hydroxy-
quinoline and its chelates were removed by shaking
the incomplete reaction mixtures twice with equal
volumes of chloroform. The residual chloroform was
removed under vacuum. Examination of the u.v.-
absorption spectrum of the incomplete reaction
mixture after 8-hydroxyquinoline treatment and
chloroform extraction confirmed that removal of
8-hydroxyquinoline had been complete. Lomofungin
was more difficult to extract, as it does not readily
partition into organic solvents at high pH. Insoluble
chelates formed in incomplete reaction mixtures with
high lomofungin concentrations at pH7.95 were
removed by centrifugation. The pH was then lowered
to 5.5 by addition of acetic acid ; most of the remaining

Vol. 147

lomofungin precipitated and was removed by
centrifugation. The reaction mixture was then shaken
with chloroform, which removed the last of the
lomofungin, and the pH was restored to 7.95 with
Tris. Incomplete reaction mixtures, without added
chelating agent, were extracted by both above
schemes as controls.

RNA, nucleoside triphosphates and RNA poly-
merase were added to the chelating-agent-treated or
control partial incubation mixtures, and polymerase
activity was measured as usual. The results were dose~
response curves similar to those obtained when lomo-
fungin or 8-hydroxyquinoline was present during the
polymerase assay (Fig. 6). These results therefore
prove that lomofungin and 8-hydroxyquinoline
are capable of inhibiting RNA polymerase solely
by chelation of Mn?* and Mg?*, and show that
inhibition can occur in the absence of direct contact
between the chelating agent and the DNA or RNA
polymerase.

Discussion

We have shown that lomofungin can chelate Mg?*
and Mn?** (Fig. 3). 8-Hydroxyquinoline will also
chelate these cations (O’Sullivan, 1969). The E. coli
RNA polymerase used in our experiments was
inactive in the absence of Mn?**+Mg?* (Fig. 5a).
The data for polymerase activity with different
concentrations of lomofungin or 8-hydroxyquinoline
(Fig. 6) show that complete inhibition was achieved
at the inhibitor concentrations required for chelation
of most of the Mn?* and Mg?* present. Fig. 6 also
shows that the same dose-response curves were
obtained when there was no direct contact between
enzyme and inhibitor. Finally, enzyme activity
could be restored by addition of extra Mn?** and
Mg?t to reactions inhibited by lomofungin or
8-hydroxyquinoline (Figs. 4 and 7). These results
show unequivocally that lomofungin and 8-hydroxy-
quinoline are capable of inhibiting isolated E. coli
RNA polymerase solely by chelating essential Mn?*
and Mg?*. Our data do not exclude the possibility
that other mechanisms of inhibition by lomofungin
and 8-hydroxyquinoline might exist in vivo,

In contrast with our conclusions, Pavletich et al.
(1974) claim to have shown that lomofungin does not
act by chelating Mg?* or Mn?*. They suggested that
lomofungin inhibits RNA synthesis by preventing
the initiation of transcription, by chelating the Zn?+
which is tightly bound to the RNA polymerase
(Scrutton et al., 1971). We now discuss experimental
evidence against these conclusions.

The suggestion by Pavletich er al. (1974) that
lomofungin does not act by chelating Mn2* or
Mg?* stems from their finding that yeast cells could
be protected frominhibition of growth by lomofungin,
by preincubation for 2h in culture medium con-



408

taining extra Cu?*, Zn?* or Fe?*, but no protection
was obtained when the medium contained extra
Mn?* or Mg?*. In contrast, we have found that the
inhibition of RNA synthesis in yeast by lomofungin
does bear an inverse relationship to the Mg?+
concentration in the medium, but growth periods of
longer than 2h under different Mg2* concentrations
are required to show the maximum effect (R. S. S.
Fraser & J. Creanor, unpublished work). The pro-
tection of yeast from inhibition afforded by Cu?+,
Zn** and Fe?* occurs because lomofungin chelates
these cations (Pavletich et al., 1974). In the cell this
must result in a decrease in the concentration of
free lomofungin available to inhibit RNA synthesis.

Pavletich et al. (1974) investigated the effects of
Mg?* concentration on the inhibition of isolated
E. coli RNA polymerase by lomofungin, and found a
significant increase in the activity of lomofungin-
inhibited enzyme with higher Mg?* concentrations.
We attribute their failure to obtain complete recovery
of polymerase activity to the use of unpurified
lomofungin, from which high Mg?* concentrations
probably cause the release of a metal cation toxic
to polymerases (Fig. 1c). Fig. 7 shows that with
purified lomofungin, addition of extra Mn?* and
Mg3* gave much higher recovery of polymerase
activity than when unpurified lomofungin was used.

Pavletich et al. (1974) quoted no direct experi-
mental evidence that lomofungin does not chelate
Mn?* and Mg?*; we have shown that lomofungin
does chelate these cations (Figs. 1 and 3). We
therefore consider that these results of Pavletich
et al. (1974) do not exclude the chelation of Mn3*
and Mg?* by lomofungin as a means of inhibition of
RNA polymerase.

The activity of RNA polymerase depends on the
dissociable cations Mn?* and Mg?*, and on Zn?*,
which is tightly bound to the enzyme (Scrutton et al.,
1971; Valenzuela et al., 1973). The ability of lomo-
fungin and 8-hydroxyquinoline to chelate all three
bivalent cations poses the question of whether the
inhibition of RNA polymerase by these agents is a
result of chelation of Zn2*, the dissociable cations,
or all three. Our data show that inhibition by
chelation of Mn2+ and Mg?* alone is possible, but do
not rule out the chelation of Zn?+ as a further contri-
bution to inhibition. Pavletich ez al. (1974) concluded
that inhibition was by chelation of Zn?*, from
experiments showing that Zn?* and Cu?* prevented
inhibition of RNA synthesis in yeast by lomofungin,
and from a demonstration that RNA polymerase
pretreated with lomofungin failed to form the DNA—-
RNA polymerase initiation complex. Three types of
experimental evidence suggest that chelation of Zn2*
is unlikely to contribute to the primary mechanism of
inhibition of RNA polymerase by lomofungin or
8-hydroxyquinoline.

(1) Inhibition of RNA polymerase by specific
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chelation of Zn?* is very slow, with reported
delays before full inhibition of 5-10min for E. coli
RNA polymerase (Scrutton et al., 1971) and 2h
for eukaryote RNA polymerases (Valenzuela et al.,
1973). Inhibition by chelation of Zn2* may be slow
both because Zn2* isinvolved in chaininitiation rather
than elongation, and because the Zn2* is very
tightly bound to the enzyme (Scrutton et al., 1971)
In contrast, lomofungin inhibited isolated E. coli
RNA polymerase immediately (Fig. 4). Cano et al.
(1973) also reported an immediate inhibition of
isolated yeast RNA polymerase by lomofungin, and
suggested that lomofungin inhibited chain elongation.

(2) The chelating agent of choice in studies of
polymerase-bound Zn2* is o-phenanthroline, which
chelates Zn?* but not Mg?* (O’Sullivan, 1969).
Hence o-phenanthroline does not interfere with the
dissociable bivalent-cation requirement of the
polymerase. 8-Hydroxyquinoline and EDTA chelate
Zn?* more strongly than o-phenanthroline does, but
8-hydroxyquinoline and EDTA also chelate Mg?+.
Scrutton et al. (1971) and Valenzuela et al. (1973)
found that RNA polymerase was strongly inhibited
by 0.5-1.0mM-o-phenanthroline, in the presence of
5-10mm-Mg?*. Scrutton et al. (1971) found that
1mM-EDTA or -8-hydroxyquinoline did not inhibit
polymerase activity. Valenzuela ez al. (1973) reported
that up to 10mM-EDTA or 8-hydroxyquinoline was
required for strong inhibition. The clear implication
of these results is that Mg?* saturates the chelating
sites of EDTA or 8-hydroxyquinoline, and prevents
chelation of the Zn2*. The concentrations of EDTA
or 8-hydroxyquinoline reported by Valenzuela ez al.
(1973) to give strong inhibition of RNA polymerase
activity were those required for chelation of the Mg?*.

(3) Pavletich et al. (1974) found that incubation
of RNA polymerase with lomofungin in the absence
of Mg?* prevented formation of the initiation com-
plex between DNA and the polymerase. This result
shows only that lomofungin is capable of chelating
the Zn2* of the polymerase in the absence of
competing bivalent cations. It does not show that
lomofungin will prevent formation of the initiation
complex in vivo or in a complete system containing
Mg2* in vitro. Indeed, Pavletich et al. (1974) found
that when lomofungin was preincubated with DNA,
with subsequent addition of Mg?* and polymerase,
there was no inhibition of formation of the initiation
complex by lomofungin. This result strongly suggests
that Mg?* prevented the chelation of polymerase-
bound Zn?* by lomofungin.

From these considerations, and from the experi-
mental evidence reported in this paper, we suggest
that the primary mechanism of inhibition of RNA
polymerase by lomofungin and 8-hydroxyquinoline
is by the chelation of the dissociable bivalent cations
Mn?* and Mg?+, and not by chelation of the Zn2+
tightly bound to the enzyme. Our data do not exclude
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the possibility that concentrations of chelating agent
higher than required to chelate the available Mn2*
and Mg?* might chelate the Zn?*. However, by this
stage the enzyme is already inactivated by lack of
dissociable bivalent cation. Chelation of Zn?* is a
possible explanation of the failure totally to restore
polymerase activity by addition of Mn?* and Mg?+
to enzyme inhibited by the highest concentration of
8-hydroxyquinoline (Fig. 7).

Demonstration of the mode of action of an
inhibitor in a simplified system ir vitro provides a
strong indication, though not complete proof, of the
way it acts in the intact cell. We have shown that
lomofungin and 8-hydroxyquinoline inhibit E. coli
RNA polymerase in vitro by chelating Mn?* and
Mg?*, Yeast RNA polymerases also require Mn?+
and Mg?* (Ponta et al., 1971; Brogt & Planta, 1972;
Adman et al., 1972) and lomofungin inhibits the acti-
vity of yeast RNA polymerases in vitro (Cano et al.,
1973). These data suggest that lomofungin and 8-
hydroxyquinoline might inhibit RNA synthesis in
intact yeast cells by chelation of the dissociable
bivalent cations required for polymerase activity.
There is experimental evidence which is consistent
with chelation as the mechanism of action of the
inhibitors in vivo. The ability to chelate falls with
decreasing pH. When the internal pH of yeast cells
was decreased by growing cells in culture medium at
low pH, the inhibition of RNA synthesis by 8-
hydroxyquinoline was also lessened (Fraser &
Creanor, 1974).

Our suggestion that chelation is the mode of
action of lomofungin and 8-hydroxyquinoline permits
explanation of their effects on some other aspects of
metabolism in yeast.

The synthesis of 5S RNA and tRNA is inhibited
less than synthesis of TRNA and polydisperse RNA
by 8-hydroxyquinoline (Fraser & Creanor, 1974)
and lomofungin (Cano et al., 1973; Fraser et al.,
1973; Cannon & Jimenez, 1974). This may be related
to the different bivalent-cation requirements of
different RNA polymerases. Yeast polymerase II1
has a lower total requirement for dissociable bi-
valent cations than polymerases I and II, and is fully
active with Mg?* alone, whereas polymerases I and II
require Mn?* as well as Mg?* for full activity (Ponta
et al., 1972). The decrease in bivalent cation
concentration, and particularly in Mn?* concen-
tration, likely with lomofungin or 8-hydroxyquino-
line, should inhibit polymerase III less than
polymerases I and II. This suggests that yeast
polymerase IIT may be responsible for 5S RNA and
tRNA synthesis. Polymerase III in animal cells, which
also has a lower requirement for dissociable bivalent
cations than polymerases I and II (Roeder & Rutter,
1969; Price & Penman, 1972), has been shown to
synthesize 58S RNA and tRNA (Weinmann &
Roeder, 1974).
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We are unable to offer any explanation of the
comparative resistance of synthesis of yeast 5S RNA
and tRNA to inhibition by lomofungin based on
primary inhibition of yeast RNA polymerases by
chelation of the tightly bound Zn?* (Pavletich ez al.,
1974). Valenzuela et al. (1973) found that sea-urchin
RNA polymerases I, II and IIT were inhibited to
similar extents by the Zn?* chelator o-phenan-
throline.

Lomofungin and 8-hydroxyquinoline might be
expected to inhibit any cellular process requiring
bivalent cations. This is certainly true for DNA
synthesis. 8-Hydroxyquinoline inhibits DNA syn-
thesis in fission yeast (Fraser & Creanor, 1974).
Cannon & Jimenez (1974) reported inhibition by
lomofungin of DNA synthesis in budding yeast,
and suggested that this might be caused by the especial
sensitivity to lomofungin of RNA synthesis particu-
larly involved in DNA synthesis. This suggestion is
made unlikely by the observation by Pavletich ez al.
(1974) that DNA polymerase is directly inhibited
in vitro by lomofungin.

Protein synthesis, which requires Mg2*, is not
immediately inhibited in yeast by lomofungin (Cano
et al., 1973; Cannon et al., 1973; Fraser et al., 1973)
or by 8-hydroxyquinoline (Fraser & Creanor, 1974).
However, in vertebrate cells both 8-hydroxyquinoline
(Fraser & Creanor, 1974) and lomofungin (R. S. S.
Fraser & J. Creanor, unpublished work) inhibit
protein synthesis as rapidly as they inhibit RNA
synthesis. These findings suggest that there is
nothing intrinsic to lomofungin or 8-hydroxyquino-
line which makes them selective inhibitors of nucleic
acid synthesis in yeast. In an earlier paper (Fraser &
Creanor, 1974), we suggested that the pH of yeast
cytoplasm might be too low for significant chelation
by 8-hydroxyquinoline. Under these circumstances
protein synthesis would not be inhibited. There is
evidence that the pH of the yeast nucleus may be
higher than that of the cytoplasm (Conway &
Downey, 1950) which would permit chelation in the
nucleus and thus selective inhibition of RNA
synthesis. In vertebrate cells the average internal pH
is much higher than that of yeast (Caldwell, 1956).
8-Hydroxyquinoline and lomofungin would be
expected to be capable of chelating in both nucleus
and cytoplasm, thus inhibiting both RNA and pro-
tein synthesis.

The suggestion by Pavletich ez al. (1974) that
lomofungin inhibits RNA synthesis solely by
chelating the Zn?>* tightly bound to the RNA
polymerase might appear an attractive explanation of
why lomofungin does not inhibit yeast protein
synthesis. However, their model does not explain
the rapid inhibition of protein synthesis in vertebrate
cells (Fraser & Creanor, 1974) and does not allow for
the ability of lomofungin to chelate Mg2* as well as
Zn?** (Figs. 1 and 3).
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