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ABSTRACT: The process of DNA transcription by purified 
Escherichia coli RNA polymerase has been studied using the 
5 '-triphosphates of 8-azaguanosine and formycin. While the 
rate of polymerization of these analogs is influenced by the 
choice of template and by the ionic environment, it is at all 
times lower than that of the normal counterparts. Analysis of 
the different steps in transcription reveals that, compared with 
the natural purine nucleotides, (1) the initiation of chains by 
8-azaguanosine triphosphate and formycin triphosphate is low; 
(2) the analogs support a rate of chain elongation indistin- 
guishable from normal ; (3) the expected spontaneous release 

F ormycin and 8-azaguanosine, structural analogs of aden- 
osine and guanosine, respectively (Roblin et al. (1945); Koy- 
ama et al. (1966)), inhibit nucleic acid synthesis in bacterial 
and mammalian cells (Shapiro et al. (1950); Chantrenne 
(1964); Hori et al. (1964); Ward et al. (1969)). The analogs 
resemble their normal counterparts in H-bonding potential 
and in the formation of base pairs with complementary tem- 
plate residues, and they are also effectively incorporated into 
RNA in viao and in vitro (Shapiro et al. (1950); Smith and Mat- 
thews (1957); Matthews (1958); Brockman el al. (1959); 
Caldwell et al. (1966); Ward et al. (1969)). 

Previous observations have indicated that formycin and 
8-azaguanosine residues in polynucleotides are likely to pro- 
duce structural anomalies because both of these nucleosides 
tend to exist in the syn conformation (Ward et al. (1969)) 
under conditions in which the natural nucleosides maintain 
the anti conformation. The analogs could therefore be ex- 
pected to interfere with some of the steps in RNA synthesis, 
and the rate of RNA synthesis is indeed depressed signifi- 
cantly when FTP' or 8-azaGTP is substituted for ATP or 
GTP, respectively (Kahan and Hurwitz (1962); Ikehara et al. 
(1968)). However, the mechanism by which the analogs de- 
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of newly synthesized RNA chains from the ternary transcrip- 
tion complex does not occur with either analog. The differ- 
ences in the extent of chain initiation and release account 
quantitatively for the decreased rate of transcription in the 
presence of the analogs. 

The behavior of the nucleotide analogs suggests that the ini- 
tiation sequences in calf thymus DNA and in Tc phage DNA 
are different and heterogeneous. 

Stereochemical specificity in transcription appears to be 
much more exacting for chain initiation and termination than 
for chain elongation. 

press RNA synthesis has not been defined, and the relation- 
ship between in vitro RNA synthesis and cytotoxicity remains 
unclear. We have therefore reexamined the utilization of the 
analogs by RNA polymerase. The findings presented below 
demonstrate that the analogs behave differently in the initia- 
tion, elongation, and release of RNA chains; in comparison 
with the natural substrates, the analogs (1) function poorly in 
initiation, (2) function normally in chain propagation, and (3) 
the normal pattern of chain termination and the release of 
long polynucleotides from ternary complexes is altered when 
the newly synthesized product contains either base analog. 

Materials and Methods 

Escherichia coli RNA polymerase was prepared and assayed 
as previously described (Darlix et al., 1969). The conditions of 
incubation for individual experiments are given in the figure 
legends. The ionic conditions were one of the following: (1) 
Tris-HC1, pH 8.5 X lo-* M ;  MgC12, 5 X M; MnC12, 

M ;  (2) Tris-HC1, pH 8.5 
8 X M ;  MgC12, 10-2 M ;  KC1, 5 X M ;  P-mercapto- 
ethanol, 5 X 10-3 M ;  (3) as in 2, but KCl, 0.16 M. 

Unless otherwise noted, nucleoside triphosphates were pres- 
ent at M. 

The termination factor, p ,  was extracted from E. coli and 
purified by a modification of the procedure of Roberts (1969). 

RNA synthesis was monitored by following the incorpora- 
tion of the appropriate radioactive nucleotide into material 
precipitable by 5 trichloroacetic acid using a Millipore filter 
method. The method of direct filtration through Millipore 
filters (Sentenac et al., 1968) was also used, particularly for 
estimating the initiation and release of RNA chains. Measure- 
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FIGURE 1 : Effects of 8-azaGTP on chain initiation by RNA polym- 
erase with calf thymus DNA template. Each of four incubation 
mixtures contains: calf thymus DNA, 195 pg; RNA polymerase, 
300 units (Chamberlin and Berg, 1962); salt conditions I (see 
Methods); CTP, ATP, i3H]UTP (7600 cpm/nmole), 10-4 M ,  [P,y- 
32PIGTP or [P,y-32P]8-azaGTP, 8 X 10-5 M (150 cpm/nmole). 
Final volume, 2 ml; 250-111 aliquots were withdrawn at the indicated 
times and RNA was recovered by direct filtration on Millipore 
filters: (0-0) incorporation of [3H]UMP with GTP present; 
(M) incorporation of [3H]U~MP with 8-azaGTP replacing GTP; 
(A-A) incorporation of [P,y-32P]GTP in the control; (A-A) in- 
corporation of [P,y-32P]8-azaGTP with the latter replacing GTP. 
To test the effect of 8-azaGTP on initiation by ATP, two identical 
reactions were set up containing [P,y-a2P]ATP (8 X 10-6 M) and 
either GTP (E--0) or 8-azaGTP (.-a) at M. 

ments of radioactivity were performed using Nuclear-Chicago 
scintillation counter. 

Chromatographic analysis of RNA synthesized in citro 
was performed with columns of methylated serum albumin 
(MAK) as already described (Mandell and Hershey, 1960; 
Darlix et al., 1968), in the presence of total nucleic acids ex- 
tracted from E. coli B as markers. 

T4 phage DNA was kindly donated by Dr. Levine (Gif-sur- 
Yvette). High molecular weight DNA of calf thymus and E. 
coli were gifts of Dr. Pouyet (Strasbourg). 

ATP, FTP, and GTP labeled with 32P in the y-phosphate 
were prepared by a modification of the photophosphorylation 
procedure of Avron (Sentenac et al., 1968), using broken, 
washed spinach chloroplasts. 
[y-32P]- and w,y-32P]azaGTP, GTP, and ATP were synthe- 
sized chemically, according to Moffat (1967). 

Nucleoside triphosphates and 8-azaGMP were obtained 
from P-L Biochemicals, Inc., [3H]UTP from the "Service 
MolBcules MarquCes" Saclay, and [3H]GTP and [3H]CTP are 
from Schwarz. Poly(C) was purchased from Sigma Chemical 
c o  . 

Results 

We have confirmed previous observations (Kahan and 
Hurwitz, 1962; Ikehara et al., 1968) that the rate and extent of 
RNA synthesis are decreased when 8-azaGTP and FTP are 
substituted for GTP or ATP, respectively, and that the K,,, for 
polymerization of 8-azaGTP is higher than that for GTP 
(2.5 X M and 1 X 10-5 M, respectively, under our salt 
conditions I). 

minutes: 

FIGURE 2: RNA chain initiation with GTP in the presence of 8- 
azaGTP. Two incubation mixtures contain: calf thymus DNA, 
120 p g ;  salt conditions I (see Methods); RNA polymerase, 350 
units; UTP, ATP, [3H]CTP (5600 cpm/nmole), M,  and [Y-~~PI-  
GTP, 6 X M. 
After 25 min, [y-3*P]GTP, 6 X M, was added to the reaction 
containing 8-azaGTP. Final volume 1 ml; 1OO-pl aliquots are with- 
drawn and RNA was recovered by acid precipitation: (0-0) in- 
corporation of [3H]CTP; (C-Q incorporation of [y-32P]GTP in 
the control; (X---X) incorporation of [JHICTP with 8-azaGTP re- 
placing GTP; [@-@] incorporation of [3H]CTP after delayed (ar- 
row) addition of [y3*P]GTP; the 32P incorporated is given by 
the curve (u-M). 

M (lo00 cpm/nmole), or 8-azaGTP, 2 X 

I. Chain Initiation by 8-azaGTP and FTP. (a) CALF THYMUS 
DNA TEMPLATE. As originally reported by Kahan and Hur- 
witz (1962), the replacement of GTP by 8-azaGTP in reactions 
directed by calf thymus DNA reduces the total synthesis of 
RNA to 20-25% of that in control reactions. Under these 
conditions the total number of chains initiated by 8-azaGTP 
is also much decreased and amounts to only 15% of those 
initiated by GTP in the control. However, the kinetics of 
initiation with 8-azaGTP resemble those found with GTP; 
the final yield in both cases is achieved after 30-min incuba- 
tion. The presence of 8-azaGTP does not impair chain initia- 
tion by ATP (Figure l). The deficiency in chain initiation by 
8-azaGTP is revealed also by the subsequent addition of 
[y-32P]GTP to the reaction mixture. As shown in Figure 2 ,  
this leads to a round of further initiation by GTP and the 
number of newly formed chains corresponds exactly to the 
difference between those normally initiated by GTP and the 
smaller yield found with 8-azaGTP alone. The behavior of 
FTP is qualitatively identical with that of 8-azaGTP. Thus, 
(1) FTP initiates fewer chains than ATP, about two-thirds as 
many; ( 2 )  the remaining chains can be recovered by the sub- 
sequent addition of ATP; (3) FTP does not inhibit chain 
initiation by GTP. The preceding experiments were performed 
with polymerase preparations known to contain the u factor 
(Burgess et al., 1969). Since the specificity of initiation is 
markedly decreased in the absence of u with both calf thymus 
DNA and phage DNA (Sugiura et al, ,  1970), the experiments 
were repeated using a polymerase which had been freed of u. 
Under these conditions the relative yield of chains initiated 
by the purine nucleotide analogs was decreased still further. 
The extent of initiation by 8-azaGTP is less than 10% of 
that found for GTP, whereas initiation by FTP drops to less 
than 30% of that observed with ATP. 

PLATE. The DNA of bacteriophage T4 differs in several im- 
(b) CHAIN INlTIATION WITH BACTERIOPHAGE T,-DNA TEM- 
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FIGURE 3 :  Effect of FTP on kinetics of initiation and synthesis of 
RNA chains with TI phage DNA as template. Each of four incuba- 
tions contains: TI-DNA, 55 p g ;  salt conditions 3 (see Methods); 
RNA polymerase, 600 units; UTP, GTP, [3H]CTP (3500 cpm/ 
nmole), lo-' M, and [Y-~~PIATP (A-A), or [Y-~~PIFTP (0-O), or 
[y-szP]GTP with ATP present (A-A), or [y-32P]GTP with FTP 
replacing ATP (B-B). The nucleotides were used at 6 X 
loss M, 700 cpm/pmole. Final volume was 2 ml. Aliquots of 150 
p1 were removed at the indicated times and the RNA was recovered 
by acid precipitation. Incorporation of [3H]CTP in the control 
(C-O), and with FTP replacing ATP (X-X). 

portant respects from calf thymus DNA: the G + C content of 
calf thymus DNA is higher (49%) than that of T4-DNA 
(34%); the cytosine residues in T4-DNA are fully hydroxy- 
methylated and glucosylated, whereas those of calf thymus 
DNA are not; when RNA synthesis is catalyzed by E .  coli 
polymerase the presence of Mn2+ ions produces an increased 
yield with calf thymus DNA template and a decrease with 
T4-DNA template (Anthony et al., 1969). The effect of the 
nucleotide analog substrates with TI-DNA template also dif- 
fers somewhat from that described above for calf thymus 
DNA. 

When 8-azaGTP is substituted with T4-DNA template, 
RNA synthesis is altered in the following respects. 

(1) The initial rate of "initiation" of chains by 8-azaGTP 
(Le., chains containing 8-azaGTP at the 5 ' terminus) is slowed 
somewhat, compared with GTP. However, after a short period 
(about 4 min) the rate of initiation with 8-azaGTP climbs 
steeply and more rapidly than that observed with GTP. The 
final yield of chains initiated by 8-azaGTP is approximately 
twofold greater than that obtained with GTP. 

(2) The presence of 8-azaGTP in place of GTP reduces 
chain initiation with ATP by 50%. No such effects are ob- 
served with calf thymus DNA. 

(3) In the presence of 8-azaGTP, the total number of chains 
initiated is about 80 of control, since 8-azaGTP initiates 
twice as many chains as GTP, while concurrently decreasing 
initiation by ATP. However, the total yield of nucleotide 
polymerized into RNA is reduced to one-sixth of normal. 
This finding is explained by analysis of the reaction products 
using MAK column chromatography, which reveals that the 
majority of chains formed in reactions conducted with 8- 
azaGTP remain as short oligonucleotides and emerge at the 
solvent front. 

All of the above results with 8-azaGTP are observed under 
conditions of high ionic strength which promote turnover of 
the polymerase and consequent reinitiation of new chains. The 
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FIGURE 4: Rates of chain initiation and RNA synthesis as functions 
of FTP concentration. Each of four incubations contains: TI-DNA, 
60 1.18; salt conditions 2 (see Methods); RNA polymerase, 300 units; 
GTP, CTP, pH]UTP (6ooo cpm/nmole), lo-' M, [Y-~~PIFTP (900 
cpm/pmole) as indicated in the figure. Final volume 1 ml. RNA was 
recovered by acid precipitation from 150-pl aliquots at the times 
shown. 

findings obtained when FTP is substituted for ATP under the 
same conditions are presented in Figure 3. In contrast to 8- 
azaGTP, FTP initiates far fewer chains than its normal coun- 
terpart ATP. On the other hand, FTP reduces both the rate 
and extent of chain initiation by GTP, just as, in the reciprocal 
situation described above, 8-azaGTP reduces initiation by 
ATP. 

At low ionic strength, and with the normal nucleotide sub- 
strates, RNA polymerase is not released from the ternary 
synthesizing complex after long RNA chains have been 
formed. Under these conditions the final yield of RNA is one- 
half of that in the control reaction shown in Figure 3. In con- 
trast, the final yield of RNA made with FTP is unaffected by 
the ionic environment since ( d e  infra) the polymerase is in 
any case not released from ternary complexes whose RNA has 
been synthesized with the analog. Likewise, the polymerization 
of normal substrates is ordinarily decreased by the addition of 
Mn2+ ions; no such effect of Mn2+ is observed when FTP 
replaces ATP. 

If both ATP and GTP are simultaneously replaced by FTP 
and 8-azaGTP, the final yield of RNA with calf thymus DNA 
and with TI-DNA templates, are, respectively, 3 and 0.2 % 
of the control values. The almost complete suppression of 
RNA synthesis by the two analogs suggests that virtually no 
initiation occurs under these conditions. 

CENTRATIONS. As already known for normal nucleotides 
(Fromageot and Sentenac, 1969) the initial rate of chain 
initiation is a function of purine nucleotide concentrations, 
but the final yield of initiation remains constant. Comparable 
results are obtained with both FTP (Figure 4) and with 8- 
azaGTP. At saturating concentrations of FTP, the final yield 
of initiation is attained rapidly; at limiting concentrations of 
the analog, the initial rate is lower and the final yield of initia- 
tion is delayed. At very low concentrations of FTP, no plateau 
in the initiation kinetics is achieved, although the ultimate 
expected level of RNA chains initiated might well have been 
attained at still later times. The apparent K, for FTP for 
chain initiation is 2.5 x 10-5 M and that for chain elongation 
is 2 X 10-j M. From identical experiments the corresponding 
values for 8-azaGTP are 3.5 x 10-5 M (initiation) and 2.5 X 
10-6 M (elongation), These values are three- to fourfold higher 
than those for the normal counterparts ATP and GTP 
(Anthony et al., 1969). 
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FIGURE 5: MAK column chromatography of the RNA,,,G isolated after 30-sec and 1-min synthesis. Each of two incubations contains: calf 
thymus DNA, 100 p g ;  salt conditions 1 (see Methods); RNA polymerase, 180 units; CTP, ATP, [3H]UTP, M. 
Final volume 2 ml: 30-sec synthesis (0-O), [3H]UTP, 51000 cpm/nmole, newly synthesized RNA containing 11500 cpm of incorporated 
pH]UMP was adsorbed onto the column; a total of loo00 cpm was eluted; 60-sec synthesis (&O), [3H]UTP, 46000 cpm/nmole. RNA con- 
taining 14000 cpm was adsorbed and 12000 cprn was eluted. The optical density trace is given by the nonradioactive E. coli nucleic acids which 
serve as markers. 

M,  8-azaGTP, 2 X 

Fractions 

FIGURE 6: Elution profiles of RNAF formed after periods of 1- and 3-min synthesis. Each of two incubations contains: calf thymus DNA, 
100 p g ;  salt conditions 1 (see Methods); RNA polymerase, 500 units; CTP, UTP, FTP, [3HH]GTP. Final volume, 1 ml: 1-min synthesis 
(G-O), [3H]GTP, 6oooO cpm/nmole; adsorbed onto the column, 38000 cpm; recovered, 34500 cprn; 3-min synthesis (0-0) [3HlGTP, 30000 
counts/min per nmole; adsorbed onto the column, 49,000 cpm; recovered, 44,000 cpm. E. coli B nucleic acids were used as markers. 

On the basis of the data presented above, we may calculate 
the expected overall inhibition of DNA transcription resulting 
from the decrease in initiation obtained with 8-azaGTP and 
FTP. The calculated inhibition of RNA synthesis (Table I) 
for calf thymus D N A  is 50 with 
FTP. Since the observed inhibition with RNA,,,G and RNAF 
corresponds to 75-80 % and 50-55 %, respectively, at least 
one facet of the transcription process besides initiation must 
be affected by the analogs. 

ZZ. (a) RNA CHAIN GROWTH. The effect of the analogs on 
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with 8-azaGTP and 15 

chain propagation was analyzed by means of chromatography 
on columns of methylated serum albumin-Kieselguhr, since 
this technique separates the products of enzymatic RNA syn- 
thesis in vitro on the basis of molecular weight. When the 
reactions are conducted with a mixture of [y-32P]purine and 
[ 3H]pyrimidine nucleotides, the radioactive double labeling 
of the eluted materials provides an unambiguous measure of 
the chain length of polynucleotides in the different fractions. 
For the present experiments calf thymus D N A  served as 
template, and the radioactive substrates were [3H]UTP f 
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TABLE I :  Inhibition of RNA Synthesis Resulting from the 
Lower Ability of 8-azaGTP W FTP to Initiate Chains, 
with Calf Thymus DNA as Template. 

ATP and GTP and 
FTP 8-azaGTP 

Initiated Initiated Inhi- 
Chains Chains Total bition 

Natural NTP 2 3 5 
8-azaGTP 2 0.4 2.4 50 
FTP 1.3 3 4.3 15 

[y-32P]ATP + [y-32P]8-azaGTP; or [3H]GTP + [y-32P]FTP 
+ [y-32P]GTP. Aliquots were removed €or chromatography 
after 30-sec, 1-min, 3-min, and 20-min incubation. 

The results for one representative experiment in which 8- 
azaGTP replaced GTP are shown in Figure 5. After 30-sec 
synthesis, the chains of RNA,,,G are distributed into four 
major fractions, as previously observed for normal reactions 
with GTP. The longest chains are 2700-2900 nucleotides in 
length, for which the corresponding average rate of chain 
growth is 90-100 nucleotides/sec. Identical results were ob- 
tained from reactions in which FTP was used in place of ATP, 
as shown in Figure 6. Thus, initial rates of polymerization 
with 8-azaGTP or FTP are equal to those obtained with nor- 
mal substrates. 

After 1 min of synthesis, the analysis of control reactions 
reveals the presence of a new fraction whose chain length is 
approximately 3500 nucleotides (Darlix et al., 1968). This 
species results from further elongation of the preexisting 
fraction with chain length 2700-2900 nucleotides. In contrast 
the chains of RNA,,,G and RNAF do not elongate beyond 
2700-2900 nucleotides at this time; there is merely an increase 
in the number of chains in each of the size classes. 

The results of a series of analyses of this type are sum- 
marized in Figure 7. It is apparent that the incorporation of 
FMP or 8-azaGMP drastically reduces the rate of growth of 
RNA molecules once these have reached a chain length of 
2700-2900 nucleotides. The elongation of these chains re- 
sumes only after a relatively long lag period, 10 min in the 
case of RNAp 

Roberts (1969) has shown that a protein factor, p,  prevents 
the transcription of DNA beyond termination signals. Using 
MAK column chromatography to analyse the products of 
transcription of T4-DNA, we have observed that the addition 
of p prevents chain elongation of chains beyond 2700-2900 
nucleotides. This limitation of chain length due to p is not 
altered when either FTP or 8-azaGTP replace their normal 
counterparts. 

work demonstrated that the rate of RNA synthesis is not uni- 
form during the growth of individual RNA chains, a fact 
which may explain the existence of the specific intermediary 
fractions seen with MAK column chromatography (Darlix 
et al., 1968; Darlix ef  al., 1969). Discontinuities in RNA syn- 
thesis (plateau kinetics) are readily demonstrated when the 
rate of polymerization is lowered to 20-25 nucleotides per 
sec by limiting the concentration of one nucleoside triphos- 
phate to 1 X lop5 M or less (Darlix et al., 1968; Darlix et ai., 
1969; J. L. Darlix and P. Fromageot, in preparation). Since 
elongation of RNA,,,G and RNAF of chain length 2700-2900 

(b) PLATEAU KINETICS WITH 8-AZAGTP AND FTP. PreViOUS 
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FIGURE 7: Length and chain-growth rate of RNAaza~  and RNAF 
as a function of time after onset of synthesis. The rate is calculated 
as the slope of the tangent at the different time: length (0-0) 
and rate (A-A) for control; length (0--0) and rate (T-T) for 
RNA,,,G; length (CL-9) and rate (A-A) for RNAF. 

nucleotides is delayed for some minutes (Figures 6 and 7), it 
appears likely that incorporation of 8-azaGMP or FMP into 
RNA will markedly prolong the plateaus (or stops) observed 
during kinetics of RNA synthesis. The data in Figure 8 show 
that this expectation is fulfilled. A reaction containing FTP 
and limiting UTP shows six plateau periods in 10 min, three of 
which last 1 min. Control reactions containing ATP (see 
Figure 18 in Darlix et al., 1968) reveal only two extremely 
short plateaus during this period. Under conditions which 
exclude reinitiation by RNA polymerase the kinetics of syn- 
thesis of RNAaEac show the same number of plateaus as in 
Figure 8. 

When the concentration of UTP is reduced still further 
(Le., to 4 X M) the duration of plateaus of synthesis with 

- 
E 150 

'0 100 

Q. 

-0 
0, 

L 
0 
R. 
L 

C 

v 

50 

I 10 

.- - 
L ! L  

Time (minutes) 

FIGURE 8: Discontinuous synthesis of RNAF. Each of two incuba- 
tions contains: calf thymus DNA, 300 wg: salt conditions I (Meth- 
ods); CTP, GTP, FTP, M, [3H]UTP, M. Final volume 3 
ml: normal synthesis (A-A), The reaction is started by the addition 
of 600 units of RNA polymerase, t3H]UTP, 34 cpm/pmole; syn- 
chronized synthesis (0-4) after a preincubation period of 20 min 
in the presence of RNA polymerase, 600 units, and without UTP. 
The reaction is begun by the addition of UTP and the concentra- 
tion of KC1 is raised to 0.6 M to prevent reinitiation by the enzyme, 
13H]UTP, 38 cpm/pmole. At the times indicated 100-pl aliquots 
are withdrawn and RNA recovered on Millipore filters by trichloro- 
acetic acid precipitation. 
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FIGURE 9:  MAK column chromatography of the RNA,,,G and 
RNAF after 1-hr synthesis nith T4-DNA as template: 8-azaGTP: 
T4-DNA, 25 gg; salt conditions 3 (Methods); RNA polymerase 
300 units; ATP, CTP, UTP, and 8-azaGTP, hi, [3H]UTP, 
loo00 cpmlnmole. Final volume 1 ml, 1 hr at 37". Adsorbed onto 
the column, 39000 cpm; recovered, 37000 cprn (0-0). FTP: as 
above, CTP, GTP, UTP, FTP, M ;  [:H]UTP, 8700 cpm/nmole. 
Adsorbed onto the column, 44000 cpni; recovered 41000 cpm 
(0-0). 

FTP or 8-azaGTP is increased still further. Since these pla- 
teaus represent pauses in synthesis, nucleotide polymerization 
with the analogs is occurring on the average only during 40 
of the total period of incubation. Under comparable condi- 
tions the control reactions with normal substrates are incor- 
porating nucleotide during 80 of the incubation time, Thus, 
the longer periods of interrupted synthesis produced by the 
analogs reduce the effective duration of polymerization re- 
actions to one-half of that prevailing in controls. These data 
must be taken into account to explain the inhibition of RNA 
synthesis by the purine analogs. 

I l l .  EfSect of Purine Analogs on Chain Release. With T4 
phage DNA as template and under conditions of high ionic 
strength, the release of newly formed RNA from the ternary 
transcription complex occurs when a chain length of at least 
3000 nucleotides has been reached. This process does not 
require the p factor and the only chains ordinarily released 
are those initiated by ATP (Darlix et al., 1969; Fromageot and 
Sentenac, 1969). 

After RNA synthesis has been allowed to proceed for 1 hr, 
30-40% of the RNA chains formed with either 8-azaGTP or 
FTP are longer than 3000 nucleotides (Figure 9, fraction IV). 
The release of chains from the synthesizing complex can be 
followed by the method of direct filtration through nitro- 
cellulose filters (Sentenac et ai., 1968). With this technique, 
as shown in Figure 10, RNA chains containing incorporated 
8-azaGMP or FMP are not released from ternary complexes 
even after incubation periods of up to 3 hr. 

Discussion 

The results presented in this paper provide additional in- 
sights into possible biochemical mechanisms of action of 
base analogs and identify some steps in transcription of DNA 
which may be susceptible to exogenous controls. 

Our data show that individual stages in transcription can be 
differentiated by their response to the base analogs; these 
stages, which correspond to those previously defined by a 
variety of independent techniques, are chain initiation, elonga- 
tion, and termination (and/or release). Of the three processes, 
the process of chain elongation appears to be the least exact- 
ing with respect to substrate specificity, since the decreased 
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FIGURE 10: Defective release of RNA,,..(: and RNAr chains syn- 
thesized with T,DNA as template: 8-azaGTP: T4-DNA, 60 f i g ;  
salt conditions 3 (Methods); RNA polymerase, 600 units; ATP, 
CTP, [3H]UTP ( 5 0 0 0  cpmjnmole), hi ,  [y-8z2P]8-azaGTP (300 
cpm/nmole), 1.4 X loTi 'vl. Final volume 2 ml. RNA is recovered 
from 150-p1 aliquots by trichloroacetic acid precipitation (0-0, 
Z--3) and by direct filtration (0-0, m-4). FTP: T4-DNA, 60 
p g ;  salt conditions 3 (Methods); RNA polymerase, 450 units; 
UTP, GTP, [3H]CTP (5000 cpm/nmole), M ,  [y-32P]FTP (600 
cpm/nmole), 6 X M. Final volume 1.5 ml. RNA is recovered 
from 100-pl aliquots by trichloroacetic acid precipitation (0-0. 
3-E) and by direct filtration (0-0, m-4). 

number of growing chains grow at normal rates in the pres- 
ence of either analog. 

Chain initiation is quite sensitive to the differences between 
the analogs and natural substrates. The findings with calf 
thymus DNA show that the sites normally initiated by both 
ATP and GTP are heterogeneous, since only a fraction in 
each class can function with the corresponding analog. Since 
the deficiency in initiation by the analogs is quantitatively 
restored on subsequent addition of the natural substrate, it 
seems likely that the analogs are in fact initiating chains at a 
restricted proportion of the normal sites. 

From their response to the analogs. the initiation sequences 
in calf thymus DNA and T i  phage DNA appear to differ 
significantly. Thus, with calf thymus DNA both analogs fail 
to initiate as many chains as their normal counterparts, but 
they do not affect chain initiation by the nonhomologous 
purine nucleotide (eg. ,  FTP does not reduce initiation by 
GTP). In contrast, with T4 phage DNA, the analogs reduce 
initiation at both homologous and nonhomologous sites. 
Since a conformational anomaly-the tendency to assume the 
syn conformation (Ward and Reich, 1968)-is common to 
both FTP and 8-azaGTP, this result might imply that the 
initiation sequences in T4 phage DNA are more purine rich 
than those in calf thymus DNA. 

Another facet of transcription that is sensitive to the analogs 
is the process which we provisionally identify as chain termina- 
tion. We do not know whether the release of chains from 
ternary synthesizing complexes, or the plateaus corresponding 
to discontinuities in the rate of chain growth, are normal 
phenomena related to chain termination under physiological 
conditions in rico. In any case, both of these parameters are 
altered by the analogs and could be related to their tendency 
to induce conformational abnormalities in the newly synthe- 
sized RNA (Levin and Litt, 1965; Ward and Reich, 1968). 
Thus, the incorporation of either analog prevents the release 
of chains that occurs when RNA is synthesized with natural 
substrates, and the brief pauses in synthesis which are seen 
during polymerization of natural nucleotides are greatly 
accentuated in frequency and duration by the analogs. Taken 
together, the decrease in initiation and the prolongation of 
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pauses during chain growth account satisfactorily for the 
lower rate of enzymatic RNA synthesis caused by these ana- 
logs in vitro. While it is less certain that similar effects are pro- 
duced in vivo, several observations suggest that related mecha- 
nisms may also be operating in intact cells. For ,example, the 
incorporation of several analogs selectively blocks the syn- 
thesis of ribosomal RNA in mammalian cell cultures (Perry, 
1963; Tavitian et al., 1968). The RNA molecules that contain 
the analogs remain in the nucleus and are never transferred 
to the cytoplasm. This appears to result from the failure of 
maturation of the 45s rRNA precursor and might ultimately 
be due to impaired chain termination. 

8-Azaguanine and the adenosine analog 5-bromotubercidin 
appear to permit selectively the expression of very few early 
functions of vaccinia virus (Cogniaux-Le Clerc, 1965; B. 
Brdar, S. Silverstein, and E. Reich, unpublished). This 
would be consistent with the inhibition of chain initiation or 
termination for specific classes of sites in the vaccinia genome. 

A particularly noteworthy example concerns the synthesis 
of the viral RNA of Rous sarcoma virus in chick cells. The 
work of Temin (1969) suggests that the viral RNA is synthe- 
sized by transcription of a DNA template. Yet, the synthesis 
of viral RNA is resistant to two nucleoside analogs which in- 
hibit cellular RNA synthesis almost completely (B. Brdar, D. 
B. Rifkin, and E. Reich, manuscript in preparation). All of 
these observations suggest that there are patterns of specificity 
in the action of analogs on genetic transcription; these might 
be exploited to achieve selective expression or suppression of 
particular regions in cellular genomes, or of special categories 
of RNA molecules. 
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