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SUMMARY

CRANSTON, JOSEPH W., AND RUDDON, RAYMOND W. : The inhibition of rihonucleic acid

polymerase from Escherichia coli by 6-chloro-8-aza-9-cyclopentylpurine. Mol. P/m a rma-

col. 9, 81-92 (1973).
The inhibition of RNA synthesis in vitro by the purine nucleoside analogue 6-chloro-S-aza-9-

cyclopentylpurine has been characterized. This compound was found to be a noncompetitive
inhibitor of the incorporation of nucleoside triphosphates into RNA by binding to DNA-
dependent RNA polymerase (ribonucleoside triphosphate :RNA nucleotidyltransferase,
EC 2.7.7.6) isolated from Escherichia coil. The DNA-binding and initiation functions of the

enzyme were blocked, but the compound did not affect RNA chain elongation. Studies of
the interactions of 6-chloro-8-aza-9-cyclopentylpurine with amino acids, N-aeetylamino
acid analogues, and �-mercaptoethanol indicated that the drug reacts primarily with sulf-
hydryl groups of RNA polymerase. The inhibition could be partially reversed by dithio-

threitol. The data suggest that 6-chloro-8-aza-9-cyclopentylpurine acts by inhibiting RNA

polymerase function in a manner similar to the reversible sulfhydryl inhibitor p-cilloro-
mercuribenzoate.

INTRODUCTION

The purine nucleoside analogue 6-chioro-
8-aza-9-cyclopentylpurine (Fig. 1) has been
shown to inhibit cellular growth in two
microorganisms, Escherichia coli and Pseu-
domonas testosteroni (1-3), and in an estab-
lished line of Burkitt lymphoma cells grown
in tissue culture.’ This agent was found to
inhibit DNA, RNA, and protein synthesis in

E. coli by independent biochemical mecha-
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nisn-Ls (3, 4). Studies in vitro by Johnson

et al. (4) showed 689’ to inhibit RNA syn-

thesis by attacking DNA-dependent RNA
polymerase partially purified from E. coli B.
Further studies revealed that significant
inhibition of RNA polymerase was obtained

only if all three alterations of the purine
nucleoside structure, i.e., 6-halo-, S-aza-, arid

9-cyclopentyl groups, were present (5) , and

it was suggested that 689 inhibited the

activity of enzymes involved in nucleic acid

metabolism and synthesis by a site-directed

alkylation (4, 5). In the present paper a

detailed investigation of the effects of 689 on

The abbreviations used are: 689, 6-chloro-8-

aza-9-cyclopentylpurine; SDS, sodium dodecyl

sulfate; DMSO, dimethyl sulfoxidc.



FIG. 1. Structural formula of 6-c/mloro-8-aza-9-

cyclopen tylpurine

82 CRANSTON AND RUDDON

RNA synthesis in vitro was umldertaken to

determine how the agent interacts with

DNA-dependent ItNA polymerase of E. coli

B and what function of this enzyme is

ifliiil)ited. The purine nucleoside analogue

was found to i)ind tightly to RNA polym-

erase, primarily to enzyme sulfhydryl groups,

an(I was observed to inhibit both the iiiitia-

tion and DNA-bimiding functions of the

enzyme. Although its major inhibitory effect
is-as U�OIl tile RXA j)ol�merase core enzyme,

689 also inhibited the activity of a- factor to a
lesser extent.

MATERIALS AND METHOJ)S

Materials. Unlabeled ribonucleoside tn-

phospilates were obtained from P-L Bio-

chemicals. Uniformly labeled [14Cjadenosine

5’-triphosphate (515 �iCi/�tmole), generally
labeled {3lljadenosine 5’-triphosphate (9.6

mCi//2mole), adenosine {-y-’2P}5’-triphos-

pliate (4.6 mCi/Mmole), and [32P]PP0 as
Na1�’P2O7 (1.76 mCi/�mole) were purchased

from New England Nuclear Corporation.

Calf thvmus DNA was obtained from

Worthington Biochemical Corporation.

Phagc�T4 1)NA4 was isolated according to

tIle method described by Thomas and

Ai)elsOIl (6) . T7 i)acteriophages were grown

and purified esseiitiallv as described by

C. C. Richardson (7), and the DNA was

isolated according to Thomas and Abelson

(6). T7 [3HJDNA was isolated from phage

stocks grown in tile presence of {‘H]thymine.
b-Amino acids were obtained from Mann

Research Laboratories. N-Acetyl-L-cysteirie

and N-acetyl-L-pilcnylalanine were products
of Sigma Chemical Company. 1)ithiothreitol

was obtained from Calbiochem. Nonit was

a(-tivated according to the procedure of

Kanlemi (8). (389 was a gift from Dr. M. S.
Zedeck of the Sloan-Kettering Institute for

Cancer Research, New York. Additional 689

��-as synthesized iii our laboratories, accord-

ing to the method of Chang et al. (9), from

tile immediate precursor, 4-chloro-5-amino-

6-cyclopentylaminopynimidine, which was a

gift from 1)r. J. A. Montgomery of the
Southerii Researcil Institute, Birniingham,

Ala.

RNA polyinerase purification . RNA

l)Ol�meraSe holoenzyme (enzyme containing
the a- factor) was purified by either hy-
droxylapatite chromatography according to

the method of Hichardson (10) or glycerol
gradient. centnifugation according to the

procedure of Burgess (11). These prepara-
tions contained mninor contaminants, as

evidenced on 0. 1 % SDS-5 % polyacrylamide
gels (12), and varied in specific activity

from 250 to 450 units’mg of protein, with a
unit of activity defined according to Burgess

(1 1 ). The enzyme was routiiiely stored at

-60#{176} and was stable for at least 6 months.

H NA polymerase core enzyme (enzyme

lacking the � factor) was purified by phos-
phocellulose chromat ography as described

by Burgess (11). The core enzyme had a

specific activity of 200 units/mg of protein

and w-as also stable for at least 6 months

when stored at - 60#{176}.Calf thymus DNA

had a 10-fold greater template activity than

T4 1)NA with respect to core enzyme. This

Initial stocks of T4 and T7 bacteriophages

were kindly supplied by Drs. G. R. Greenberg and

J. Hurwitz, respectively.
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was iii contrast to the holoenzyme, which

was 1.5-fold more active with T4 DNA.
Assay of RNA polymnerase. The basic RNA

polymerase assay mixture in vitro contained,
in addition to enzyme, 32.5 �tmo1es of Tris-
HC1 (pH 8.0), 3.3 �omoles of MgCl2, 16.8

�mmoles of KC1, 6.7 nmoles of dithiothreitol,
40 nmoles of EDTA, 10 j.omoles of glycerol,
100 nmoles each of GTP, CTP, and UTP,

25 nmoles of [‘4C]ATP (specific activity,
6 X 10� cpm/nmole), and either 30 �tg of

calf thymus DNA or 10 �.mg of T4 DNA in
0.4 ml. Reactions were routinely conducted
for 10 mm at 37#{176}in a Dubnoff metabolic
shaking incubator. Reactions were termi-
nated by the addition of cold 5 % trichlor-
acetic acid ; the labeled, acid-precipitable

RNA was collected on nitnocellulose filters

(Millipore, type HA, 0.43-,� pore size) and
counted in a Packard Tni-Canb liquid scintil-
lation spectrometer. Under the reaction

collditiolls employed enzyme concentration

was limiting, and the rate of incorporation
of labeled triphosphate was linear for at

least 20 mm. Salt concentrations which per-

mitted optimal incorporation of nucleoside

triphosphates into RNA were employed.
Preliminary incubation of 689. 689 had

virtually 110 inhibitory effect 011 RNA

polymerase activity if added directly to an
assay mixture at zero time. Enzyme activity

was inhibited when drug and enzyme were

incubated together prior to the addition of
DNA template and nucleoside triphosphates.
The amount of inhibition obtained with a

given concentration of 689 increased with

increaSillg prior incubation time (4). Hence
659 was routinely incubated initially with

RXA polymerase (10-15 mg) for 60 mill at
37#{176}in a 0.1-ml reaction mixture containing

5 �mmoles of Tnis-HC1 (pH 8.0), 0.5 j.tmole of
MgCl2, 2.5 j.�moles of KC1, 1 nmole of ditllio-

threitol, 5 nmoles of EDTA, 10 �moles of

glycerol, and 12.5 % DMSO. 1)MSO was

required to solubihize 689, and tile drug w-as

dissolved in this solvent and diluted to 25 %

DMSO with H,O Irior to each experiment.

Control reactions (without drug) were con-

ducted simultaneously and under the same

experimental conditions as for 689-treated

samples.

Purification and assay of o� factor. o� factor

was isolated i)� phosphocellulose chromatog-
raphy of the “high-salt” glycerol gradient

holoenzynie according to the method of

Burgess and Travers (13). The bulk of the o�

factor activity was eluted from the column

immediately following the initial protein

peak. SDS-polyacrylamide gels (12) showed

one major band of 90,000 daltons and a

minor contaminant of lower molecular

weight. The preparation lacked RNA i)OlYfll-

erase activity. � factor was assayed for
stimulatony activity according to Burgess

and Travers (13). a factor (2 tog) stimulated

cone ellzyme (10 jig) approximately 15-fold

when 10 �g of T4 DNA were employed as
template. To exaniine tile effects of 689 on

the components of I{NA polymerase, either
0. factor or core enzyme ��-as first incubated
wrjth 689 for 60 nUn at 37#{176}as described above.
The otiier, unincubated protein component,

i.e., core or � factor, was then added to the
incubation at zero time along with T4 1)NA
(10 �g) and nucleoside triphosphates. �

factor lost between 35 #{176}� and 50 #{182}�of its
stimulatory activity (luring a 60-mu’ pre-

liniinary incubation at :37#{176}ivitilout tlrug.

This ��-as in accord with a previous report

that the factor is somewhat labile under

these conditions (13).
Assa!J of [y_EP}A TP incorporation . The

amount ()f [-y-’2P]ATP incorporated into

RNA chains is a measure of the initiation

reaction (14). Assay conditions for measur-
ing the incorporation of [-y-’2P]ATP (specific

activity, 5.7 X 10’ cl)m/IifllOle) into RNA

were the same as those described above for
RNA polymerase ; ilo)\vever, det ernlination

of acici-precipitable radioactivity was per-

formed according to the method of Richard-

son (15).

Assay of PPi exchange reaction. HNA

polymerase catalyzes a T)NA-dependent

exchange reaction i)etween [32P]PP1 and

nucleosicle tniphospilates. This exchange

reaction can also i)e used to measure the

initiation function (16, 17). The pyrophos-

phate exchange reaction was assayed by

determining the amount of [�2P}PP1 in-

corporated into a form adsorbable by char-

coal (Norit). Reaction conditions were the
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same as described above, except that 0.4

j.mmole of [‘2P}PP1 (specific activity, 2.5 X 10�
cpm,/j.omole) was included in each incubation

mixture. The reactions were terminated, and

the Nonit-adsorbable material was collected
and counted as described by Krakow and

Fronk (17).
Assay of RNA chain elongation rate. The

size distribution of the RNA made in a

10-mn RNA polymerase assay, which re-

fleets tile rate of elongation of R.NA chains,

was measured using a modification of the
procedure of Richardson (18). Preliminary
incubations and RNA polymerase assays

were performed as described above. Control

reactions were conducted with {‘4C}ATP
(specific activity, 3.0 X 10�’ cpm/nmole), and
689 reactions contained [‘H]ATP (specific
activity, 9.6 X 10� cpm/nmole). Reactions

were terminated by the addition of 0. 1 ml

of 0.4 % SDS at 37#{176}.The samples were then
chilled to 0#{176},and the detergent was removed

by centrifugation. Equal volumes of control
and 689 reactions were mixed, and a 0.2-mi

aliquot was layered on a 4.8-mi linear sucrose

gradient (5-20 %, w/v) containing 0.01 iu

Tris-HC1. pH 7.9, and 0.1 �n KC1. The
gradients were centrifuged for 4 hr at 36,500

rpm ill a Spinco SW 50. 1 rotor at 4#{176}.The
gradient tubes were punctured ; 0.2-mi frac-

tions were collected dropwise, precipitated
with cold 5 % trichloracetic acid, filtered,
dried, and counted as described above.

Assay for bi&ling of enzyme to DNA . Bind-

ing of RNA polymerase holoenzyme to DNA
was measured using the nitrocellulose mem-
brane method (19). A modification of the

procedure used by Hinkle and Chamberlin
was employed (20). RNA polymerase was

diluted in “binding” buffer containing 0.01 i�n

Tris-HC1 (pH 8.0), 0.01 �i MgCl2, 0.05 �i

KC1, 0.02 irni dithiothreitol, and 0.1 mxn

EDTA and initially incubated for 60 mm at

37#{176}with or without 689. The concentration

of enzyme in each preliminary incubation

was 100 �g/ml. Binding reactions contained

50 zg of BSA, 5 g�g of T7 {‘H]DNA (approxi-

mately 11,000 cpm), and a limiting con-

centration of enzyme in 0.1 ml of binding

buffer. Reactions were initiated by the addi-

tion of enzyme and incubated for 10 mm at

37#{176}.The reaction mixtures were then diluted

to 1 .0 ml with binding buffer and immedi-

ately filtered through nitrocellulose filters
(\Iillipore, type HA, O.45-�. pore size), which

had been thoroughly soaked in binding buffer

for at least 60 mm. Very gentle suction was
used in the filtration step. Filters were dried
and counted as above. RNA polymerase

assays were performed simultaneously with

the binding reactions. The methods used in
these assays differed from those previously

described in that the reaction volume was

0.2 ml, 5 � of unlabeled T7 DNA replaced
either calf thymus or T4 DNA as template,
the ATP concentration was doubled, and
50 �mg of BSA were added to each reaction
mixture.

Determ ination of binding between 689 and

RNA polyrnerase. RNA polymerase holo-
enzyme (100 pig/mi) was subjected to a

preliminary incubation in the presence or

absence of 689 as previously described.
Control and drug-treated enzymes were then
dialyzed against 1000 volumes of a buffer
containing 0.05 M Tnis-HC1 (pH 8.0), 0.005 iu

i’sigCl,, 0.025 �r KC1, 0.05 mM EDTA, and

12.5 % DMSO for 13.5 hr at 4#{176}with a single

buffer change. The difference spectrum
between 689-treated and control enzymes
was then determined with a Beckman Acta

III dual-beam spectrophotometer.
Determination of binding of 689 with

L-amino acids, N-acetyl-L-arnino acid aima-

logues, and 13-mercaptoethanol. Various
L-amino acids, N-acetyl-L-amino acid ana-

logues, or $-mercaptoethanol were dissolved
at a concentration of 4 m� in buffer con-
taining0.1 M Tris-HC1 (pH 8.0 or 7.2), 0.01 iu

MgCl2, 0.05 M KC1, and 0.1 mi�� EDTA.

Each was immediately mixed with an equi-

molar concentration of 689 and incubated for
1 hr at 37#{176}.After 1 hr the samples incubated

with or without 689 were diluted with buffer
containing 0.05 :�i Tnis-HC1 (pH 8.0 or 7.2),
0.005 M 1\igCl2, 0.025 M KC1, 0.05 mivi EDTA,
and 12.5 % Di\ISO such that the concentra-

tions of the amino acids, N-acetyl analogues,

fl-mercaptoethanoi, and 689 were 50 jIM. The

difference spectra between amino acid-689

mixtures and the respective amino acid,

N-acetyl analogue, or fl-mercaptoethanol

controls were determined with a Beckman

DB-G dual-beam spectrophotometer and
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compared with the ultraviolet spectrum of

the 689 control.

RESULTS

Effect of 689 on ENA Synthesis in Vitro

Kinetic studies. The punine nucleoside

analogue 689 was found to inhibit RXA

synthesis in vitro in a dose-dependent manner
when the compound was initially incubated
with RNA polymerase holoenzyme for 60

mm. Figure 2 represents the composite dose-

inhibition curve for a number of holoenzyme
preparations. A 50% inhibition occurred at

about 0.16 mi�i 689, and greater than 95 %
inhibition was achieved at a concentration of

1 m�. Similar dose-inhibition curves were
observed regardless of the DNA template
employed. However, when DNA, rather

than enzyme, was first incubated with drug,
no inhibition of RNA synthesis was ob-
served (4).

I00

80.

MOLAR 689 (�iO�)

Fxo. 2. Inhibition of RNA synthesis by various

concentrations of 689

RNA polymerase holoenzyme (10-15 ,�g) was

rnCubated with 689 for 60 mm and then assayed as

described under MATERIALS AND METHODS. Calf
thymus DNA (30 zg) was employed as the tem-
plate in these experiments, and control enzyme
activity ranged between 2.5 and 4.5 nmoles of

AMP incorporated in 10 mm for various enzyme
preparations. Results are presented as the mean

percentage inhibition ± standard error as com-

pared to controls where a (number of experiments

for a given concentration of 689) exceeds 2. The
value of n is between 4 and 8 for all points except
1 mM 689, where n = 2.

j_. = � x104
ATP M

FIG. 3. Double-reciprocal analysis of RNA po-

lymera.se activity at various ATP concentrations in

the presence and absence of 689

689 (0.1 mM) was imicubated with RNA polym-
erase holoenzyme (15 ,�g), and assays were per-
formed at ATP concentrations from 13 to 250 tiM,

according to the conditions outlined under MA-

TIIRIALS AND METHODS. The data were analyzed by

regression analysis according to the method of

Wilkinson (21), and the difference in Vmsz between

the control #{149}-. and 689 (S- - -�) ATP
saturation curves was found to be highly signifi-

cant (p < 0.0005). In contrast, the difference in

apparent Km was insignificant (p > 0.1).

The apparent Km value was determined

for each nucleoside triphosphate with RNA
polymerase holoenzyme : ATP, 42�zM ; UTP,
27 �; GTP, 20 �n; and CTP, 17 �. 689

was found to be a noncompetitive inhibitor
of the incorporation of each mucleoside tn-

phosphate into RNA, in that the V�5� was

decreased in the presence of the drug while

the apparent Km remained unchanged.



Component initially
incubated

c-

factor Core enzvm�ie T4 31 .2 ± 13.6 (2) li4. 1 ± () (2)

(‘ore enzyme a factor T4 73.0.± 3.0 (2) 92.5 ± 1.2 (2)

l1()lOemtZylflP Noise T4 72.5 ± 40 (7) 89.l ± 2.6 (6)
Core enzyme None Calf thvmus 47.8 ± 3.9 (5) 73.3 ± 2.�2 (6)

1Ioloenzvme None Calf thviims 67 7 b 3 . (i (7 ) 87 . 9 ± 1 9 (8)
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Figure 3 shows a represemitative Linew-eaver-

Burk double-reciprocal plot for ATP in-

corporation in the presence of 0.1 m� 689.
It should l)e pointed out that w-hen more

than one triphosphate was varied, the sub-

strate saturation curves became sigmoidal.

This nlav reflect a rate-limiting event during

the initiation step in RXA synthesis, as

originally proposed by Anthony et al. (22).
Effect of 689 071 CO1� RNA polynierase amid

0� factor. Wheml H NA polymerase holoenzyme

is suhj ected to pllospllocellulose chromatog-

raphy, the enzyme sui)unit a factor is re-

moved and tile resulting core enzyme,
although retaining the ability to synthesize

RXA, lacks specificity for initiation and has
very low efficiency for transcription of

certain templates (e.g., T4 and T7 l)NA)

(23). Higllly specific antil)iotic iniui)itors of
the core RXA polymerase, most notably the

nifamvcins and strept Olydigill , have 1)een

extensively investigated (24-26). However,
an inilibitor �)os�essi�lg sl)ecificity for tile �

factor has not yet been discovered. Therefore

it was of interest to examine tile effects of

689 oil botil the core enzyme and the � factor.

Core emizyme and 0- factor were isolated and

charact erized as described under MATERIALS

ANI) METHOI)S. \�ilen1 tf4 DNA was employed

as teniplate, 689 imihibited 1)0th tile core

emlzvmlle amId tile a- factor (Table 1). Imi adcli-
tion, tile effects of 689 on the core enzyme

(without tile addition of o- factor) were coni-

pared with the effects on the holoenzyme

using calf thymus DNA as template. This
comparison could be made when calf thymus
DNA was employed as the template, since

the core enzyme carl efficiently transcribe

this template in the absence of o- factor (23).

The results show-ed that the holoenzvnle w-as

inhibited 15-20 #{182}�more than tile core enzyme

for a given concentration of 689 (Table 1).
Hence the data from these experiments mdi-
cate tilat 689 inhibits both the core enzyme

and the � factor, but has a much greater

inhibitory effect on the core enzyme.

Effect of 089 omi individnal steps in RN_I

synthesis. rfhe synthesis of IINA by I)NA-

dependent IRNA polymerase is a complex
process which can 1)e separated into the

following consecutive steps : (a) bimiding of

tine enzyme to sites on tile 1)XA template,

(b) initiation of RNA synthesis leadimig to
the formation of the first j)hosphodiester
bond, (c) elongation of RINA chains by the

st epwise addition Of ribonucleoside niono-

phosphates to the 3’-hydroxyl end of grow-
ing RNA cilains, and (d) terniuniation of

synthesis and release of BNA product. The

effects of 689 on the 1)NA-hinding. initia-
tioll, and elongation steps in RNA synthesis

w-ere investigated to see w-hich RNA l)�l�ni-
erase function was inhibited by this (Ofll-

poull(l.

The effect of 689 on the initiation of RXA

s\litilesis iii vitro was determined by two

I)rocedunes , [�y_HP]ATP incorporat ion an(l

pyropiiospiiate exchange, as described under

TABLE 1

Effect of 689 on core I??V4 polymnerase an(l a factor

ItNA polymerase holoenzyme (10 ,ug), core enzyme (10 ug), or a factor (2 �g) was incubated with 6S9

for 6() miii amid themi assayed as (lescribed under M�TEBI�LS AND MEtHODS. Core enzvnw or o- fnron WflS

added to the a.ssav at zero time where in(licated. T4 I )NA (10 �g) or calf thymus 1)XA (30 �sg) was

employed ItS template. Results are presemited as the mean percentage inhibition ± standard error as

compared to controls ��here ii (mmuntber ot experiments enclosed in parentheses) exceeds 2, aml(l as ±

range where mm = 2.

(‘omponent added at DNA template Inhibition
zero time �-�--�--______________________

0.25 mit 689 0.5 mit 689
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TABLE 2

Effect of 689 on incorporation of [-�-32P]ATP

RNA polymerase holoenzyme (10 ,�g) wa.s in-

cubated with 689 (0.25 mM) for 60 mm amid then
assayed for [-y-”P} incorporation (initiation) and

[‘4C}ATP incorporation (RNA symithcsis) as de-
scribed under MATERIALS AND METHODS. T4 DNA

(10 zg) was employed as the template. The nurn-
bers in parentheses represent percentage inhibi-

tion.

Reaction mixture Incorporation

[y-”P]ATP [‘4C]A’I’P

Control

689-treated

prnoles

2.7 2303

0.9 (66.7) 674 (70.7)

MATERIALS AND METHODS. Using either

method, it was observed that 689 inhibited

the initiation reaction to the same extent as
RNA synthesis (Table 2 and Fig. 4).

In contrast to its effect on the initiation
reaction, 689 was shown not to inhibit the

rate of elongation of RNA chains. When the

size distributions of RNA chains made in

the presence and absence of 689 (0.1 mit)
were compared, there was no apparent differ-

ence (Fig. 5). Hence it was concluded that
this compound inhibited the number of RNA

chains initiated hut had no effect on the
length of successfully initiated chains. The

heterogeneity of the RNA made in vitro
by DNA-dependent RNA polymerase (Fig.
5) has been reported by other laboratories
(18, 27, 28) and appears to be due to the
absence of the transcription factor, p, which

presumably provides specificity for correct

chain termination in vivo (28).

The effect of 689 on the binding reaction

between template DNA and RNA polym-

erase was determined by a modification of

the nitrocellulose filter assay technique (19,
20). This technique is based on the fact that
RNA polymerase binds to nitrocellulose
filters but certain DNAs do not. How-ever, if
the DNA has complexed to the enzyme, it
is-ill be retained by the filter. Thus, if tile
DNA contains a known amount of radio-
active label, the amount of DNA bound to
RNA polymerase can be determined. Figure
6 shows the 689 dose-inhibition curves for
the binding of RXA polymerase holoenzyme

0 � � � ‘�

MOLAR 689 (�IO�)

FIG. 4. Effect of 689 on pyrophosphate exchange

RNA polymerase holoenzyme (10 pig) was in-

cubated with 689 for 60 mm and then assayed for

PP1 exchange (initiation) and [‘4C]ATP incorpora-

tion (RNA synthesis) as described under MA-

TERIALS AND METHODS. T4 DNA (10 �sg) was

employed as the template. S-S, PP exchange;

S.- - -S, [‘4C]ATP incorporation.

to T7 [3H}DNA and for RNA synthesis

using unlabeled T7 DNA as the template.
Inhibition of tile binding reaction closely

approximated the corresponding inhibition

of RNA synthesis for tile concentrations of

689 employed. Hence it appears that a
significant part, if not all, of the effects of
689 on RNA polymerase activity can be

explained by inhibition of the binding reac-

tion between enzyme and template DNA.
Binding of 689 to RNA polyniera�se. 689,

because of its punine nucleoside-like struc-

ture, has an ultraviolet absorption spectrum

with a single absorption peak at 264-265 nm

(pH 8.0) and a millimolar extinction coeffi-
cient of 9.5 (see Fig. 8). This property of the
compound was used to detect 689 bound to
RNA polymenase. RNA polymerase holo-
enzyme was incubated in the presence or
absence of 250 zit 689 and dialyzed to remove
free 689 as described under tIATERIALS AND

METHODS. It has been shown that 689 imhibi-
tion of RNA polymerase cannot be reversed
by dialysis (4). The ultraviolet difference

spectrum (between 689-treated and control

RNA polymerase) that was obtained repre-
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FIG. 5. Effect of 689 on rate of RZ’L4 chain

elongation

RNA polymerase holoenzyme (15 �zg) was in-

cubated with 689 (0.1 mM) for 60 mm, assays were

performed, and the RNA product was collected as
described under MATERIALS AND METHODS. Calf

thymus DNA (30 ��g) was employed as the tem-
plate. 689 inhibited total RNA synthesis by 63.8%

in this experiment. The RNA in each fraction is
expressed here as a percentage of the total RNA

Ott the gradient. In addition, the ratio of [t4CIRNA
(control) to [3HJRNA (689) in each fraction was
determined and was essentially the same over most

of the gradient. [311]RNA from rat liver cytoplasm

was used as a marker in these experiments, and the

locations of the 18 S and 28 S peaks are indicated.

sented the ultraviolet absorption of 689

bound to RNA polymerase. Tile difference

spectrum sllOwed a single absorption peak

at 292-295 mm (Fig. 7) and confirmed the
belief tilat 689 does bind to RXA polymerase

at coticeilt rations w-hich inhibit t ranscnip-

tion in vitro.

Interaction of 689 with L-Aflhino Acids,

N-A cetyl-L -ann into A cid Analegues, amid

f3-Mercaptoetlmanol

Preferential binding te sulfhydryl groups.

Tile difference spectrum observed in Fig. 7
does not indicate the nature of the bimiding

between 689 and RNA polymerase. In order

to determine the potential bimiding sites of
the drug, a representative group of a-amino

acids, including L-alanine, L-valine, L-cys-

teine, L-cystine, L-pilenylalanille, L-tyrosimie,

L-t ryptophan, L-aspartic acid, L-Serine,

i�-threonine, L-histi(limle, L-lysine. and i�-argi-

nine, were allowed to interact with equimolan

689 at pH 8.0, and the difference spectra
between treated and untreated amino acids
were compared with the ultraviolet spectrum

of 689 as outlined under MATERIALS AND

METHODS. A partial summary of the results

can be observed in Fig. 8A-C. L-Cysteine
produced a complete shift in the 689 ultra-
violet spectrum, with a single absorption
maximum at 290 nm and a mihlimolar extinc-

tion coefficient of 13.8 (Fig. 8A). Most

a-amino acids, including L-phenylalanlne,
L-valine, L-cystme, L-tyrosine, L-tryptOphan,
L-Serlne, L-threomne, L-histidine, L-lysine,

and L-anglmne, produced a subtle broadening
of tile 689 spectrum at pH 8.0, but the peak
absorption remained at 264-265 nm. The

ultraviolet spectral shift produced by

z
0

F-

z

I-
z
w
U

Ui

FIG. 6. Effect of 689 on binding reaction between

T7 [‘H]DNA an(l R\A polymncrasc

RNA polyrnerase holoenzyme (100 Mg, nIl) was
incubated with 689 for �i0 mum and then assayed

for T7 [‘H]DNA bimidimig to RNA polymerase

(template binding) and l’4CIATP incorporation

(RNA synthesis) as described under MATERIALS

AND METHODS. The concentration of RNA polym-

erase in the binding assay was 1.5 pg/nil, and in

the assay for RNA synthesis, 10 �g/ml. #{149}-�,

T7 [‘II}l)NA i)inding; #{149}-- -#{149}, {‘4C�ATP incor-
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FIG. 7. Binding of 689 to RNA polynierase

RNA polymerase holoenzyme was incubated
in the presence and absence of 689 (0.25 mM)

and dialyzed. Ultraviolet spectrophotometry was

performed as described under MATERIALS AND

METHODS. RNA synthesis was inhibited by 70.3%
prior to dialysis, and by 78.6% after dialysis under

these conditions. Wavelength scans for the ultra-

violet spectrum of untreated RNA polymerase
(control), 689-treated RNA polymerase (689), and
the difference spectrum between treated and un-
treated RNA polymerase (difference) are shown.

L-phenylalanine, an amino acid producing

one of the more pronounced shifts, is shown

in Fig. 8B. L-Alanlne (Fig. 8C) and L-aspartic

acid had essentially no effect on the 689

ultraviolet spectrum at pH 8.0. This observa-
tion confirmed that L-cysteine was the most
reactive amino acid with 689 and suggested
that the sulfhydryl group was the reactive

moiety. It was believed that the diverse
group of amino acids which weakly inter-

acted with 689 at pH 8.0, e.g., phenylalanine,

were reacting primarily by their a-amino

group.
To confirm these hypotheses, two experi-

ments were performed. First, a series

of a-amino acids, including L-cysteinc,
L-phenylalamne, L-Valine, L-tyrosine, L-tryp-

(C) 689
CiF�E�ENCE

PH 8.0
DIFFERENCE -

PH 7.2

240 290 340 240 290 340 240 290 340

WAVELENGTH (NM)

FIG. 8. Binding of 689 to L-amiiio acids, V-

acetyl-L-amino acid analogues-, and �3-mcrcapto-

ethanol
L-Cysteine (A), L-pheiiylalanimie (B), L-alanine

(C) , �V-acetyl-L-cysteine (I)) , .\-acetyl-L-phen-

ylalanine (E), amid �I-mercaptoethanol (F) were
incubated with equimolar 689 for 60 mnin, and

ult raviolet spectrophotometry was performed as
described under MATERIALS AND METHODS. Wave-

length scans representing the ultraviolet spectrum
of 689 and difference spectra between t rented amid

untreated reactions at pH 8.0 or pH 7.2 are shown.

tophan, L-serine, and L-lysine, were allowed

to interact with 689 under the conditions

described previously, but at pH 7.2. At this
lower pH more of the a-amino group of each

amino acid would be in the ionized (NH3�),

presumably less reactive state (29). Hence,

at pH 7.2 only L-cysteine was expected to

cause a significant shift of the 689 ultraviolet

spectrum. This was confirmed, and the
results for L-cysteine and L-phenylalanlne

can be observed in Fig. 8A and B. To confirm

directly that the sulfhydryl group of �-cys-

teine was reacting with 689, the N-acetyl
analogue of L-cysteine was incubated w-ith
689 at pH 8.0 as described previously.
N-Acetyl-L-cysteille caused a complete shift
in the 689 ultraviolet spectrum, with a single

absorption peak at 300-302 nm (Fig. 81)),
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Veli(\illg 689 interaction with the sulfhydryl

group. � analogues of other amino

acids. imi(luding N-acetyl-L-phenylalanine

(Fig. si-: ), produced no change iii the 689

ultravi()l(t spectrum. Finally, the sulfhydryl

reagent �3-mercaptoethanol was shown to

produce a marked shift in the 689 ultra-

violet spectrumu at both pH 8.0 and 7.2
( Fig. SF�). The conclusion that can be drawn

from these data is that 689 preferentially

�tIi(l actively interacts with the sulfhydryl

group of L-cysteine over other amino acid

fumictional groups. These data have also

been confirmed by thin-layer chromatog-

rapilv. A complex between {35S]cysteine and
689 has been observed using this method.5

Correlation of the above data on in-

dividual amino acids, N-acetyl amino acid
analogues, and �3-mercaptoethanol with the
tilt raviolet difference spectrum obtained

between 689-treated and untreated RNA
polymerase (Fig. 7) indicates that 689 binds

to RNA polymerase primarily, if not en-

tirelv, through the sulfhydryl groups of

cysteinyl moieties. Furthermore, we have

observed that dialysis of 689-treated RNA

polymerase in the presence of excess dithio-

threitol leads to a marked reversal of the

689 inhibition. When the dialysis is-as per-
formed in the absence of dithiothreitol, 689

(0.25 mnu) inhibited RNA polymerase (10 �sg)
activity by 67.5 % when assayed prior to

dialysis and by 72.5 % when assayed after

dialysis. The addition of dithiothreitol

(10 mit) to the dialysis buffer decreased the
inhibition to 22.0 % after dialysis.

DISCUSSION

The I)urine nucleoside analogue 6-chloro-

8-aza-9-cyciopentylpurine has been shown

to inhibit RNA synthesis in vitro by attack-

ing the DNA-dependent RNA polymerase

of E. coli. A rather complex series of events

occurs during the transcription reaction

catalyzed by RNA polymerase. The effects

of 689 on these various functions were deter-
mined, and the compound was found to

inhibit the DNA-binding and initiation

functions of tile enzyme but to have no

effect on the rate of elongation of successfully

J. W. Cranston and R. W. Ruddon, unpub-
lished observations.

initiated chains. 689 inhibited the incorpora-

tion of each nucleoside triphosphate into
RXA in a noncompetitive nianner. This

observation, iii conjullction ivitii the data

showing that 689 inhibited enzyme-template

binding, suggested that the compound does

not compete for triphosphate-binding sites.

However, we have not investigated the effect

on substrate binding directly.

Structurally, RNA polymerase is a corn-

plex molecule consisting of a number of sub-

units. Tile complete enzyme (holoenzyrne)

has a molecular weight of approximately

490,000 and the subunit composition �‘$a2o�

Core enzyme has a molecular weight of ap-
proximately 400,000 and has the subunit

composition fl�a2 (30, 31). Unlike the anti-
biotic inhibitors rifampicin and strepto-

lydigin, iVilich specifically inhibit the f3

sul)unlt of the core enzyme (32), 689 inhibits

both the core emizyme and a- factor, the latter

to a much lesser extent. Ultraviolet spectral

evidence obtained with individual amino
acids, N-acetylamino acid analogues, and
the sulfhydryl reagent $-mercaptoethanol

show-ed 689 to be highly reactive with

suifhydryl groups. The ultraviolet difference

spectrum obtained between drug-treated and

untreated RNA 1)olYmeraSe (Fig. 7) cor-

related well with the 689 spectral shift pro-

duced by free cysteine (Fig. 8A). Therefore
it appears that 689 binds to RNA polymerase
primarily through enzyme sulfhydryl groups.

Ishihania and Hurw-itz (16) have in-
vestigated the effects of various chemical

treatments upon the different functions of

RNA polymerase. They observed that agents

which interacted with sulfhydryl groups,

including p-chloromercuribenzoate, HgC12,

cyanuric fluoride, iodoacetate, N-ethyl-

maleimide, and tetrathionate, led to the
inactivation of DNA-binding and initiation

functions of the enzyme. Hence the evidence
obtained in this study suggests that 689
inhibits RNA polymerase by attacking

enzyme sulfhydryl groups in a manner simi-

lar to these known sulfhydryl group inhibi-

tors. Other mechanisms of inhibition, such

as attack on other amino acid functional

groups essential to RNA polymerase func-

tion, may be involved in 689 inhibition, but

these would appear to be of less significance.
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Presumably the inhibitory effects of 689

result from the interaction of the drug with
numerous sulfhydryl groups on the enzyme.

Various indirect evidence leads us to this

conclusion. First, despite the fact that a
precise titration of the enzyme sulfhydryl

groups with 689 was not performed, the
observed difference spectrum between
treated and untreated RNA polymerase
(Fig. 7) suggests that a substantial number

of sulfhydryl groups are bound. An estima-

tion based OIl the extinction coefficient of the
cysteinyl-689 complex indicates that ap-

proximately 18 enzyme sulfhydryl groups
are bound. Second, the compound was shown
to have a high degree of reactivity with free
L-cysteine, N-acetyl-L-cysteine, and �3-mer-

captoethanol. It apparently can bind to both
the core enzyme and the � factor of RXA

polymerase. Also, w-e have recently obtained

evidence that 689 w-ill bind to the sulfhydryl

groups of bovine serum albumin.5 Hence 689

appears to have tile capacity to bind very

readily to available sulfhydryl groups.

Finally, Sumegi et al. (33), investigating the

inhibition of purified core RNA polymerase

of E. coli K-12 by the weakly electrophilic

agent cystamine (which specifically inter-

acts with highly reactive sulfhydryl groups),

observed that no inhibition of RNA syn-

thesis occurred until four sulfhydryl groups

were bound and that inhibition increased
as the number of bound sulfhvdryl groups

also increased. Complete inhibition w-as
obtained when 12 suifhydryl groups w-ere

bound. This latter evidence indicates that a
number of sulfhydryl groups of HNA polym-

erase are involved in the function of the
enzyme.

Ishihama and Hurwitz (16) reported the
loss of a 2 S subunit from RXA polymerase

after treatment with tile reversible sulfhy-

dryl inhibitor p-chlorornercuribenzoate, and
recently Ishihama (34) has identified this
subunit as the a subunit of the enzyme.

Hence treatment of RXA polymerase with

sulfhydryl inhibitors appears to disrupt the
quaternary structure of the emizyme and

suggests that sulfhydryl groups play a role
in holding the enzyme subunits together in
a native configuration. It. is interesting that
the prior incubation of DNA template with

RNA polymerase partially protected the

enzyme from inhibition by cystaniine (33)

and 689 (35). These data suggest that. bind-
ing of the enzyme to DNA induces conforma-
tional changes in the enzyme which reduce
the reactivity of its sulfhydryl groups and
prevent the dissociation of subunits. Evi-

dence for a DNA-induced conformational
change in RNA polymerase has also been

indicated from studies with rifampicin, in
which the formation of a binary complex

between DNA and enzyme has been shown

to render the enzyme partially resistant to

this inhibitor (36, 37).
The characteristics of the nlhibitorv effects

of 689 and the fact that dithiotllreitol can
partially reverse these effects suggest that

689 acts like p-chloromercurihenzoate in its
interaction with RNA polymerase and not
like irreversible sulfilydrvl inhibitors such
as iodoacetate. However, the precise nature

of the 689 interaction w-ith sulfhydryl groups
has not yet been elucidated. Johnson et al.

(4) suggested that 689 WaS directed to the

active sites of certain sensitive enzymes in-
volved ill nucleic acid miletabolism because
of its purine nucleoside-like structure. How-

ever, since 689 will bind sulfhydryl groups of

bovine serum albumin as well as HXA
polymerase, it appears that the compound

can 1)ind to a siumber of proteins with avail-

able sulfhydryls. Whether enzyme activity

is altered would then depend on the role of

the bound sulfhydryl groups in the fumiction
of the enzyme. Previous structure-activity

relationship studies (5) would seem to

indicate that the unique purine nucleoside-

like structure of 689 may play a role in

directing the drug to sulfhydrvl groups
which are crucially involved in nlailltenallce

of enzyme function, but this remains to be

determined.
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